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5-hydroxmethylcytosine
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NLS Nuclear localisation signal

NPCs Neuronal precursor cells
NSCLC Non-small cell lung cancer
PAM Protospacer Adjacent Motif
PBS PCNA binding site
PCa Prostate cancer
PCNA Proliferating Cell Nuclear Antigen
PCR Polymerase chain reaction
PGC Primordial germs cells
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piARN Piwi-Interacting ARN
PMDs Partially methylated domains
PRC Polycomb repressive complex
PSA Prostate-specific antigen
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RNA Ribonucleic acid
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uUDG Uracil-DNA-glycosylase
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Xist X-inactive specific transcript
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Résumé

La méthylation de I’ADN est une modification épigénétique sur les cytosines des dinucléotides
CpG catalysée par les enzymes DNMT. Les cellules cancéreuses présentent des hyperméthylations
aberrantes sur les promoteurs de génes dits suppresseurs de tumeurs, ce qui contribue a leur
répression transcriptionnelle et favorise la progression tumorale. De par sa nature réversible, la
méthylation de I'ADN est une cible de choix pour des thérapies épigénétiques; cependant, les
inhibiteurs de DNMT ont une action de déméthylation globale du génome qui conduit a une forte
toxicité. Mon travail a consisté a développer des stratégies de déméthylation ciblée sur des régions
spécifiques du génome. Premierement, j'ai validé une stratégie induisant une reprogrammation
épigénétique spécifique et durable du gene suppresseur de tumeurs SERPINB5 dans des cellules de
cancer du sein. Deuxiemement, j’ai optimisé des stratégies d'édition de I'épigénome comme outil en

recherche fondamentale.

Mots-clés : Méthylation de I’ADN, cancer, édition de I'épigénome, SERPINB5, TALE, dCas9

Abstract

DNA methylation takes place on cytosines of CpG dinucleotides in mammals and is catalysed
by DNMT enzymes. Cancer cells are characterised by frequent promoter hypermethylation leading to
transcriptional repression of tumor suppressor genes and favouring tumor progression. Because of
its reversible nature, DNA methylation is a target of choice in epigenetic therapies. However, current
DNMT inhibitors act in a global and non-specific manner, leading to side effects and toxicity in
normal cells. During my thesis | have developed strategies to perform targeted demethylation in
specific regions of the genome without affecting global methylation. First, | have validated a strategy
inducing the specific and durable epigenetic reprogramming of the tumor suppressor gene SERPINB5
in a breast cancer cell line, which can pave the way to further biomedical research. Second, | have

optimised epigenome editing strategies as a regular tool in basic research.

Key words: DNA methylation, cancer, epigenome editing, SERPINB5, TALE, dCas9
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RESUME DE THESE

Développement d'approches de modifications ciblées du méthylome dans les cellules

mammiféres

La méthylation de 'ADN est une modification épigénétique catalysée par famille des ADN
méthyltransférases. Chez les mammiferes il existe 3 enzymes conservées qui catalysent la
méthylation de I’ADN : DNMT1, responsable du maintien des profils de méthylation au cours de la
réplication, et DNMT3A et 3B, responsables de la méthylation de novo. Dans ce contexte, la
méthylation de I'ADN a lieu sur les cytosines de dinucléotides CpG, qui se trouvent principalement
dans les ilots CpG au niveau des promoteurs de génes. La méthylation d’un flot CpG inhibe de

maniéere générale 'activité du promoteur.

Une fois mise en place, la méthylation de I'ADN est propagée de facon stable au cours des
divisions cellulaires. Néanmoins il existe plusieurs voies, dites passives ou actives, permettant de
démeéthyler 'ADN. Le mécanisme de déméthylation passif est causé par I'absence du maintien de la
méthylation pendant la réplication de 'ADN. Les mécanismes de déméthylation actifs impliquent
quant a eux des réactions chimiques conduisant a des mécanismes de réparation d’ADN, sans
réplication, induites notamment par les enzymes TET (Ten Eleven Translocation). Chez les
mammiféres, trois membres de la famille TET sont connus : TET1, TET2 et TET3. Ces protéines
catalysent la conversion de la 5mC en 5-hydroxyméthylcytosine (5hmC), une molécule intermédiaire

de la déméthylation.

La méthylation de I’ADN joue des rbles importants chez les mammiféres. Elle participe a
I'empreinte génomique parentale, au contrdle des transposons et a la régulation de I'expression des
génes pendant le développement. Les profils de méthylation du génome sont fortement
reprogrammés au cours de I'embryogenése précoce et la différentiation cellulaire et, une fois mis en

place, ils sont censés rester stables tout au long de la vie.

Les profils de méthylation de I’ADN du génome doivent étre contrblés avec précision pour
maintenir le fonctionnement normal des cellules. Il a été montré que des dérégulations des enzymes
DNMT favorisent I'apparition de tumeurs dans des modeles murins in vivo. Chez 'homme, DNMT3A
et TET2 sont mutés a une étape précoce dans les leucémies. Les cellules cancéreuses se caractérisent
parfois par une déméthylation globale du génome, ce qui pourrait favoriser l'instabilité génétique et

des réarrangements chromosomiques. Cependant la caractéristique principale des cellules
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cancéreuses est qu’elles présentent une hyperméthylation aberrante des ilots CpG dans les
promoteurs des genes suppresseurs de tumeurs. Cette hyperméthylation participe a la répression
transcriptionnelle de génes codant pour des protéines impliquées dans des voies de régulation
cruciales telles que l'inhibition de l'invasion cellulaire, le déroulement du cycle cellulaire ou

|"apoptose.

Premiére partie

Dans la premiere partie de ma thése je me suis concentré sur la méthylation comme cible
thérapeutique. De par sa nature réversible, la méthylation de ’ADN constitue une cible de choix pour
des thérapies épigénétiques du cancer. L'intérét clinique est d’inhiber la méthylation des flots CpG
dans les promoteurs de genes suppresseurs de tumeurs afin de restaurer les mécanismes endogenes
de surveillance et d’éliminer les cellules cancéreuses. A ce jour, plusieurs inhibiteurs de DNMT ont
été développés et testés en phase clinique. C'est le cas de la molécule 5-azacytidine, un analogue de
cytosine qui inhibe l'action des DNMTs en les séquestrant sur la chromatine, utilisée dans le
traitement des syndromes myélodysplasiques. Cependant son utilisation pour traiter d'autres types
de cancer est limitée car l'inconvénient majeur de cette molécule est qu’elle inhibe la méthylation de
I’ADN de maniére non-spécifique, ce qui induit une déméthylation globale du génome et a pour

conséquence de nombreux effets indirects et une toxicité tres élevée sur les cellules normales.

Dans ce contexte, |'objectif de ma these a été de développer des stratégies de déméthylation
ciblée des promoteurs des génes suppresseurs de tumeurs sans affecter le profil de méthylation

global des cellules. Mon travail a voulu répondre aux questions suivantes :

(1) Peut-on induire une déméthylation spécifique d'un promoteur d’un géne suppresseur de

tumeurs dans les cellules cancéreuses ?
(2) Cette reprogrammation épigénétique du gene est-elle stable ?

Pour cela nous avons utilisé comme modéele la lignée de cellules de cancer du sein MDA-MB-
231. Pour induire la déméthylation ciblée de génes suppresseurs de tumeurs, nous avons utilisé des
protéines chimériques contenant un domaine de ciblage nucléotidique (TALE ou dCas9) fusionnée au
domaine catalytique de la protéine humaine TET1 (hTET1) qui permet I'hydroxylation des cytosines
méthylées. Nous avons choisi comme modéle le géne SERPINBS (aussi appelé MASPIN), un géne qui a
des propriétés de suppresseur de tumeur dans les cellules épithéliales et dont le promoteur est
hyperméthylé dans une grande proportion des tumeurs du sein et des lignées de cellules

cancéreuses du sein.
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Dans un premier temps, j’ai validé que le promoteur du gene SERPINB5 est méthylé dans notre
lignée de cellules MDA-MB-231 et que le géne est réactivé aprés traitement avec la 5-aza-2’-
deoxycytidine, ce qui démontre que SERPINBS est directement réprimé par la méthylation de I'ADN
dans cette lignée cellulaire. Nous avons ensuite congu deux protéines TALE (TALE1 et TALE2) ciblant
le promoteur de SERPINB5 dans le but de les fusionner avec le domaine catalytique de hTET1 pour
induire une déméthylation ciblée du promoteur de SERPINBS5. Pour la suite du projet, j'ai sélectionné
la protéine TALE2 qui présentait la meilleure affinité pour SERPINB5. Jai également comparé
|'efficacité du systeme TALE avec le systeme CRISPR-dCas9 en créant une protéine chimérique dCas9-
hTET1 et différents ARNs guide (ARNg) ciblant le promoteur de SERPINB5. Apres transfection des
cellules, j’ai analysé I'état de méthylation du promoteur de SERPINB5 par COBRA, BS-seq et amplicon
sequencing, ainsi que I'état d’expression par RT-qPCR. Les résultats obtenus ont permis de valider la
stratégie expérimentale et montrent que TALE2-hTET1 induit efficacement la déméthylation et la
réactivation du geéne SERPINB5 dans les cellules du cancer du sein MDA-MB-231. La
reprogrammation épigénétique induite par TALE2-hTET1 est plus efficace que celle obtenue avec la
stratégie dCas9-hTET1, c'est pourquoi nous avons poursuivi le projet avec la protéine chimérique

TALE2-hTET1.

Par la suite j'ai étudié la spécificité de la déméthylation de SERPINB5 en réalisant des cartes du
méthylome a I'échelle du génome entier dans les cellules transfectées avec TALE2-hTET1. Afin
d'étudier la stabilité de la reprogrammation épigénétique, nous avons construit une lignée MDA-MB-
231 stable exprimant TALE2-hTET1-IRES-eGFP sous le contréle d’un promoteur inductible a la
doxycycline. J'ai réalisé des expériences d’induction avec la doxycycline pendant 2 semaines et étudié
la cinétique de déméthylation et de réactivation de I'expression de SERPINBS5, aussi bien au niveau
des ARNm que de la protéine. Dans le but d'étudier la persistance de cette reprogrammation, j’ai
étudié si les effets se maintiennent a long terme. Nous observons que les cellules continuent
d'exprimer la protéine SERPINB5 jusqu’a au moins 30 jours aprés avoir enlevé la doxycycline. En
résumé j'ai démontré que la stratégie expérimentale développée permet d'induire une

reprogrammation épigénétique spécifique et durable du géne SERPINB5 dans les cellules de cancer

du sein, et ces résultats peuvent ouvrir la porte a des recherches vers une application thérapeutique.

Deuxieme partie

La seconde partie de ma these a consisté a développer et valider des stratégies d'édition de
I’épigénome comme outil en recherche fondamentale pour valider des hypothéses sur le role de la

méthylation de I'ADN dans le génome.
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Des données du laboratoire ont identifié des genes qui sont fortement ré-exprimés dans des
embryons de souris (E8.5) KO pour DNMT1 ou KO pour DNMT3A/3B qui présente une perte globale
de méthylation de I'ADN. C'est le cas notamment de genes gamétiques tels que Dazl ou Asz1 qui sont
méthylés au niveau de leur promoteur. Des outils de déméthylation ciblée du génome dans les
cellules de souris permettraient de tester et valider les modeles de régulation de ces genes par la

méthylation de I’ADN.

J'ai construit des plasmides codant pour dCas9-hTET1 avec des ARN guide (ARNg) ciblant le
promoteur de Dazl et je les ai transfectés dans des fibroblastes de souris (MEF). J'ai étudié I'effet sur
la méthylation (par BS-Seq) et I'expression de Dazl (par RT-qPCR) en comparant l'efficacité de
plusieurs ARNg. Mes résultats montrent que cette stratégie permet une réactivation de I'expression
de Dazl, cependant I'efficacité est trés variable selon les ARNg et I'amplitude de la démétylation est
trés faible. Par ailleurs, j'ai comparé |'efficacité de constructions dCas9-hTET1 et dCas9-mTET1
(domaine catalytique de la protéine TET1 d’origine souris) pour réactiver Dazl et, de maniére
surprenante, mes résultats montrent que mTET1 n’est pas efficace par rapport a hTET1l. En
conclusion, mes travaux ont validé I'utilisation de construction dCas9-hTET1 pour induire une
déméthylation ciblée dans les cellules de souris, cependant des études sont encore nécessaires pour

tester la spécificité et augmenter I'efficacité de la déméthylation.

La prochaine étape du projet est de tester la méthode basée sur le systeme dCas9 Suntag-
hTET1, permettant le ciblage de plusieurs effecteurs a la méme région. Il a été montré que ce
systeme est plus efficate et spécifique. Des résultats preliminaires dans le laboratoire montrent une
efficacité tres elevée du systeme dans la déméthylation et reexpression du gene Daz/ dans les celules
MEF. Des expériences futures nous permettront de conclure si ce systeme est adaptable a d’autres

contextes géniques.

Dans sa globalité, ce travail de thése a permis de développer et valider des outils innovants
d'ingénierie épigénétique permettant de moduler de maniere spécifique I'état de méthylation des
génes. Ces résultats pourront avoir des impacts en recherche fondamentale ainsi que dans la

recherche biomédicale.
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INTRODUCTION

DNA sequences encode all the information governing life, from the colour of our hair to the
predisposition to develop a disease. These instructions are organised in genes. But how do the cells

know when and where to read the information encoded in genes?

The differentiated state of a particular cell type is related to the activated or inactivated status
of specific sets of genes. Gene expression is regulated in several ways. First, the DNA sequence itself
harbours specific sequence motifs that dictate the binding of transcription factors in gene promoters
or enhancers regions. This binding triggers the activation or repression of the genes. In addition to
the information contained in DNA sequence, there are additional mechanisms involved in the

modulation of gene expression beyond the DNA sequence, which are called 'epigenetics'.

Epigenetics consists in dynamic and heritable changes in DNA and chromatin modifications
that modulate gene expression without altering the underlying DNA sequence. The most studied one

and the focus of my thesis is cytosine methylation in DNA.

Given the fact that cytosine methylation is a reversible mark and taking advantage of the
recent progress in genome and epigenome editing tools, we have developed strategies to regulate
gene expression by specifically modulating gene promoter methylation in mammalian cells. In the
first part of my thesis | have applied these technologies to reactivate a tumor suppressor gene in
cancer cells and studied the stability of this methylation reprogramming over time. In the second
part | have further optimised these epigenetic engineering tools to demethylate specific sequences

and test the role of DNA methylation in the mouse genome.

In this introduction | will first present DNA methylation, its distribution, functions and principal
actors in mammalian cells. Then, | will discuss the implication of perturbed DNA methylation in
cancer development and its possible role as a biomarker and as a therapeutic target. Finally, | will

introduce existing epigenome editing tools, the latest advances in the field and their limitations.






1 DNA METHYLATION

1.1 Historical perspective

The first evidence of the existence of 5-methylcytosine (5mC) dates from 1925 in the
tuberculinic acid, an unusual nucleic acid found in Tubercle bacillus, the bacterium responsible for
tuberculosis in humans (Johnson and Coghill, 1925). This study was criticised by the scientific
community because they based their observations on the optical properties of nucleic acids. It was
not until 1948 that its existence was fully confirmed and its presence described in eukaryotes: it was
found as a nucleotide that migrated at a higher rate than cytosine in a paper chromatography of calf

thymus (Hotchkiss, 1948).

It was only years later that researchers made hypotheses on the possible biological functions
of DNA methylation in eukaryotes. At this time, the implication of DNA methylation in biological
processes was suggested based on observations made in bacteria because, in fact, DNA methylases
had been founded by this time in bacteria but not in eukaryotes. Methylation was proposed to
explain the initiation and maintenance of chromosome X inactivation (Riggs, 1975). Holliday and
Pugh, 1975 proposed DNA methylation as a mechanism that controls gene expression. In the late
70’s there were several papers discussing this possible role of DNA methylation. For example,
McGhee and Ginder, 1979 compared the methylation status of the chicken beta-globin locus in cells
where the gene was expressed and cells where the gene was not expressed with restriction enzymes
able to discriminate between methylated and unmethylated cytosines. They concluded that the gene
was unmethylated when expressed and vice versa. Subsequently, other studies supported the
hypothesis that DNA methylation correlates with gene repression and might regulate gene activity,
for example in the metallothionein-l (MT-I) gene in mouse cell lines (Compere and Palmiter, 1981). In
vitro studies showed that methylated genes are transcriptionally inactive when transferred into
Xenopus oocytes or in mammalian cells (Stein et al., 1982; Vardimon et al., 1982). Ultimately, the
discovery and cloning of the first DNA methyltransferase (now known as DNMT1) in mouse cells
(Bestor et al., 1988) stimulated many research on DNA methylation and DNA methyltransferases in
mammalian cells, which led to the consensus that DNA methylation is a major epigenetic factor

influencing gene activity.
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Introductory Figure 1. Cytosine methylation in mammals.

DNMTs catalyse the transfer of a methyl group from the S-adenosyl-L-methionine to the carbon 5 of cytosine, leading to the

formation of 5-methylcytosine (5mC).
SAM: S-adenosyl-L-methionine, SAH: S-adenosyl-L-homocysteine.

VAV N

Promoter Intragenic Promoter Intragenic Intergenic Repeated Enhancer Promoter Genic
cal region cGl region sequences
. 1 =~ Ex: Tissue-specific gene
Ex: Housekeeping gene Ex: Germline-specific genes

CpG-rich promoters CpG-poor region

Introductory Figure 2. Distribution of CpG methylation in mammalian genomes.

CpGs are enriched in promoter regions (CpG islands, CGls). CGls in promoters are usually unmethylated in all genes, except
for exceptional cases such as germline-specific genes, in which the methylation contributes to the maintenance of the gene
repression. The genome is globally hypermethylated (intragenic and intergenic regions, repeated sequences). CpG-poor
promoters are usually associated to tissue-specific genes and they experience a demethylation upon transcription
activation. 5mCs are represented as black spheres and Cs as white spheres.



1.2 Methylation distribution in mammals

In contrast to bacteria that use DNA adenine methylation, DNA methylation in eukaryotes
occurs mainly on cytosines. Cytosine methylation reaction is performed by the DNA-
methyltrasferases (DNMT), which catalyse the transfer of a methyl group (-CHs) from the cosubstrate
S-adenosyl-L-methionine (SAM) to the carbon 5 of cytosine (Introductory Figure 1). S-adenosyl-L-
homocysteine (SAH) is also formed as a product. 5mC represents around 1% of all nucleotides in

mammalian cells, this percentage being relatively stable in most cell types.

In eukaryotes, DNA methylation does not occur on all cytosine bases in the genome but is
targeted and restricted to some sites, obtaining different patterns of methylation. 5mC has a mosaic
genomic distribution in plants, fungus and invertebrates: small regions with high methylation levels
are interspersed among larger regions devoid of DNA methylation, and DNA methylation occurs
mainly in transposable elements (TEs) and gene bodies but less in other genomic sequences (Bonasio
et al., 2012; Feng et al., 2010; Veluchamy et al., 2013). Some invertebrates such as D. melanogaster
and C. elegans do not contain detectable levels of 5mC. Nonetheless, recent studies have found
methylation in these organisms at the nitrogen 6 of adenosines (N6-methyladenine, 6mA) (Greer et
al., 2015; Zhang et al., 2015a) that could compensate for the absence of 5mC in processes such as

silencing of repeated sequences.

In mammals (and in vertebrates in general), cytosine methylation is distributed globally
throughout the genome. Cytosine methylation was found to take place preferentially in the CpG
dinucleotide context in the early 60’s (Doskocil and Sorm, 1962), although mammalian genomes are
globally depleted in CpGs. The reason for this is evolutive. Non-methylated cytosines are
spontaneously deaminated into uracil, which is recognised by the uracil-DNA-glycosylase (UDG) from
the base excision repair system (BER) and corrected. However, when this spontaneous deamination
takes place in methylated cytosines, the resultant product is a thymine, which is a normal DNA
nucleotide and sometimes escapes the DNA repair machinery by thymine-DNA-glycosylase (TDG).
This C to T transition is the most common mutation in diseases and through evolution, which leads to
a global decrease in CpG content of vertebrate genomes. CpGs are mutated at a lower frequency in
CpG-rich promoters, meaning that these promoters might be hypomethylated in the germ line and so

CpG islands are conserved (Saxonov et al., 2006).

There are 28 million CpGs in the human genome and 22 million CpGs in the mouse genome,
from which 60 to 80% are methylated in most cell types. Cytosine methylation in most cellular
populations presents a classical bimodal distribution with most CpGs being either hypomethylated or

hypermethylated, but few CpGs having intermediate methylation levels (Introductory Figure 2). DNA



methylation in non-CpG context (CHG or CHH, where H = A, C or T) is very rare in mammalian cells
and is not heritable through cell division, therefore it is detected either in cells with very high de novo
methylation activity (Embryonic Stem cells, ES cells) or in non-dividing cells like neurons or oocytes

(Feng et al., 2010; Lister et al., 2009, 2013; Tomizawa et al., 2011; Varley et al., 2013; Xie et al., 2012).

1.2.1 CpG-rich regions

In vertebrates, DNA methylation levels are inversely correlated with CpG density. CpG-rich
regions are associated with gene promoters and surprisingly they are mostly unmethylated
independently of the gene activity (Introductory Figure 2). CpG dense regions are called CpG islands
(CGl) and they represent 1% of the genome. 60 to 70% of gene promoters contain a CpG island
around the Transcription Start Site (TSS) in the mouse or human genomes. There are several
parameters defining a CGl and not a universally accepted definition, but essentially, they are regions
of 0,5-2 kilobases (kb) in which the observed/expected ratio of CpGs is higher than 0.6. This ratio
indicates that CGls have not gained CpGs under positive selection during evolution, but they are

sequences that have not undergone CpG loss during evolution.

Genes with promoters containing CpG islands are frequently associated with ubiquitous
housekeeping genes and genes expressed in early embryos (Ponger et al., 2001; Saxonov et al.,
2006). Housekeeping genes are constitutively expressed across many developmental stages and

adult tissues despite the differences in the transcriptional machinery among cell types.

1.2.2 CpG-poor regions

CpG-poor regions such as exons, introns, intergenic regions and repetitive elements show a
high level of methylation (Li et al., 2010; Meissner et al., 2008; Weber et al., 2007) (Introductory

Figure 2).

Although most of the annotated gene promoters are associated with a CpG island (CGl, see
1.2.1), there are many genes associated with CpG-poor promoters in the genome. Those are more
likely to contain a TATA box and are frequently linked to tissue-specific genes. These tissue-specific
promoters often show a high level of methylation in the tissues where the genes are silent and
become hypomethylated in the tissues where the genes are activated (Nagae et al., 2011; Saxonov et
al., 2006). Consequently, tissue-specific differentially methylated regions (tDMRs) occur much more
frequently in CpG-poor promoters compared to CpG-rich promoters (Ziller et al., 2013). An
interesting feature is that a high proportion of the genes having specific hypomethylation in
differentiated cells are densely methylated in both ES cells and induced Pluripotent Stem Cells
(iPSCs), suggesting the possibility that the default stage of CpG-poor promoters in the embryonic

stage is full methylation and that the methylation loss occurs during terminal differentiation (Nagae
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et al., 2011). This suggests that tissue-specific promoter hypomethylation and selective binding of
transcription factors (TFs) are coordinated to induce spatio-temporal promoter expression during cell

differentiation.

CpG-poor distal regulatory regions such as enhancers also show a frequent correlation
between activity and DNA hypomethylation. In fact the most frequent tDMRs between tissues and
cell types occur in distal CpG poor enhancers (Hon et al., 2013; Ziller et al., 2013). Further studies
showed that the loss of methylation in active enhancers occurs downstream of TF binding. For
example, the binding of TFs like CTCF or REST to DNA is sufficient and necessary to create a low
methylated region (LMR) (Feldmann et al., 2013; Stadler et al., 2011). Therefore, methylation of CpG-
poor regulatory regions is not incompatible with gene activation, and it is suggested that

demethylation is not instructive to gene expression but is a consequence of the TF binding.

The role of DNA methylation in gene bodies remains unclear. Gene body methylation has
been observed in Arabidopsis thaliana and associated with active genes (Zhang et al., 2006), but it
has also been suggested that this gene body methylation limits transcription elongation (Zilberman
et al., 2007). Some studies suggest a similar repressive role of intragenic methylation in mammalian
cells arguing that it triggers the formation of a chromatin structure impairing RNA polymerase Il
(RNApolll) elongation (Lorincz et al., 2004). However, gene body methylation is more frequent in the
active human X chromosome than in the inactive one (Hellman and Chess, 2007) and is associated
with higher transcription levels of genes in mammalian cells (Rauch et al., 2009), arguing against a
negative role of gene body methylation on transcription elongation. What can be the biological
reasons to target repressive marks to actively transcribed regions? One proposed model is that
intragenic DNA methylation limits the activation of intragenic cryptic promoters within active
transcribed regions (Baubec et al., 2015; Neri et al., 2017), or to facilitate a quick restoration of a

repressed state of the genes if they are not required anymore.

1.2.3 CGI methylation protection

What protects CGl sequences from becoming methylated? The exact causes are still unknown,
but we can think about different models that exclude the DNMTs from the promoters or promote an

active demethylation of CGls.

The underlying DNA sequence is important to determine the hypomethylated states of CGls.
Promoter fragments of 1-kb long in average recapitulate the endogenous hypomethylation pattern
of CpG rich sequences when inserted away in the mouse ES (mES) cells genome (Krebs et al., 2014;
Lienert et al., 2011). In addition, human DNA inserted in the mouse genome recapitulates the

protection of CGIl promoters against DNA methylation, further supporting that the DNA sequence

9



itself plays a central role in specifying the hypomethylated state (Long et al., 2016b). The presence of
transcription factor binding sites in CpG rich sequences seems to have an important role. In support
of this model, the binding of TFs such as SP1 has been shown to have a protective effect against DNA
methylation in transfection experiments (Brandeis et al., 1994; Macleod et al., 1994). The SP1 binding
site (G/T)GGGCGG(G/A)(G/A)(C/T) is one of the most commonly found in CGls. However how the

transcription factors binding could exclude DNMTs remains unknown.

Proteins containing a CXXC (cys — X — X — cys) domain could also play an important role in
maintaining the hypomethylated state of CGls. The CXXC domain mediates binding to DNA containing
clustered unmethylated CpGs. This domain is usually found in epigenetic regulators. For example, the
protein CXXC finger protein 1 (CFP1) binds to unmethylated CpGs and recruits the complex SETD1A
that methylates the lysine 4 of histone 3 (H3K4me3). H3K4me3 is a histone mark present on CGls
independently of their transcriptional status (Guenther et al., 2007). H3K4me3 is a DNA methylation
antagonist, however Cfp1 knockout (KO) ES cells do not experience changes in DNA methylation
levels nor gene expression, suggesting that other factors must be implicated in the mechanism of
protection (Clouaire et al., 2012). One such factor is another CXXC domain containing protein, FBXL10
(also known as KDM2B). FBXL10 occupies all CGl sequences in mESC, and inactivation of FBXL10 leads
to robust de novo methylation of a large fraction of CpG islands in Fbix10-/- ES cells (Boulard et al.,

2015).

TET proteins can also prevent CGls methylation (See 1.4.2 TET enzymes and 5-

hydroxymethylcytosine).

There are exceptions to this protection of CGls against DNA methylation. First, CGls in
imprinted gene promoters (See 1.5.3 Parental imprinting). Second, germline-specific genes are
frequently methylated during development, and this CGl methylation is directly required to maintain
these genes in a repressed state in somatic cells (Auclair et al., 2014; Weber et al., 2007). Third, CGls
in bodies of genes are much more frequently methylated than promoter CGls. The methylation of
intragenic CGls is dependent on the transcriptional status of the gene and is stimulated by

transcription running across the CGl (Jeziorska et al., 2017).

Besides CGls in annotated promoters, another class of CGls, called orphan CGls, has been
described (lllingworth et al., 2010). These CGls are not associated with annotated gene promoters
and represent approximately half of all CGls. They present a dynamic methylation status, and unlike
CGls at known promoters, they often become methylated during development. Orphan CGls present
promoter-like characteristics: around 40% correlate with the presence of H3K4me3 in mouse and

human, and 21% of the human ones are associated to RNApolll. They might code potentially for

10



novel genes, non-coding RNAs or alternative promoters. However, in colorectal cancer (CRC) cells de
novo methylation affects both known CGIs and orphan CGls, meaning that the developmental

programming is not recapitulated in cancer development (lllingworth et al., 2010).

1.2.4 DNA methylation and transcription factor binding

Cytosine methylation can impact the binding of TFs and gene expression in several ways
(Introductory Figure 3). In general, TF binding is thought to be blocked by DNA methylation because
DNA methylation modifies the affinity of TFs towards their binding sites (Introductory Figure 3A).
Alternatively, DNA methylation can recruit proteins such as Methyl-CpG binding domain (MBD)
proteins (Klose and Bird, 2006) or the zinc finger-domain containing protein Kaiso (Prokhortchouk,
2001) (Introductory Figure 3B). Other TFs, like CTCF and REST, are insensitive to DNA methylation
and in turn, their binding to regulatory regions is sufficient to trigger active DNA demethylation
(Feldmann et al., 2013; Stadler et al., 2011) (Introductory Figure 3C). Within the last years, several
studies have tried to identify TFs whose binding to DNA is dependent on the DNA methylation status.
To this aim, combination of molecular techniques such as DNAse | hypersensitive sites (DHS)
mapping, Chromatin Immunoprecipitation sequencing (ChlIP-seq), methylation-sensitive SELEX
(Systematic evolution of ligands by exponential enrichment) or Mass-spectrometry in methylated
and unmethylated contexts have been used. One study tried to identify methylation-sensitive
factors by mapping new DNAse | hypersensitive sites that appear in mES cells devoid of DNA
methylation (triple knockout for Dnmt1, Dnmt3a and Dnmt3b) (Domcke et al., 2015). This identified
NRF1 as a major methylation sensisitive TF. NRF1 can bind to its binding motif when unmethylated,
but, when it is methylated, it needs the assistance of an upstream TF to trigger hypomethylation at
its binding site (Domcke et al., 2015) (Introductory Figure 3D). Interestingly, a recent report shows
that some factors have a preference for methylated motifs. This is the case for several factors with
roles in embryonic and organism development such as homeodomains. Crystal structure experiments
showed that interactions between hydrophobic residues and the methyl group of 5mC directed this
preference (Yin et al., 2017). Deciphering the proteins binding to 5mC oxidative derivatives is
important to understand their possible role in biological functions, but its study is complicated
because these marks are present in low frequency. However, it has been shown that these
derivatives recruit transcription regulators and DNA repair proteins, supporting their role in active
demethylation (Spruijt et al., 2013). UHRF2, whose possible role in DNA methylation remains unclear,

also appeared as a specific reader for 5-hydroxymethylcytosine (5hmC) (Spruijt et al., 2013).
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Introductory Figure 3. Cytosine methylation and TFs binding in regulatory regions.

A. Methylation-sensitive TFs are blocked by DNA methylation.

B. Methyl-CpG binding domain proteins (MBDs) recognise methylated promoters. Its binding represses expression by

preventing TFs binding or recruiting repressive factors

C. Methylation-insensitive TFs can bind to methylated promoters or enhancers, and their binding leads to reduced

methylation.

D. A methylation-insensitive TF leads to demethylation, allowing the binding of another settler TF that triggers gene

expression.
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1.3 Mammalian DNA methyltransferases

Methylation is catalysed by DNA methyltransferases (DNMTs). DNMTs activities were first
purified in E. coli (Gold and Hurwitz, 1964). There are 6 members of the DNMT family in mammals:
DNMT1, DNMT3A and 3B, DNMT2, DNMT3L and the most recently discovered DNMT3C in the
mouse. These enzymes allow the establishment of DNA methylation pattern de novo as well as its
maintenance through cell division. All DNMTs with the exception of DNMT3L have a conserved

catalytic domain. In the next sections | will discuss mammalian DNMTs.

1.3.1 DNMT1

DNMT1 was the first DNMT identified and purified in eukaryotic organisms (Bestor and Ingram,
1983; Bestor et al., 1988). This enzyme is involved in the maintenance of the methylation through cell
division. As CpG is a palindromic site, DNA methylation can be copied from the parent strand to the
newly synthesised DNA strand and inherited through generations. DNMT1 recognises preferentially
hemimethylated CpGs over unmethylated DNA (Vilkaitis et al., 2005). This enzyme has been shown to
be constitutively expressed in cells undergoing division, and it is especially abundant during the S-
phase (Kishikawa et al., 2003). DNMT1 has two functional parts: the N-terminal domain containing
regulatory functions and the C-terminal domain harbouring the catalytic activity (Introductory Figure
4A). The catalytic domain of DNMT1 is conserved within the other mammalian DNMTs and in plants,
and interestingly, eight of the ten motifs necessary for the catalytic activity are conserved in
prokaryotic methyltransferases (Finnegan and Dennis, 1993; Lauster et al., 1989). The N-terminal
domain contains an interaction domain with DMAP1 (DNA methyltransferase associated protein 1)
(Rountree et al., 2000), a Proliferating Cell Nuclear Antigen (PCNA) binding domain site (PBS) and the
replication foci targeting sequence (RFTS) that targets the protein to the replication fork during the S-
phase of the cell cycle (Leonhardt et al., 1992). There are also a CXXC DNA binding domain that
contributes to regulating the catalytic activity by interacting with unmethylated CpGs in DNA
(Pradhan et al., 2008; Song et al., 2011), and two bromo-adjacent homology domains (BAH). The
binding of the DNMT1 CXXC domain to unmethylated CpGs creates a loop within the BAH domain
that prevents the catalytic domain to access DNA and perform de novo methylation (Song et al.,
2011). However, several groups have highlighted the possible implication of DNMT in de novo
methylation. Arand et al., 2012 showed that DNMT1 contributes to de novo methylation of repeated
sequences in mES cells, while others have suggested a cooperation between DNMT1 and de novo
DNMTs (DNMT3A and 3B) (Fatemi et al., 2002; Liang et al., 2002). Moreover, depletion of DNMT1 in
oocytes resulted in a slight decrease of methylation. As these are non-dividing cells, methylation

performed by DNMT1 should be considered as de novo (Shirane et al., 2013).
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Introductory Figure 4. Schematic representation of DNMT and TET proteins.

A. DNMTs have a N-terminal regulatory domain and a C-terminal catalytic domain. DNMT3L has a truncated catalytic
domain and consequently does not have catalytic activity.

The DMAP, PBS and RFTS domains in DNMT1 allow binding to cofactors and the recruitment of the enzyme to the
replication fork. The CXXC domain targets unmethylated sequences.

DNMTS3A, 3B, 3C and 3L have a PWWP domain and a ADD domain that regulate the interaction with chromatin.

B. TET proteins share a conserved C-terminal part containing a double sheet beta helix (DSBH) domain. This part is the
catalytic domain.

C. AID has a catalytic domain conserved among members of the APOBEC family. The N-terminal domain contains the
Nuclear Localisation Signal (NLS) and the C-terminal the Nuclear Exportation Signal (NES).
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How is DNMT1 recruited to the replication fork? DNMT1 is part of a complex. It interacts with
the PCNA; however, this interaction is not the only mechanism required for faithful maintenance
methylation by DNMT1 during replication (Spada et al., 2007). Another important cofactor is
Ubiquitin-like containing PHD and RING finger domains 1 (UHFR1), which plays multiple roles in
regulating DNMT1 activity. UHRF1 specifically binds to hemimethylated CpG sites thanks to its SRA
(SET and RING associated) domain, which helps recruiting DNMT1 to hemimethylated DNA at the
replication fork (Bostick et al., 2007; Sharif et al., 2007). The UHRF1 C-terminal RING domain also
functions as an E3 ubiquitin ligase that promotes histone H3 ubiquitylation, which is then
subsequently recognised by DNMT1 through its RTFS domain (Nishiyama et al., 2013). Finally,
numerous studies show that UHRF1 also directly interacts with DNMT1 and stimulates its catalytic

activity in multiple ways (Bashtrykov et al., 2014; Li et al., 2018).

While mouse ES are surprisingly viable despite DNMT1 depletion, this enzyme plays an
essential role in development as shown by the embryonic lethality of Dnmt1 KO mice at around
embryonic day E9.5. These embryos present a hypomethylated genome compared to wild-type

embryos (Lei et al., 1996; Li et al., 1992).

1.3.2 DNMT3A and DNMT3B

De novo methylation of the genome takes place after the waves of demethylation in the pre-
implantation embryo and the germ cells during embryonic development (Kafri et al., 1992; MONK et
al., 1987). In addition, Dnmt1 KO mES cells still retained remarkable methylation levels and had the
ability to methylate foreign sequences (Lei et al., 1996). These facts suggested that other enzymes

involved in the de novo methylation of DNA remained to be discovered.

DNMT3A and 3B were identified by homology search compared to the sequence of a bacterial
type Il cytosine-5 methyltransferase (Okano et al., 1998a). Recombinant DNMT3A and 3B showed no
preference for hemimethylated DNA, suggesting that they could be the long-sought mammalian de
novo methyltransferases. This idea was subsequently demonstrated by knockout studies in ES cells
and embryos (Okano et al., 1999). Both proteins contain a PWWP (P = proline, W = tryptophan)
domain and an ATRX-DNMT3-DNMT3L (ADD) PHD-related domain in the N-terminal region that
regulate interaction with chromatin (Introductory Figure 4A). The PWWP domain has been
proposed to target DNMT3A or 3B to transcribed gene bodies previously marked with H3K36me3
(Baubec et al., 2015; Dhayalan et al., 2010). The ADD domain mediates the binding of DNMT3A and
3B to histone H3 unmethylated on the lysine 4 (Ooi et al.,, 2007; Otani et al., 2009), and this

interaction stimulates the catalytic activity of the enzymes (Guo et al., 2015; Li et al., 2011a).
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DNMT3B shows a preference for methylating non-nucleosome DNA in vitro (Morselli et al.,
2015). Human DNMT3A and 3B have been shown to have intrinsic sequence preference for the
nucleotides flanking the CG: DNMT3A methylation hotspots present frequently a T at position -2 and
a C at position +2, whereas for DNMT3B the nucleotides are a T at position -1 and a G at position +1
(Wienholz et al.,, 2010). These results are in concordance with previous reports indicating a

preference of DNMT3A for CpGs flanked by pyrimidines in vitro (Lin et al., 2002).

DNMT3A and DNMT3B have both redundant and specific functions in development. DNMT3B
is strongly expressed during early stages of embryogenesis, being the principal enzyme implicated in
de novo methylation during embryonic implantation (Auclair et al., 2014; Borgel et al., 2010).
However DNMT3A and 3B act synergistically during development to methylate the bulk genome
because DNA methylation levels are only partially reduced in single Dnmt3a or Dnmt3b KO embryos
(Auclair et al., 2014; Okano et al., 1999). On the other hand, DNMT3B also has specific functions in
development: it is the only enzyme required for the methylation of a subset of CGls on autosomes
and all CGls on the inactive X chromosome (Auclair et al., 2014; Gendrel et al., 2012). In contrast to
DNMT3B, DNMT3A expression is not restricted to early embryonic stages but DNMT3A is also
expressed at late embryonic stages and in differentiated cells. For example, DNMT3A is the main
enzyme required to establish DNA methylation in differentiating gametes. Conditional inactivation of
Dnmt3a in gametes, but not of Dnmt3b, abolishes the acquisition of methylation at imprinting
control regions and genome-wide (Kaneda et al., 2004; Shirane et al., 2013; Smallwood et al., 2011).
Consequently, female mice depleted for DNMT3A in germ cells are sterile as their offspring die at
mid gestation due to improper setting of DNA methylation at maternal imprinting genes (Kaneda et

al., 2004).

Both enzymes are essential in development. Dnmt3a KO mice follow a normal embryonic
development until birth but they become runted and die around 4 weeks after birth (Okano et al.,,
1999). In contrast, Dnmt3b KO embryos develop normally until embryonic day E9.5 but then show
multiple developmental defects and die before embryonic day E15.5. Embryos double KO for Dnmt3a
and Dnmt3b show an even stronger phenotype: they fail to complete gastrulation and die around
embryonic day E11.5 (Okano et al., 1999). These phenotypes are in agreement with the expression

patterns of the enzymes and their implication in DNA methylation at different developmental stages.

The possible role of DNMT3A and 3B in the maintenance of methylation has been widely
discussed, showing evidence that DNMT1, 3A and 3B cooperate to maintain the methylation at
repetitive elements, single genes or imprinted regions (Arand et al., 2012; Chen et al., 2003; Liang et

al., 2002).
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1.3.3 DNMT3L

DNMT3-like protein (DNMT3L) shows an homologous sequence with DNMT3A and DNMT3B,
but it is the only DNMT that does not contain a functional catalytic domain (it is truncated) (Aapola et
al., 2000) (Introductory Figure 4A). It has been shown that DNMT3L interacts with the other DNMT3
(3A and 3B) and acts as a cofactor stimulating their activities. It interacts with unmethylated H3K4
and with the catalytic domain of DNMT3A (Jia et al., 2007; Ooi et al., 2007). This is consistent with

data showing that methylation of H3K4 is not compatible with DNA methylation.

DNMT3L expression is mostly restricted to germ cells, where it is required to establish correct
methylation at imprinted genes, TEs and genome-wide (Bourc’his, 2001; Hata et al., 2002; Shirane et
al.,, 2013; Smallwood et al., 2011; Zamudio et al., 2015). Conditional inactivation of Dnmt3L in germ
cells showed that mice are viable but not capable of establishing the de novo methylation in the
germline of both sexes, leading to male infertility and death of the offspring from KO females

(Bourc’his, 2001; Bourc’his and Bestor, 2004).

1.3.4 DNMT3C

DNMT3C is the most recent discovered DNMT and is found only in mice but not in humans. It
evolved through duplication of the Dnmt3b gene around 50 million years ago and had been
considered a pseudogene until its discovery (Barau et al., 2016) (Introductory Figure 4A). This
enzyme is expressed in male germ cells, where it methylates and silences young transposons during
spermatogenesis (transposons that have appeared relatively recently in evolution) (Barau et al.,

2016; Jain et al., 2017).

1.3.5 TRDMT1 (DNMT2)

TRDMT1/DNMT2 (tRNA (cytosine-5-)-methyltransferase) lacks the regulatory N-terminal
domain present in the other members of the family (Introductory Figure 4A). It is highly conserved
among species, even in organisms lacking detectable levels of DNA methylation such as D.
melanogaster or S. pombe, which suggests that it might play other functions than methylating DNA.
Even if DNMT2 forms a complex with DNA, no methyltransferase activity is observed on DNA (Dong,
2001; Okano et al., 1998b). DNMT2-deficient mES cells are able to perform de novo and maintenance
methylation of endogenous or newly integrated DNA (Okano et al., 1998b), indicating that DNMT2 is
not involved in DNA methylation. Instead, Goll, 2006 showed that DNMT2 methylates transfer RNAs
(tRNA), in particular the cytosine 38 that lies in the anticodon loop of aspartic acid tRNA. More
recently, it has been shown that DNMT2 methylates additional tRNA residues in drosophila and

mammals, promoting tRNA stability (Schaefer et al., 2010; Tuorto et al., 2012).
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Introductory Figure 5. Pathways for cytosine demethylation.

5mC is established and maintained by the DNMTs. 5mC can be erased in a replication-dependent process by lack of
methylation maintenance (passive demethylation).

Active demethylation is achieved through the TET-TDG dependent pathway. TET enzymes perform iterative oxidations
leading to the formation of 5ShmC, 5fC and 5caC. Those intermediates can be lost in a replication-dependent manner or can
be actively excised via DNA glycosylases (TDG, NEIL) followed by BER. 5caC could also be decarboxylated to return to the
unmethylated C, but a responsible enzyme has not yet been discovered.

5mC and 5hmC could be deaminated by cytosine deaminases like those from the AID/APOBEC system, and the products (T
and 5hmU) excised by DNA glycosylases (TDG, MBD4, SMUG1), followed by BER. However, there is little experimental
evidence for this AID dependent pathway.
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1.4 DNA demethylation pathways

Cytosine methylation is a reversible modification. Critical phases in development require DNA
demethylation such as methylation reprogramming during early embryogenesis and germ cell
development (See 1.5.1 DNA methylation reprogramming during development), or demethylation of
specific gene promoters during cell differentiation. Plants possess an active DNA demethylation
system, catalysed by specific DNA glycosylases (ROS1, DME or DML2/3) capable of directly removing
5mC from DNA and replacing it by an unmethylated cytosine through BER pathways (Zhu, 2009). DNA
glycosylases also exist in mammals (TDG, MBD4) but there is no evidence that these enzymes possess
robust excision activity against 5mC, suggesting that direct BER of 5mC is not a major pathway for
demethylation in mammals. Other possible mechanisms for DNA demethylation in mammals are

discussed in this chapter.

1.4.1 Passive demethylation

Passive demethylation is the simplest model to explain loss of methylation marks in DNA: it
occurs by replication-dependent dilution of 5mC in the absence of a functional DNA methylation
maintenance system through cell divisions. In this way, DNA methylation is diluted by 50% after each
round of cell division because methylation is not copied on the new DNA strand during the
replication process (Razin and Riggs, 1980) (Introductory Figure 5). This can be achieved by
downregulating the maintenance machinery (DNMT1, UHRF1) or inhibiting its access to chromatin.
Recent work suggests that passive demethylation is a major contributor to epigenetic

reprogramming in early embryos and germ cells (Messerschmidt et al., 2014).

1.4.2 TET enzymes and 5-hydroxymethylcytosine

The family of Ten eleven translocation (TET) enzymes is the only one for which we have strong
evidence of its role on active DNA demethylation. Active demethylation pathways independent of
replication have already been evoked during the 80’s (Sullivan and Grainger, 1987; Wilks et al., 1984).
Paroush et al., 1990 suggested that the activation of the a-actin gene in myoblasts required active
demethylation steps in the absence of DNA replication, but they did not explain the molecular
mechanisms. It was not until 2009 that TET1 was discovered. Trypanosomes have a DNA base called
base J (B-D-glucosyl hydroxymethyluracil). The first steps for the synthesis of base J involve the
hydroxylation of the methyl group of thymine by the proteins JBP1 and JBP2. By searching for
homologues of these proteins in humans, lyer et al., 2009 found 3 proteins: TET1/2/3. TET1 is the
founding member of the family and a fusion partner of MLL gene in acute myeloid leukaemia (AML)

(Lorsbach et al., 2003).
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Introductory Figure 6. Catalytic reaction performed by TET enzymes.

Schematic representation of the reaction generating 5ShmC by TET enzymes. Conserved residues in TET protein (His-His-Asp)
bind Fe(ll) and coordinate water and a-ketoglutarate (a-KG). Oxidation of a-KG leads to the formation of CO; and a high-
valent Fe(IV)-oxo intermediate, still bound to the TET enzyme. This intermediate performs an oxidative transfer in the 5mC,
leading to the formation of 5hmC and the regeneration of the Fe(ll) species. Adapted from Kohli and Zhang, 2013.
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i. TET proteins and oxidised derivatives of 5mC

TET proteins are 2-oxoglutarate-Fe(ll)-dependent dioxygenases that catalyse the conversion of
5mC into 5hmC using a-ketoglutarate (a-KG) as a substrate (Ito et al., 2010; Tahiliani et al., 2009)
(Introductory Figure 6). This reaction was first shown to take place in cultured cells and in vitro
(Tahiliani et al., 2009). The same year, relatively high amounts of 5hmC (0,6% of total nucleotide)
were reported in Purkinje neuronal cells (Kriaucionis and Heintz, 2009), suggesting a physiological
role of this nucleotide in epigenetic control of gene expression. TET proteins perform also iterative
oxidations leading to the formation of 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
(Introductory Figure 5). 5fC and 5caC were found as products of TET active demethylation in mES

cells and mouse organs (lto et al., 2011; Pfaffeneder et al., 2011).

5hmC, 5fC and 5caC are considered intermediates of demethylation. There are several
pathways that can lead to the replacement of these oxidised derivatives with unmodified cytosine.
5fC and 5caC can be efficiently excised by TDG and then repaired by the BER system via substitution
with a C (He et al., 2011; Maiti and Drohat, 2011) (Introductory Figure 5). Multiple studies have
biochemically validated this pathway. In addition, Tdg knockdown (KD) mES cells showed higher
levels of 5fC and 5caC at different regions in the genome (Raiber et al., 2012; Shen et al., 2013).
Recently, new candidates have been proposed to be involved in the excision procedure. UNG2, a
uracil-DNA-glycosylase, was proposed to participate in the TET-mediated active demethylation
pathway (Xue et al., 2016). Moreover, NEIL1 and NEIL2 cooperate with TDG in removing the oxidised
methylcytosines (Schomacher et al., 2016). Alternatively, other studies show that oxidised products
5hmC, 5fC and 5caC may facilitate replication-dependent passive loss of 5mC during cell division as
DNMT1 does not recognise them (Inoue et al., 2011). Indeed, it was established that the presence of
5hmC significantly decreases (by 60 fold) the catalytic activity of DNMT1 in vitro (Hashimoto et al.,
2012). The decarboxylation of 5caC has also been proposed as a mechanism to return to the
unmethylated cytosines (Schiesser et al., 2012), but the responsible enzyme has not been identified
so far. One study suggests that the DNMT enzymes can directly remove the carboxyl group in vitro
(Liutkeviciuté et al., 2014). As both 5fC and 5caC are detected in mES cells, early embryonic
development and neurons, they could be of physiological importance and help to regulate gene

expression.
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5mC levels are relatively constant between cell types, but the levels of 5hmC and the other
intermediates are more variable. For example, 5hmC levels are higher in the nervous system
compared to other cell types (Globisch et al., 2010; Ruzov et al., 2011), which could be related to the
fact that most adult neurons are non-dividing cells. Moreover, there is a different distribution of
5mC, 5hmC and 5fC over the entire genome, meaning that TET proteins have different affinities for
specific regions (Raiber et al., 2012). In ES cells, 5hmC occurs almost exclusively at CpGs and this
modification is enriched at CpG-poor distal regulatory regions like enhancers (Yu et al., 2012). This
correlates with the fact that the TFs binding leads to the demethylation in regulatory regions
(Feldmann et al., 2013), as we discussed in 2.2 CpG-poor regions. However, it does not correlate with
TET1 binding sites, mostly found at CGls in promoters. Consistent with that, CpG-rich promoters
contain high levels of 5hmC and 5fC in CGls surrounding the TSS, which could be involved in keeping

them in a hypomethylated state (Raiber et al., 2012).

TET1 and TET2 proteins, but not TET3, are expressed in mouse ES cells. Recently it has been
shown that miR-29 family regulates TET1 expression by directly repressing it during early
differentiation in mES cells (Cui et al., 2016). TET2 is also abundantly expressed in the haematopoietic
system, playing an essential role. Indeed, TET2 loss of function leads to various forms of
haematological malignancies (See 2.1.4 DNA methylation actors are frequently mutated in cancer -
TETs). TET3 is expressed in oocytes and has been proposed to participate in the global demethylation
of the maternal and paternal genomes after fertilisation (Guo et al., 2014; Shen et al., 2014; Wang et
al., 2014a). Even if each TET protein might play specific roles, some studies suggest that they also
have redundant functions. For example, the combined deficiency of TET1 and TET2 shows that they

have overlapping roles in embryonic development (Dawlaty et al., 2013; Huang et al., 2014).
ii.  Structure of TET proteins

TET proteins contain a CXXC domain (with the exception of TET2), a cysteine-rich domain and

a conserved catalytic domain (Introductory Figure 4B).
CXXC domain

The CXXC domain is found in several chromatin binding proteins such as DNMT1, MLL and
CFP1, and it mediates binding to DNA containing unmethylated CpGs. TET1 and TET3 proteins (but
not TET2) have a CXXC domain. The CXXC domain of TET1 potentially binds DNA; this function has
been widely discussed but it remains controversial. Frauer et al., 2011 found that the CXXC domain of
TET1 has no DNA binding activity and is not essential for the TET1 catalytic activity. On the contrary,
there is evidence that the TET1 CXXC domain strongly binds CpG-rich DNA either unmodified or

containing 5mC or 5hmC, and that this binding is impaired after mutation of the CXXC domain (Xu et
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al.,, 2011; Zhang et al., 2010). In agreement with the binding of the CXXC domain to CpG-rich DNA,
ChIP experiments revealed that TET1 binds mostly to CGls in promoters and in intragenic regions. As
discussed earlier, the binding of TET proteins to CpG islands prevents the accumulation of cytosine
methylation in promoters, helping to maintain them in a hypomethylated state. Indeed, TET1
inhibition leads to increased levels of DNA methylation at many TET1 binding sites in promoters (Ficz

et al,, 2011; Williams et al., 2011; Wu et al., 20113a; Xu et al., 2011).

In mES cells, TET1 is also involved in facilitating the recruitment of Polycomb Repressive
Complex 2 (PRC2) to promoters that are consequently marked with the H3K27me3 repressive
histone modification (Wu et al., 2011a). This suggests that TET1 can also regulate gene expression
independently of its catalytic activity. This idea is also supported by another study that demonstrates
the role of TET1 in transcriptional repression by recruiting the SIN3A co-repressor complex at some
loci (Williams et al., 2011). Taken together, these studies suggest that TET1 has a dual function in the
regulation of gene expression by opposing DNA methylation at CpG-rich sequences and participating

in the repression of some Polycomb-target genes.

It is important to notice that an isoform of TET1 coming from an alternative promoter has
been discovered recently. TET1*'" lacks the CXXC domain. It is not expressed in ES cells, but it
becomes activated in embryonic and adult tissues (Good et al., 2017). This isoform is aberrantly
expressed in cancer, and it does not prevent CGl methylation, which correlates with the pattern of

aberrant hypermethylation observed in tumor suppressor genes.

Interestingly, the TET2 gene lost its CXXC domain during evolution through a chromosomal
inversion and only codes for the catalytic domain. The CXXC domain initially encoded within the
ancestral TET2 gene is now encoded in the IDAX gene. The IDAX CXXC protein binds unmethylated
cytosines in vitro and it is found at CGls in promoters. IDAX interacts with TET2 and promotes the

recruitment of TET2 to its target regions in DNA (Ko et al., 2013).

The TET3 CXXC domain can also bind to unmethylated CG-rich DNA, and is essential for the
biological function of TET3, at least in Xenopus (Xu et al., 2012). Surprisingly, the CXXC domain of
TET3 has a higher affinity towards 5caC. It suggests that it could be involved in the 5caC excision by
the BER system, specifically in neuronal cells where it seems to localise at specific promoters of

neuronal development (Jin et al., 2016).

Catalytic domain

The catalytic domain of TET proteins is characteristic of Fe2+ and a-KG-dependent

dioxygenases (Loenarz and Schofield, 2008). It consists in a double-stranded beta helix localised in
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the C-terminal end of the protein. A conserved histidine coordinates the Fe2+. TET proteins catalyse
the oxidative decarboxylation of a-KG by using molecular oxygen as a substrate. As a result, the TET
enzyme-bound high-valent Fe(lV)-oxo intermediate converts the 5mC into 5hmC by an oxidative
transfer (Kohli and Zhang, 2013). In the human and mouse TET1 protein, the catalytic domain alone is
sufficient to perform a similar catalytic activity than the full-length protein (Ilto et al., 2010; Tahiliani

et al., 2009) (Introductory Figure 6).

Vitamin C (ascorbic acid) acts as a cofactor of TET proteins enhancing the oxidation of 5mC
into 5hmC in mES cells or Mouse Embryonic Fibroblasts (MEFs) (Blaschke et al., 2013; Minor et al.,
2013; Yin et al., 2013). Vitamin C was shown to promote iPSC reprogramming (Esteban et al., 2010).
Further studies showed that vitamin C regulates somatic cell reprogramming by modulating the

activity of TET1 (Chen et al., 2013b).
iii.  Physiological functions of Tet genes

Tetl -/- and Tet2 -/- mice are viable and fertile (Dawlaty et al., 2011; Quivoron et al., 2011).
Tetl mutant mice are grossly normal and develop normally, although some mutant mice have a
smaller size at birth (Dawlaty et al., 2011). The inactivation of TET2 is also compatible with normal
development, but Tet2 mutant mice develop haematological malignancies, highlighting the crucial
role of TET2 in maintaining homeostasis of the haematopoietic system (Li et al., 2011b; Quivoron et
al., 2011). Double inactivation of Tet1 and Tet2 is compatible with development, although some Tet1
-/- Tet2 -/- double mutant mice die around birth. Some of them overcome the loss of these enzymes
by increasing the Tet3 expression, suggesting that TET3 can compensate in order to maintain 5hmC
levels in development. Therefore, the three Tet genes could have redundant functions during
development (Dawlaty et al., 2013). Indeed, Tet1/Tet2/Tet3 triple knockout (TKO) embryos show
developmental defects after the gastrulation step (E7.5), indicating that TET proteins are required at
this moment, possibly by regulating the Nodal signal pathway that is essential in mesoderm
development (Dai et al., 2016). Single Tet3-/- mice die perinatally for unknown reasons (Gu et al.,
2011b). Consistent with the high level of Tet3 expression in oocytes, conditional KO of Tet3 in the
oocyte impairs genome demethylation after fertilisation, which leads to impaired development and a

reduction in fertility (Gu et al., 2011b).
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1.4.3 AID/APOBEC enzymes

The AID/APOBEC family of enzymes are able to deaminate cytidine in DNA and/or RNA
(Conticello et al., 2005). AID (Activation-induced cytidine deaminase) is a protein encoded by the
Aicda gene. It has a high sequence homology with apoB, an mRNA editing enzyme, so it was
proposed that AID could have a role in mRNA editing (Muramatsu et al., 1999). However, AID was
shown to be an important factor implicated in the process of antibody diversification in B
lymphocytes through Class Switch Recombination (CSR) or Somatic Hyper Mutation (SHM)
(Muramatsu et al., 2000; Revy et al., 2000). Mice mutants for the Aicda gene show defects in CSR and
SHM (Muramatsu et al., 2000), while mutations of the gene in humans cause the hyper IgM
syndrome type 2 (Revy et al., 2000). The mechanism of action of the enzyme is as follows: AID
deaminates cytosine in ssDNA to form uracil as a product, which is then recognised as a mismatch
U:G and excised by the uracil-N glycosylase. The abasic site is then repaired by the BER system. This
repair might involve an error-prone polymerase as we find an unusual high error rate (Longerich et
al., 2006; Noia and Neuberger, 2007). It has been proposed that a similar mechanism could be
implicated in 5mC demethylation: 5mC would be deaminated by AID giving T as a product, and the
T:G mismatch could be recognised by a glycosylase such as TDG or MBD4 and repaired by an error-
free polymerase that would fill the abasic site with an unmethylated cytosine (Introductory Figure 5).
In support of this, the TDG enzyme has been found to be essential for embryonic development
(Cortellino et al., 2011). Moreover, Tdg mutant mice show aberrant patterns of DNA methylation and
TDG forms a complex with AID and the DNA damage-associated protein GADD45 (Cortellino et al.,
2011). However, in vitro, AID is less active on 5mCs than unmethylated cytosines, suggesting that AID
might not directly deaminate 5mCs (Bransteitter et al., 2003; Larijani et al., 2005). Alternatively, AID
could also deaminate the oxidation derivatives of 5mC such as 5hmC, creating 5-hydroxymethyluracil
(5hmU) that could be excised by the 5hmU glycosylase SMUG1 and repaired with unmethylated
cytosine (Introductory Figure 5). In support of this model, overexpression of AID stimulates 5hmC
demethylation of transfected DNA in human HEK293 cells. The authors propose a model of active
demethylation in which TET proteins first oxidise 5mC to 5hmC, which is then deaminated by the
AID/APOBEC deaminases into 5hmU, excised by 5hmU glycosylases and repaired by the BER pathway

with unmethylated cytosines (Guo et al., 2011) (Introductory Figure 5).

However, the role of AID in active demethylation remains unclear and debated. The first
evidence of AID implication in 5mC demethylation was proposed by Morgan et al., 2004. They found
that AID was able to mutate 5mC in E. coli, and that AID and APOBEC1 produced T after 5mC
deamination in vitro. They also suggested a role of AID in epigenetic reprogramming during

development as they found it expressed in oocytes, primordial germ cells (PGCs) and ES cells.
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However, Aid-/- mice develop normally and do not present developmental failures, which argues
against a role of AID in epigenetic reprogramming. Evidence of a role of AID in vivo was shown by the
demethylation of exogenous DNA in zebrafish embryos, coupling deamination of 5mC into T by AID
(or APOBEC2), followed by MBD4 glycosylase excision of the T (Rai et al., 2008). Other studies
showed also efficient AID deamination-dependent demethylation of 5mC in zebrafish (Abdouni et al.,
2013). Nevertheless, the results obtained in zebrafish were not reproducible by others (Shimoda et

al., 2014).

In mammals, further studies showed that the deaminase activity of purified AID on 5mC or
5hmC could not be demonstrated (Nabel et al., 2012), but that another member of the family,
APOBEC3A, has strong deamination activity towards 5mC but not towards TET-oxidised derivatives
(Schutsky et al., 2017; Wijesinghe and Bhagwat, 2012). By using AID null fertilised mouse oocytes, the
authors showed that AID was implicated in the global genome demethylation taking place in the
mouse zygote (Santos et al., 2013). Moreover, AID deficient PGCs were used to study the potential
role of AID in gametic methylation reprogramming. These cells presented a mild hypermethylation in
introns, intergenic regions and transposons compared to WT cells, suggesting a role for AID in
epigenetic reprogramming (Popp et al., 2010). Around the same time, AID was shown to be required
to demethylate pluripotency-related gene promoters such as Oct4 and Nanog in the process of
generating iPSCs (Bhutani et al.,, 2010). A more recent study also showed that AID promotes
demethylation and activation of the pluripotency genes OCT4 and NANOG in somatic cell nuclear
transfer (SCNT) experiments in bovine preimplantation embryos (Ao et al., 2016). However, here
again, the role of AID in epigenetic reprogramming is still highly debated, as illustrated by other
reports, suggesting that other factors than AID are required for epigenetic reprogramming in the
mouse germline. Indeed, no aid expression can be detected in PGCs between E8.5 and E11.5, at the

time of methylation reprogramming (Hajkova et al., 2010; Kagiwada et al., 2013).

In summary, numerous published articles indicate that the role of AID in cytosine
demethylation is still controversial. It seems that AID may participate in locus-specific demethylation
but not genome-wide methylation reprogramming in development. Further studies are necessary to

fully understand its role and the interplay between AID and other active demethylation pathways.

1.5 Roles of DNA methylation in development

DNA methylation is linked to the regulation of gene expression during development, but also
to the maintenance of genomic stability through the silencing of mobile elements. In the next

paragraphs, | will explain briefly several points.
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1.5.1 DNA methylation reprogramming during development

Epigenetic reprogramming, including DNA demethylation, takes place at two moments during
mammalian development: a first wave of demethylation in the early embryo and a second wave of
demethylation in PGCs (Introductory Figure 7). These waves are important to control the pluripotent

state and to establish genomic imprinting.
i. Reprogramming during preimplantation development

DNA methylation is erased after fertilisation (MONK et al., 1987; Santos et al., 2002), reaching
its lowest level at the blastocyst stage (embryonic day E3.5 in the mouse) (Smith et al., 2012). The
parental genome undergoes rapid demethylation 4-5 hours after fertilisation. The mechanisms
remain unclear, but it might be due to a combination of passive demethylation and active
demethylation, probably involving the BER pathway (Hajkova et al., 2010; Santos et al., 2013). The
TET3 hydroxylase is involved in this mechanism. Indeed, a TET3-dependent increase of 5hmC can be
observed in the paternal pronucleus, associated with an accumulation of this enzyme in the male
pronucleus (Gu et al., 2011b; Wossidlo et al., 2011). The maternal genome undergoes a
demethylation that until recently was thought to be mostly replication-dependent (Saitou et al.,,
2012). Some reports suggested that the maternal genome is protected from TET3-mediated
conversion to 5hmC by the PGC7 protein (also known as DPPA3 or STELLA) (Nakamura et al., 2007,
2012). However, more recent studies in the mouse using optimised bisulfite sequencing methods for
low amounts of cells have shown that both paternal and maternal genomes contain oxidative
derivatives of 5mC and undergo a TET3-dependent passive and active demethylation (Guo et al.,
2014; Shen et al., 2014; Wang et al., 2014a). However, the active demethylation facilitated by TET3 is
independent from TDG (Guo et al., 2014).

Some sequences in the genome escape this wave of demethylation: the imprinted loci and the
repetitive elements (See 1.5.3 Parental imprinting and 1.5.4 Maintenance of genome stability)

(Introductory Figure 7).

After embryo implantation, global DNA methylation is re-established by DNMT3A and 3B
genome-wide, and the genome remains globally methylated in all somatic cell types of the body
(Introductory Figure 7). CGls are protected from this de novo methylation, except those in the
promoters of developmental and gametic genes that acquire methylation preferentially by DNMT3B

and are silenced (Auclair et al., 2014).
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Introductory Figure 7. DNA Methylation reprogramming during mouse development.

After the fertilisation, a first wave of demethylation takes place and both parental genomes are demethylated in the
preimplantation embryo until the blastocyst stage. Some transposon sequences and the imprinting control regions (ICR) are
resistant to this demethylation. Methylation is established de novo by DNMT3A and DNMT3B after implantation. The
genome will remain methylated in all somatic cells in adult tissues. Only the PGCs (Primordial Germ Cells) will undergo a
second wave of demethylation between E8.5 and E13.5. Germ cells will be de novo methylated by DNMT3A, 3L and 3C.
Methylation acquisition is different between sexes: male gametes are completely methylated before birth whereas female
gametes acquire methylation after birth.
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ii. Reprogramming in gametes

Germ cell progenitors, called PGCs (Primordial germ cells), arise in the epiblast at E6.5 in the
mouse. As these cells are derived from somatic cells that already acquired a global somatic
methylation, it is necessary that they undergo a global demethylation to restore their pluripotent
status (Hackett et al., 2012; Saitou et al., 2012). They undergo a global genome demethylation
between E9.5 and E12.5, in parallel to their division and migration to the genital crests. At E13.5
these cells present a globally demethylated genome. Kinetic studies during PGC development
showed that imprinted regions, CGls on the X chromosome and methylated CGls of germline-specific
genes become demethylated with a slower kinetics than the rest of the genome, suggesting a two-
phase demethylation process in PGCs (Guibert et al., 2012; Seisenberger et al., 2012). Interestingly,
some genomic regions resist this global demethylation and retain high levels of methylation in PGCs.
These regions are mostly associated with repeated elements, and most of them are also resistant to
demethylation in early embryos (Guibert et al., 2012; Seisenberger et al., 2012) (Introductory Figure
7).

Even if the global mechanism of demethylation is still debated, it is known that proteins
implicated in the de novo and maintenance methylation (DNMT3A, DNMT3B, UHRF1) are
downregulated in PGCs, and proteins involved in active demethylation, such as TET and BER, are
expressed (Kagiwada et al., 2013; Seisenberger et al., 2012). The actual general consensus is that
demethylation in PGCs occurs largely through a replication-dependent process (Kagiwada et al.,
2013; Ohno et al., 2013), whereas TET1 is not required to initiate global demethylation but has a
contribution in ensuring hypomethylation of defined sequences in the genome (Hill et al., 2018;

Yamaguchi et al., 2012).

After global demethylation, germ cells acquire de novo methylation when they differentiate
into gametes and undergo the meiosis process. This process is different in male and female gametes.
In male gametes, DNMTA, 3L and 3C cooperate to establish de novo methylation of the genome after
the E14.5 embryonic stage (Barau et al., 2016; Bourc’his and Bestor, 2004; Kaneda et al., 2004). On
the contrary, female gametes are arrested in a hypomethylated state at the metaphase stage before
birth, and oocytes are then remethylated essentially by DNMT3A and 3L during the phase of oocyte

growth after birth (Smallwood et al., 2011) (Introductory Figure 7).

1.5.2 X chromosome inactivation

Because females have two X chromosomes whereas males have just one, a mechanism is
required to compensate the gene dosage on the X chromosome. In mammals, this occurs by

repressing one of the female X chromosomes (Lyon, 1961). A non-coding RNA (ncRNA) called Xist (X-
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inactive-specific transcript) is essential to initiate the process of X-chromosome inactivation (Penny
et al., 1996). It is expressed only from the X-inactivated chromosome and its product does not
encode a protein (Brockdorff et al., 1992; Brown et al., 1991). Xist coats the inactive X chromosome
(Brown et al., 1992) and leads to a series of epigenetic events triggering the X-inactivation in cis,
which includes exclusion of the transcription machinery, recruitment of Polycomb proteins, histone
modifications like H3K27me3 and variants like H2A, and DNA methylation of promoters CGls (Barakat
and Gribnau, 2012; Chadwick and Willard, 2001; Plath et al., 2003; Zhao et al., 2008).

X-chromosome inactivation starts randomly in either the paternal or the maternal
chromosome during embryonic development (between E3.5 and E8.5) and is maintained in somatic
cells. DNA methylation has been shown to take place only after the genes have been inactivated
(Prissette et al., 2001). De novo methylation is not essential for the initiation of X chromosome
inactivation (Sado, 2004), meaning that it contributes to the stabilisation of a long-term repression
(Csankovszki et al., 2001; Sado et al., 2000). X-linked methylation is dependent of DNMT3B: mice
deficient for Dnmt3b (but not Dnmt3a) show a total loss of methylation in X chromosome (Auclair et
al., 2014). Surprisingly, some X-linked genes escape the process of inactivation, and this correlates
with a lack of DNA methylation and H3K27me3 on their promoters (Auclair et al., 2014; Yang et al.,
2010).

1.5.3 Parental imprinting

Imprinted genes are expressed exclusively from one allele depending on their parental origin:
either the paternal allele or the maternal allele. There are approximately 150 imprinted genes in
mice and most of them are also imprinted in humans. These genes are often organised in clusters,
where their allele-specific expression is regulated by epigenetic modifications on CpG-rich regions
called imprinted control regions (ICRs). ICRs harbour differential DNA methylation status between
both alleles, which is acquired in the parental gametes and makes them germline DMRs (gDMRs).
These ICRs can be in the promoter of genes or in intergenic regions. Methylated ICRs can directly
repress the expression of an imprinted gene if they are in the gene promoter, or alternatively they
can regulate several distant genes that are part of large imprinted regions. In this case, ICRs can
function as insulators or promoters of long non-coding RNAs (ncRNA) that repress several distant
genes in cis (Arnaud, 2010). Imprinting is a good example of how DNA methylation is not always
linked to transcriptional repression: it can also activate gene expression by the exclusion of repressor
proteins. For example, in the Igf2/H19 locus, DNA methylation inhibits CTCF binding to allow /gf2
activation through distant enhancers (Bell and Felsenfeld, 2000; Hark et al., 2000). Imprinting is
established during gametogenesis. How is DNA methylation regulated in imprinted loci? There are

three phases: de novo differential DNA methylation of the gametic DMRs (gDMR) is first established
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in the parental cells during gametogenesis depending on the sex of the parent, then it is stably
maintained after the fertilisation and during embryogenesis, and finally methylation imprints are

erased in PGCs and reset according to the sex of the embryo.

The mechanism of the ICRs demethylation in the PGCs is not clear but, as discussed before, it
could involve a combination of mechanisms including active demethylation by AID (See 1.4.3
AID/APOBEC enzymes) (Popp et al., 2010), TET proteins expressed in PGCs (Yamaguchi et al., 2013),
and passive dilution (Kagiwada et al., 2013). The methylation imprints are then re-established in
PGCs during the phase of genome remethylation that occurs at different developmental stages
depending on the sex: paternal imprints are established after E14.5 and completed before birth (Li et
al., 2004), whereas, on the contrary, maternal imprints are established after birth during the phase of
oocyte growth and maturation (Lucifero et al., 2004). Conditional invalidation of DNMTs in PGCs have
shown that the enzymes responsible for the de novo methylation of imprinted regions are DNMT3A

and DNMT3L (Bourc’his, 2001; Bourc’his and Bestor, 2004; Kaneda et al., 2004; Kato et al., 2007).

Differential DNA methylation at imprinted loci is maintained during embryogenesis: the
methylated allele escapes the first wave of DNA demethylation in the early embryo development
while the non-methylated allele does not acquire de novo methylation. The principal mechanisms
protecting imprinted alleles from demethylation in embryogenesis involve maintenance methylation
by DNMT1, essential to maintain imprinted methylation patterns during early cleavage stages and
embryogenesis (Hirasawa et al., 2008; Li et al., 1993), as well as additional factors MBD3, Stella/PGC7
and ZFP57 (Li et al., 1993, 2008; Nakamura et al., 2007; Reese et al., 2007). The protection from de
novo aberrant methylation could be carried out by histone marks that exclude the DNMTs (Stewart

et al., 2015).

Interestingly, in addition to germline DMRs that are stably propagated in development, it has
been shown that there are also many secondary somatic DMRs (sDMRs) established in imprinted loci
after implantation in a DNMT3B-dependent manner (Auclair et al., 2014; Bhogal et al., 2004; Sato et
al., 2011).

1.5.4 Maintenance of genome stability

A big proportion of mammalian introns and intergenic sequences contains non-coding DNA or
repetitive DNA. There are several types of repeated regions in the genome: tandem repeats (major
and minor satellites mostly in the pericentromeric regions) and transposable elements (TEs) such as
long interspersed nuclear elements (LINE), short interspersed nuclear elements (SINEs) and long

terminal repeats (LTR). TEs constitute almost 50% of the human genome. The expression of
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transposons can potentially impair genome integrity and stability because they are mutagenic,

causing insertion in or around protein-coding genes and chromosomal rearrangements.

One of the main defence mechanisms involved in repressing the expression and mobility of
transposons in mammalian genomes is DNA methylation. In mice, DNMT1 and UHRF1 are essential to
maintain TEs repression in the genome: absence of DNA methylation maintenance in Dnmt1-/- or
Uhrf1-/- mice leads to a reactivation of TEs like intracisternal A-particles (IAPs), LINE-1 and SINE-1
(Sharif et al., 2007; Walsh et al., 1998). In addition, there are molecular pathways required to
specifically recruit DNA methylation at TEs in development, in particular TRIM28 (also known as
KAP1) and the histone methyltransferase SETDB1 (also known as ESET). These proteins are recruited
to TEs by KRAB zinc-finger protein (ZFP) in order to catalyse H3K9 methylation and facilitate the
recruitment of DNA methylation at these regions (Leung et al., 2014; Rowe et al.,, 2013). The
epigenetic control of TEs is also essential to preserve genome integrity in germ cells. DNMT3L and
DNMT3C are essential to establish DNA methylation of TEs in mouse gametes (seel.3.3 DNMT3L and
1.3.4 DNMT3C). Failure to methylate TEs in germ cells of Dnmt3/-/- or Dnmt3c-/- mice leads to robust
expression of evolutionarily young retrotransposons during spermatogenesis at the onset of meiosis,
which leads to meiotic catastrophes and a lack of production of functional spermatozoa (Barau et al.,
2016; Bourc’his and Bestor, 2004; Zamudio et al., 2015). A mechanism implicating PIWI-interacting
RNAs (piRNAs) has evolved to specifically induce TEs silencing and initiate the de novo DNA

methylation of TEs in the male germline (Aravin et al., 2008; Kuramochi-Miyagawa et al., 2008).

32



33



Estimated incidence of solid tumours in France according to sex (2017)

BT S o 52563
Prostate* 48427
Ling — 32260
Colorectal 2083724035
Bladder — 10684
Cidney [T 9452
Uterus (corpus)  pms 367
Lips, oral cavity, pharynx 8186
Liver —— 3273
Skin melanoma ;8061
Pancreas ;110119
Stomach 2252361
Ovary  mmmm 4714
Esophagus 3541
o WP
Thyroid |kl 7626
Cervix pmmm ss3s = Men
2746
Larynx [, m Women
Testicle ™M 2353
0 10000 20000 30000 40000 50000 60000 70000

Estimated mortality due to solid tumours in France according to sex (2017)

Breast
Prostate
Lung
Colorectal
Bladder
Kidney

Uterus (corpus)

Lips, oral cavity,...

Skin melanoma
Liver

Stomach

Ovary
Esophagus

CNS

Thyroid

Cervix

Larynx

Testicle

I 113833
I 3 207

— 20815
10176
8390
F 3778
1235
r 3182
1486

I 2 336

2167
758

1036
747

F 6129
2522
r 2861
1579
I 3111
F 2423
802
- 2147
1659
140
211
H Men
B Women

N 1084

589
109

| 83

5000 10000 15000 20000 25000

Introductory Figure 8. Projection of cancer incidence and mortality in France in 2017.

A. Classification of solid tumors by estimated incidence in metropolitan France in 2017.

B. Classification of solid tumors by estimated mortality in metropolitan France in 2017.

*Data for 2017 projection in prostate cancer are not available; data from 2013 have been used in this graphic.
Source: Partenariat Francim/HCL/ Santé Publique France /INCa
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2 DEREGULATION OF DNA METHYLATION IN CANCER

Cancer is one of the leading causes of death in the world. Data from World Health Organisation
(WHO) estimate that almost 9 million people died in 2016 because of this disease. Upper-middle
income and high-income countries present higher rates of deaths due to non-communicable diseases
than low-income countries, and several types of cancer are found among these diseases (lung, liver,

stomach, kidney and breast).

New cancer cases are increasing each year. In France, around 400.000 people were diagnosed
in 2017 and around 150.000 unfortunately died because of cancer. In France, the most common
cancer in men is the one affecting the prostate, whereas the most common cancer in women is
breast cancer. Concerning the mortality, lung cancer is the most lethal in men and breast cancer in

women (Introductory Figure 8) (Jéhannin-Ligier et al., 2017).

Cancer can affect any part of the body. We distinguish “solid tumors” from cancers affecting
the lymphatic or haematopoietic system. The main characteristic of all types of cancer is that cells
grow in an uncontrolled way and are disseminated through the body. Malignant tumors are
constituted from cancer cells and from non-cancer tissues like blood vessels or immune cells that
help to create a favourable microenvironment for tumor growth. Cancer cells invade surrounding
tissues and they can also be detached from the parental tumor and reach distant parts of the body in

a process called metastasis.

Even if current advances allow to cure cancer in almost half of the patients, prognosis is
variable from one patient to another. It depends on different factors like the tissue affected, the

state of the tumor at the moment of detection, the presence of metastasis or genetic factors.

Genetic and epigenetic events are involved and cooperate in tumorigenesis and tumor
development. Since 30-50% of cancer cases could be prevented, detection tools have become
essential. In this chapter | will discuss DNA methylation implication in cancer and how it can be used
as a biomarker. In fact, DNA methylation-based methods can help to detect cancer at early stages
and to choose the correct treatment of the disease. Besides, because of its reversible nature, it is also

a potential therapeutic target for anti-cancer therapies.
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Introductory Figure 9. Altered DNA methylation profiles in cancer cells.

Cancer cells harbour a global hypomethylated genome. This hypomethylation is related to the aberrant activation of genes
with oncogenic potential such as cancer-testis genes and genomic instability. Recent whole genome bisulfite sequencing
(WGBS) studies have confirmed that almost half of the genome in cancer cells is hypomethylated. Focal aberrant
hypermethylation of CGls is another hallmark of cancer cells. This hypermethylation is common in the promoter of tumor
suppressor genes and is linked with the repression of genes regulating key functions in cells.
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2.1 DNA methylation perturbations in cancer and other diseases

Somatic mutations have been widely studied in cancer initiation and progression. Key genes in
cell cycle regulation or DNA repair are frequently deleted or mutated in tumors. But these mutations
are not the only drivers of tumorigenesis: a large number of genes are also epigenetically silenced
through aberrant promoter DNA methylation in cancer cells. Both genetic and epigenetic alterations
cooperate and act synergistically during tumor evolution to drive both gene loss or gain of function,
which is translated in aberrant gene expression. Despite aberrant promoter CGls methylation, cancer
cells present a globally hypomethylated genome (Introductory Figure 9). Studying the connections
between genetic and epigenetic alterations constitute a major objective in cancer research, with
potential clinical applications. We are going to discuss in the next paragraphs the roles of DNA

methylation in cancer.

2.1.1 Genome-wide methylation studies in cancer

Substantial genome hypomethylation in cancer cells was already observed in the 80’s in
different kind of tumors (Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983). On the other hand,
one common feature of cancer cells is the aberrant hypermethylation of CGls in gene promoters.
These genes are usually tumor suppressor genes implicated in crucial biological functions for the cell.
Altogether, hyper or hypomethylation events suggest that DNA methylation balance is necessary to

ensure the correct functioning of the cells.

Until recently it was difficult to precisely compare global DNA methylation pattern in tumors
and healthy tissues because of technical restrictions. In recent years, technical advances have
overtaken these barriers with the development of methods like Whole-Genome Bisulfite Sequencing
(WGBS), allowing to perform genome-wide studies that give novel insights into the methylome of

cancer cells.

Recent methylome studies have highlighted several points that repurpose cancer DNA

methylation hallmarks:

(i) Global loss of DNA methylation in cancer cells takes place in megabase-scale partially
methylated domains (PMDs) or hypomethylated blocks that can make up almost half of the genome.
PMDs were first described in cultured fibroblasts (Lister et al., 2009), and reduction of methylation in
PMDs is widely observed in several cancer types: colon (Berman et al., 2011; Vidal et al., 2017),
breast (Hon et al., 2012; Legendre et al., 2015) and other solid tumors. Megabase-scale PMD
hypomethylation is now viewed as a universal epigenetic marker of most cancer types and PMDs are

less hypomethylated in most of the normal tissues (Timp et al., 2014; Zhou et al., 2018). However,
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large megabase regions of hypomethylation are not observed in haematological cancer (Wahlberg et

al., 2016).

This global loss of methylation in PMDs occurs generally in gene-poor, low CG density, late
replicating regions with weak regulatory activity (Berman et al., 2011; Vidal et al., 2017). But, when it
occurs in a promoter or enhancer region, the loss of methylation is associated with increased
expression of the related gene (Berman et al., 2011). Other reports correlate global hypomethylation
with gene silencing associated with gain of repressive chromatin marks like H3K27me3 or H3K9me3
(Hon et al., 2012). It remains to be clarified if PMD hypomethylation is a driving force of cancer or a

side effect of cancer cells proliferation.

(ii) The decrease in global methylation is progressive through tumor progression, being more
intense in metastasis samples than primary tumors (Vidal et al., 2017)

(iii) Cancer samples can be clustered according to their tissue of origin (Vidal et al., 2017).

(iv) Global genome hypomethylation is accompanied by focal hypermethylation of specific DNA
regions in cancer cells. This gain of aberrant methylation takes place frequently at CGls in gene
promoters and is associated with silencing of genes like tumor suppressor genes (TSGs). These genes
are silenced either unselectively in all cancer types or in a cancer type-specific manner (Vidal et al.,
2017). Interestingly, several reports show that genes associated with aberrant gain of methylation in
CGls are frequently not expressed in normal cells (Wahlberg et al., 2016), meaning that aberrant CGls
methylation is not necessarily driving changes in gene expression.

(v) Methylation-prone sequences are rich in repressive histone marks like H3K27me3 (Berman et
al., 2011). On the contrary, methylation resistant sequences show an enrichment for enhancer marks
such as p300 or H3K27ac (Berman et al.,, 2011; Heyn et al.,, 2016). Hypomethylated enhancers
present an enrichment at TFs binding sites known to protect DNA from methylation (Sp1, Nrfl...)
(Berman et al., 2011) or to promote oncogenic activity (Heyn et al., 2016).

(vi) DNA hypomethylation in cancer cells is frequent in repetitive elements, which significantly

contributes to overexpression of repeats in cancer cells (Hon et al., 2012).

In the next paragraphs, two of these cancer methylome studies are described in more detail.

Berman et al.,, 2011 was the first study comparing the methylome of human colorectal
tumors and surrounding normal tissues by WGBS. They showed the existence of long-range regions
(>100 kb) hypomethylated in the tumor that represent almost half of the total genome. These
regions correlated with nuclear lamina association domains, suggesting a role of DNA

hypomethylation in chromatin organisation. The loss of methylation in these regions exposed (with
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low frequency) enhancers and transcription factor binding sites and was associated with genes
upregulation. At the same time, focal hypermethylation was observed within the hypomethylated
regions. 95% of methylation prone elements correlated with CGls and were known to be enriched
with Polycomb repressive marks in hESC. From those CGls, 29% correlated with known promoters
and methylation was associated with gene repression. Interestingly, methylation resistant elements
were enriched with TFs binding sites as Sp1 or Nrfl. Those TFs had already been described for their

roles in DNA methylation protection in cancer cells (Gebhard et al., 2010).

A more recent study carried out by the group of Manel Esteller reported WGBS methylomes
in 8 normal tissues and 13 associated cancer samples (Vidal et al., 2017). Not surprisingly, global DNA
methylation was reduced in primary cancer samples compared to normal tissues, with a significant
diminution in repetitive elements. In addition, they observed hypomethylated regions (HMRs)
related to transcription control sequences in normal tissues that they divided in c-HMRs (common for
all cell types) or t-HMRs (tissue-specific). 12% of c-HMRs acquired methylation in cancer.
Interestingly, tumors could be clustered depending on their c-HMRs methylation status. A
remarkable point of the article is the comparison among three samples coming from the same
individual: normal tissue, primary colorectal cancer and liver metastasis. They found that the
progression from the healthy tissue to the primary tumor, and in turn the metastases is coupled to
increased genome hypomethylation during tumorigenesis: hypomethylated DMRs passed from
87663 in the primary tumor to 205459 in the liver metastases. Higher 5mC depletion in advanced or
metastatic tumors has already been associated with bad prognosis (Li et al., 2014). At the same time,
tumors gained methylation at specific loci, with the highest levels observed in the metastatic
samples, but the number of hypermethylated DMRs augmented only slightly in metastases compared
to the primary tumor (12364 in primary tumor, 15373 in metastasis). These data confirmed that

large-scale loss coupled to focal gain of DNA methylation is a hallmark of human cancer progression.

It is not clear what mechanisms drive genome hypomethylation in cancer cells, and whether
hypomethylation is a driver or a consequence in tumor progression. It has been found recently that
PRMTS6, an arginine methyltransferase catalysing asymmetric dimethylation of histone H3 arginine 2
(H3R2me2a), negatively regulates DNA methylation by inhibiting the association of UHRF1 to
chromatin, and its overexpression is correlated with global hypomethylation in cancer (Veland et al.,
2017). As this protein is overexpressed in several types of cancer, its upregulation could be one
mechanism leading to the hypomethylated pattern observed in cancer cells (Yang and Bedford,
2013). Alternatively, PMD hypomethylation could simply reflect the accumulation of cell divisions

because late replicating regions are more prone to incomplete maintenance methylation in each
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round of cell division (Zhou et al., 2018). Further studies should be carried out to decipher the events

involved in cancer-specific global DNA hypomethylation.

2.1.2 Consequences of global hypomethylation in cancer cells

Several consequences in cancer cells have been attributed to the global loss of methylation,
such as activation of TEs, genomic instability, activation of normally silenced genes and loss of
imprinting. These changes in genome stability and gene expression caused by the hypomethylated
status of cancer cells all contribute to create a selective advantage for the cancer cells, promoting

tumor progression.
i. Repetitive sequences

As we saw in chapter | (see 1.5.4 Maintenance of genome stability), transposon sequences in
the genome are silenced by DNA methylation, contributing to genome stability. Hypomethylation in
cancer cells can lead to the expression and transposition of repeated sequences like the mobile
elements LINEs, SINEs and LTR transposons. LINE-1 elements represent approximatively 17% of
human genome, so their methylation degree is considered as a mark of global methylation status
(Cordaux and Batzer, 2009). In the context of cancer, LINE-1 hypomethylation and reactivation have
been documented in many cancers and are associated with poor prognosis in several types of cancer
like colorectal, oesophageal, lung or gastric cancers (lwagami et al., 2013; Kawano et al., 2014; Saito

et al., 2010; Shigaki et al., 2013; Swets et al., 2016).

The consequences of transposon overexpression in cancer cells are genomic instability and
aberrant gene expression. Most TEs in the human genome are not capable of moving, but a small
proportion remains active. Activation of these TEs can lead to mutagenic retrotransposition events
that disrupt gene function (by mutating the open reading frame or the cis-regulatory elements, or by
influencing mRNA splicing and stability) and promote cancer progression. This was first observed in
the APC gene in colorectal cancers (Miki et al., 1992). More recently, this event has been observed in
the tumor suppressor genes MCC and ST18 (Shukla et al., 2013). High-coverage whole-genome
sequencing of cancer samples revealed hundreds of somatic TEs insertion events, mostly LINE-1
insertions, in epithelial tumors (Lee et al., 2012a). Importantly, many of these insertions occur near
genes with known tumor suppressor functions, suggesting a potential contribution of LINE-1
insertions to cancer development (Lee et al., 2012a). Global genome hypomethylation also induces
genomic instability (Gaudet, 2003), and one possible explanation is that the insertion of TEs like LINE-

1 promotes genome instability by inducing chromosomal breakages (Liu et al., 1997).
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ii. Gene activation

Global hypomethylation can lead to gene activation in several ways. Importantly, not all
reactivated genes in cancer are oncogenic. For an activated gene to be considered as oncogenic, it

should be implicated in functions like cell proliferation or angiogenesis.

Even if they cannot jump within the genome, hypomethylated expressed transposon
sequences can also impact cancer development by regulating the expression of nearby genes. As
LINE-1 are distributed all along the genome, gene expression can be up or downregulated depending
on where they are located. For example, proto-oncogenes MET, RAB3IP and CHRM3 are activated as
a consequence of the demethylation of LINE-1 elements that are located within their enhancers or
promoters in CRC metastasis development (Hur et al.,, 2014). Another example is the
hypomethylation of a LINE-1 element in the intron 18 of the ALK gene correlating with the activation
of novel cancer-specific oncogenic ALK transcript in melanomas (Wiesner et al., 2015). LINE-1
promoter hypomethylation can also activate an alternative transcript of the MET oncogene in
bladder cancer (Wolff et al., 2010). However, if LINE-1 sequences are present in the intragenic body,

their hypomethylation can lead to transcriptional repression (Aporntewan et al., 2011).

The loss of methylation in gene bodies can also expose cryptic enhancers, alternative
promoters or alternative splicing sites. For example, characterisation of DNA methylomes of patients
with chronic lymphocytic leukaemia (CLL) revealed gene-body hypomethylation in enhancer regions,
potentially affecting the binding of transcription factors and playing a functional role in

leukaemogenesis (Kulis et al., 2012).

Another consequence of global hypomethylation is the aberrant activation of “cancer-testis”
(CT) genes leading to the formation of cancer-testis antigens (CTA), which have an immunogenic
potential. These genes are expressed exclusively in germ cells and selectively silenced in somatic
tissues through processes involving promoter CGl methylation (Weber et al., 2007). Thus, DNA
methylation is the main mechanism required to restrict CT genes expression in somatic cells. CT
genes can be testis specific or testis predominant, meaning that low doses of expression have been
observed in somatic cells (da Silva et al., 2017; Van Tongelen et al., 2017). The biological functions of
CT genes are very diverse during gametogenesis, meaning that they could contribute to different
functions in tumor development (Whitehurst, 2014). Gametogenesis and tumorigenesis share some
phenotypical characteristics like hypomethylation, activation of silenced genes and angiogenesis
(Simpson et al., 2005), and the aberrant re-expression of CT genes in tumors suggests a potential
oncogenic role and involvement in tumorigenesis (Wang et al., 2016). In a recent review from the De

Smet group, they classify methylation-dependent CT genes in relation to cancer initiation and
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progression events. For example, there are CT genes associated with cell proliferation (MAEL, DDX3),
whereas others are associated with immortality (BORIS/CTCFL) or metastasis (CT-GAVRA3) (Van
Tongelen et al., 2017). Different genome-wide studies have been developed to identify potential CT
genes. For example a recent study used transcriptomic data to identify CT-genes predominantly
expressed in testis and tumors, and they found that some CT genes are expressed in different types
of tumors (e.g. PBK, SPATA22, IL411, HISTIH1A) whereas others are mostly tumor type-specific such
as C170RF104 (melanoma), FUT5 (colon), PAGE1 (ovary) and CSNK1A1L (prostate) (da Silva et al.,
2017). CT genes can be associated with good or bad prognosis. Interestingly, there is evidence that
the CTA related with good prognosis produce a signal for CD8+ entry in the tumor, leading to the
induction of apoptosis (da Silva et al., 2017). As CTA are not expressed in normal somatic cells, they
represent an interesting target for the development of targeted therapies in cancer, including

immunotherapy (Simpson et al., 2005).
iii.  Loss of imprinting (LOI)

Loss of imprinting (LOI) is another molecular characteristic of tumor cells that is linked to the
loss of methylation. LOI implies loss of monoallelic gene regulation, activating the biallelic expression
of a proto-oncogene or repressing the normally active copy of a gene with tumor suppressor
characteristics. To test the function of LOI in tumorigenesis, Holm and colleagues performed
transient conditional inactivation of Dnmt1 in mESCs (Holm et al., 2005). This generated ESCs that
lost all imprinting methylation marks and in which the reactivation of DNMT1 restored global DNA
methylation but failed to re-establish methylation patterns in ICRs. MEF cells derived from these ESCs
presented characteristics of transformed cells like a high growth rate and immortality, and injection
of these cells in immunodeficient mice lead to tumor formation. These results suggested a potential

causal role for LOI in cancer.

Several imprinted genes have been associated with tumor development. One of the most
common LOI marks in cancer is the activation of the silenced maternal copy of IGF2 (insulin-like
growth factor Il), a growth promoting gene. The biallelic aberrant expression was first reported in
Wilms tumors of the kidney, the most common tumor in children (Ogawa et al., 1993; Rainier et al.,
1993). Since then, LOI in IGF2 has been reported in colorectal, liver, lung and ovary cancers (Cui,
2007). In chronic myeloid leukaemia (CML), it appears to be linked with the progression of the

disease (Randhawa et al., 1998).
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2.1.3 Consequences of the focal hypermethylation of CGls

Hypermethylation of CGls is a hallmark of cancer cells. It was first observed in the promoter
of the RB gene implicated in retinoblastoma tumors (Greger et al.,, 1989). Besides CGlI
hypermethylation of genes with known tumor suppressor functions, aberrant CGlI methylation can
also take place in the promoters of upstream TFs and non-coding RNAs (ncRNAs) that modulate

expression of genes with tumor suppressor potential.
i.  Tumor suppressor genes

Even if all TSG are not methylated in all kind of tumors, TSG CpG island-promoter
hypermethylation is a hallmark of all cancers, affecting 5-10% of CGls that are unmethylated in
normal cells (Baylin and Jones, 2011). We can talk about a “DNA methylation signature” that defines
tumor subtypes and that could be used as a biomarker for early detection and prognosis.
Epimutations are as important as genetic mutations in cancer development, and there is a
remarkable correlation between both of them. Indeed, genetic and epigenetic inactivation in cancer
frequently target the same genes, and combining genetic and epigenetic studies to identify genes
that are subject to both mutations and hypermethylation help to identify key tumor suppressor
genes that strongly correlate with poor outcome in breast and colorectal cancers (Chan et al., 2008;
Yi et al., 2011). Genes that are commonly silenced by DNA hypermethylation participate in processes
such as DNA repair (BRCA, MLH1), immortality (CASP8) or metastasis (CADM1) and angiogenesis
(THBS-1). In the Introductory Table 1 there is a non-exhaustive compilation of coding and non-coding

genes silenced by CGls hypermethylation in human cancer.

However, the functionality of DNA-methylation dependent silencing of tumor suppressor
genes and its role in cancer progression is debatable. First, some TSGs are methylated in some type
of tumors but not in others. Second, some genes are overexpressed in some tumors but
downregulated in others. That means that there are genes that can have both proto-oncogenic or
tumor suppressor functions (Chen et al., 2018; Deng, 2009; Shen et al., 2018). And finally and most
importantly, there are many cases where aberrant CGls hypermethylation takes place in genes that
were already repressed in non-cancerous tissues, suggesting that their hypermethylation does not
participate in the silencing and thus in the tumoral progression (Sproul et al., 2012; Wahlberg et al.,
2016). There is evidence that TSGs repressed by aberrant DNA hypermethylation are marked with
the repressive histone mark H3K27me3 prior to their silencing. That would mean that genes are
tagged for further repression via methylation by Polycom complex in a similar manner that occurs

during embryonic development (Gao et al., 2014a; Schlesinger et al., 2007).
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Gene name

Consequence
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Baars et al., 2016; Chen et al., 2011; Zhang
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Caldeira et al.,, 2006; Keil et al., 2014;
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CDH1 Cadherin-1 Metastasis leukaemia, prostate Machado et al., 2001
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Lietal., 2012; LIN et al., 2015
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Guan et al., 2013; Lui et al., 2005; Rettori et
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. . . Sath tal., 2003a, 2003b, 2004
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Agodi et al., 2015; Sanchez-Cespedes et al.,
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2000; T: t al., 2000; Y tal., 2017
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Das et al., 2006; GORDIAN et al., 2009;
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Y t al., 2003
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GATA4 Aberrant silencing of 2009
(activator) GATA Binding Protein 4 | target genes Colon, stomach
Akiyama et al., 2003; Hellebrekers et al.,
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factors (activator) GATA Binding Protein 5 | target genes Colon, stomach
Prostate, NSCLC, breast,
HiC1 Hypermethylated in | Aberrant activation of gast'rlc, ) haematological Zheng et al,, 2012
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Introductory Table 1. Selection of Tumor Suppressor Genes silenced by DNA promoter hypermethylation in
human cancers.

Adapted from Esteller, 2007; Heyn and Esteller, 2012; Llinas-Arias and Esteller, 2017.
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The role of promoter DNA hypermethylation in cancer initiation is evidenced by a report
showing that methylation of two well established tumor suppressor genes (HIC1 and RASSF1A) is
sufficient to initiate cellular transformation and tumorigenic phenotype (Teng et al., 2011). Targeted
epigenome editing tools have also become valuable tools to test the causal role of DNA methylation.
For example, targeted promoter methylation of MASPIN enhanced breast cancer cell colony
production, suggesting indeed that DNA hypermethylation of key genes can drive cancer progression

(Rivenbark et al., 2012). Targeted epigenome editing will be discussed in more details in Chapter 3.
ii.  Transcription factors (TFs)

Hypermethylation can also take place in the CGls of promoters of upstream TFs, which in
turn leads to downregulation of the expression of their target genes. This is the case for the GATA4
and GATAS transcription factors that are silenced by hypermethylation in colorectal and gastric
cancer, together with some of their downstream target genes with known antitumor functions
(Akiyama et al., 2003). Expression of exogenous GATAS was able to restore expression of some of the
target genes (Akiyama et al., 2003). Another example is HIC1 (Hypermethylated in Cancer 1), a
transcriptional repressor frequently mutated in a variety of solid tumors and haematological

malignancies (Zheng et al., 2012) (Introductory Table 1).
iii.  Non-coding RNAs (ncRNAs)

Finally, aberrant hypermethylation can also contribute to the silencing of ncRNA. Micro RNAs
(miRNAs) with a potential tumor suppressor function are frequently methylated in cancer cells,
leading to an aberrant upregulation of their target genes. In the report of Saito et al, the authors
showed that 17 out of 313 human miRNAs were upregulated after treatment with DNA methylation
and histone acetylation inhibitor factors in bladder cancer cells. Especially, miR-127 induction leads
to the downregulation of the proto-oncogene BCL6 in several cancer types (Saito et al., 2006). Other
examples of miRNAs downregulated by DNA methylation in cancer can be found in Introductory

Table 1.

In the future, new advances in DNA methylation and transcriptome analysis at genome scale
will help to identify all the genes and ncRNAs that are repressed by DNA methylation in various
cancer types. This will allow to better understand the differences among tumor subtypes and to

create tools to predict, diagnose and select the most convenient therapies for each patient.

45



Function

Alteration and cancer type

* Mutational inactivation CRC (Kanai et al., 2003)

* Qverexpression: CRC (Marzo et al., 1999), prostate (Patra et al.,
2001), hepatocarcinome (Saito et al., 2003), breast (Agoston et
al., 2005; Al-Kharashi et al., 2017), ovary (Wu et al., 2007),

DNMT1 pancreas (Peng et al., 2006), oesophagus (Zhao et al., 2011)
*Mutation: AML (Desai et al., 2018; Ley et al., 2010; Ribeiro et al.,
2012; Yamashita et al., 2010), MDS (Walter et al., 2011), ALL
(Neumann et al., 2013), CMML (Jankowska et al., 2011), T-cell
lymphomas (Couronné et al., 2012)
DNA methyltransferases | DNMT3A * Overexpression: liver (Zhao et al., 2010)
* Qverexpression: breast (Butcher and Rodenhiser, 2007), colon
(Ibrahim et al., 2011; Nosho et al., 2009), prostate (Kobayashi et
al., 2011)
DNMT3B * Deletion: MLL mouse model (Zheng et al., 2016)
* Translocation in AML (Lorsbach et al., 2003)
* Mutations : Rare in AML (Dolnik et al., 2012) and solid tumors
such as CRC (Seshagiri et al., 2012), rare mutation in solid tumors,
reviewed in (Scourzic et al., 2015)
* Downregulated by methylation in multiple types of cancer (Li et
al., 2016)
* Qverexpression in MLL-rearranged leukaemia (Huang et al.,
TET1 2013)
* Mutation or deletion in haematological malignancies : AML,
MDS (Delhommeau et al., 2009), CMML (Kosmider et al., 2009),
mastocytosis (Tefferi et al., 2009), T-cell ymphome (Quivoron et
al., 2011), B-cell ymphomas (Asmar et al., 2013)
* Rare mutation in solid tumors, reviewed in (Scourzic et al.,
5mC hydroxylases TET2 2015)
* Mutation rare in solid tumors such as CRC (Seshagiri et al.,
TET3 2012)
* Mutation: chondrosarcomas (Amary et al., 2011), AML
(Figueroa et al., 2010; Green and Beer, 2010; Mardis et al., 2009),
glioma (Lu et al., 2012; Turcan et al., 2012; Yan et al., 2009), MDS
(Kosmider et al., 2010)
Isocitrate Prostate (Ghiam et al., 2012), thyroid carcinomas (Hemerly et al.,
dehydrogenases IDH1/2 2010), brain (Balss et al., 2008)
Methyl-binding-protein 1
and 2 MBD Sansom et al., 2007

Introductory Table 2. Proteins implicated in DNA-methylation that are altered in cancer.
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2.1.4 DNA methylation actors are frequently mutated in cancer

The important role of DNA methylation in tumor development is reinforced by the fact that
several actors of the methylation / demethylation pathways are often deregulated or mutated in

cancer (Introductory Table 2).
i. DNMTs

DNMT1 is upregulated or downregulated in several cancers. An overexpression of DNMTs is
related to an augmentation in the aberrant methylation of TSG in a variety of tumors. An
upregulation of DNMT1 is observed in colorectal cancers, prostate cancers and hepatocellular
carcinomas (Marzo et al., 1999; Patra et al.,, 2001; Saito et al., 2003). Knockdown of DNMT1 in
oesophageal squamous cell carcinoma (ESCC) or cervix cancer cells resulted in TSG demethylation
and re-expression, consequently inhibiting cell proliferation and inducing apoptosis (Zhang et al.,
2011c; Zhao et al., 2011). With the exception of one study that reported DNMT1 mutations in rare
cases of colorectal cancer (Kanai et al., 2003), no recurrent mutations in the DNMT1 gene were found

in cancer.

In contrast, DNMT3A mutations are frequent in haematological malignancies. DNMT3A is
mutated in a big proportion (around 25%) of adult cases of AML (Ley et al., 2010). DNMT3A
mutations are generally acquired in the early development of the tumor, suggesting a causal role for
tumoral progression (Shlush et al., 2014). In addition, another study showed that DNMT3A
mutations, among other mutations, can be detected in blood DNA years before the diagnosis of AML,
suggesting again a causal role on the progression of the disease (Desai et al., 2018). DNMT3A
presents a mutation hotspot at the Arg882 (R882H), which does not abolish catalytic activity but
seems to have dominant negative activity and leads to focal methylation alterations (Emperle et al.,
2018; Lu et al., 2016; Spencer et al., 2017). DNMT3A mutation is a poor-prognosis marker in AML
(Ribeiro et al., 2012). In addition to AML, DNMT3A mutations are also frequent (up to 20 to 30% of
cases) in other haematological malignancies such as myelodysplastic syndromes (MDS) (Walter et al.,
2011), chronic myelomonocitic leukaemias (CMML) (Jankowska et al., 2011), acute lymphoblastic
leukaemias (ALL) (Neumann et al., 2013) or T-cell lymphomas (Couronné et al., 2012). In contrast to
DNMT3A, DNMT3B is rarely mutated in haematological cancers, however, its depletion promoted
MLL-AF9 leukaemia progression in a mouse model (Zheng et al., 2016). Other reports have shown
that all DNMTs are overexpressed in AML and CML, which correlates with aberrant hypermethylation
of TSG (Mizuno, 2001). In solid tumors, overexpression of DNMT3A and 3B is more frequent than
their inactivation by mutations. DNMT3A upregulation has been reported in liver tumors (Zhao et al.,

2010) and upregulation of DNMT3B in breast (Butcher and Rodenhiser, 2007) or colorectal cancer
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(Ibrahim et al., 2011; Nosho et al., 2009). Mouse models also support a functional role of DNMT
overexpression in cancer progression. For example, the overexpression of Dnmt3b enhanced the
formation of colon tumors in the model of Apc Min/+ mice (Linhart et al., 2007). An interesting
finding from this study is that DNMT3B can methylate the same set of genes in tumoral and non-
tumoral tissues, suggesting that aberrant methylation caused by DNMT3B overexpression could

initiate gene silencing in normal cells (Linhart et al., 2007).
ii. TETs

Somatic mutations of TET2 are frequent in haematological malignancies such as AML, MDS
(Delhommeau et al., 2009), systemic mastocytosis (Tefferi et al., 2009) and CMML (Kosmider et al.,
2009). They are present in 10-25% of cases of AML or MDS, and up to 50% of CMML cases. Mutations
can be due to chromosomal arrangements but also to point mutations (Weissmann et al., 2012).
There are several evidences that designate TET2 mutation as an early event in leukaemogenesis:
TET2 mutations are present in pre-leukaemic stem cells (Chan and Majeti, 2013; ltzykson et al., 2013)
and their presence can predispose to the development of malignancies correlating with age (Busque
et al.,, 2012; Genovese et al., 2014). This predisposition is supported by mouse models with
conditional or total loss of Tet2 (Moran-Crusio et al., 2011; Quivoron et al., 2011). As TET2 mutation
alone is not always sufficient to drive cancer development, additional mutations are required to
trigger the malignant transformation. Thus, TET2 alteration provides clonal advantage to cells, and
these malignant precursors can acquire oncogenic mutations that lead to the tumorigenic process.
Mutations in TET2 lead to alterations in 5hmC patterns (Ko et al., 2010). Somatic mutations of TET1
or TET3 in human haematological cancers are rare compared to TET2. However, TET1 has been
implicated in the initiation of B-cell lymphoma in mouse models (Cimmino et al., 2015) or in
combination with TET2 deletion (Zhao et al., 2015), suggesting a tumor suppressor potential. Other

reports point that TET1 has an oncogenic potential in MLL-rearranged leukaemia (Huang et al., 2013).

Less is known about TET mutations in solid tumors. 5hmC levels are dramatically decreased in
breast, liver, lung, pancreas or prostate cancers compared to surrounding tissues. This reduction of
5hmC is associated to the reduction in the expression of three types of TET proteins (Yang et al.,,
2013). Data show that cells with high rate of proliferation correlates with low levels of 5hmC

(Bachman et al., 2014), which is consistent with what is observed in cancer cells.
iii. Other mutations

Other proteins related to the metabolism of DNA methylation are frequently mutated in

cancer. For example, Isocitrate Dehydrogenase 1 and 2 (IDH1 and 2), enzymes responsible of the
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conversion of isocitrate into a-KG, are frequently mutated in gliomas (Yan et al.,, 2009),
haematological diseases (Figueroa et al., 2010; Green and Beer, 2010; Kosmider et al., 2010; Mardis
et al., 2009) and other cancers (Waitkus et al., 2018). The mutations preferentially occur at the
arginine 132 of IDH1 and the arginine 140 or 172 of IDH2. These point mutations confer new
functions to the enzymes: IDHs are then able to convert a-KG into 2-hydroxyglutarate (2HG), which is
a competitive inhibitor of a-KG. The decrease in a-KG impacts on the activity of TET enzymes,
impairing the demethylation process and leading to a hypermethylation signature (Figueroa et al.,
2010; Losman and Kaelin, 2013). Moreover, Methyl-binding-protein 1 and 2 have been reported to
be mutated and increase the risk of lung and breast cancer (Sansom et al., 2007) (Introductory Table

2).

2.1.5 Other pathologies associated to DNA methylation alterations

DNA methylation anomalies are present in many diseases other than cancer. In the next

paragraphs some examples will be presented.
i. Imprinting related disorders

As explained before, DNA methylation regulates the allele-specific expression of imprinted
genes. A deregulation in the gene dosage of imprinted genes can trigger the development of several
disorders. This deregulation can be caused by methylation alterations that lead to the loss of
imprinting in some ICRs. For example, the Prader-Willi syndrome (PWS) and the Angelman syndrome
(AS) are neurogenetic disorders caused by loss of imprinting in 15q11-q13, which can be attributed to
deletions in the ICR or, in a significant proportion of patients, to abnormal DNA methylation of the
ICR (Buiting et al., 2003). The Beckwith-Wiedmann (Reik et al., 1995) and the Silver-Russel syndromes
(Abu-Amero et al., 2010) affect the intrauterine growth and are caused by epimutations at the ICR on
11p15.5 in the H19/IGF2 locus for a significant proportion of patients. Interestingly, gain of
methylation in patients is associated with transmission of deletions or single nucleotide variants at
CTCF and OCT4 binding sites in the ICR resulting in hypermethylation (Abi Habib et al., 2014; Sparago
et al., 2004), which illustrates the complex interplay between genetics and epigenetics in the disease.
Another disease caused by imprinting defects is transient neonatal diabetes mellitus, presenting
genetic defects in the imprinted ZAC/HYMAI locus in 6g24 or methylation aberrations at the CGlI
overlapping exon 1 of ZAC/HYMAI (Temple and Shield, 2002).

ii. Neurological disorders

Among neurological disorders, the Fragile X syndrome is caused by the aberrant expansion and

methylation of the CGG repeat on the 5° UTR and adjacent promoter region of the FMR1 gene. The
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gene is then silenced in patients with this mental retardation disorder (Oberlé et al., 1991; Oostra
and Willemsen, 2009). Methyl-CpG binding protein 2 (MeCP2) regulates neuronal gene expression by
binding to methylated DNA sequences (CpG or CH context, H being A, T or C). Mutations in this

protein are frequents in patients with Rett syndrome (Amir et al., 1999; Chen et al., 2015b).

DNMT1 was found to be mutated in patients suffering from hereditary sensory and autonomic
neuropathies with dementia and hearing loss (HSANIE) and autosomal dominant cerebellar ataxia
with deafness and narcolepsy (ADCA-DN) (Klein et al., 2011; Winkelmann et al., 2012). Both
syndromes have heterozygous mutations in the RFTS domain responsible for the recruitment of
DNMT1 to chromatin after DNA replication. These mutations affect the recruitment of DNMT1 to
chromatin but also the interaction with UHRF1 (Smets et al., 2017), leading to local changes in DNA

methylation in cells of patients (Sun et al., 2014).

Changes in DNA methylation might also play a role, but not necessarily a causal one, in other
neurological disorders such as Alzheimer's disease (AD), the most common form of dementia.
Immunoassays showed that AD patients present reduced methylation levels in the temporal
neocortex neuronal nuclei (Mastroeni et al., 2009) and hippocampus (Chouliaras et al., 2013).
However, other studies based on bisulfite sequencing do not identify dramatic changes in DNA
methylation in patients (Bakulski et al., 2012; Rao et al., 2012). A recent study by the group of Manel
Esteller compared methylomes from patients with different neurodegenerative diseases: AD,
dementia with Lewy bodies, Parkinson’s disease and Alzheimer-like neurodegenerative profile
associated with Down’s syndrome. Using two different approaches, they found 709 or 1545 DMRs
that were common among the 4 diseases and thus represent a common set of aberrant CpG
methylation in neurodegenerative diseases. Moreover, around 16% of the genes containing a DMR
presented changes in expression (Sanchez-Mut et al., 2016). The shared aberrant methylation

pattern could be useful to identify biomarkers for detection or therapy.

iii.  Immune disorders

The DNMT3B gene is homo or heterozygously mutated in 50% of patients with
Immunodeficiency, centromere instability, facial anomalies (ICF) syndrome (Ehrlich, 2003; Hansen et
al.,, 1999; Xu et al., 1999). ICF is an autosomal recessive disease, characterised by highly decreased
levels of immunoglobulins in serum and DNA rearrangements in centrosomal pericentromeric
regions of chromosomes 1, 9 and 16 associated with DNA hypomethylation. DNMT3B deficiency
impairs lymphocyte maturation or activation (Ehrlich, 2003). Patients suffer from bacterial and viral
infections and die frequently at a young age. The deregulation of gene expression in ICF patients is

due mostly to changes on the Polycomb-dependent histone landscape, suggesting that DNMT3B s
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required for the deposition of histone repressive marks like H3K27me3 (Jin et al., 2008). Genome-
wide studies showed that hypomethylation in DNMT3B mutant ICF patients occurs mainly in CpG
islands of germline genes, imprinted genes and X-linked genes in females (Velasco et al., 2018).
Hypomethylation also occurs in intragenic regions and it is linked to altered transcription regulation
patterns and altered splicing events, affecting genes with biological functions important to the
development of the disease (Gatto et al., 2017). Other types of ICF are linked with mutations of
ZBTB24 (de Greef et al., 2011), CDCA7 or HELLS (Thijssen et al., 2015). In all cases, hypomethylation

of the juxtacentrometic chromatin is a hallmark of the disease.

Differential methylation among the MHC (Major Histocompatibility Complex) region
potentially increases the genetic risk to develop rheumatoid arthritis (RA) (Liu et al., 2013). In an
epigenome-wide association study (EWAS), DNA methylation levels in ten genes were found to be
significantly different in B cells from patients compared to healthy individuals (Julia et al., 2017).
Interestingly, differential methylation in nine out of those ten genes was also found in systemic lupus
erythematosus (SLE) (Julia et al., 2017). These results highlight some genes and shared DNA

methylation patterns could be a common driver for the development of these diseases.

Recently, it has been shown that expression levels of the principal actors of DNA methylation
(DNMTs and TETs proteins) are deregulated in the hippocampus of multiple sclerosis (MS) patients
correlating with demyelination (Chomyk et al., 2017). The authors also found differentially
methylated positions (DMPs). If these DMPs were present near a gene TSS, their methylation status
inversely correlated with expression. These gene candidates are expressed mostly in neurons and
astrocytes (Chomyk et al., 2017), suggesting DNA methylation as a mechanism contributing to altered

gene expression in MS patients.

2.2 DNA methylation as a biomarker in cancer clinics

Screening of cancer biomarkers is important to identify high risk populations and to detect
cancer at early stages. Late detections of cancers are frequent and imply that the tumors have
progressed through advanced stages without the possibility of performing surgical operations or
accurate therapies. This late diagnosis is usually linked to poor survival rate. Moreover, current
detection methods for cancer present some limitations. For example, mammography cannot detect
small tumors in breast and colonoscopy is an invasive and time-consuming method to detect colon
cancer. Moreover, histological evaluations require biopsies and their diagnostic depends on the
quality of the tissue and the interpretation of the technician. It is also important to take into
consideration the heterogenicity of tumors. For example, prostate biopsies frequently underestimate

the cancer aggressiveness because they might be not representatives of the actual tumor core
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Introductory Figure 10. Epigenetic biomarkers in oncology based on DNA promoter methylation-status.

DNA-methylation screenings have identified DNA methylation biomarkers that can be used in the detection, prognosis and
prediction to therapy response. As cancer cells shed DNA into biological fluids near the tumor, non-invasive methods are
being developed. These markers are tumor-specific. For example, an increase in the methylation level of the promoter of
the genes BCAT1, CDO1, TRIM58 and ZNF177 present in bronchial washing is linked to lung cancer. Until now, only one epi-
biomarker has been approved by the FDA for its use in clinics: SEPT9 promoter methylation in serum is related to colorectal
cancer (Epi proColon®). Further research will allow new biomarkers based on methylation to reach the clinical stage.
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(Jatkoe et al., 2015). In the next paragraphs, we will discuss recent advances in the area of non-

invasive methods to detect cancer based on DNA methylation.

2.2.1 Non-invasive detection techniques for detection of DNA methylation

Epigenetic changes such as promoter hypermethylation of tumor suppressor genes occur early
and progressively during tumor initiation and disease evolution, which makes it a good marker to
analyse the progression and stage of cancer. For example, changes in methylation can predict the
likelihood of metastasis and the recurrence in patients with high risk of relapse after surgery. Thus,
determining the DNA methylation pattern in cancer samples provides a new biomarker for early
detection, identification of the cancer type, progression and prediction of therapy response

(Introductory Figure 10).

Whole-genome screening is often used to identify biomarkers comparing tumoral and non-
tumoral tissues, whereas locus-specific assays (quantitative methylation-specific PCR, MethyLight
assay, pyrosequencing...) are used to study a candidate or a panel of candidates in a specific type of
cancer. The best control in the identification of novel biomarkers would be a biopsy of the same
tissue that is not affected by the tumor, but sometimes the authors compare samples against healthy

individuals.

Individual tumors shed cancer cells and cancer DNA into the blood or closely related body
fluids like sputum, saliva, urine or stools. These biological fluids represent a minimally invasive source
for biomarkers, which overcome the limitations caused by tumor heterogeneity and the invasive
nature of tumor biopsies. Circulating tumor (ctDNA) or cell-free DNA (cfDNA) can be used to study
biomarkers. cfDNA is composed by DNA from normal apoptotic cells but also DNA coming from
tumors. ctDNA can be distinguished because of the presence of genetic or epigenetic alterations,
even if it represents less than 1% of total cfDNA (Diaz and Bardelli, 2014; Diehl et al., 2008; Tani¢ and
Beck, 2017). Urine can be used to detect methylation biomarkers of bladder and prostate cancers
(Danidnaité et al., 2011; Jatkoe et al.,, 2015; Renard et al., 2010), sputum or saliva to detect
methylation biomarkers of lung and oral cancers (Diaz-Lagares et al., 2016; Miglio et al., 2015; Su et
al., 2016), stool to detect methylation biomarkers of colorectal or pancreatic cancers (Li et al,,
2015b), and blood to detect methylation biomarkers of breast, colon and prostate cancers (Brait et
al.,, 2017; Liu et al., 2015; Shan et al., 2016; Shirahata and Hibi, 2014) (Introductory Figure 10). The
principal limitations of these techniques are the available quantity of ctDNA and the background
noise. Some examples will be detailed in the next paragraphs and a non-exhaustive list of candidate

genes can be found in Introductory Table 3.
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Methylated gene Detection/prognosis DNA marker source Reference

Prostate
ERa Detection Serum Brait et al., 2017
ErB Detection Serum Brait et al., 2017
MCAM Detection Serum Brait et al., 2017
RASSF1 Detection Urine Danilnaité et al., 2011
RARB Detection Urine Danilnaité et al., 2011
Detection / Jatkoe et al., 2015; Mahon et al.,

GSTP1 prognosis Urine / plasme 2014; Wu et al., 2011
APC Prognosis Urine Jatkoe et al., 2015
PCDH10 Prognosis Serum Deng et al., 2016
FBN1 Detection Stool Lietal., 2015
NGFR Detection Plasma Lofton-Day et al., 2008
SNCA Detection Stool Lietal., 2015
TMEFF2 Detection Plasma Lofton-Day et al., 2008

Shirahata and Hibi, 2014;
VIM Detection Serum Shirahata et al., 2010

Detection / Lofton-Day et al., 2008; Tham et
SEPT9 - Epi proColon® * prognosis Serum al., 2014
NDRG4, BMP3 - Cologuard® * Detection Stool Pickhardt, 2016
TAC1 Prognosis Serum Tham etal,, 2014
BCL2 Detection Urine sediment Friedrich et al., 2004
CDKN2A Detection Urine sediment Hoque et al., 2006
DAPK Detection Urine sediment Friedrich et al., 2004
MGMT Detection Urine sediment Hoque et al., 2006
NID2 Detection Urine Renard et al., 2010
TWIST1 Detection Urine Renard et al., 2010
FHIT Detection Serum Liu et al., 2015
GSTP1 Detection Serum Yamamoto et al., 2012
hMLH1 Detection Serum Shan et al., 2016
HOXD13 Detection Serum Shan et al., 2016
PCDHGB7 Detection Serum Shan et al., 2016
P16 Detection Serum Shan et al., 2016
RASSFla Detection Serum Shan et al., 2016
SFN Detection Serum Shan et al., 2016
30872 Detection NSCLC Sputum Su et al., 2016
BCAT1 Detection Bronchial washing Diaz-Lagares et al., 2016
CDO1 Detection Bronchial washing Diaz-Lagares et al., 2016
MGMT Detection Bronchial washing and sputum Miglio et al., 2015
MIR-31 Detection NSCLC Sputum Su et al., 2016
MIR-210 Detection NSCLC Sputum Su et al., 2016
RASSF1A Detection NSCLC Sputum Suetal., 2016
TMEFF2 Detection NSCLC Serum Lee etal., 2012
TRIM58 Detection Bronchial washing Diaz-Lagares et al., 2016
ZNF177 Detection Bronchial washing Diaz-Lagares et al., 2016
SHOX2, PTGER4 - Epi ProLung®  Detection Serum Weiss et al., 2017
CDKN2A Detection Saliva Rosas et al., 2001
DAPK1 Detection Saliva Rosas et al., 2001
HOXA9 Detection Saliva Guerrero-Preston et al., 2011
MGMT Detection Saliva Rosas et al., 2001
NID2 Detection Saliva Guerrero-Preston et al., 2011
Introductory Table 3. DNA methylation-based biomarkers for detection and prognosis of cancer in biofluids. (*) FDA
approved.
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2.2.2 DNA methylation profiling for cancer detection

One main application of DNA methylation biomarkers in body fluids is cancer detection. Serum
prostate-specific antigen (PSA) is frequently upregulated in prostate cancer (PCa) but its detection
sometimes leads to unneeded biopsies because of lack of sensitivity and specificity. Combination of
this biomarker with promoter TSG methylation of the genes MCAM, ERa and ERB present in serum
increases the sensitivity and specificity of the early PCa diagnosis (Brait et al., 2017). GSTP1 is
frequently methylated in prostate tumors and could serve as a biomarker for early detection (Van
Neste et al., 2012). In body fluids, it could be used in complement of PSA screening (Wu et al., 2011b)

or other genes hypermethylation like APC (Jatkoe et al., 2015).

Carcinoembryonic antigen (CEA) and CA19-19 are used as biomarkers of colorectal cancer in
clinics: their levels are usually elevated in patients with this pathology and they are good markers of
prognosis and recurrence after treatment, but their accuracy is sometimes limited (Vukobrat-Bijedic
et al., 2013). Methylation-based biomarkers have been studied to improve detection rates and
several kits have been approved by the US Food and Drug Administration (FDA) for the detection of
colorectal cancer. Epi proColon® is a blood-based kit studying the methylation status of Septin-9
(SEPT9) (Lamb and Dhillon, 2017). Cologuard® is a stool-based studying the methylation status of
NDRG4 and BMP3 genes among other factors (Pickhardt, 2016).

Lung cancer is the leading cause of cancer-related death worldwide, in part due to its late
detection. New biomarkers detectable in non-invasive techniques are required. It has been shown
that a panel of 4 genes (BCAT1, CDO1, TRIM58 and ZNF177) form an epigenetic signature effectively
found in bronchial fluids (Diaz and Bardelli, 2014). The advantage of such a multi-target approach is
to overcome the limits of sensitivity of individual gene candidates. Epi proLung® is a blood-based kit
approved by the FDA for the detection of lung cancer using the methylation biomarkers SHOX2 and
PTGER4 (Weiss et al., 2017). Similarly, a multigene panel analysing the methylation status in serum
of HOXD13, SFN, RASSFl1a, P16, PCDHGB7 and hMLH1 could be useful to detect breast cancer (Shan
et al., 2016). As 15-20% of breast cancer cases are triple negative, meaning that they do not present
genetic mutations in key genes (oestrogen receptor, progesterone receptor and Erb-B2 receptor
tyrosine kinase 2), it is necessary to find good molecular candidates to perform non-invasive tests.
Further research is needed to adapt known biomarkers to body fluid-based test that allow a quick

detection and monitoring of cancer.

2.2.3 DNA methylation profiling for cancer prognosis

Beyond its power for detection and diagnosis, DNA methylation patterns can be used to

predict prognosis, tumor recurrence and survival rates. Methylation patterns can help to discern
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more aggressive from less aggressive tumors and then choose the adequate treatments (Hao et al.,

2017).

Concerning relapse, studying patients that had experienced a Non-small cell lung cancer
(NSCLC) tumor recurrence within 40 months after surgery and patients without recurrence, DNA
methylation of a panel of four genes (CDH13, RASSF1, CDKN2A and APC) was linked with early tumor
recurrence (Brock et al., 2008). Methylation-based biomarkers like TACI and SEPT9 are interesting
candidates to monitor the recurrence of colorectal cancer post operation (Tham et al., 2014). DNA
methylation of TSGs promoters has also been associated with poor-prognosis in melanoma (Bustos
et al., 2018), ovary cancers (Chang et al., 2017) or breast cancers (Mathe et al., 2016; Ward et al.,
2016). Moreover, methylation patterns can be used to classify tumoral subtype for example in
colorectal cancers (Hinoue et al., 2012), breast cancers (Fang et al., 2011) or childhood ALL (Milani et

al., 2010), where it can also predict relapse in patients.

Metastasis detection is crucial to prognosis. DNA methylation aberrations in genes linked to
cell adhesion are common in metastatic stages of cancer. For example, E-cadherin or cadherin-11
promoter hypermethylation is common through metastasis progression (Carmona et al., 2012; Graff
et al.,, 1995). DNA methylation signatures can also be helpful to differentiate metastases from

primary cancers, such as colon cancer metastases to the liver or lung (Hao et al., 2017).

2.2.4 DNA methylation profiling for therapy response

Epigenetic profiles are also linked to drug response sensitivity. Some markers can predict the
response to chemotherapeutic agents. For example, MGMT silencing by promoter hypermethylation
in glioma or glioblastoma is linked to an increased sensitivity to alkylating agents-based therapies like
temozolamide or carmustine. MGMT removes aberrant alkyl groups from DNA, so its presence in

cells would reverse the effect of the alkylating agents (Esteller et al., 2000b; Hegi et al., 2005).

Among other examples, APAF1 negative melanomas are chemoresistant and apparently not
capable of undergoing apoptosis (Soengas et al., 2001), SLFN11 methylation decreases colorectal
cancer cells sensitivity to cisplatin (He et al., 2017) and IGFBP-3 does the same in NSCLC (Caceres et
al., 2010).

New research should be carried out to identify methylation-based biomarkers highly specific,
sensitive and adaptable to routine clinical tests. The main objective is the establishment of reliable
biomarker panels allowing the identification and detection of cancer comparable to classical tests. If
these biomarkers are not sensitive enough to detect the presence of the disease independently, they

could be implemented in addition to currently studied molecular signatures. Such tests based on
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blood or body fluids will be cost-effective, less time-consuming, less painful and more advantageous

to patients.

2.3 DNA methylation as a therapeutic target for cancer

There are different methods used in cancer therapy and they can be used in combination to
improve treatment response and increase survival rate. Because of their reversible nature, epigenetic
marks such as DNA methylation are also a target of choice in anti-cancer therapies. There are some
epigenetic drugs currently used in clinics and in clinical trials. In the next paragraphs, | will present an

overview on classical and new cancer therapies, with a focus on DNA methylation therapies.

2.3.1 Classical methods

Classical methods include surgery to remove the tumors, followed by irradiation of the tumors
(radiotherapy) and/or treatment by medication (chemotherapy). In some advanced stages, surgery is

not an option and it is necessary to find a correct combination of treatments.

In radiotherapy, cells within the tumor environment are targeted. The targeted cells undergo
massive DNA damages that slow their growth and eventually kill them. Depending on the type of
cancer, the location and the size of the tumor, different types of radiotherapy can be performed.
Radiotherapy can be performed individually or in combination with drug treatments (Sharma et al.,

2016).

Chemotherapy agents target quickly dividing cells and disrupt the cell-cycle. Some of the most
commonly used chemotherapy drugs are alkylating agents like cyclophosphamide or temozolomide
(Ralhan and Kaur, 2007). These agents induce damage in the DNA, leading to DNA strand breaks,
arrest of cell division and cell death. They can act in a wide range of cancers. One of their main
limitations is that cells can be resistant to therapy via proteins such as MGMT (Kaina et al., 2007, see
2.2.4 DNA methylation profiling for therapy response). Moreover, as they induce DNA damage, they
increase the risk of developing a secondary cancer such as leukaemia (Davies, 2001). Other

chemotherapy agents include antimetabolites and DNA topoisomerase inhibitors.

Both radio and chemotherapy present many side effects because of their global effect: normal
cells in division are also destroyed during the treatment. Moreover, cancer cells can become
resistant to treatments and increase the aggressiveness of the cancer. For these reasons, new

targeted cancer therapies have been developed.
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Year of
Drug Selectivity approval  Approval indication Reference
DNMT1, DNMT3A,
DNMT3B, TRDMT1 and

5'-azacytidine RRM2 2004 MDS, AML, CMML Kaminskas, 2005

5'-aza-2'-

deoxycytidine DNMT1, DNMT3A,

(decitabine) DNMT3B 2006 MDS Kantarjian et al., 2006

SAHA (Vorinostat)  HDACclasses |, Il and IV 2006 CTCL Mann et al., 2007
Barbarotta and Hurley,

Romidepsin (FK228) HDAC class | 2009 CTCL and PTCL 2015; Coiffier et al., 2012
Mascarenhas and

Ruxolitinib JAK1/2 2011 Myelofibrosis Hoffman, 2012

Belinostat (PXD101) HDAC classes |, Il and IV 2015 PTCL Lee et al.,, 2015

Panobinostat Relapsed/refractory

(LBH589) HDAC classes |, Il and IV 2015 multiple myeloma Raedler, 2016

Introductory Table 4. Epigenetic drugs approved by the FDA.

AML = Acute myeloid leukaemia
CTCL = Cutaneous T-cell ymphoma
MDS = Myelodysplastic syndrome
PTCL = Peripheral T-cell ymphoma
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2.3.2 Targeted cancer therapies

In the last years, targeted cancer therapies have emerged as an alternative to counterpart the
cytotoxic side effects of traditional therapies. These therapies include monoclonal antibodies (mAb),

small molecule inhibitors and immunotoxins.

Along with traditional treatments, mAbs are the most used therapy. mAbs target extracellular
proteins. They can mediate the disruption of the interaction between ligands and receptors essential
for cells, block a recognition site, participate in the activation of the immune system against cancer
cells or deliver drugs to cancer cells in antibody-drug conjugates (Weiner, 2015). mAbs can also be
used in conjugation with a toxin that is delivered to cancer cells and internalised. Toxins are generally
from bacteria or plant origin. This antibody-based therapy is known as immunotoxins (Alewine et al.,
2015; Weiner, 2015). The first immunotoxin approved by the FDA for use in clinics (in Cutaneous T-
cell lymphoma, CTCL) is denileukin diftitox (Duvic and Talpur, 2008). Since then, other immunotoxins
have been approved by the FDA and others are in ongoing trials (Alewine et al., 2015; Allahyari et al.,
2017). Small molecule inhibitors inactivate proteins such as kinases in molecular pathways that are
deregulated by cancer (Singh and Jadhav, 2018; Zhang et al.,, 2009). One advantage of these
molecules compared to mAb is that they can enter in the cells. Even if these techniques are more
specific and present lower side effects, they have some limitations. Tumors are heterogeneous and
all cells might not express a defined protein. This applies also to differences among individuals.
Moreover, mutations in targeted proteins would create a resistance to mAbs recognition. As this kind

of therapies are frequently carried after standard treatments, immune system can be weakened.

2.3.3 DNA methylation as a target for cancer therapies

Because of its reversible nature and its role in cancer, DNA methylation is a promising target
for therapeutic action. DNA methylation inhibition can lead to the re-expression of TSG promoters
and the inhibition of aberrant proliferation. Such strategies targeting DNA methylation could be used
in combination with conventional therapies. There are several DNMT inhibitors (DNMTi) classified as

nucleoside and non-nucleoside inhibitors.

Before describing in details the use of DNMT inhibitors in cancer therapies, it is to note that
other epigenetic drugs are used in cancer treatments. In particular, several histone deacetylases
(HDAC) inhibitors have been approved by the FDA (Introductory Table 4): Vorinostat, approved for
the treatment of CTCL, Romidepsin, for the treatment of CTCL and Peripheral T-cell lymphoma
(PTCL), Belinostat, for the treatment of PTCL, and Panobinostat, approved for the treatment of

relapsed/refractory multiple myeloma in combination with dexamethasone and bortezomib.
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Introductory Figure 11. DNMT inhibition by cytosine analogues.

A. Structures of some of the principal DNMT inhibitors. 5’azacytidine (5aza) and 5’aza-2’-deoxycytidine (5azadC) are the
only ones approved by the FDA for the treatment of AML and MDS.

B. Schematic representation of the DNA methylation reaction. The enzyme DNMT forms a complex with the DNA via a
covalent union between a sulfhydryl group in the DNMT and the carbon 6 of cytosine ring. The methyl group (-CHs) is
transferred from the cofactor SAM and the enzyme is released by B-elimination.

C. Schematic representation of the DNMT inhibition with 5aza. The absence of a proton at the level of N5 position in the
5aza ring avoids the B-elimination and so the enzyme is irreversibly trapped.

Adapted from GNYSZKA et al., 2013; Schermelleh et al., 2005.



i. Nucleoside analogues DNMT inhibitors

5-azacytidine (5aza) and 5’-aza-2-deoxycytidine (5azadC)

5-azacytidine (5aza) and its analogue 5’-aza-2-deoxycytidine (5azadC) were synthetised for the
first time in the 60’s (Sorm et al., 1964). Both were shown to be active agents for the treatment of
AML (Karon et al., 1973; Momparler et al., 1985; Richel et al., 1991; Vogler et al., 1976). At the same
time, their inhibitory capacity against DNMTs was reported in several studies (Creusot et al., 1982;
Friedman, 1981; Jones and Taylor, 1980; Taylor and Jones, 1979). In 1983 a correlation was found
between the inhibition of methylation and the antileukaemic activity of 5azadC in a mouse model
(Wilson et al., 1983). Both compounds are formed by a modified cytosine (nitrogen instead of carbon
at position 5) and a ribose (5aza) or deoxyribose (5azadC) (Introductory Figure 11A). Because of that,
5azadC is incorporated exclusively in DNA whereas 5aza can be incorporated into RNA and DNA. 5aza
and 5azadC are the only DNMT inhibitors approved by the FDA up to now. 5aza was approved in
2004 (Kaminskas, 2005) and 5azadC in 2006 (Kantarjian et al., 2006) by the FDA (an later by the
European Medicines Agency) for the treatment of myelodysplastic syndrome (MDS), acute myeloid

leukaemia (AML), and chronic myelomonocytic leukaemia (CMML) (Introductory Table 4).

The mechanism of action of these drugs is schematised in Introductory Figure 11B. In normal
conditions, the DNMT covalently binds to the carbon 6 of cytosine and transfers the methyl-group
(CHs) from the cofactor SAM to the carbon 5 of cytosine, leading to the formation of 5mC. After the
transfer, the enzyme is released by B-elimination. The nucleoside analogues 5aza and 5azadC are
phosphorylated and incorporated into DNA during DNA replication. As these molecules have a
nitrogen (N) at position 5 of the cytosine instead of a carbon, the methyl transfer does not take place
and the B-elimination reaction is not performed. Thus, DNMTs are “trapped” on the DNA, which
leads to passive loss of methylation (Schermelleh et al., 2005; Subramaniam et al.,, 2014)
(Introductory Figure 11C). Several reports suggest that 5aza can also upregulate gene expression via

mechanisms that are independent of DNA demethylation (Seelan et al., 2018).

Combination of drugs in therapy can act synergistically or can help to decrease the side effects
of monotherapy. It has been shown that 5aza in combination with chemotherapeutical agents can
improve its effect in vitro (Fuller et al., 2015; Qin et al., 2015; Zhang et al., 2017a) and in patients
(Clozel et al., 2013; Juergens et al., 2011).

There are several ongoing clinical trials combining 5aza treatment with other therapies
(Coronel et al., 2011; Glasspool et al., 2014; Gore et al.,, 2017; Li et al.,, 2017; Sun et al., 2018b)

(Introductory Table 5). In particular, combination of 5aza with immunotherapeutic approaches leads
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Clinical trial ID Condition In combination with ...
Advanced
5'-azacytidine NCT01935947 NSCLC Entinostat (HDACi) 1]
Children
brain/solid
NCT03206021 tumors |
Advanced Solid
NCT02959437 Tumors Pembrolizumab and Epacadostat /1
Advanced Solid
NCT02811497 Tumors Durvalumab Il
Resectable
Oesophageal
NCT01386346 Cancer Oxaliplatin, Epirubicin, Capecitabine |
Chemo-
refractory
Metastatic
Colorectal
NCT02260440 Cancer Pembrolizumab (MK-3475) Il
Metastatic Non-
small Cell Lung
NCT02546986 Cancer MK-3475 1
NCT02530463 MDS Nivolumab and Ipilimumab Il
5'-aza-2'-deoxycytidine
(decitabine) NCT01627041 AML Cytarabine, Daunorubicin Hydrochloride Il
Pancreatic
Cancer and
NCT02959164 Sarcoma Gemcitabine |
Advanced
NCT03282825 breast cancer Paclitaxel |
NCT02159820 Ovarian cancer  Carboplatin-Paclitaxel 1/ui
Relapsed or
Refractory AML
or High-Risk Mitoxantrone Hydrochloride, Etoposide, and
NCT01729845 MDS Cytarabine 1]
Head and Neck,
NSCLC, bladder,
5-fluoro-2’-deoxycytidine NCT00978250 breast cancer Tetrahydrouridine Il
Advanced Solid
NCT01534598 Tumors Tetrahydrouridine |
Advanced Solid
4-thio-2-deoxycytidine NCT03366116 Tumors |
Advanced Solid
NCT02423057 Tumors |
SGI-110 (guadecitabine) NCT02920008 AML 1}
NCT02907359 MDS or CMML 11}
NCT02348489 AML 1
NCT02901899 Ovarian cancer  Pembrolizumab Il
NCT03308396 Kidney Cancer Durvalumab 1]
Metastic
colorectal
NCT01896856 cancer Irinotecan /1
ASTX727 (decitabine and cytidine
deaminase inhibitor), oral
administration NCT02103478 MDS 1/11
NCT03306264 MDS and CMML 11}

Introductory Table 5. Available DNMT inhibitors for cancer treatment in ongoing clinical trials (non-exhaustive list). Trial
status: Active or recruiting on the 28/07/2018
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to better outcomes and clinical trials are being carried out to analyse its efficacy in patients (Mazzone

et al., 2017).

5aza and 5azadC present several limitations. First, they lack specificity of action, which induces
a global demethylation genome-wide. At high doses, both molecules have cytotoxic effects.
Moreover they have mutagenic potential (Jackson-Grusby et al.,, 1997). Concerning their
pharmacokinetic properties, they are unstable in physiological media, they are vulnerable to
deamination by cytidine deaminase and have a weak bioavailavility. Thus, research in new DNMT

inhibitors (DNMTi) has been developed to overcome these limitations.

Other analogues

Zebularine is a nucleoside analogue that overcomes the lack of stability of 5aza and 5azadC
(Zhou et al., 2002) and blocks the action of cytidine deaminase (Jeong et al., 1998) (Introductory
Figure 11A). It forms a reversible covalent complex with DNA (Champion et al., 2010). Promising
results demonstrating anti-tumor properties in vitro and in mice suggested that it was a potential
good candidate for therapy (Herranz, 2005; Scott et al., 2007; Yoo et al., 2008). Sequential
administration of 5aza followed by zebularine prevent the remethylation in demethylated regions,
suggesting that a combination of both drugs could achieve sustained gene expression (Cheng et al.,
2004; Lemaire et al., 2009). However, even if it was more stable, it could not enter clinical trials

because high toxic doses were required (Johnson et al., 2006).

Another nucleoside demethylating agent is 5-fluoro-2’-deoxycytidine (FdCyd). Phase | trials
combining it with tetrahydrouridine (cytidine deaminase inhibitor) for the treatment of AML, MDS or
solid tumors have been completed (Newman et al., 2015) (NCT01041443, NCT00359606) and phase
Il trials are ongoing. Furthermore, 4-thio-2-deoxycytidine (TdCyd) is orally bioavailable and has a
potential antineoplastic activity. It is currently starting to be tested in phase | clinical trials

(NCT03366116, NCT02423057) (O’Sullivan Coyne et al., 2016) (Introductory Table 5).

Prodrugs of 5aza and 5azadC were synthesised in an attempt to improve their
pharmacokinetics. Some examples are CP-4200, an elaidic acid ester that was shown to improve the
therapeutic effect of 5aza in human cancer cells in vitro (Brueckner et al., 2010) and SGI-110
(guadecitabine), an oligonucleotide that improved cellular uptake and prevented -cytidine
deamination (Yoo et al., 2007). In SGI-110, the 5azadC molecule is linked via a phosphodiester bond
to deoxyguanosine, which confers a longer half-life to the drug (Griffiths et al., 2013; Yoo et al,,
2007). SGI-110 is in clinical trials for haematological diseases, ovarian and hepatocellular cancers

(NCT02197676 NCT01696032, NCT01752933) and candidates are being currently recruited for its
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phase Il clinical trials study for AML, MDS or CMML treatment (NCT02920008, NCT02907359)

(Introductory Table 5).

ii. Non-Nucleoside DNMT inhibitors

Non-nucleoside DNMT inhibitors have been discovered in screenings of natural compounds or
synthetised drugs. These inhibitors do not need to be incorporated into the DNA sequence to
perform their inhibitory effect, which means that the demethylation effect is achieved after only one
round of cell division. They can be classified in several groups: DNMT binding molecules,
oligonucleotides or SAM competitors. Most non-nucleoside compounds have not shown a
demethylation effect in vitro, but their development could be interesting because they can target

DNMTs in a selective manner.

One example of natural molecules is nanaomycin-A, which has an interesting profile because
of its preference towards DNMT3B. It inactivates its catalytic domain, promoting the reactivation of
silenced TSG (Kuck et al., 2010). In some cases, synthetic drugs used to treat other diseases have
been repurposed after showing DNMT inhibitory properties. One example is hydralazine, a known
drug used to treat hypertension, which was demonstrated to activate TSGs in cells without causing a
global demethylation by reducing DNMT1 and DNMT3A expression (Ruiz-Magafia et al., 2016;
Segura-Pacheco et al., 2003). Moreover, this compound is in clinical trials. Phase | trials in
combination with valproate in solid tumors (NCT00996060) and phase Il trials in combination with
chemotherapy agents in cervical cancer (NCT00404326) and solid tumors (NCT00404508) have been
completed. In Mexico, its utilisation in cervical cancer in combination with HDACi is authorised. The
medicine has the name TRANSKRIP® and this was the first authorised epigenetic combined therapy
(Candelaria et al.,, 2011). Other examples are procainamide and procaine, medicines used in
arrythmia that show a demethylation effect in cancer cells. Procainamide is a competitive inhibitor of
DNMT1, reducing its affinity for SAM and hemimethylated DNA (Lee et al., 2005; Villar-Garea et al.,
2003). RG108 is a molecule found during a in silico screening and was shown to demethylate tumor
suppressor genes promoters in cancer cells (Brueckner et al., 2005). The combination of
procainamide with RG108 increased the cytotoxicity in cancer cells (Halby et al., 2012). High-
throughput screening of chemical libraries against the complex DNMT3A-3L or the catalytic domain
of DNMT3A allowed the identification of new chemical compounds of the families of flavones,
guinones or propiophenones that were able to inhibit DNMTs. Specifically, some of them lead to a
5aza-phenotype in zebrafish (Ceccaldi et al., 2011), reactivated gene expression from a methylated

promoter (Ceccaldi et al., 2013) or had cytotoxicity against cancer cells (Erdmann et al., 2015). The
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quinoline based agent SGI-1027 is a SAM competitor and also lead to TSGs demethylation and

reactivation (Datta et al., 2009; Garcia-Dominguez et al., 2013).

Other agents showing a demethylation effect in cancer cell lines in vitro are the natural
molecules genistein (Xie et al., 2014), curcumin (Liu et al., 2009) or polyphenol epigallocatechin-3-

gallate (EGCG) (Fang et al., 2003).

Among the oligonucleotides able to inhibit DNMTs, MG98, an epi-mRNA targeting the 3'UTR
region of DNMT1 showed very promising results in preclinical studies with the inhibition of DNMT1
and the reactivation of TSG, but clinical trials in patients were not efficient (Klisovic et al., 2008;
Winquist et al., 2006). When used in combination with other molecules, its efficacy seems to increase

(Amato et al., 2012).

An interesting approach is acting on several epigenetic marks at the same time. In this line, the
dual targeting of the histone methyltransferase G9A and DNMT1 via the molecule CM-272 inhibits
cell proliferation and promotes apoptose in vitro. Interestingly, the molecule also shows activity in

vivo (San José-Enériz et al., 2017).

The list of compounds issued from screenings is very large. In a report that compared some of
these non-nucleoside inhibitors with 5aza effect, only 5aza could promote reliable DNA
demethylation (Chuang, 2005). As their ability to demethylate DNA is still under study, further
research should be carried in the future to optimise these compounds or find the most advantageous

combinations that could be applied in clinics.
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3 TARGETED EPIGENOME EDITING

As we have seen in the last chapter, epigenetics is involved in many diseases and its
remodelling can be considered as a therapeutic target because of its reversibility and impact on gene
expression. The epigenetic pharmacological drugs currently in the market have a common
disadvantage: they have genome-wide effects that modify not only the target genes of interest but
all the genome. Even if some of these drugs are currently used in clinics, the fact that they have

global effects is a main limitation.

Over the past few years, gene targeting technologies have emerged as promising tools for
biotechnological application in research and therapeutics. These can be used for targeted DNA
sequence editing but also as epigenome editing tools that alter gene function without affecting DNA-
sequence. The main objective of epigenome editing is to rewrite epigenetic marks such as DNA
methylation or histone marks in order to modulate gene expression. This is generally achieved by
fusing proteins containing an effector domain to a programmable gene-specific DNA binding domain

(DBD).

Epigenome editing can help to validate hypothesis involving the role of epigenetic marks such
as DNA methylation in gene expression control and cell phenotype. Moreover, as most diseases have
deregulated patterns of DNA methylation, epigenome editing can be developed with a therapeutic

aim.

In the next section we will discuss the pros and cons of the different programmable genome

editing technologies, the latest achievements in epigenome editing and its limitations.

3.1 Targeted genome editing tools

The most commonly used DNA binding domains for (epi)genome editing are zinc finger
proteins (ZFPs), transcription activator-like effectors (TALEs) and the recently discovered Clustered

Regulatory Interspaced Palindromic Repeats (CRISPR) system.

3.1.1 Zinc finger proteins

Zinc fingers are found in mammalian transcription factors. For example, they are encoded by
3% of human genes (Klug, 2010). Zinc finger proteins (ZFPs) are composed of modular zinc finger
domains. Each finger domain contains 30 amino acids, from which 25 compose the module and the
five others act as linker to the next module (Klug, 2010; Miller et al., 1985). Domains are composed

of 2 B-sheets and one a-helix and their structure is stabilised by coordination of a Zn ion with two
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Introductory Figure 12. Programmable DNA binding domains used in genome and epigenome editing.

A. Zinc finger proteins are composed of zinc finger modules. Each domain recognises 3 nt in the DNA. Combinations of
several modules can target longer DNA sequences.

B. TALE proteins are also composed of modules. In this case, each module recognises 1 nt according to a code.

C. CRISPR-dCas9 (catalytically dead Cas9) system is guided by a guide RNA of 20 nt recognising its complementary sequence

in the genome. Recognition by the Cas9 protein requires a PAM sequence just downstream the target sequence. SpCas9
recognises the canonical PAM 5/ NGG 3'.

ED: Effector domain
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histidines and two cysteines and a hydrophobic core. The a-helix harbours the recognition domain: 3
amino acids recognise 3 base pairs (bp) in the major groove of DNA (Pavletich and Pabo, 1991)
(Introductory Figure 12A). Later, it was found that they also interact with a nucleotide on the
neighbouring sequence (Fairall et al., 1993; Klug, 2010). Zinc finger domains can be associated in
different tandem combinations to form larger modules that recognise larger sequences of DNA. For
example, 6 zinc finger domains form a ZFP able to recognise 18 bp, which is considered the minimum
length to be unique in the genome (Gersbach et al., 2014). There are libraries of artificially
constructed fingers to facilitate the generation of ZFPs by modular assembly (Bhakta and Segal,
2010). ZFPs were the first DBD used in gene expression modulation when Choo et al. showed that a
ZFP repressed the expression of an endogenous oncogene by transcriptional blockage (Choo et al.,

1994).

ZFPs present some interesting characteristics. First, they are smaller than the other gene
targeting tools (TALE, CRISPR-dCas9), which gives them an advantage for targeting compacted
chromatin regions. Second, they are less immunogenic because they exist as endogenous
components in mammalian cells, which is an asset to their use in clinics (Cano-Rodriguez and Rots,
2016). In fact, clinical trials with ZFP-nucleases are ongoing. A phase Il trial for the treatment of HIV
infections has been completed (NCT01252641). Other trials are ongoing (mostly in phase I) for the
treatment of pathologies like transfusion-dependent [B-thalassemia  (NCT03432364),
Mucopolysaccharidosis | (NCT02702115) or Human Papillomavirus-Related Malignant Neoplasm
(NCT02800369). This raises the possibility that epigenome editing tools based on ZFPs will be used in
clinics in the future. On the other side, ZFPs construction is laborious and expensive (Cano-Rodriguez

and Rots, 2016).

3.1.2 TALE proteins

Xanthomonas sp are bacterial plant pathogens that use a secretion system to translocate
virulence factors into the nucleus of the plants. These effectors modulate disease resistance genes:
they regulate their expression by mimicking eukaryotic transcription factors to enhance bacterial
proliferation, virulence and colonisation (Introductory Figure 12B, 13A and B). The AvrBs3/PthA or
TAL (transcription activator-like) effectors (TALE) is the most common family of effectors in
Xanthomonas sp (Boch and Bonas, 2010; Boch et al., 2009; Szurek et al., 2002). TALEs induce
different reactions in the host plant, for example, the pthA gene from X. citrii causes cancer-like
symptoms in citrus, such as hyperplasia or hypertrophy, leading to the rupture of epidermal layers
and facilitating bacterial release (Duan et al., 1999; Sun et al., 2018a). Another example is the AvrXa
gene in X. oryzae, which promotes bacterial growth in rice (Bai et al., 2000; Yang and White, 2004).

Interestingly, some plants have developed resistance mechanisms by copying the TALE binding sites
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Introductory Figure 13. TALE system in Xanthomonas sp.

* Induces susceptibility gene using TAL effector

* Mutates TAL effectors to bind to mutated plant
promoter (loss of susceptibility alleles) or to avoid
binding to plant resistance genes
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* Mutates promoters to avoid TAL effector binding
* Plant tricks bacteria into activating defense by
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A. Schematic representation of the functional domains of a TAL effector from Xanthomonas sp bacteria. Each yellow square
is a tandem repeat (TR) domain of 34 amino acids. The number of repeats can go from 1,5 to 33,5. The amino acids 12 and
13 of each TR form the RVD (repeat variable diresidue), responsible for the hybridisation to a specific nucleotide. The most
common RVD and their targeted nucleotide are indicated. T, Translocation signal; NLS, Nuclear Localisation Signal; AD,

Activation domain.

B. Schematic representation of the pathogenic mechanism of Xanthomonas sp in plants. Bacteria translocate the virulence
factors into the nucleus of plant cells. There, they modulate the expression of disease resistance genes, with the aim of
inducing local plant cell death and promote bacterial proliferation, virulence and colonisation. Adapted from Boch et al.,

2009.

70



in resistance genes. Thus, the gene expression induced by a TALE can confer resistance to the
infection (Gu et al., 2005) (Introductory Figure 13B). Similar TALE proteins have been found in
Ralstonia solanacerum (Cunnac et al.; Li et al., 2013a) and Burkholderia rhizoxinica (de Lange et al.,
2014). TALEs contain classic eukaryotic protein domains such as the nuclear localisation signal (NLS),
required for translocation into the nucleus, or the acidic activation domain (AD) in the C-terminal end
essential for transcriptional activation. Moreover, they also contain a translocation signal in the N-

terminal end (Introductory Figure 13A).

TALEs are composed by tandem repeats (TR) of around 34 amino acids. Each repeat is
responsible for the recognition of one nucleotide, and the combination of repeats in TALEs creates
specificity to bind to a DNA sequence. The amino acids 12 and 13 in each repeat are variable and
responsible of the specific recognition and binding to a nucleotide. These two amino acids are called
repeat variable diresidues (RVD). The most common RVD in nature are NG, HD, NI and NN, which
target T, C, A and G/A respectively (Boch et al., 2009) (Introductory Figure 13A). Another
characteristic of the target sequence is that it must contain a thymine at the 5’ end. The sequence
just upstream of the first canonical tandem repeat in the TALE protein is similar to the sequence
found on the repeats, so this region might bind to the conserved T. Mutation of the T reduces TALE
binding and activity (Boch et al., 2009; Mak et al., 2012). Since the discovery of the code linking the
RVD amino acids to the nucleotide sequence, it has become possible to engineer artificial TALEs by
assembling different domains sequentially to obtain a DBD capable of recognising a unique sequence
in the genome. 20,5 TR are frequently assembled to recognise sequences of 21 nt (22 nt if we
consider the 5’ T). Recently it has been shown that TALEs use a rotationally decoupled mechanism to
search its target sequence in the DNA (Cuculis et al., 2016). Similarly to ZFP, TALE domains can be

fused to nucleases or to effector domains and used in genome and epigenome editing.

Notably, the ability of TALEs to recognise 5mC has been studied. 5mC seems to prevent TALEs
binding with the common cytidine RVD (HD). As the glycine from the NG pair accommodates the
methyl-group of thymine, it was suggested and proved that the RVD NG was able to bind 5mC (Deng
et al., 2012a). The RVD N* (where * is a deletion) is also able to bind 5mC (Valton et al., 2012). Other
less common RVDs show specificity for 5mC and 5hmC, allowing discrimination among cytosine

modification states (Zhang et al., 2017b).

An advantage of TALEs compared to ZFPs is that one module recognises one single base, giving
more flexibility in sequence design and increased specificity. TALEs coupled to nucleases (TALENS)
have been shown to be highly specific and have less off-target effects than ZFPs (Mussolino et al.,

2011). However high DNA binding capacity of TALENSs can also cause non-specific binding and off-
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Introductory Figure 14. CRISPR-Cas9 system in bacteria (overview).

CRISPR class Il system is the one used by Streptococcus pyogenes. Here we have represented a simplified schema showing
its mechanism of action. Bacteria harbour a Cas9 locus coding for the Cas9 protein (among other factors), a CRISPR locus
us. Exogenous sequences from invading
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Oost et al., 2014.
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target cleavage (Guilinger et al.,, 2014). As they are composed of many tandem repeats, one
limitation of TALEs is that their amplification and cloning are laborious and expensive. They are big
proteins, so their coding plasmids have a considerable size and can be difficult to transfect in some
cell types. Another limitation in the choice of target sequences is the obligatory presence of a T in the
5’ end. This constraint can be overcome by substituting some amino acids in the loop region of the
repeat 1 (Tsuji et al., 2013). Because of their bacterial origin, TALEs are immunogenic. This is a
limitation for their use in therapeutic applications. Nevertheless, several clinical trials are ongoing
with the TALENs. For example, TALENs are used in CAR T-cell therapy (Chimeric Antigen Receptors),
in which patients’ immune cells are collected, genetically engineered to recognise tumor antigens
and reinfused back in the patients. The Universal Chimeric Antigen Receptors (UCAR T-cells) are
allogenic gene edited T-cells that are engineered to target specific antigens in tumors and in which
essential genes triggering immune reject or conferring sensibility to conventional therapies have
been inactivated via TALENs. For example, UCART19 (allogenic engineered T-cells expressing anti-
CD19 CAR) are a treatment of CD19-expressing haematological malignancies. It is in phase | clinical
trials for children and adults relapsed or refractory ALL (NCT02808442, NCT02746952). UCART123 is
in an ongoing clinical trial for treatment of AML (NCT03190278) and relapsed or refractory Blastic
Plasmacytoid Dendritic Cell Neoplasm (BPDCN) (NCT03203369). In June 2018, a new molecule,
UCART22, has been approved by the FDA to enter clinical trials for the treatment of B-ALL. Some
other applications involve treatment of HPV related cervical precancerous lesions (NCT03226470,

NCT03057912 in comparison to CRISPR).

3.1.3 CRISPR-dCas9

The latest revolution in gene editing tools is the discovery of the CRISPR-Cas9 system. The
Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) system is an adaptive immune
system used by prokaryotes to defend themselves against invading pathogens through the
acquisition and further recognition of their exogenous sequences (Barrangou et al., 2007; Mojica et
al., 2005) (Introductory Figure 14). There are different types of CRISPR systems (van der Oost et al.,
2014). The class Il system is the one used by Streptococcus pyogenes, of which the CRISPR associated
protein 9 (Cas9) is the most widely used in biotechnological applications (SpCas9). Briefly, the CRISPR
locus in bacteria contains spacers (foreign sequences) and repeat sequences. Bacteria incorporate
the exogenous sequences from viruses or phages as spacers in the CRISPR locus. Then, a crispr RNA
(crRNA) from the CRISPR locus (formed by around 20 nt of the spacer-derived sequence and around
20 nt of the repeats-derived sequence) is transcribed and hybridises a trans-activating crRNA
(tracrRNA) via the repeats-derived sequence. The two RNA molecules guide the Cas9 endonuclease

to its target sequence in the invading DNA. If the same pathogen infects the bacteria, the RNAs will
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Introductory Figure 15. Use of CRISPR-dCas9 as an epigenome editing tool.

A. Example of a targeted sequence by the sgRNA molecule in the genome. A sequence of around 20 nt is targeted. A PAM
sequence (5" NGG 3’ for SpCas9) just downstream of the targeted sequence is necessary for the recognition by the sgRNA.
The part of the sequence closest to the PAM is called seed and is essential for the binding. The nucleotides in the 5’ part of
the sequence allow mismatches in the recognition, which can lead to off-target effects. The Cas9 endonuclease creates a
double strand break 3 nt upstream the PAM.

B-E. Effector domains are fused directly to dCas9 and recruited to their target sequences via a sgRNA. B. An activator
effector domain (e.g. VP64) targeted to a gene promoter activates gene expression. C. A repressor domain (e.g. KRAB)
recruits chromatin modifiers and creates a heterochromatin state that silences gene expression. D. Epigenetic modifiers
such as TET1 can demethylate CGls in a gene promoter, thereby reactivating gene expression. E. Alternatively, a DNMT
domain promotes methylation of CGl in gene promoters, leading to transcriptional repression.

F-G. Other systems based on CRISPR-dCas9 allow the recruitment of multiple proteins. F. SunTag system. dCas9 is fused to a
GCN4 peptide array that is recognised by scFv antibodies anti-GCN4 fused to multiple effector domains (e.g. VP64). G. RNA
aptamers in a scaffolding RNA that can be bound by RNA-binding proteins fused to effector domains.
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detect the foreign DNA. An essential element for recognition is the Protospacer Adjacent Motif
(PAM), a three nucleotides sequence just downstream of the targeted sequence (Shah et al., 2013).
As the PAM is not present in the CRISPR bacterial locus, the bacteria can differentiate between its
own and exogenous genetic material. In the case of S. pyogenes, the PAM motif is 5 NGG 3’. The
Cas9 has two nuclease domains RuvC and HNH that cleave double-stranded DNA, inducing the
degradation of the foreign DNA (Introductory Figure 14 and 15A). Cas9 system was adapted to
create a genome editing tool for biotechnological applications (Doudna and Charpentier, 2014; Jinek
et al., 2012). A chimeric single guide RNA (sgRNA) generated from the combination of the crRNA and
tracrRNA guides the Cas9 protein to its target sequences. In the last years, it has been used for a
large range of applications (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 2013a).
Cas9 cleaves 3 nucleotides before the PAM sequence. Once a DSB is produced, the genome can be
repaired by two pathways. Firstly, the Non-Homologous End Joining (NHEJ) DNA repair pathway that
can result in insertions or deletions leading to the disruption of a gene. Secondly, the Homology
Directed Repair (HDR), that in presence of a homologous sequence (e.g. a donor plasmid) can
introduce new specific sequences into a targeted position in the genome. Later, an inactive version of
Cas9 (dead Cas9, dCas9) was engineered that contains two silencing mutations in both nuclease
domains (D10A and H841A). dCas9 does not induce DSB at the target site but retains the ability to
target specific sequences through the sgRNA, therefore it can be fused to effectors and used as a
DBD (Jinek et al., 2012; Qi et al., 2013) to modulate gene expression, to perform epigenome editing

and to decipher functions of regions in the genome (Introductory Figure 12C and 15B-G).

The main difference between the dCas9 system and the other DBD systems described before is
that dCas9 is based in nucleotide-nucleotide interactions instead of protein-DNA interactions. This
has major advantages, for example, a simple and fast design and implementation. The design of
sgRNAs is cheaper than the construction of protein modules. However, the CRISPR-Cas9 system also
has some limitations. Because some mismatches are allowed in the sequences, CRISPR-Cas9 systems
have off-target effects. A very recent study shows that DNA breaks induced by CRISPR-Cas9 promote
deletions extending long distances (several kilobases) and DNA damage in distant regions from the
cut site in several mouse and human cell lines (Kosicki et al., 2018). Off-target effects can be
improved by introducing point mutations in the Cas9 protein that weaken DNA binding activity and
inhibit off-target activity at sites containing mismatches while preserving on-target activity
(Slaymaker et al., 2016). In addition, the size of the Cas9/dCas9 protein is considerable, so plasmids
coding for its sequence have a very large size. The requirement of a PAM sequence next to the
recognition site also limits, to some extent, the possibilities of targeted sequences. Several strategies

can be designed to overcome these problems, such as the modifications of the Cas9 protein or the
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* ZFP (Snowden et al., 2002)
* dCas9 (O'Geen et al., 2017)

*dCas9 (O’Geen et al., 2017)

* dCas9 (Kearns et al., 2015)
* TALE (Mendenhall et al., 2013)

* TALE (Li et al., 2015a; Maeder et al., 2013b)

* dCas9 (Choudhury et al., 2016; Liu et al., 2018),
scRNA (Xu et al., 2016)

* SunTag (Gallego-Bartolomé et al., 2018; Morita
etal., 2016)

* ZFP (Chen et al., 2014; Huisman et al., 2016)

* ZFP (Gregory et al., 2012)

* dCas9 (Cano-Rodriguez et al., 2016)

* dCas9 (Cano-Rodriguez et al., 2016)

* ZFP, TALE, dCas9 (Hilton et al., 2015), dCas9
(Garcia-Bloj et al., 2016), dCas9 screening (Klann et
al., 2017)

* ZFP (Deng et al., 2014)

Introductory Table 6. Gene expression modulation and epigenome editing with ZF, TALE and CRISPR-dCas9
coupled to effector domains
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use of shorter gRNAs. We will take a closer look in Section 3.3.2 Specificity of the dCas9 system.
Finally, similar to TALE proteins, CRISPR is a system originated from bacteria, meaning that its
immunogenicity could be a limitation for its therapeutic use. Nevertheless, several clinical trials with
the Cas9 system have been approved. For example, there are ongoing trails for the knockout of PD-1
in T-cells and further re-infusion in the patients of several types of cancers (NCT03081715,
NCT02863913, NCT02793856) or the disruption of the gene encoding CISH that weakens immune
cells in metastatic gastrointestinal epithelial cancer (NCT03538613). However, there is still some
reluctance to its use in clinics. Recently, the FDA placed a CRISPR-Cas9-based clinical trial for the

treatment of sickle cell disease on hold.

3.2 Epigenome editing applications

3.2.1 Modulation of gene expression

DNA binding domains can be fused to transcription activators or repressors to modulate gene
expression. These tools selectively reprogram gene expression, which can be interesting to
understand the regulation of a specific gene or to study therapeutic applications. In the Introductory
Table 6 we find a list of examples in which these systems have been used. The most widely used
transcriptional activators are VP64, a tetrameric repeat of the herpes simplex VP16 minimal
activation domain (amino acids 437-447: DALDDFDLDML) connected by GS-linkers (Beerli et al.,,
1998), and p65, a subunit of nuclear factor NF-kappa-B (Schmitz and Baeuerle, 1991). The optimal
target distance for an efficient activation with TALE-VP64 is around -120 to -80 bp of the TSS,
whereas for dCas9-VP64 it is -150 to -90 bp (Hu et al., 2014). Other reports indicate a wider range of
action for dCas9-mediated gene activation going from -400 to -50 bp from the TSS (Gilbert et al.,
2014). VP64 can activate gene expression by multiple mechanisms. For example, it has been shown
that VP64 can recruit histone modulators such as p300 (H3K27 acetylation) (Gao et al., 2013, 2014b)
and promote DNA demethylation (Gao et al., 2013). Interestingly, other reports show that the strong
reactivation of the methylation-repressed Oct4 gene by TALE or dCas9-VP64 do not correlate with
promoter demethylation, meaning that VP64-dependent re-expression is not always sufficient to
revert silencing epigenetic marks. Strategies acting directly on the epigenome should be developed
to achieve a stable reprogramming (Hu et al., 2014). The fusion of different transcriptional activators
in one artificial protein (e.g. dCas9-VP64-p65-RTa) can improve the transcriptional activation (Chavez
et al.,, 2015). In this line, targeting several effectors to the same target region usually shows a
synergistic effect improving gene activation (Chavez et al., 2015; Hu et al., 2014; Maeder et al.,
2013b; Perez-Pinera et al., 2013a). Another way to recruit several proteins is via the SunTag system

(See Section 3.3.1 Efficiency of the dCas9 system).
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Comparison of TALE and dCas9 mediated gene activation revealed that TALE proteins can be
more efficient than CRISPR-dCas9 system when targeting the same genes (Gao et al., 2014b).
Nevertheless, one main advantage of dCas9 is the possibility of targeting multiple genes
simultaneously. The multiplexing is much easier with the CRISPR-dCas9 tool because of the simplicity
of the design and synthesis of gRNAs compared to laborious and time-consuming cloning of protein
modules. In fact, it is possible to create libraries of sgRNA allowing to study gene regulation of gene
families or at the whole-genome level for genome-wide dCas9-based screening (Joung et al., 2017;

Konermann et al., 2015).

In contrast, DBD fusion proteins can also be used to inhibit gene expression and they represent
an interesting alternative to interference RNA. Targeting DBDs alone (e.g. dCas9 without effector
domain) can decrease gene expression by steric constraints (Gao et al., 2014b), but recruitment of
endogenous repressors and histone modification actors leads to a more robust silencing. Kriippel-
associated Box (KRAB) is a repressor domain widely used in epigenome editing. Its targeting induces
heterochromatin formation, increasing histone repressive marks such as H3K27me3 and H3K9me3
and decreasing active histone marks H3K4me3 or H3K27ac (Kearns et al., 2015; Ma et al., 2014;
Thakore et al., 2015). KRAB can also stimulate de novo DNA methylation in embryonic development
(Wiznerowicz et al., 2007), but DNA methylation as a secondary effect of targeted gene repression
has not been demonstrated in cellular systems up to now. KRAB performs a strong but transient
repression, suggesting that other mechanisms should be implicated in a stable gene silencing
(O’'Geen et al., 2017). The optimal region to target the effectors and achieve the best inhibition is
found -50 to +300 bp from the TSS and a peak of silencing is achieved when targeting 50-100 bp
downstream (Gilbert et al., 2014). Other silencing effectors such as mSin interaction domain (SID) are

also able to repress gene expression in an efficient manner when fused to TALEs (Cong et al., 2012).

The potential applications of TALE or dCas9-based technologies for targeted gene modulation
are multiple. For example, targeted transcriptional activation has been used to improve cell
reprogramming (Chavez et al., 2015; Gao et al., 2013) or for reactivation of silenced tumor

suppressor genes in cancer cells (Beltran et al., 2007).
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3.2.2 Epigenome editing of DNA methylation and histone marks

Activators and repressors have been shown to efficiently modulate gene expression. However,
robust and stable changes in expression levels are not achieved, possibly because it is necessary to
modulate epigenetic marks such as DNA methylation and histone post-translational modifications to
achieve stable reprogramming of transcription. Until recently, it was only possible to reprogram
these marks with drugs having a genome-wide impact. In the last years, a huge quantity of studies
has tried to take advantage of programmable DNA binding technologies to target epigenetic
effectors to one or several genes. This can help to interrogate the functional link between epigenetic
marks of regulatory elements, gene expression and cell phenotype, as well as to improve the
persistence in time of gene-specific transcriptional reprogramming, which is a key if we think about

future clinical applications. An overview of these studies is presented in the next paragraphs.
i. Epigenetic repression

As we have seen in the section 3.2.1, transcription repressors such as KRAB are not capable of
inducing permanent gene silencing. DNA methylation is known to act as a long-term repressor of

gene expression, so its use in epigenome editing could overcome these limitations.

DNMT3A has been fused to DBD in different contexts: first zinc-finger proteins, then TALEs and
more recently dCas9 (Introductory Table 6). When DNMT3A is fused to dCas9, it induces methylation
with a peak at around 5 days after transfection (Kungulovski et al., 2015; McDonald et al., 2016; Vojta
et al., 2016). Methylation is higher around the binding site of the DBD. For example, when the DBD is
dCas9, a peak of methylation is found within 30-50 bp from the sgRNA binding site (McDonald et al.,
2016; Vojta et al., 2016). Multiple gRNAs targeting the same region can help to extend the area of
methylation (McDonald et al., 2016; Vojta et al., 2016). The increase of methylation within targeted
regions is around 20-50% on average, but individual CpGs can show more than 60% increase in
methylation. This methylation on gene promoters is linked with gene expression silencing (Bernstein
et al., 2015; McDonald et al., 2016; Rivenbark et al., 2012; Stepper et al., 2017; Vojta et al., 2016).
The addition of DNMT3L to DNMT3A effectors can improve the efficiency of methylation (Bernstein
et al., 2015; Saunderson et al., 2017; Siddique et al., 2013; Stepper et al., 2017). The effects on the
stability of the induced methylation are variable. Some reports indicate that methylation and gene
repression are progressively lost after transitory transfection of ZF-DNMT3A or dCas9-DNMT3A
(Kungulovski et al., 2015; Vojta et al., 2016). Interestingly, both studies performed transitory
transfections in cancer cells (HEK293 and SKOV3 respectively), so the pathways involved in
maintenance of methylation can be impaired. On the other hand, several reports show a robust

persistence of methylation and gene repression (up to 50 days) after targeted DNMT3A methylation
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even in in vivo xenografts models (McDonald et al., 2016; Rivenbark et al., 2012; Stolzenburg et al.,
2015). In all these cases, the fusion proteins containing the effector domains are integrated into the
genome and inducible by doxycycline. Even if the effector domains are apparently not expressed
when the doxycycline is removed, we cannot exclude the possibility that imperceptible leaks of the
inducible expression lead to minimal expression of the DBD-DNMT3A constructs sufficient to
maintain the repressed state. Amabile et al. showed that permanent methylation-dependent
silencing of a gene can be achieved in transient transfections by combining targeting of DNMT3A,
DNMT3L and KRAB in HEK293T cells and an AML cell line (Amabile et al., 2016). Besides an increase in
DNA methylation, the authors observed also an increase in H3K9me3 and a diminution in H3K4me3.
This could mimic the sequential association of epigenetic marks during early development, where
DNA methylation promotes a long-term repression of gene expression. Furthermore, reactivation of
the gene was only achieved by using DNMT inhibitors or targeted dCas9-TET1, suggesting that DNA
methylation is the main factor responsible of the silencing. These studies show that the persistence
of targeted DNA methylation can be locus and cell type dependent. One locus can allow repression

more easily than others depending on the chromatin context.

Another main concern of targeted DNA methylation by DBD-DNMT3A constructs is the
specificity of the DNA methylation and the possible methylation in off-target regions. We will
develop this point and how we can overcome this problem with the SunTag strategy in section 3.3.2

Specificity of the dCas9 system.

Alternatively, epigenetic repression can be achieved through the induction of histone
repressive marks. ZFPs, TALEs or dCas9 fused to histone demethylase LSD1 reduce the presence of
H3K4me2 and H3K27ac at enhancers, leading to the silencing of associated genes (Kearns et al.,
2015; Mendenhall et al., 2013). H3K9 methylases such as EHMT2 or GLP promote the deposition of
H3K9me2/3 at its targeted sites, leading to the silencing of associated genes (Heller et al., 2014;
Snowden et al.,, 2002). The repression linked to H3K9me3 deposition is not stably maintained,
probably as a result of the secondary recruitment of acetyltransferases that induces gene expression
(Kungulovski et al., 2015). However, a combination of epigenetic modifiers such as EZH2, DNMT3A

and DNMT3L can induce long-term repression (O’Geen et al., 2017).
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ii. Epigenetic activation

DBDs can be fused to epigenetic effectors that catalyse DNA or histone modifications such as

TET family proteins or p300 in order to activate silenced genes (Introductory Table 6).

Human TET1 (hTET1) is the most widely used effector domain. Targeted demethylation of CpG
islands on gene promoters leads to reactivation of gene expression (Choudhury et al., 2016; Liu et al.,
2016b; Maeder et al., 2013b; Morita et al., 2016; Xu et al., 2016). The level of re-expression varies
according to the level of promoter demethylation. Sometimes, a slight demethylation in a specific
CpG is sufficient to reactivate a gene. For example, the demethylation of the cytosine at -266 bp from
the TSS of the HBB gene is critical for its re-expression (Maeder et al., 2013b), suggesting that
demethylation of specific CpGs in enhancers or near genes TSS can make methylation-sensitive TF
binding sites accessible. In general, the demethylation takes place more efficiently on the closest
CpGs to the DBDs binding site (Choudhury et al., 2016; Maeder et al., 2013b), spreading in distances
of around 200bp in average (Maeder et al., 2013b; Morita et al., 2016). dCas9-TET1 showed a higher
efficiency than the TALE-based tool when used in the same context, however this was an isolated
example (Liu et al., 2016b). The use of a SunTag dCas9-TET1 increases the efficiency and decreases
dramatically the off-target effects (Morita et al., 2016). As TET proteins catalyse the conversion of
5mC into 5hmC, some of these studies also analysed the presence of this intermediate, showing an
increase of the 5hmC at the boundaries of targeted sequences (Choudhury et al., 2016; Liu et al.,
2016b). Targeted demethylation switches the chromatin status to an active conformation. Liu et al.
demonstrated that a decrease in DNA methylation at the FMR1 promoter was accompanied by the
presence of RNA polymerase Il, the deposition of H3K4me3 and H3K27ac and a diminution of
H3K9me3 (Liu et al., 2018). Interestingly, targeted DNA demethylation by human TET1 works also in
plants (Gallego-Bartolomé et al., 2018). Transitory transfections in human cells with TALEs or dCas9-
hTET1 show a peak of demethylation and gene reactivation around 3-4 days after transfection, but
these effects are progressively lost when the cells are cultured (Maeder et al., 2013b; Xu et al., 2016).
In Fragile X-syndrome-induced pluripotent stem cells (FXS-iPSC) expressing a dCas9-hTET1 construct
in a stable manner, the re-expression of FMR1 gene is maintained for at least two weeks after the
inhibition of the dCas9 molecule (Liu et al., 2018). In this case, the targeted region was a repeated
sequence near the promoter, so one individual gRNA could target many repeated sequences. In the
same study the authors injected methylation-reprogrammed neuronal precursor cells (NPCs) in mice
brains and showed that the reprogramming was stably maintained for at least 3 months. Even if
these results are achieved with a constitutively expressed dCas9-TET1, the efficiency of the technique
in vivo is promising (Liu et al., 2018). The catalytic domain of mouse TET proteins has also been

tested. Mouse TET1 (mTET1) was shown to induce a partial demethylation of Foxp3 in T regulatory
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cells, but this demethylation was not sufficient to stabilise its expression (Okada et al., 2017). Mouse
TET2 has also been shown to efficiently reprogram gene expression through gene promoter

demethylation (Chen et al., 2014; Huisman et al., 2016).

Other systems induce changes in histone marks that enhance gene activation. dCas9, TALEs
and ZFPs coupled to p300 efficiently deposit H3K27ac in promoter and enhancers, reactivating gene
expression (Hilton et al., 2015). The ability of p300 to promote transcription from enhancers makes it
a suitable tool for functional studies. Combination of activating effectors such as p300, VP64 and VPR
in a promoter dramatically increased efficiency. For example, combining dCas9-p300 or dCas9-VPR
with TALE-VP64 reactivated the epigenetically silenced gene MASPIN more than 1000-fold compared
to controls in HEK293T cells (Garcia-Bloj et al., 2016). Cano-Rodriguez et al. suggested that the
presence of H3K79me3 is necessary to the stable reprogramming of genes (Cano-Rodriguez et al.,
2016). Indeed, they targeted the deposition of H3K4Ame3 to promoters via dCas9-PRDM9 and the
deposition of H3K79me3 via dCas9-DOTIL. Stable reactivation depended on the methylation context
of the promoter: low methylated-promoters correlated with stable epigenetic reactivation, whereas
hypermethylated promoters are only transiently activated. For example, strong epigenetic
reactivation of PLOD2 (slightly methylated promoter and silenced in C33A cells) using both editors

was stable even 20 days after transfection (Cano-Rodriguez et al., 2016).

3.2.3 Other applications of epigenome editing tools

As epigenetic marks correlate with transcription status, epigenome editing tools can be used
to decipher the mechanisms of epigenetic regulation, describe the functions of candidate regulatory
regions, study the crosstalk between epigenetic marks or identify new genes involved in cell activity.

Some examples are presented below.

Functional analysis of candidate requlatory regions

Targeting epigenetic enzymes to candidate regulatory regions can help to validate their
functions. These strategies could be used to validate methylation-silenced cryptic promoters, non-
coding genes or methylated-regions involved in alternative splicing. Concerning the latter, several
recent studies point towards a link between DNA methylation and splicing through modulation of the
elongation rate of the RNApol Il or recruitment of splicing factors to methylated sites (Lev Maor et
al., 2015). To validate these models, targeting methylation or demethylation to specific sequences in
alternative splicing control regions could help to better understand the role of DNA methylation in
splicing. Another application of dCas9-based methods is the validation of candidate enhancers. For

example, targeting of LSD1 or p300 to enhancers provides a rapid and powerful approach to validate
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the function a enhancer elements and identify their target genes without disruption of the genetic

architecture (Hilton et al., 2015; Kearns et al., 2015; Mendenhall et al., 2013).

Genome-wide functional screening

In this line, genome-wide screens can be designed with the aim to expose unknown
regulatory elements or genes involved in defined cellular pathways. The CRISPR-Cas9 system has
been adapted to use in combination with genome-wide sgRNAs libraries targeting all genes to
perform genome-scale CRISPR-Cas9 knockout screenings (Chen et al., 2015c; Wang et al., 2014b). In
complement, genome-wide loss and gain of function screenings based on dCas9-mediated
recruitment of repressors or activators have also been developed. As an example, cells expressing
dCas9-SunTag-VP64 or dCas9-KRAB were transduced with sgRNAs libraries and treated with pulses of
cholera and diphtheria toxins, allowing the identification of genes regulating the resistance or
sensibility to these compounds (Gilbert et al., 2014). Klann et al. created stable cells coding for either
dCas9-p300 or dCas9-KRAB and used a lentiviral sgRNA library to identify novel regulatory elements
involved in the regulation of B-globin and HER2 genes in human cells (Klann et al., 2017). Finally,
another report screened for candidate genes conferring resistance to BRAF inhibitor by performing a
genome-scale activation screen with dCas9-VP64 and a sgRNA library targeting all RefSeq genes
(Konermann et al., 2015). BRAF is an oncogene activated frequently in cancer that leads to the
constitutive activation of mitogen activated protein kinases (MAPK) pathways (Konermann et al.,

2015).

Chromatin organisation

Genome editing tools can also be used to manipulate chromatin organisation by inducing
chromatin looping and study its effects on gene regulation. For example, targeting of the self-
association domain of Ldb1 by artificial ZF to the promoter of B-globin leads to the formation of a
control region-promoter loop that results in the reactivation of the silenced embryonic globin gene in
adult mice cells (Deng et al., 2014). More recently, a new CRISPR-dCas9 based tool has been
developed to manipulate chromosomal looping in mammalian cells (Morgan et al., 2017). In this
system, dCas9 proteins are fused to proteins of the plant ABA signalling pathway, and juxtaposition

of two chromosomal loci can be induced by addition of ABA which induces protein dimerisation.

Another way to study the organisational changes in the nucleus is by fusing the dCas9 to
fluorescent proteins like GFP or mCherry. This enables the study of spatiotemporal dynamics of
genomic loci in living cells, the visualisation of repetitive sequences or the observation of telomere

dynamics (Chen et al., 2013a; Fu et al., 2016). The labelling of multiple loci through sgRNAs scaffolds

83



combined to different fluorescent proteins allows simultaneous imaging of multiple loci to study

their dynamics at the same time (Ma et al., 2016).

3.3 Future challenges in epigenome editing

The future challenges with epigenome editing tools are focused on the optimisation of the
techniques to improve their efficiency and specificity. CRISPR-dCas9 being the most versatile, easy to
use and adaptable tool, it holds the most potential for future biotechnological applications, and
consequently several strategies have been developed to improve its efficiency and specificity. We

discuss some of them in the following section.

3.3.1 Efficiency of the dCas9 system

SunTag system

The SunTag system was developed to improve CRISPR-dCas9 efficiency. This system allows
the recruitment of multiple proteins to a target sequence. It consists in a repetitive peptide array of
variable number (4-10 peptides GCN4 seems to be the most widely used) fused to the dCas9 and
recognised by single chain anti-GCN4 scFv antibody fused to the effector domain (Introductory
Figure 15F). The advantage compared to direct fusion proteins is that it allows for the recruitment of
multiple effector proteins at the same site. It was used for the first time coupled to the
transcriptional activator VP64, showing a strong activation of gene expression (Tanenbaum et al.,
2014). The system has also been efficiently used coupled to TET1, DNMT3A or fluorescent proteins
(Huang et al., 2017; Morita et al., 2016; Pflueger et al., 2018; Ye et al., 2017). However, as explained

below, its main advantage could be a higher specificity (Pflueger et al., 2018).

Aptamers

Guide RNAs can be extended to form scaffold RNAs, which harbour secondary structures that
can be bound by RNA-binding proteins. Thus, multiple effector domains can be recruited to a specific
region by fusing them to the RNA-binding proteins. For example, two copies of the MS2 RNA loop
original from bacteriophages can be added to the 3’ end of the sgRNA and expressed in combination
with a dCas9 and a MS2-VP64 constructions (Mali et al., 2013b). Depending on the number of
hairpins, more or less proteins can be recruited. Other aptamers that can be used are PP7, Com and
PUF binding site (PBS) (Cheng et al., 2016; Konermann et al., 2015; Zalatan et al., 2015) (Introductory
Figure 15G).
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Spaciotemporal control

Other strategies aim to control the expression of Cas9 or dCas9 and the effector recruitment
upon an external signal like chemical or light induction. dCas9 can be divided into two domains fused
to binding proteins that dimerise in the presence of an external drug like rapamycin (Zetsche et al.,

2015a) or blue light (Nihongaki et al., 2015).

3.3.2 Specificity of the dCas9 system

Several genome-wide studies performing ChIP-seq have shown that dCas9 binds multiple
genomic sequences and that the 5 nt close to the PAM proximal region in the gRNA (called “seed”
sequence) are essential to the binding. This binding takes place mostly in open chromatin sequences
and suggests that off-target events could be frequent when working with dCas9 fused to effector
domains. In contrast, cleavage by Cas9 endonuclease is rarely observed in off-target sites, meaning
that a more extensive annealing with target DNA could be required for catalytic activity (Duan et al.,
2014; Kuscu et al., 2014; O'Geen et al., 2015; Wu et al., 2014). In fact, dCas9-DNMT3A direct fusion
has been shown to be highly unspecific in several recent publications. Meissner’s laboratory
performed WGBS and demonstrated that a doxycycline inducible dCas9-DNMT3A construction (in
the absence of sgRNA) resulted in a widespread gain of methylation in mouse ES cells (Galonska et
al., 2018). By hybrid capture probes, they showed that the presence of sgRNAs did not have any
impact on reducing the off-target activity. The disadvantage of this technique is that they studied
regions of 20 kb on either side of the sgRNAs, so the observed effects could also be a consequence of
the spreading of targeted methylation (Galonska et al., 2018). In this line, Luo’s team also showed
that the expression of dCas9-DNMT3A or dCas9-D3B had substantial off-target effects. Even if it was
not a global gain of methylation, they found more than 1000 DMRs. Interestingly, ChIP-seq and
WGBS showed a low correlation between dCas9 peaks and DMRs (Lin et al., 2018). Widespread off-
target activity of the direct fusion protein dCas9-DNMT3A was also observed by Lister’s team
(Pflueger et al., 2018). To try to optimise the system, they made the hypothesis that, in contrast to
direct fusion proteins, indirect recruitment of DNMT3A by using a modular dCas9 system utilising the
SunTag array would help to favour on-target DNA methylation and reduce spurious off-target DNA
methylation. This system did not improve the efficiency of on-target methylation compared to the
dCas9-DNMT3A system, but it dramatically reduced the off-target effects. ChIP-seq showed very few
off-target peaks of dCas9 that partially matched with the sgRNA sequence, meaning that an
optimised sgRNA design could eliminate off-targets (Pflueger et al., 2018). This reduction in off-target
effects by using dCas9-SunTag-DNMT3A system has also been described in other reports (Huang et
al., 2017). As these wide-genome studies have all been carried out with the DNMT3A effector, we

cannot exclude the possibility that the observed off-target effects are dependent of the DNMT3A
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activity. Morita et al. showed that dCas9-hTET1 off-target activity was also reduced with the SunTag

system (Morita et al., 2016).

Several other strategies can be implemented to improve the specificity of the system.

trugRNAs

Off-target effects of CRISPR-Cas9 or dCas9 system can be diminished by playing with the
length of sgRNAs. Canonical sgRNAs are 20-nucleotides long, and the PAM proximal sequence (seed)
is critical for Cas9 specificity (Introductory Figure 15A). Mismatches in this zone can avoid nuclease
activity whereas mismatches in 5’ region are more tolerated (Jinek et al., 2012). The use of shorter
sgRNAs of 17-18 nt (truncated sgRNAs, trugRNAs) reduces the off-target effect without affecting the

on-target efficiency (Fu et al., 2014).

Cas9 modifications

Some studies have reported that mutations in the Cas9 residues that are essential for
interactions with the sgRNA or the target DNA sequence can improve specificity. These mutations
promote weaker interactions among the complex, leading to a reduction in off-target interactions.
For example, SpCas9-HF and eSpCas9 are variants with residue substitutions in the hydrogen bonding
between SpCas9 and the DNA (Kleinstiver et al., 2016) and with neutralisation of charges essential to
stabilise the interaction (Slaymaker et al., 2016), respectively. Other engineering strategies of SpCas9
protein are focused on creating new variants with novel PAM preferences different from NGG. The
NGG requirement is stringent and could limit the sequences that can be targeted. New SpCas9
variants can recognise new PAM sequences (NGCG, NGAG) and decrease the off-target effects

observed with canonical PAMs NGG, NAG or NGA (Kleinstiver et al., 2015).

Cas9 orthologues from other bacterial and archaeal species can also overcome some
limitations. For example, Staphylococcus aureus Cas9 (SaCas9) has similar efficiency than SpCas9 with
the advantages of presenting a smaller size appropriate for in vivo Adeno-associated virus (AAV)
delivery and a different PAM. Other orthologues like Neisseria meningitidis Cas9 or Streptococcus
thermophilus Cas9 have complex PAM so, even if they are less efficient, their use results in less off-
target effects (Cebrian-Serrano and Davies, 2017; Ran et al., 2015). Other class Il systems like Cas12a
(Cpf1) use just one molecule of RNA to guide the protein to its target sequence. Moreover, it uses a
T-rich PAM, which could simplify genome editing in AT-rich genome organisms (Zetsche et al.,,

2015b).

Finally, it has been recently discovered that the CRISPR system can be used to target RNA

sequences and used as a more specific alternative to interference RNA. Indeed, Cas13 orthologue is
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able to cleave transcripts. A catalytically dead version of Casl3 (dCasl3) fused to adenosine
deaminase acting on RNA type 2 can perform RNA editing by changing the adenosine nucleoside by
an inosine (Abudayyeh et al., 2017; Cox et al., 2017). These RNA-editing tools are interesting
biotechnological tools to perform fundamental research or for future clinical applications aiming at

mutating transcripts containing pathogenic mutations.

3.3.3 Stability of dCas9-induced reprogramming

Even if the number of studies involving epigenetic editing is increasing, just a few have
followed the stability of the induced marks in time. As already explained through this chapter, some
reports found that the induced marks are lost once the effector domains are not expressed anymore,
whereas others demonstrate stable changes. The effects on stability can be dependent on the
chromatin context, the cell type and the tendency of individual locus to become silenced or
activated. They can also be influenced by the technical approaches chosen or the time of exposure to
the effector domain. Interestingly, the two articles that showed the strongest stable epigenetic
silencing or reactivation (with effects still present even 20-50d after transfection) showed a well-
established crosstalk among DNA methylation and histone marks (Amabile et al., 2016; Cano-
Rodriguez et al., 2016). Future research should focus on unravelling the kinetics of epigenetic
changes and the interplay between different epigenetic marks involved in stable epigenetic
reprogramming. Studying optimal combinations among known epigenetic effectors and other yet to

be tested could improve the efficiency and stability of the reprogramming.

3.3.4 In vivo delivery of dCas9 for clinical applications

Given the aberrant patterns of methylation in cancer and other diseases, epigenome editing
has emerged as a potential therapeutic field with powerful clinical applications. Targeted gene
expression modulation has been shown to reprogram cancer cells proliferation in vitro and to be
efficient in vivo. However, there are still barriers that need to be overcome before clinical use in

humans, especially those related to the in vivo delivery.

Adeno-associated virus vectors (AAV) are suitable for gene therapy because of their
efficiency and low immunogenicity. However, their cloning capacity is limited to around 4,7 kb. Since
SpCas9 is too big to be incorporated in combination with the sgRNA, smaller Cas9 orthologues such
as Cas9 from Staphylococcus aureus (SaCas9) are proposed as a promising alternative. SaCas9
combined with adenovirus delivery was shown to efficiently modify the Pcsk9 gene in the mouse liver
(Ran et al., 2015), or correct dystrophin expression by excision of the mutated exon in postnatal
muscle tissue in vivo in a mouse model of Duchenne muscular dystrophy (DMD) (Nelson et al., 2016;

Tabebordbar et al., 2016). Alternatively, SpCas9 and the sgRNA can be delivered separately in two
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different AAV-vectors, which were also able to efficiently correct dystrophin expression in vivo in
mouse (Long et al., 2016a). More recently, delivery of Cas9 via non-viral methods has been used to
bypass the challenges of viral delivery. For example, cationic lipid-mediated delivery was used to
deliver Cas9:gRNA complexes in vivo to correct deafness by disrupting the dominant deafness-
associated allele of the Tmc1 gene in a mouse model of human genetic deafness (Gao et al., 2017).
Next generation delivery systems such as nanoparticles can also be considered (Sun et al., 2015).
Systemic or targeted in vivo delivery of Cas9 systems is also a parameter that needs to be taken into
consideration. AAVs can be either systemic or can be used for targeted delivery, as some of these
vectors provide tissue tropism. In this line, tissue-specific promoters could also be used to limit the
expression of the effector domains in the cells of interest. Up to now, there are no examples of
clinical trials with epigenetic editing tools. However, as we detailed at the beginning of this chapter,
clinical trials involving DBD fused to nucleases or CRISPR-Cas9 system have been approved. Most of
these trials are based on ex vivo strategies consisting on the collection of autologous or allogenic
blood cells, correction of the target gene in the laboratory and transplantation into the patient. Some
clinical trials designed to treat cervical HPV related malignancies use suppositories or plasmids in gel
containing the editing tools. Results of these clinical trials and future improvements in methods for in
vivo delivery will give us more clues about the possible use of epigenetic effectors for human clinical

studies.
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Methods Figure 1. TET1 constructions and hTET1 directed mutagenesis.
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METHODS

1 Vectors

In the first part of the thesis | have used two strategies to target human SERPINB5 promoter
with programmable DNA binding modules: TALE and CRISPR-dCas9-based methods. In the second
part of the thesis | have optimised the dCas9 system. | will describe all the plasmids used during the

project in the next pages and the genetic engineering that | performed on them.

1.1 Vectors coding for effector domains

Sequences coding for the wild-type (wt) human TET1 catalytic domain (hTET1-CD) (2157 bp,
719 amino acids) and the wild-type (wt) mouse TET1 catalytic domain (mTET1-CD) (2019 bp, 673
amino acids) were synthesised by Integrated DNA Technologies (IDT) preceded by an NLS sequence.
Both sequences were flanked by Bmtl and Xbal sites (Methods Figure 1A). As we wanted to use
catalytic mutants as a control in our experiments, hTET1-CD wt and mTET1-CD wt were inactivated
by directed mutagenesis (Methods Figure 1B). The two point mutations that eliminate catalytic
activity of TET1 are H1671Y and D1673A (human) and H1620Y and D1622A (mouse), as previously
described (Nakagawa et al., 2015; Tahiliani et al., 2009). As the two residues were close to each
other, | mutated them in one single step by directed mutagenesis using primers containing the two
desired mutations. The primer sequences are described in Methods Table 1. 50 ng of plasmid were
used for the reaction in combination with 125 ng of each primer, 1X buffer HF, 0,15mM dNTP, 3%
DMSO and 1U of Phusion High Fidelity DNA polymerase (Thermo Scientific) in a final volume of 30pL.
The reaction was performed using the following conditions: 2min at 98°C, followed by 25 cycles of
1min30 at 98°C, 1min30 at 52°C, 7min30 at 72°C and a final step of 15min at 72°C. The samples were
digested with Dpnl to eliminate the non-mutated template plasmid prior bacteria transformation.

Plasmids sequences were verified by Sanger sequencing (GATC).

We also investigated a possible role of Activation-induced cytidine deaminase (AID) in targeted
demethylation. For this purpose, human AID sequence (hAID, 594 bp) was also synthesised by IDT
preceded by the NLS sequence and flanked by Bmtl and Xbal sites (Methods Figure 1A).
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Methods Figure 2. TALE and CRISPR-dCas9-based strategies for targeting of the SERPINB5 promoter.

A. Schematic illustration of the SERPINB5 promoter region and TALE and sgRNAs binding sites. The vertical bars represent
the CpGs. The TALE1 and TALE2 binding sites are located -340 bp and -111 bp from the TSS, respectively. The sgRNA2,
sgRNA3 and sgRNA4 bind at -140, -64 and -37 bp from the TSS, respectively.

B-H. Schematic representation of the vectors used in the transfection experiments: TALE-VP64 (B), TALE2-hTET1-CD (wt and
mut) (C), TALE2-hAID (D), eGFP plasmid (transfection control) (E), dCas9-hTET1 (wt and mut) — GFP (F).
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1.2 Vectors used in transitory transfection experiments

First part of the thesis

1.2.1 TALE-VP64 plasmids

Plasmids targeting SERPINB5 promoter coding for TALE1-VP64-T2A-GFP and TALE2-VP64-T2A-
GFP were purchased from Labomics. TALE1 binds a region of 21 nucleotides located at -340 bp
relative to the Transcription Start Site (TSS), whereas TALE2 binds a sequence located at -111 bp
relative to the TSS (Methods Figure 2A, Figure 2B and Table 2). VP64 is a transcriptional activator
consisting on a tetrameric repeat of the herpes simplex VP16 minimal activation domain (amino acids
437-447: DALDDFDLDML) connected by GS-linkers. After its first use in 1998 (Beerli et al., 1998) it has
been widely used as a molecular biology tool to study gene expression. The expression of TALE1-
VP64 and TALE2-VP64 is driven by a CMV promoter. The plasmids contain Bmtl and Xbal restriction

sites flanking the VP64 sequence.

1.2.2 TALE-hTET1 and TALE-hAID plasmids

The construction of the TALE2-hTET1 (wt and mut) plasmids and TALE2-hAID was performed
by substitution of the NLS-VP64 sequence in the TALE2-VP64 plasmid by restriction enzymes
digestion with Bmtl and Xbal. The final fusion proteins formed were TALE2-NLS-hTET1-CD
(wt_or_mut)-T2A-GFP and TALE2-NLS-hAID-T2A-GFP (Methods Figure 2C and 2D). We verified the

plasmid sequences by Sanger sequencing (GATC).

1.2.3 pEGFP-C1 vector

pPEGFP-C1 vector (Methods Figure 2E) was used as a control of the efficiency of the transfections.

1.2.4 dCas9-hTET1-GFP plasmids

The dCas9-hTET1-CD-GFP plasmids were constructed based on the pdCas9-DNMT3A-EGFP
plasmid (Addgene #71666). The original plasmid was digested with the restriction enzymes BamHI
and Fsel to remove the DNMT3A fragment and replace it with the catalytic domain of human TET1
(wt or mut) that were amplified by PCR using forward and reverse primers introducing BamHI and
Fsel restriction sites (Methods Figure 2F). The final fusion proteins formed were FLAG(x3)-dCas9-NLS-
GS_linker-hTET1_CD(wt_or_mut)-T2A-eGFP. The expression of the constructions was driven by a CBh
promoter. We verified the plasmid sequence by Sanger sequencing (GATC). The CRISPR-dCas9
plasmid contains a site for the cloning of the guide RNA with the enzyme Bbsl that cuts at 5'-

(GAAGAC(N);)-3’ and 3’-(CTTCTG(N))-5’. As the human TET1 CD contains two undesired Bbsl
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Methods Figure 3. Elimination of Bbsl restriction sites in hTET1-CD-wt.

Schematic representation of the strategy used to eliminate two Bbsl sites present in hTET1-CD by two rounds of directed

mutagenesis.
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restriction sites, | performed two rounds of site-directed mutagenesis as described in Methods
Figure 3 with two different couples of primers. The primers were designed to induce silent mutations
and are shown in Methods Table 1. The first couple of primers was designed to mutate the codon
436/719 AAG (K) by AAA (K) in the first Bbsl site. The second couple of primers was designed to
mutate the codon 470/719 AGA (R) by AGG (R) in the second Bbsl site. 1-3 ng of plasmid were used
for the reaction in combination with 1uM of each primer, 1X buffer HF, 0,2mM dNTP and 0,5U of
Phusion High Fidelity DNA polymerase (Thermo Scientific) in a final volume of 20uL. Reaction was
performed using the following conditions: 2min at 98°C, followed by 30 cycles of 10s at 98°C, 3min at
72°C, 10min at 72°C and a final step of 10min at 72°C. hTET1-CD-wt containing the Bbsl mutated sites
was then mutated in order to inactivate its catalytic activity by a directed mutagenesis strategy as

described before (Methods Figure 1B) and incorporated into the dCas9 plasmid.

Three gRNAs targeting the SERPINB5 promoter were designed using http://crispr.mit.edu,
synthesised as pairs of oligonucleotides (IDT), annealed and cloned into the Bbsl sites of the pdCas9-
hTET1-CD (wt or mut) plasmids. sgRNA2, sgRNA3 and sgRNA4 binding sites are located at -140 bp, -
64 bp and -37 bp from the TSS (Methods Figure 2A and Table 2). The expression of the gRNAs was

driven by a hU6 promoter. We verified the cloning of the gRNAs by Sanger sequencing (GATC).
Second part of the thesis

1.2.5 dCas9-hTET1-Puro and dCas9-mTET1-Puro plasmids

The EGFP sequence in the pdCas9-DNMT3A-GFP plasmid (Addgene #71666) was substituted
with the puromycin sequence from PX459-V2 plasmid (Addgene #62988) by digestion with the
restriction enzyme EcoRIl. The pdCas9-DNMT3A-Puro was digested with the restriction enzymes
BamHI and Fsel to remove the DNMT3A fragment and replace it with the catalytic domain of human
or mouse TET1 (wt or mut) (Methods Figure 1A) that were amplified by PCR using forward and
reverse primers introducing BamHI and Fsel restriction sites. The hTET1-CD had been previously
engineered to eliminate two undesired Bbsl restriction sites as described in section 1.2.4 (Methods
Figure 3) and mutated in order to inactivate its catalytic activity by a directed mutagenesis as
described in section 1.1 (Methods Figure 1B). The final fusion protein formed was FLAG(x3)-dCas9-
NLS-GS-hTET1_CD(wt or mut)-T2A-Puro (Methods Figure 4A) and FLAG(x3)-dCas9-NLS-GS-
MTET1_CD(wt or mut)-T2A-Puro (Methods Figure 4B). The expression of the constructions was

driven by a CBh promoter. We verified the plasmid sequences by Sanger sequencing (GATC).

The sgRNAs targeting Dazl and Asz1 promoters were designed using http://crispr.mit.edu (Methods
Figure 4D and 4E, Table 4), synthesised as pairs of oligonucleotides (IDT), annealed and cloned into

the Bbsl sites of the pdCas9-hTET1-CD (wt or mut) or pdCas9-mTET1-CD (wt or mut) plasmids. The
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Methods Figure 4. CRISPR-dCas9-TET1 based strategy to target the mouse Daz/ and Asz1 promoters.

A-C. Schematic representation of the vectors used in the transitory transfections: dCas9-hTET1 (wt and mut) — PuroR (A),
dCas9-mTET1 (wt and mut) — PuroR (B), dCas9-hTET1 wt SunTag (C). D-E. Schematic illustration of Daz/ and Asz1 promoter
regions and sgRNAs binding sites. The vertical bars represent the CpGs.
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expression of the sgRNAs was driven by a hU6 promoter. We verified the cloning of the sgRNAs by

Sanger sequencing (GATC).

1.2.6 dCas9-hTET1 SunTag plasmids

For experiments using the SunTag system, we used the all-in-one pPlatTET-gRNA2 vector
(Addgene #82559) that codes for dCas9 fused to the GCN4 peptide arrays, the scFv of the anti-GCN4
antibody fused to TET1-CD, and contains a cloning sites for gRNAs (Methods Figure 4C) (Morita et al.,
2016). Cloning of the gRNAs in the pPlatTet-gRNA2 vector was made according to a Gibson assembly
strategy as follows. 20 bp gRNA sequences were designed via https://crispr.mit.edu (sequences are
the same as for dCas9-TET1 direct fusion proteins, Methods Table 4). 19bp of the selected target
sequences (3’ end) were incorporated into two 60 mer oligonucleotides as indicated in Methods
Table 5. The two oligos were annealed and extended to make a 100bp double stranded DNA
fragment using Q5 High Fidelity Polymerase (NEB). 1,25 uM of each oligonucleotide were used in
combination with 1X Q5 buffer, 1ImM dNTPS and 0,4 U of Q5 High Fidelity Polymerase in a final
volume of 10 pL. Reaction was performed upon the following conditions: 1min at 98°C, 3 cycles of
10s at 98°C, 30s at 65°C, 10s at 72°C and a final step of 10min at 72°C. pPlatTet-gRNA2 vector
(Addgene #82559) was linearised using Aflll restriction enzyme (NEB). The 100 bp fragments were
incorporated into the digested plasmid using Gibson assembly. 300 ng of digested pPlatTet-gRNA2
plasmid were combined with 10 ng of 100 bp fragments and either 5 puL of Gibson assembly
mastermix (NEB) in a final volume of 10uL or 2L of 5X Fusion Takara mastermix in a final volume of
10uL. The assembling reaction was prepared on ice and incubated 30min at 50°C. Plasmids were

amplified via bacteria transformation and sequences were verified by Sanger sequencing (GATC).

1.3 Lentiviral vectors for stable inducible MDA-MB-231 cell lines

In order to create an inducible MDA-MB-231 stable cell line expressing TALE2-hTET1 under the
control of a doxycycline-inducible promoter, we subcloned the TALE2-hTET1 sequence in the MCS-1
and the EGFP sequence in the MCS-2 of the lentiviral pLVX-TRE3G-IRES plasmid (Tet-On 3G System,
Clontech #631362) (Methods Figure 5A). A plasmid containing only the EGFP sequence cloned in the
MCS-2 site was used to create a control cell line (Methods Figure 5A). The EGFP coding sequence
(720 bp) was synthesised by Integrated DNA Technologies (IDT) flanked by the desired restriction
sites (Smal and EcoRl). TALE2-hTET1-CD wt was amplified by PCR using forward and reverse primers
introducing BamHI and Notl restriction sites. We amplified the sequence with a High-fidelity DNA
polymerase (Phusion DNA polymerase, Thermo Scientific) and we cloned it into the MCS-1 of the
pLVX sequences. We verified the plasmid sequences by Sanger sequencing (GATC). The pLVX-Tet-On

3G plasmid (Clontech) codes for the rtTA transactivator protein under the control of a CMV promoter
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Methods Figure 5. Schematic representation of the vectors for stable inducible MDA-MB-231 cells.
pLVX-TRE3G-TALE2-hTET1-IRES-GFP and pLVX-GFP (A), pLVX-Tet-On 3G plasmid (B).
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(Methods Figure 5B).

2 Cell culture and transitory transfections

2.1 MDA-MB-231

MDA-MB-231 cells (ATCC: HTB-26) were cultured in RPMI 1640 medium (Gibco, Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS) and 50 mg/ml gentamycin sulfate (Gibco,
Thermo Fisher Scientific). Cells were cultured in a humidified atmosphere at 372C supplemented with
5% CO,. All cell lines have been tested for mycoplasma contamination. For DNA methylation
inhibition experiments, MDA-MB-231 cells were treated with 5-aza-2'-deoxycytidine (Sigma) at 0.2, 2

or 5uM and harvested for analysis 24h, 48h and 72h after the beginning of the treatment.

2.2 MEFs

Mouse Embryonic Fibroblasts (MEFs) cells were derived from C57BL/6J E13.5 mouse embryos
and cultured in DMEM (Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(FBS) and 1% PenStrep (Gibco, Thermo Fisher Scientific). Cells were cultured at 372C supplemented

with 5% CO,. All cell lines have been tested for mycoplasma contamination.

2.3 Transitory transfections

MDA-MB-231 cells were transfected with TALE-VP64-T2A-GFP, TALE-TET1-CD-T2A-GFP (WT
and mut), TALE-AID-T2A-GFP and dCas9-TET1-CD-T2A-GFP (WT and mut) plasmids using the Trans-IT
BrCa transfection reagent (Mirus Bio) according to the manufacturer’s instruction. In brief, 60-80%
confluent cells in 100 mm dishes were transfected with 15ug of plasmid. As a control, we also
transfected cells with a plasmid coding for GFP only (pEGFP-C1, Clontech). GFP-positive and negative
cells were sorted 48h after transfection for DNA methylation and gene expression analysis using a BD
FACS Vantage cell Sorter (BD Biosciences). All transfections were performed in triplicate.

MEF cells were transfected with dCas9-hTET1 (WT and mut) or dCas9-mTET1 (WT and mut)
plasmids using Polyethylenimine (PEI) transfection reagent. A 2mg/mL PEl stock solution was
prepared by dissolving PEI 40000 MAX (Polysciences, MW 40000) in DNAse/RNAse free water. The
pH of the solution was adjusted to 7.0 with NaOH and the solution was filtered (0,22um). In brief, 10
ug of plasmid and 20uL of PEl were diluted in 250 pul of 150mM NaCl each, and then combined. The
DNA/PEI mixtures were incubated for 30 min at RT. The complexes were added to 70-80% confluent
MEF cells in 100-mm dishes. The medium was changed 4 or 6 hours later. 24 hours after transfection
the cells were selected with 3pg/uL of puromycine (Gibco, Thermo Fisher Scientific) for 48h. Non-

transfected cells were used as control of transfection. All transfections were performed in triplicate.
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Methods Figure 6. Schematic representation of the conditional expression systems Tet-ON and Tet-OFF.

A. Tet-OFF system. In the absence of dox the tTA binds the Tet Response Element (TRE) ant triggers the activation of the
gene of interest. In the presence of dox the tTA changes its conformation and it is not able to bind the TRE anymore.

B. Tet-ON system. The tTA protein is mutated in this system (rtTA) and presents the opposite binding properties. In the
absence of dox the rtTA does not bind the TRE, whereas the presence of dox changes its conformation to bind the TRE
sequence and activate expression of the gene of interest.
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3 Generation of stable inducible MDA-MB-231 cell lines

3.1 Presentation of the Tet-ON Tet-OFF system

Inducible systems allow the precise spatiotemporal control of gene expression at specific times
or in a specific tissue. The most used inducible gene expression systems depend either on Cre
recombinase or on exogenous ligands like tetracycline or doxycycline. In the latter case, a gene of
interest is placed under the control of a promoter inducible by the presence of an exogenous ligand

such as tetracycline or doxycycline (a synthetic tetracycline derivative).

Tet-ON and Tet-OFF systems are the most commonly used conditional expression systems in
mammalian cells. Drug treatment can be used to either activate or repress gene expression
respectively, always in a reversible manner. These systems are based on the tetracycline resistance

operon encoded in E. coli.

The Tet-OFF system is based on a fusion protein called tetracycline-controlled transactivator
(tTA) (Gossen and Bujard, 1992). tTA is composed by the tetracycline repressor from E. coli (TetR)
and the transactivator domain VP16 and it is constitutively expressed in the cells. tTA recognises and
binds the tetracycline response elements (TRE). In this way, it activates the expression of a gene of
interest under the control of a minimal CMV promoter combined with the TRE. In the presence of
tetracycline or doxycycline, tTA loses its binding abilities to the TRE, and the expression of the gene

of interest is then inactivated (Methods Figure 6A).

In the Tet-ON system, the TetR is mutated so the DNA binding properties are reversed
compared to the tTA (Gossen et al., 1995). The fusion protein resulting is called reverse tetracycline-
controlled transactivator (rtTA) and it is constitutively expressed in cells. In the absence of
doxycycline, rtTA is not able to bind the TRE, so the gene of interest is repressed. In the presence of
doxycycline, rtTA changes its conformation and binds to the TRE, activating the minimal promoter

and the gene expression as a consequence (Methods Figure 6B).

Both systems present some limits. In both cases we have to take into account the stability of
the transactivator protein. It is important to choose a promoter constitutively and efficiently active in
our cells. The rapidity and the efficiency of the induction are also important parameters. If we are
working with a polyclonal population, the gene integration will be different in each cell and the

induction can vary from one cell to another.

Concerning the Tet-ON system, one of the main problems is the background expression of the

promoter in absence of doxycycline. As the transactivator protein is constitutively expressed in the
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Methods Figure 7. Validation of MDA-MB-231 stable inducible cell lines.

Cells were treated with doxycycline (10 pg/mL) during 48h and the GFP signal was analysed under a fluorescence
microscope.
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Methods Figure 8. Doxycycline induction in MDA-MB-231 cells.

A. MDA-MB-231 cells expressing inducible EGFP or TALE2-TET1-CD-IRES-GFP were treated for 24h with increasing Dox
concentrations ranging from 0 to 100 pg/mL, and the percentage of GFP-positive cells was quantified by flow cytometry.
Concentrations abve 10 pug/mL were toxic for the cells, which is indicated by the red bar.

B-C. MDA-MB-231 cells expressing inducible EGFP (B) or TALE2-TET1-CD-IRES-GFP (C) were treated with Dox concentrations
ranging from 0 to 10 pg/mL, and the pourcentage of GFP-positive cells was analysed 24, 48 and 72h after induction.
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cells, it can have some residual binding activity to the TRE. In this purpose, there have been several
improvements of the system in the last years. Zhou et al., 2006 used HIV-rtTA virus variants capable
of acquiring random mutations in the rtTA gene. Some of these mutations reinforced the
transcriptional activation (up to 7-fold) and the doxycycline sensitivity (up to 100-fold more) of the
rtTA. They also improved the basal expression of the promoter. These are called the Tet-On 3G

systems and we used one of them in our project (Clontech).

The Tet-ON 3G promoter (PTRE3G) shows a very low residual activity and responds to very low
doxycycline concentrations (beyond toxic levels). It contains 7 repeats of a 19 bp tet resistance
operator sequence (TRE sequence) and it is located upstream of a minimal CMV (Citomegalovirus)
promoter. In presence of doxycycline, rtTA binds to the TRE and it enhances the expression of the

downstream gene. PTRE3G does not contain any endogenous transcription factor binding site.

3.2 Inducible cell lines and Dox treatment

We used the Tet-ON 3G system to create stable MDA-MB-231 cells expressing EGFP or TALE2-
TET1-CD-IRES-GFP under the control of a Doxycycline-inducible promoter PTRE3G. The lentiviral
vectors have been described in the previous section 1.3. MDA-MB-231 inducible cells were generated
by lentiviral transduction. Production of lentiviral particles in HEK293T cells and transduction of
MDA-MB-231 cells were performed at the GIGA-Viral Vectors platform (University of Liege, Belgium).
Cells were transduced with the pLVX-Tet3G plasmid and twice with the pLVX-TRE3G-TALE2-TET1-CD-
IRES-EGFP or the pLVX-TRE3G-IRES-EGFP (coding for EGFP alone). After transduction, stably infected
cells were selected with Puromycin and G418 and kept as a pool. To validate the sensitivity of the
cells to doxycycline, the cells were treated with doxycycline (10 pg/mL) during 48h and the GFP signal

was analysed under a fluorescence microscope. Pictures of the cells are shown in Methods Figure 7.

In order to choose the optimal doxycycline concentration, | treated the cells at different
concentrations and we analysed the GFP fluorescence signal by flow cytometry using a FACS Calibur
(BD Biosciences). First, we treated the cells for 24h at concentrations ranging from 0 to 100 pg/mL.
Concentrations beyond 10 pg/mL were toxic for the cells. The activation of control GFP cells was
efficient at concentrations between 0,05 and 1 ug/mL, whereas the activation of TALE2-hTET1 cells
was only efficient at a concentration of 0,5 and 1 pg/mL (Methods Figure 8A). We then treated the
cells with dox concentrations from 0 to 10 pg/mL and we analysed the eGFP signal at 24h, 48h or 72h
after induction (Methods Figure 8B and 8C). Based on the results, we chose the concentration 1
pg/mL for further experiments because it was the lowest concentration having an efficient induction

and it did not have any toxic effects in the cells.
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Methods Figure 9. Sodium bisulfite DNA conversion for DNA methylation analysis.

A. Sodium bisulfite conversion. Non-methylated cytosines are converted in uracil after a deamination reaction.

B. Combined Bisulfite restriction analysis (COBRA). After DNA bisulfite conversion, the region of interest is PCR amplified
and digested with the restriction enzyme Taqgal (TACGA). If the TCGA site was methylated, methylated cytosines will remain
as C after bisulfite conversion and the Tagal restriction enzyme is able to cut them. If the TCGA site was not methylated,
non-methylated cytosines are converted in thymines after bisulfite conversion, so the restriction site disappears.

C. Bisulfite sequencing (BS-seq). After DNA bisulfite conversion and PCR amplification, the PCR product is cloned and several
clones are sequenced by Sanger sequencing and compared to the non-converted sequence. In the results figure, each line
represents the sequence of a single clone, and each square in this line represents an individual CpG methylated (black) or
unmethylated (grey).
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Cells were maintained in culture with a working concentration of antibiotics (0,25 pg/mL
Puromycin and 300 pg/mL G418) (Invivogen). For the induction experiments, cells were treated with
selection concentrations of antibiotics (0,5 pug/mL Puromycine and 800 pg/mL G418) during 3 days
prior to doxycycline treatment. Cells were treated with Doxycycline (1 ug/mL, Clontech) for up to 14
days. The medium and Doxycycline were renewed every day. Non-treated cells were cultured in
parallel to serve as controls. Doxycycline was then removed from the medium and the cells were
cultured up to 30 days after Dox removal. The induction was followed at several time points during
and after treatment by monitoring GFP fluorescence by flow cytometry using a FACS Calibur (BD

Biosciences).

4 T7 endonuclease assays.

Genomic DNA was extracted from MDA-MB-231 cells transfected with plasmids coding for
Cas9 and sgRNA 3 and 4 targeting the SERPINB5 promoter. The regions flanking the sgRNA target site
in the SERPINB5 promoter were amplified by PCR with the Platinum Tag DNA polymerase (Invitrogen,
Thermo Fisher Scientific) from 2 ng of DNA using the following PCR conditions: 20 cycles of 30s at
95°C, 30s at 64-54°C (with a 0.5°C decrease per cycle), 50s at 72°C followed by 35 cycles of 30s at
95°C, 30s at 54°C, 50s at 72°C. 200ng of the purified PCR products were denatured-annealed
following the reaction: 95°C 5 min; -2°C/s to 85°C; -0,1°C/s to 25°C; 12°C. The products were digested
with 10U of T7 endonuclease | for 20 min at 37°C. The endo | was inactivated with 25mM EDTA and
the products were run in a 1,5% agarose gel. The primers used for the T7 endonuclease assays are

given in the Methods Table 2.

5 Locus specific methylation analysis

We analysed the methylation status of specific regions on the genome by locus specific

techniques that are based on the conversion of DNA with sodium bisulfite.

5.1 DNA conversion with sodium bisulfite

Sodium bisulfite conversion of DNA allows to differentiate methylated and unmethylated
cytosines. It is the gold standard technique for the study of DNA methylation. Sodium bisulfite
deaminates unmethylated cytosines to uracil, whereas methylated or hydroxymethylated cytosines
(5mC and 5hmC) remain unchanged (Methods Figure 9A). Conversion can be followed either by PCR
amplification or high throughput sequencing methods to study single cytosines methylation status in

a specific locus or in the whole genome.

In brief, unmethylated cytosines are deaminated to uracils during the conversion. The uracils

are amplified as thymines in the PCR, whereas 5mC (or 5hmC) are amplified as cytosines. In this way
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Methods Figure 10. Expected COBRA gel profiles of the amplified fragments of SERPINB5 and Dazl after Taqal digestion.
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we can compare a bisulfite treated sample to the reference genome and obtain cytosine methylation
status patterns. One of the limits of the technique is that bisulfite conversion does not discriminate

between methylated or hydroxymethylated cytosines.

In my project | used the EpiTect Bisulfite Kit (Qiagen) according to the manufacturer’s

instructions to perform all DNA bisulfite conversions.

5.2 COBRA

COBRA (Combined Bisulfite Restriction Analysis) is a quantitative technique allowing to study
DNA methylation status at a single locus (Xiong and Laird, 1997). After DNA bisulfite conversion and
PCR amplification of the target region, a restriction enzyme digestion is performed. The enzyme used
is Tagal, which has a relatively frequent site in CG-rich regions (TACGA). Methylated cytosines will
remain as C, so Tagal will be able to cut them. Non-methylated cytosines will be converted in
thymines after bisulfite conversion and PCR amplification, so the restriction site will disappear. The
relative amounts of digested and undigested product are analysed by electrophoresis on an agarose

gel (Methods Figure 9B).
First part of the thesis

Genomic DNA was extracted from the MDA-MB-231 cells with the AllPrep DNA/RNA Mini Kit
(Qiagen). Between 200 and 1000 ng of genomic DNA were bisulfite converted using the EpiTect
Bisulfite Kit (Qiagen) according to the manufacturer’s instructions. For COBRA, the SERPINB5
promoter (human) region was amplified by PCR with the Platinum Taq DNA Polymerase (Invitrogen,
Thermo Fisher Scientific) using the following conditions: 20 cycles of 30s at 95°C, 30s at 62—52°C
(with a 0.5°C decrease per cycle), 50s at 72°C followed by 35 cycles of 30s at 95°C, 30s at 52°C, 50s at
72°C. The amplicon was 492 bp long and had 16 CpG. The CpG number 2 (CpG-2) was contained in
the TACGA site (Methods Figure 2A). 40 ng of PCR amplicon was digested with 10U Tagal/ restriction
enzyme (Thermo Fisher Scientific) for 1h at 65°C, and an equal amount of PCR amplicon was used for
the undigested control. The samples were then purified with the QlAquick PCR purification kit
(Qiagen) and migrated on an 2.5% agarose gel. The expected digeston profile with Tagal for
SERPINB5 amplicon is represented in Methods Figure 10. Primers to amplify human SERPINB5 from

bisulfited DNA are shown in Methods Table 3.

Second part of the thesis

Genomic DNA was extracted from the MEF cells with the AllPrep DNA/RNA Mini Kit (Qiagen).

Between 100 and 200 ng of genomic DNA were bisulfite converted using the EpiTect Bisulfite Kit
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(Qiagen) according to the manufacturer’s instructions. Dazl promoter (mouse) region was amplified
by PCR with the Platinum Taq DNA polymerase (Invitrogen, Thermo Fisher Scientific) using the
following conditions: 20 cycles of 30s at 95°C, 30s at 58—48°C (with a 0.5°C decrease per cycle), 50s at
72°C followed by 35 cycles of 30s at 95°C, 30s at 48°C, 50s at 72°C. The amplicon was 338 bp long and
had 5 sites TCGA (Methods Figure 4D). The expected digeston profile with Taqal for Dazl amplicon is
represented in Methods Figure 10. Primers used to amplifications from bisulfited DNA are shown in

Methods Table 5.

5.3 Bisulfite sequencing (mDaz and mAsz1l)

Sanger bisulfite sequencing is a quantitative technique that allows to study the methylation
status of the entire amplicon at the CpG level (Frommer et al., 1992). The first steps of bisulfite
sequencing (BS-seq) are the same as COBRA: genomic DNA is converted with sodium bisulfite
conversion and the region of interest is amplified by PCR. Dazl and Aszl promoter regions were
amplified as described above (Tm for Asz1 62°C-52°C, with a 0.5°C decrease per cycle). The amplicon
for Dazl was 338 bp long and had 32 CpG and for Asz1 612 bp long with 29 CpGs (Methods Figure 4D
and E). We then cloned the bisulfited PCR products in the pCR2.1 vector (TA Cloning Kit, Invitrogen)
and transformed E. coli DH10B (NEB 10-beta bacteria from NEB, ¢80dlacZAM15). Positive colonies
containing the insert were identified by blue/white screening. Plasmid DNA was purified from the
colonies and sequenced by the GATC sequencing platform. Each colony gives us the information of
an individual cell methylation profile. Sequences were aligned with the BISMA software (Rohde et al.,
2010) and filtered to remove clonal biases. We compared the obtained sequences to the non-
converted reference sequence and we established the methylation status. The results are given in
the form of Methods Figure 9C, where each line represents the sequence of a single clone, and each

square in this line represents an individual CpG methylated (black) or unmethylated (grey).

5.4 High-throughput bisulfite amplicon sequencing (hSERPINB5)

Bisulfite converted DNA was amplified with two pairs of primers in the SERPINB5 promoter
using the same PCR conditions as for COBRA. The first pair amplifies a 233 bp fragment containing 9
CpG, whereas the second amplicon is 237 bp long and contains 13 CpG. Hence, we can study 22 CpGs
close to the TALE2 target region (Methods Figure 2A). The forward primers were barcoded at the 5'
end with 4 nucleotides to allow multiplexing of samples in the sequencing runs. The primers used for
bisulfite amplicons are given in the Methods Table 3. The amplicons were purified using AMPure XP
beads (Beckman Coulter), pooled and sequencing libraries were prepared and sequenced (2 x 125
bp) on a HiSeq 4000 by GATC Biotech. We obtained a sequencing depth between 10,000 and 50,000X

for each experimental sample. Reads were trimmed with TrimGalore (v0.4.2) to remove adapter

108



sequences and low-quality ends with a Phred score below 20, and aligned to the expected amplicon
sequences with BSMAP (v2.74) allowing a maximum of 4 mismatches. We extracted methylation
scores as the ratio of the number of Cs over the total number of Cs and Ts and combined CpG
methylation ratios from both strands. For single allele methylation analysis, we mapped the reads

with Bismark because it returns methylation information on single reads.

6 RT-qPCR assays

Total RNA was extracted together with DNA samples with the AllPrep DNA/RNA Mini Kit
(Qiagen). RNA samples were reverse transcribed with the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Quantitative PCR reactions were performed with the KAPA SYBR FAST
kit (Clinisciences) on a StepOnePlus Real-Time PCR System (Life Technologies, Thermo Fisher
Scientific). Amplification cycling conditions were as follows: 95 °C for 3 min and 40 cycles (95 °C for

20 sec, 60 °C for 30 s). All samples were assayed in triplicate reactions.

The mRNA expression of SERPINB5 in MDA-MB-231 cells was normalised in comparison to the
housekeeping genes ACTB, RPL13A and SDHA and compared to the non-transfected or non-treated
cells. Expression of other tumor suppressor genes (DAPK1 and CDH1) was estimated under the same
conditions. We systematically amplified in parallel no-RT controls to exclude the presence of

contaminating genomic DNA. Primer sequences for all genes are given in the Methods Table 3.

In the 5aza treatment experiments in mouse cells, the mRNA expressions of Daz/ and Asz1 in
MEF cells were normalised in comparison to combinations of the housekeeping genes Hprt, Rpl13a,
Mrpl32 and Gus and compared to the non-treated cells. For the transfections, the housekeeping
genes used for normalisation were Rpl13a, Gus and B2m and the fold-changed was established
according to the cells transfected with the plasmid without gRNA. We systematically amplified in
parallel no-RT controls to exclude the presence of contaminating genomic DNA. Primer sequences

for all genes are given in the Methods Table 5.

7 Western blot

Total proteins were extracted with the RIPA Lysis Buffer System (Clinisciences) supplemented
with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Proteins were run
on 10% SDS-polyacrylamide gels. The proteins were transferred to a 0,2 um Nitrocellulose membrane
(BioRad) using the Trans-Blot Turbo Blotting System (BioRad). The membranes were washed in Tris-
buffered saline solution (TBS 10X, Euromedex) with 0,05% Tween 20 and blocked with 5% nonfat
milk in TBS 1X solution with Tween 20 for 1 h. The membranes were incubated with primary

antibodies overnight at 4°C (SERPINB5) or 1 h at RT (VINCULIN), then washed and incubated for 1h
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Methods Figure 11. RRBS double enzyme digestion test.

A. Predicted restriction fragments in the SERPINB5 promoter after in silico double digestion with different couples of

enzymes.

B. Screenshots of RRBS results over the SERPINB5 promoter after performing double digestion RRBS protocols in MDA-MB-
231 cells. The SERPINB5 promoter is not covered after Mspl + Btsl double digestion, whereas double digestion with Mspl +
Munl covers 7 CpGs on SERPINB5 promoter as expected.
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with horseradish peroxidase-conjugated secondary antibodies followed by chemiluminescence
detection using the ECL detection reagent (Amersham, GE Healthcare). SERPINB5 was detected with
a mouse monoclonal antibody (BD Biosciences #554292, 1:1000) and a secondary sheep anti-mouse
antibody (GE Healthcare Lifescience #RPN4201, 1:30000). Vinculin was used as a loading control and
detected with a rabbit anti-vinculin antibody (Abcam #ab129002, 1:10000) and a secondary goat
anti-rabbit antibody (Sigma #A0545, 1:50000).

8 Global methylation assay: RRBS

RRBS (Reduced Representation Bisulfite Sequencing) is a bisulfite-based technique that profiles
DNA methylation of DNA enriched in CG-rich regions of the genome, that is promoters and other
relevant regions (Gu et al., 2011a; Meissner et al., 2005). In brief, genomic DNA is digested with the
Mspl methylation insensitive restriction enzyme (CACGG). The resulting fragments are ligated to
methylated lllumina adaptors and size selected by gel electrophoresis to enrich for small, CpG-rich
fragments (40-220 bp). Then, the fragments are bisulfite converted and amplified. High throughput
sequencing is performed with an lllumina HiSeq, and the sequencing reads are aligned to the
reference genome. The methylation score is estimated for each cytosine by calculating the ratio
between the number of sequenced reads containing a C at one specific position and the total
number of reads at this position. RRBS is a highly sensitive technique and allows us to quantify the
methylation status of around 2.5 million CpG sites in the human genome, covering 10% of the

genome and all CpG islands.

One of the limits of the RRBS technique is the use of the restriction enzyme Mspl, which is
used to enrich for CpG-rich sequences. Although this restriction site is present in most of the CpG
islands, some do not contain two adjacent Mspl sites and therefore they are lost in the selection
procedure. This is the case with the human SERPINB5 promoter that is not covered by the classical
RRBS protocol. To overcome this problem, we tested a double digestion protocol with two different

restriction enzymes.

8.1 Double digestion tests

It has been shown that a double-enzyme protocol for RRBS increases the CpG coverage
compared to the single-enzyme method (Wang et al., 2013). We performed in silico simulation of
double enzyme digestion on the human genome (hg38). We selected methylation insensitive
enzymes whose restriction sites are present in the SERPINB5 promoter sequence and that in
combination with Mspl would result in a restriction fragment between 40-220 bp. This identified 7

possible restriction enzymes: Alul, BseY|, BtsCl, Btsl, EcoRIl, Hphl and Munl (Methods Figure 10A).
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Digestion with Mspl alone generates 750,000 predicted restriction fragments between 40 and
220bp. Since we wanted a combination of enzymes that results in less than 2 million fragments (to
stay in the same range of sequencing), we choose to test the combinations Mspl + Btsl (5 -
GCAGTG_NNA - 3’) (2 million fragments) and Mspl + Munl (5’ - C*AATT_G - 3’) (900,000 fragments). |
adjusted the first steps of the RRBS protocol to include these double digestions, and | prepared two

test libraries with MDA-MB-231 genomic DNA in order to validate both approaches.

Since Btsl is active at a different temperature and produces DNA overhangs in the opposite
strand orientation compared to Mspl, we first performed the digestion with Btsl and we treated with
the klenow to eliminate the 3’>5’ ends of Btsl digestion. Then we digested with Mspl and we
performed the end repair and A-tailing with klenow exo- prior to adaptor ligation. However, when
we analysed the sequencing results of the Mspl + Btsl test library, we were not able to sequence the
SERPINB5 promoter, suggesting that the end repair step after Bts/ digestion did work work efficiently
(Methods Figure 10B).

In contrast, Mspl and Munl produce DNA overhangs in the same strand orientation, therefore
they can be used in combination without the necessity to modify the end repair step of the protocol.
We just needed to add the nucleotide dTTP (1ImM) during the end repair step. After sequencing of
the Mspl + Munl test library, we obtained methylation information for 7 CpGs in the SERPINB5
promoter, as predicted by the in sillico restriction digestion (Methods Figure 10B). We decided to

choose the double restriction enzyme digestion with Mspl and Munl for further experiments.

8.2 Preparation of RRBS libraries

We prepared RRBS libraries from non-transfected cells and cells transfected with TALE2-hTET1-
CD (wt or mutant) and selected by FACS 48h later. RRBS libraries were prepared according to a

published protocol (Gu et al., 2011a) with modifications.

We performed RRBS in three biological replicates of non-transfected cells and cells transfected
with TALE2-TET1-CD-WT or TALE2-TET1-CD-mut. RRBS libraries were prepared as described (Auclair
et al., 2014), with some modifications. Briefly, 50 ng genomic DNA were digested for 5h with Mspl
and Munl (Thermo Fisher Scientific) followed by end-repair, A-tailing and ligation to methylated
adapters with T4 DNA ligase (Thermo Fisher Scientific) in Tango 1X buffer. Small fragments (150 to
400 bp) were selected by electrophoresis on a 3% (w/v) agarose 0.5X TBE gel and purified with the
MinElute gel extraction kit (Qiagen). Bisulfite conversion was performed by two rounds of conversion
with the EpiTect kit (Qiagen) according to the manufacturer’s instructions. RRBS libraries were
amplified by 14 cycles of PCR with PfU Turbo Cx hotstart DNA polymerase (Agilent) and purified with

AMPure magnetic beads (Beckman Coulter). The libraries were paired-end sequenced (2x75 bp) with
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a HiSeq4000 by Integragen SA (Evry, France). Sequencing reads were trimmed with TrimGalore
(v0.4.2) and aligned to the human hg38 genome with BSMAP (v2.74). For the mapping, we allowed a
maximum of two mismatches. We combined CpG methylation ratios from both strands and only
retained CpGs with a minimum sequencing depth of 8X. To compare methylation profiles between
samples, we generated pairwise plots with methylation values calculated in 400 bp windows
containing at least 3 CpGs. The dendrogram was generated based on the Euclidean distances
between CpG methylation scores with the dist and hclust functions in R. To identify DMRs, we used
the eDMR algorithm from the methylKit R package (Li et al., 2013). We identified DMRs with a
change in methylation >15%, at least 4 differentially methylated CpGs (DMCs), and a p-value <0.01 (t-
test) between the triplicates. DMRs were considered promoter proximal if they are located -500 to

+500 bp from an annotated RefSeq TSS.

9 Growth and Apoptosis assays

We assessed proliferation and apoptosis in the doxycycline inducible cell lines. To
guantitatively study the percentage of cell death (early apoptotic, late apoptotic or necrotic cells) we
performed Annexin-V PE and 7-AAD staining using commercial kits (BD Bioscience) according to the
manufacturer’s instructions. The percentages of apoptotic cells were measured by flow cytometry
using a FACSCelesta flow cytometer (BD Biosciences) 7, 10 and 14 days after the beginning of the Dox
treatment, and 10 days after Dox removal. A positive control was induced at each time point with
campthotecin (Sigma) at 8uM for 4h at 379C to determine the flow cytometry settings. To measure
cell proliferation, Dox induced cells (9 days after the beginning of the treatment) were seeded in 96-
well plates (2,000 cells per well) and cultured for 1 to 5 days. The medium containing Dox was
refreshed every day. The cells were incubated with the WST-1 Cell Proliferation Reagent (Roche) for
4h at 37°C, and then the absorption was measured at 440 nm using the Asys UVM 340 Microplate

Reader (Biochrom). All experiments were performed in biological triplicate.
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Primers directed mutagenesis hTET1-CD and mTET1-CD

hTET1 Directed mutagenesis Forward

5 — GACTTCTGTGCTCATCCCTACAGGGCCATTCACAACATGAATAA -3

hTET1 Directed mutagenesis Reverse

5 — TTATTCATGTTGTGAATGGCCCTGTAGGGATGAGCACAGAAGTC -3

mTET1 Directed mutagenesis Forward

5 — GGATTTTTGTGCCCATTCTTACAAGGCCATTCACAACATGCACAAC -3’

mTET1 Directed mutagenesis Reverse

5 — GTTGTGCATGTTGTGAATGGCCTTGTAAGAATGGGCACAAAAATCC -3

Bbsl site 1 - Forward

5 — GTCCCCGAAAACTGCTTCAGCCACACCAGCTCCACTGAA -3’

Bbsl site 1 - Reverse

5 — GCTGAAGCAGTTTTCGGGGACCAGGAGAAGCCTGGAGATG -3

Bbsl site 2 - Forward

5 — CTTCGGGAAGGCTCAGTGGTGCCAATGCAGCTGCTGCTGAT -3’

Bbsl site 2 - Reverse

5 — CACCACTGAGCCTTCCCGAAGGCATCGTACAGTGGGGAGTG - 3

Methods Table 1. Primers used for directed mutagenesis.

TALE sequences targeting human SERPINB5 promoter

TALEL1 binding sequence TAGCAGAATGAGCTGCTGCAGT

TALE2 binding sequence TTGGAAGCTGTGCAGACAACAG

sgRNA targeting human SERPINB5 promoter (without PAM)

SgRNA 1 TTCCTGCCCGAACATGTTGG
SgRNA 2 ATTGTGGACAAGCTGCCAAG
SgRNA 3 GTAGGAGAGGAGTGCCGCCG

Methods Table 2. TALE and sgRNA (CRISPR-dCas9) binding sequences in the human SERPINB5 promoter.
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Amplification SERPINB5 promoter for COBRA and BS-seq (bisulfited DNA)

SERPINB5 BS-Seq Forward TTTTGGAAGTTGTGTAGATAATAGTAATTTT

SERPINB5 BS-Seq Reverse CCCTCTACAATATTCCTAATACTCAAAAA

Amplification SERPINB5 promoter for amplicon Next Generation Sequencing (bisulfited DNA)

Forward region-1 (NNNN = tag) NNNNTGTTGTAGTTTATATAAAAAGAATGGAGA
Reverse region-1 ATCTACACAACTTCCAAAAAACCTC
Forward region-2 (NNNN= tag) NNNNAATTGTGGATAAGTTGTTAAGAGGTTTG
Reverse region-2 CTACCCCACCTTACTTACCTAAAATCAC

T7 endonuclease assay

Primer gSERPINB5 F CAGGCCTGAGTAATCCTAATCACAG
Primer gSERPINB5 R GAACACTGCAGAGGGAGTAAAATC
RT-gPCR

SERPINBS primer F GCCACGTTCTGTATGGGAAA
SERPINBS primer R TGGACTCATCCTCCACATCC
SDHA primer F GCTCATGCATGTGTCCATGT
SDHA primer R CAGCCACTAGGTGCCAATCT
RPL13A primer F CCGAGAAGAACGTGGAGAAG
RPL13A primer R GGCAACGCATGAGGAATTA
ACTB primer F AGGTGTGGTGCCAGATTTTC
ACTB primer R GGCATGGGTCAGAAGGATTC
DAPK1 primer F GGCGAGCTGTTTGACTTCTT
DAPK1 primer R GATTTGAAGGGAGTGCAGGT
CDH1 primer F CTCGACACCCGATTCAAAGT
CDH1 primer R GGCGTAGACCAAGAAATGGA

Methods Table 3. Primers sequences used in the first part of the thesis.
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sgRNA targeting mouse Dazl promoter (without PAM)

SgRNA 3 GACGTGCTACAGCCAATAGG (+)
SgRNA 4 ACGCACTCCGTGGGCGACGT (-)
SgRNA 5 GCATGCGCGACATCTACGTA (+)
SgRNA 6 AGGGGCTTCGGACACGGTCC (-)

SgRNA targeting mouse Aszl1 promoter (without PAM)

SgRNA 3 GGAAGAACAGCTTGGAGCCA (-)
SgRNA 4 GTGGCCTTGCGCAAGCGCCT (+)
SgRNA 5 GTGAAAGGCCAGCTCGTGGG (-)
SgRNA 6 GTGGAACGAGCTAAATACGA (+)

Methods Table 4. sgRNAs sequences in the mouse Dazl and Asz1 promoters.
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pPlatTet-gRNA2 gRNA Insert F 5’ — TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGNNNNNNNNNNNNNNNNNNN -3’

pPlatTet-gRNA2 gRNA Insert R 5'- GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC -3

Primers for the amplification of mouse Dazl promoter for COBRA and BS-seq (bisulfited DNA)

Dazl BS-Seq Forward GTGAGGTGGTTGTTTAGT

Dazl BS-Seq Reverse ATCCATCTATCTATCAATAAAACTC
Aszl BS-Seq Forward TAAGTTAAAGTTTTGGGAAAAAGTTAGG
Aszl BS-Seq Forward TTATTTCTAATAAAAATCCATCTCACCC

Primers RT-qPCR (5’ 2 3’)

Dazl-2 primer F AACAACCCCCTGAGATGAGTT
Dazl-2 primer R TTCAGAAGAAGTCGGGCAGT
Dazl-3 primer F TCAATTCCTCCAACAAAAACG

Dazl-3 primer R

ATCAGCAACCACAAGTCAAGG

Asz1 primer F

CCCGAATCCACACACTGTAAC

Aszl primer R CGGGAAAATGACCCAACTC
Mael primer F CCATTTTGGGTGTCACACTG
Mael primer R TCTGTTTGGAATCCAGCTCA
Hprt primer F GCAGTACAGCCCCAAAATGG
Hprt primer R GGTCCTTTTCACCAGCAAGCT
Rpl13a primer F GAGTCCGTTGGTCTTGAGGA
Rpl13a primer R GGTTACGGAAACAGGCAGAA
Mrpl32 primer F AGGTGCTGGGAGCTGCTACA
Mrpl32 primer R AAAGCGACTCCAGCTCTGCT

Gus primer F

GATTCAGATATCCGAGGGAAAGG

Gus primer R

GCCAACGGAGCAGGTTGA

B2m primer F

TATGCTATCCAGAAAACCCCTCAA

B2m primer R

GTATGTTCGGCTTCCCATTCTC

Methods Table 5. Primers sequences used in the second part of the thesis.
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RESULTS (1)

Objectives

The first part of my thesis is focused on the study of DNA methylation as a therapeutic target.
DNA methylation is a reversible modification and is a target of choice in the development of
therapeutic strategies in cancer. CpG islands in promoters of tumor suppressor genes are frequently
aberrantly methylated and repressed in cancer. Thus, erasing methylation in these regions would
allow the re-expression of endogenous genes involved in essential pathways such as control of cell
cycle and the induction of apoptosis. Up to now, several DNMTs inhibitors have been developed and
tested in clinics. For example, the 5'-azacytidine (5aza) molecule, a cytidine analogue incorporated
into DNA and able to trap DNMTs in the chromatin, is approved for the use in Acute Myeloid
Leukaemia and Mpyelodysplastic syndromes. However, its use is limited because the loss of
methylation induced by these inhibitors is non-specific, leading to a global demethylation of the

genome, secondary effects and high toxicity in non-cancer cells.

My objective in this first part was to develop targeted demethylation strategies addressed to
tumor suppressor gene promoters without affecting the global methylation profile of the cells. My
work was aimed to answer the following questions:

(1) Can we induce a specific demethylation of a tumor suppressor gene promoter in cancer

cells?

(2) Is the epigenetic reprogramming durable in time?

As a model gene to test epigenome editing strategies we have used SERPINB5 (also known as
MASPIN), a gene with tumor suppressor properties in epithelial cells and whose promoter has been
reported to be hypermethylated in breast cancer (Domann et al., 2000; Futscher et al., 2004; Maass
et al., 2002; Oshiro et al., 2003). It is also downregulated in prostate cancer (Abraham et al., 2003;
Sheng et al., 1996). Re-expression of SERPINBS in in vivo or in vitro studies has been shown to inhibit
tumor growth, cell migration and invasion, metastasis, angiogenesis and promote apoptosis (Latha et
al., 2005; Lee et al., 2012b; Seftor et al., 1998; Shi et al., 2007; Zhang et al., 2005). The physiological
role of SERPINB5 as a gene with tumor suppressor properties has been questioned (Teoh et al.,,
2014), however a more recent study using a novel Serpinb5 mouse knockout model showed that
Serpinb5 protects from the apparition of cancerous phenotypes in many tissues, confirming its tumor

suppressor function (Dzinic et al., 2017).

During my PhD, | have used the breast cancer cell line MDA-MB-231. Once | had validated

that SERPINB5 promoter was methylated on these cells and its expression was sensible to 5aza
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treatment, | constructed plasmids coding for engineered chimeric proteins aiming to perform
epigenome editing on these cells. In order to induce the targeted demethylation of the SERPINB5S
promoter, | have developed fusion proteins containing a DNA binding domain TALE fused to the
catalytic domain of the human TET1 (hTET1), the enzyme catalysing the hydroxylation of methylated
cytosines. During the second year of my PhD, the field of genome and epigenome editing was
revolutionised with the discovery of a flexible and cheaper alternative to TALEs: the CRISPR-Cas9
system. Using the catalytically inactive version of Cas9 (dCas9), we created the dCas9-hTET1 fusion
proteins and we designed sgRNAs targeting SERPINB5 promoter in order to compare its efficiency to
the results we had obtained with the TALE-based system.

As TALE seemed to achieve a more robust demethylation and re-expression, we created an
inducible and reversible system coding for TALE-hTET1 under the control of a promoter sensible to
doxycycline. This system allowed us to study the kinetics of the demethylation and re-expression in
time. Moreover, we were able to study the stability of the demethylation in the absence of the
effector domain.

| have demonstrated that the experimental strategy leads to a specific and durable
reprogramming of SERPINB5 gene in breast cancer cells. These results could open the door to

research aiming to a therapeutic application.
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Abstract

Aberrant hypermethylation of CpG-rich gene promoters is a hallmark of cancer, contributing to
the epigenetic silencing of tumor suppressor genes (TSGs). Targeted DNA demethylation with
programmable DNA binding proteins constitutes a promising strategy to induce specific reactivation
of TSGs in cancer cells, however it is unknown if these approaches can induce persistent reactivation
of TSGs. Here we demonstrate that targeted demethylation induces durable reactivation of the
repressed SERPINB5 gene in breast cancer cells. We first compared different targeting tools and
found that TALE is more efficient than dCas9 for TET1-mediated demethylation of SERPINB5, with
minimal off-targets. Using a doxycycline inducible system, we show that targeted reactivation of
SERPINS by transient expression of TALE-TET1 is sustained for up to 30 days in culture. Our work
highlights the potential of targeted demethylation tools for inducing specific and durable reactivation

of TSGs in cancer cells.

Keywords: epigenome editing, SERPINB5, TALE, dCas9, TET1
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Introduction

In mammals, DNA methylation occurs on cytosines of CpG dinucleotides and plays critical roles
in embryonic development and tumorigenesis (Smith and Meissner, 2013). DNA methylation is
catalysed by DNA methyltransferases (DNMTs) and reversed by ten-eleven translocation (TET)
proteins. TET proteins catalyse the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC) and other oxidised derivatives, which induces their replacement with unmodified C by
replication-dependent dilution or through the action of DNA glycosylases such as thymine-DNA
glycosylase (TDG) and base excision repair (Wu and Zhang, 2017). In normal cells, dense methylation
of CpG-rich gene promoters is restricted to a small number of genes, mainly imprinted genes and
germline-specific genes (Auclair et al., 2014). In contrast, aberrant CpG island promoter DNA
methylation is frequent in all types of cancer cells and contributes to the epigenetic silencing of
tumor suppressor genes (TSGs) involved in many cellular processes such as DNA repair, apoptosis,
cell cycle control and cell migration.

SERPINB5 (also known as MASPIN) is a member of the serpin family of serine protease
inhibitors. Numerous studies have demonstrated that SERPINB5 has tumor suppression functions in
epithelial cancers by promoting apoptosis and inhibiting invasion and metastasis of cancer cells (Cher
et al., 2003; Seftor et al., 1998; Sheng et al., 1996; Shi et al., 2002; Zhang et al., 1997; Zou et al.,
1994). Knockout of Serpinb5 is embryonically lethal in mice (Gao, 2004), whereas mice with a
heterozygous deletion of Serpinb5 develop prostatic hyperplasia (Shao et al., 2008). Moreover
Serpinb5-deficient mice that survive until adulthood develop cancerous phenotypes in the mammary
gland, prostate, lung, intestine, and skin (Dzinic et al., 2017). In normal tissues, SERPINB5 expression
is inhibited in non-epithelial cells by dense promoter CpG methylation (Futscher et al., 2002). The
SERPINB5 gene is rarely mutated in cancer but instead its expression is frequently repressed by
aberrant promoter DNA methylation in breast cancer cells (Domann et al., 2000; Maass et al., 2002).

Because of its reversible nature, DNA methylation is a promising target for anti-cancer
therapies. Especially, inhibiting CpG island promoter methylation could restore expression of tumor
suppressor genes in cancer. Numerous studies are evaluating the clinical benefits of global DNA
methylation inhibitors such as 5-aza-2'-deoxycytidine (5azadC), but their use is limited because of
lack of specificity and high toxicity. Recent developments in targeted epigenome editing offer new
perspectives to correct DNA methylation at specific genes in cancer cells. These strategies consist in
fusing programmable DNA binding modules to epigenetic effector domains to reprogram the
epigenome at specific sites (Kungulovski and Jeltsch, 2016). In particular, targeted recruitment of TET
enzymes has emerged as an attractive approach to demethylate and reactivate silenced TSGs in

cancer cells. Using artificial zinc finger proteins (ZFPs), transcription activator-like effectors (TALEs) or
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catalytically inactive Cas9 (dCas9), TET catalytic domains have been targeted to hypermethylated
gene promoters in human cells, resulting in successful removal of DNA methylation and gene
reactivation (Chen et al., 2014; Choudhury et al., 2016; Huisman et al., 2016; Maeder et al., 2013; Xu
et al., 2016). However, these studies did not perform genome-wide methylome analysis to evaluate
the specificity of the demethylation. Another point that was not addressed is the durability of TET-
induced reactivation of TSGs, which is of crucial importance for potential future therapeutic
applications. Only a handful of studies addressed the stability of targeted epigenome editing. These
showed that ZFP-mediated recruitment of DNMT3A can induce stable DNA methylation at some but
not all genes (Kungulovski et al., 2015; Rivenbark et al., 2012; Stolzenburg et al., 2015). Another
study showed that targeted gene activation by artificial ZFPs can be stable for several days in culture
only in DNA hypomethylated loci (Cano-Rodriguez et al., 2016).

Here we addressed if targeted demethylation can induce durable reactivation of TSGs in
cancer cells, using as a model the methylated SERPINB5 gene. We first compared different strategies
and showed that TALE is more efficient than dCas9 for inducing TET-dependent demethylation and
reactivation of SERPINB5 in breast cancer cells. We then created an inducible system to study the
durability of the epigenetic reprogramming, and found that reactivation of SERPINBS is detectable at
the mRNA and protein level for up to 30 days in culture. Our data highlight the potential of targeted

demethylation strategies to induce long lasting reactivation of TSGs in cancer cells.

Results
Engineering of TALEs targeting the SERPINB5 promoter

The expression of SERPINB5 has previously been reported as being silenced by DNA
methylation in MDA-MB-231 cells (Primeau et al., 2003; Wozniak et al., 2007). To recapitulate these
findings in our experimental settings, we treated MDA-MB-231 cells with the DNA methylation
inhibitor 5-aza-2'-deoxycytidine (5azadC) at different concentrations (0.2, 2 or 5uM) during three
days. As shown in Figure S1, SERPINB5 expression is strongly upregulated in the cells treated with
5azadC, at higher levels compared to other methylation-repressed tumor suppressor genes such as
DAPK1 and CDH1. Thus SERPINB5 is a good candidate gene to perform targeted demethylation
experiments. In order to compare different strategies for targeted demethylation of the SERPINB5
gene, we first engineered TALE modules targeting different locations of the SERPINB5 promoter.
TALE1 binds a region of 21 nucleotides located at -340 bp relative to the Transcription Start Site
(TSS), whereas TALE2 binds a sequence at -111 bp relative to the TSS (Figure 1A). To evaluate the
efficacy of the TALEs, we fused them to the transcriptional activator VP64 and a green fluorescent

protein (GFP) reporter (Figure 1B), and transfected MDA-MB-231 cells to assess SERPINB5 expression
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on GFP-positive and GFP-negative cells 48h after transfection. SERPINB5 mRNA expression was
upregulated more than 150 times in cells transfected with TALE2-VP64 compared to untransfected
cells or cells transfected with a GFP control vector (Figure 1C). In contrast, TALE1-VP64 had only a
modest impact on SERPINB5 expression (Figure 1C). Based on these results, we selected TALE2 for

further experiments.

TALE-mediated targeted demethylation of SERPINB5

Having identified a TALE targeting SERPINB5, we fused TALE2 with the catalytic domain of the
human TET1 protein (TET1-CD-WT) or a catalytic inactive mutant (TET1-CD-mut) (Figure 1B) and
tested the effects of both constructs on SERPINB5 expression and promoter methylation in MDA-MB-
231 cells 48h after transfection. TALE2-TET1-CD-WT was able to upregulate SERPINB5 expression
level around 50 times compared to non-transfected cells (Figure 1D). In contrast the catalytic mutant
TALE2-TET1-CD-mut had no significant impact on SERPINB5 expression (Figure 1D), demonstrating
that the upregulation is specifically due to the catalytic activity of TET1. Because previous studies
suggested that the Activation-induced cytidine deaminase (AID) protein might be able to trigger DNA
demethylation (Ramiro and Barreto, 2015), we also tested the possibility to fuse TALE2 with the
human AID protein. We found that it does not efficiently restore SERPINB5 expression, as TALE2-
hAID was able to reactivate SERPINB5 expression only 5 times compared to control cells (Figure S2).

We then performed different analysis to measure DNA methylation in the SERPINB5
promoter. First, we performed Combined Bisulfite Restriction Analysis (COBRA) to evaluate cytosine
methylation in a TCGA site located close to the TSS (Figure 1A). Demethylation is observed in MDA-
MB-231 cells expressing TALE2-TET1-CD-WT, but not in cells expressing TALE2-VP64 and
untransfected cells (Figure 1E). The fact that TALE2-VP64 does not impact DNA methylation indicates
that demethylation is not just a consequence of transcriptional activation. To achieve a quantitative
and accurate quantification of methylation, we performed Next Generation Sequencing (NGS) of two
bisulfite PCR amplicons in the SERPINB5 promoter covering 22 CpGs (Figure 1A and Figure S3). This
revealed that TALE2-TET1-CD-WT induced a global decrease in methylation of 16% over the
amplicons compared to the control cells (Figure 1F). A closer inspection of DNA methylation levels at
individual CpGs showed that demethylation occurred approximately 100 bp upstream and 200 bp
downstream of the TALE2 binding site (Figure 1G). The CpGs around the TALE2 binding site show the
highest demethylation, in particular CpGs 8 to 11 that lose more than 30% methylation compared to
the control cells (Figure 1G). Altogether, we show that TALE2-TET1-CD induces efficient

demethylation and reactivation of SERPINBS in breast cancer cells.

126



Comparison of TALE and dCas9-mediated demethylation of SERPINB5

Next, we compared the ability of TALE and dCas9 based methods to induce epigenetic
reactivation of the SERPINB5 promoter. We transfected MDA-MB-231 cells with a plasmid coding for
the catalytically inactive Cas9 (dCas9) fused to the catalytic domain of TET1 (dCas9-TET1-CD-WT) or
the catalytically dead mutant (dCas9-TET1-CD-mut) together with a GFP reporter and a sgRNA
targeting the SERPINB5 promoter (Figure 2A). Fluorescence-positive and negative cells were sorted
48h after transfection. We tested independently three different sgRNAs targeting a sequence close
to the TALE2 binding site (Figure 2B), as well as a condition without sgRNA as control. Only one
sgRNA (sgRNA2) was able to induce SERPINB5 expression compared to control cells, but with a lower
magnitude than TALE2-TET1-CD-WT (Figure 2C). In contrast, the sgRNA3 and sgRNA4 did not induce a
significant derepression of SERPINB5 expression (Figure 2C). This is not due to an absence of
targeting activity of these gRNAs because they are able to induce Cas9-mediated DNA repair as
tested by T7 endonuclease assay (Figure S4). We then evaluated the demethylation induced by the
sgRNA2. As shown by the COBRA results in the Figure 2D and consistent with the expression results,
the sgRNA2 induced only a minor decrease of methylation compared to the TALE2-TET1-CD-WT
construct. This is consistent with other studies reporting low efficacy of dCas9-TET1 in mammalian
cells (Morita et al., 2016). Taken together, our results indicate that TALE is more efficient than dCas9
for inducing targeted epigenetic reactivation of SERPINB5 in MDA-MB-231 cells.

Genome-wide specificity of demethylation by TALE2-TET1

Our next goal was to investigate the genome-wide specificity of the demethylation induced by
TALE2-TET1. To this end, we performed Reduced Representation Bisulfite Sequencing (RRBS) in cells
transfected with TALE2-TET1-CD-WT and compared the methylation profiles to the ones in cells
transfected with TALE2-TET1-CD-mut and non-transfected cells. Because the SERPINB5 promoter
sequence does not contain two Mspl restriction sites, we adapted the RRBS protocol to perform a
double digestion with Mspl and Munl (see Methods). We performed RRBS in triplicates, capturing
between 2 and 3 million CpGs in each sample. The overall methylation profiles of cells expressing
TALE2-TET1-CD-WT were indistinguishable from the ones of the control cells (Figure 3A). Compared
to the control cells, cells expressing TALE2-TET1-CD-WT did not show a global decrease in DNA
methylation, indicating that TALE2-TET1-CD-WT is site-specific and does not modify genome-wide
methylation (Figure 3B). The RRBS results confirmed the demethylation of the SERPINB5 promoter,
whereas other tumor suppressor genes such as CDH1 are not affected (Figure 3C). To precisely
quantify the impact on DNA methylation, we identified differentially methylated regions (DMRs) with
more than 15% methylation difference (p<0.01) between cells expressing TALE2-TET1-CD-WT and
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control cells. This identified only 68 DMRs showing differential methylation in TALE2-TET1-CD-WT
cells compared to non-transfected cells and TALE2-TET1-CD-mut cells, which are all hypomethylated
(Figure S5A). Only 6 of these DMRs were located in gene promoters (-500 to +500bp relative to the
TSS) (Figure S5B), including the SERPINB5 promoter (Supplementary Table 1). These DMRs could
result from off-target binding, stochastic events or consequences of SERPINB5 re-expression.
Altogether this indicates that TALE2-TET1-CD-WT has minimal off-target activity and can induce
durable and specific demethylation of SERPINB5 in MDA-MB-231 cells.

TALE-mediated epigenetic reprogramming of SERPINBS is durable in time

We then focused on the TALE2-TET1 strategy to test if the epigenetic reprogramming of
SERPINBS in durable over time. For this purpose, we used lentiviral transduction to create stable
MDA-MB-231 cells expressing TALE2-TET1-CD fused to an IRES-GFP under the control of a
doxycycline-inducible promoter (Tet-On 3G System, Figure 4A). As a control we also created stable
inducible MDA-MB-231 cells expressing GFP alone (Figure 4A). To validate the induction, we
monitored GFP fluorescence in cells treated with and without Dox and observed strong GFP signal
upon Dox treatment (Figure S6). Dox treatment for 14 days (Figure 4B) resulted in a progressive re-
expression of SERPINBS5 in inducible TALE2-TET1-CD cells but not in GFP control cells (Figure 4C). To
test if SERPINB5 is also induced at the protein level, we performed western blot analysis and
observed strong accumulation of SERPINB5 protein in Dox-treated TALE2-TET1-CD cells (Figure 4D).
We then tested if the re-expression of SERPINB5 is durable in time by monitoring SERPINB5
expression after removing Dox from the medium, which efficiently and rapidly switches off the
expression of the transgene (Figure S6). SERPINB5 expression is detected after Dox removal and
subculturing the cells for up to 30 days, even though the level of re-expression slightly goes down
with time (Figure 4E). We observed the same results at the protein level by western blot (Figure 4F),
and this was repeated in several independent experiments (Figure S7). Thus the de-repression of
SERPINB5 remains durable for at least 30 days when the expression of TALE2-TET1-CD is switched off
in the cells. We then measured DNA methylation of the SERPINB5 promoter by amplicon sequencing
at several time points of Dox induction and after Dox removal. Dox treatment in cells expressing GFP
only did not alter DNA methylation of SERPINB5 (Figure 4G). In contrast, Dox treatment of cells
expressing TALE2-TET1-CD lead to a decrease in methylation from 89% in control cells to 81% after
14 days (Figure 4G). The methylation profiles are similar to what we had already observed in
transitory transfections, with the highest demethylation occurring at CpGs 8-11 close to the TALE2
binding site (Figure 4H). After Dox removal, the methylation slightly increased but even after 30 days

the methylation levels were not restored to initial levels (Figure 4G-H), which coincides with
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persistent expression of SERPINB5. The increase in methylation after Dox removal could be caused by
a slow remethylation or a competitive advantage of SERPINB5-negative cells. Altogether, we
conclude that targeted promoter demethylation induces durable SERPINB5 expression for at least 30

days in MDA-MB-231 cells.

Impact of SERPINB5 demethylation on the cellular phenotype

As it has been previously shown that re-expression of SERPINBS in cancer cells could induce
apoptosis and inhibit cell proliferation (Beltran et al., 2007; Garcia-Bloj et al., 2016), we examined if
stable SERPINB5 re-expression has a phenotypical impact in our system. We quantified apoptotic
cells by flow cytometry after Annexin V and 7-AAD staining in our MDA-MB-231 cells expressing
inducible TALE2-TET1-CD or GFP at several time points during Dox treatment and 10 days after Dox
removal. As shown in Figure S8, the induction of TALE2-TET1-CD and re-expression of SERPINB5 had
no significant effect on the proportion of early or late apoptotic cells compared to non-treated cells
and inducible GFP cells (Figure S8A-B). In addition, we measured cell proliferation after 10 to 14 days
of Dox treatment and found no significant impact of TALE2-TET1-CD induction on proliferation
relative to the control cells, even though this coincides with the period of highest SERPINB5 induction

(Figure S8C).

Material and methods

Cell culture. MDA-MB-231 cells (ATCC: HTB-26) were cultured in RPMI 1640 medium (Gibco,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) and 50 pg/ml gentamycin
sulfate (Gibco, Thermo Fisher Scientific). For DNA methylation inhibition experiments, MDA-MB-231
cells were treated with 5-aza-2'-deoxycytidine (Sigma) at 0.2, 2 or 5uM and harvested for analysis
24h, 48h and 72h after the beginning of the treatment. Cells were cultured in a humidified
atmosphere at 37°C supplemented with 5% CO,. All cell lines have been tested negative for

mycoplasma.

Plasmids and cloning. The TALEs (TALE1 binding site: TAGCAGAATGAGCTGCTGCAGT, TALE2
binding site: TTGGAAGCTGTGCAGACAACAG) were designed and cloned by Labomics, and we
obtained plasmids coding for TALE1-VP64-T2A-GFP and TALE2-VP64-T2A-GFP from Labomics. The
plasmids contain Bmtl and Xbal restriction sites flanking the VP64 sequence. The coding sequences of

the human TET1 catalytic domain (CD) or the human AID protein were synthesised by Integrated DNA
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Technologies (IDT) and cloned into the Bmtl and Xbal sites. The mutant TET1 plasmid was created by
directed mutagenesis using the Phusion High Fidelity DNA polymerase (Thermo Fischer Scientific) to
introduce two point mutations (H1671Y and D1673A) (Tahiliani et al., 2009). The dCas9-TET1-CD-GFP
plasmid was constructed based on the pdCas9-DNMT3A-EGFP plasmid (Addgene #71666). The
original plasmid was digested with the restriction enzymes BamHI| and Fsel to remove the DNMT3A
fragment and replace it with the catalytic domain of human TET1 that was amplified by PCR using
forward and reverse primers introducing BamHI| and Fsel restriction sites. Two undesired Bbsl
restriction site within the catalytic domain of TET1 were removed by site-directed mutagenesis. The
TET1 was mutated by directed mutagenesis to introduce the same two point mutations as described
above. Three sgRNAs targeting the SERPINB5 promoter (sgRNA2: TTCCTGCCCGAACATGTTGG,
sgRNA3: ATTGTGGACAAGCTGCCAAG, sgRNA4: GTAGGAGAGGAGTGCCGCCG) were designed using
http://crispr.mit.edu, synthesised as pairs of oligonucleotides, annealed and cloned into the Bbsl site
of the dCas9-TET1-CD-GFP plasmids (WT and mut). For the T7 endonuclease assays, the gRNAs were
cloned into the Bbsl site of the pSpCas9(BB)-2A-GFP plasmid (Addgene #48138). In order to create an
inducible MDA-MB-231 cell line expressing TALE2-TET1 under the control of a Doxyxycline-inducible
promoter, we subcloned the TALE2-TET1 sequence in the MCS-1 and the EGFP sequence in the MCS-
2 of the lentiviral pLVX-TRE3G-IRES plasmid (Tet-On 3G System, Clontech #631362). A plasmid

containing only the EGFP sequence cloned in the MCS-2 was used to create the control cell line.

Transfections. MDA-MB-231 cells were transfected with TALE-VP64-T2A-GFP, TALE-TET1-CD-
T2A-GFP (WT and mut), TALE-AID-T2A-GFP and dCas9-TET1-CD-T2A-GFP (WT and mut) plasmids
using the Trans-IT BrCa transfection reagent (Mirus Bio) according to the manufacturer’s instruction.
In brief, 60-80% confluent cells in 100 mm dishes were transfected with 15ug of plasmid. As a
control, we also transfected cells with a plasmid coding for GFP only (pEGFP-C1, Clontech). GFP-
positive and negative cells were sorted 48h after transfection for DNA methylation and gene
expression analysis using a BD FACS Vantage cell Sorter (BD Biosciences). All transfections were

performed in triplicate.

Inducible cell lines and Dox treatment. MDA-MB-231 cells stably expressing TALE2-TET1-CD-
IRES-GFP or EGFP alone under the control of a Doxycycline-inducible promoter (PTRE3G) were
generated by lentiviral transduction. Production of lentiviral particles in HEK293T cells and
transduction of MDA-MB-231 cells were performed at the GIGA-Viral Vectors platform (University of
Liege, Belgium). Cells were transduced with the pLVX-Tet3G plasmid and twice with the pLVX-TRE3G-
TALE2-TET1-CD-IRES-EGFP or the pLVX-TRE3G-IRES-EGFP (coding for EGFP alone). After transduction,

stably infected cells were selected with Puromycin and G418 and kept as a pool. For the induction
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experiments, cells were treated with Doxycycline (1 ug/mL, Clontech) for up to 14 days. The medium
and Doxycycline were renewed every day. Non-treated cells were cultured in parallel to serve as
controls. Doxycycline was then removed from the medium and the cells were cultured up to 30 days
after Dox removal. The induction was followed at several time points during and after treatment by

monitoring GFP fluorescence by flow cytometry using a FACS Calibur (BD Biosciences).

T7 endonuclease assays. Genomic DNA was extracted from MDA-MB-231 cells transfected
with plasmids coding for Cas9 and sgRNA 3 and 4 targeting the SERPINB5 promoter. The regions
flanking the sgRNA target site in the SERPINB5 promoter were amplified by PCR with the Platinum
Taq DNA polymerase (Invitrogen, Thermo Fisher Scientific) from 2 ng of DNA using the following PCR
conditions: 20 cycles of 30s at 95°C, 30s at 64—-54°C (with a 0.5°C decrease per cycle), 50s at 72°C
followed by 35 cycles of 30s at 95°C, 30s at 54°C, 50s at 72°C. 200ng of the purified PCR products
were denatured-annealed following the reaction: 95°C 5 min; -2°C/s to 85°C; -0,1°C/s to 25°C; 12°C.
The products were digested with 10U of T7 endonuclease | for 20 min at 37°C. The endo | was
inactivated with 25mM EDTA and the products were run in a 1,5% agarose gel. The primers used for

the T7 endonuclease assays are given in the Supplementary Table 2.

COBRA. Genomic DNA was extracted with the AllPrep DNA/RNA Mini Kit (Qiagen). Between
200 and 1000 ng of genomic DNA was converted using the EpiTect Bisulfite Kit (Qiagen) according to
the manufacturer’s instructions. For COBRA, the SERPINB5 promoter region was amplified by PCR
with the Platinum Tag DNA Polymerase (Invitrogen, Thermo Fisher Scientific) using the following
conditions: 20 cycles of 30s at 95°C, 30s at 62-52°C (with a 0.5°C decrease per cycle), 50s at 72°C
followed by 35 cycles of 30s at 95°C, 30s at 52°C, 50s at 72°C. 40 ng of PCR amplicon was digested
with 10U Tagqal restriction enzyme (Thermo Fisher Scientific) for 1h at 65°C, and an equal amount of
PCR amplicon was used for the undigested control. The samples were then purified with the
QIAquick PCR purification kit (Qiagen) and migrated on a 2.5% agarose gel. The primers used for

COBRA are given in the Supplementary Table 2.

High throughput sequencing of bisulfite amplicons. Bisulfite converted DNA was amplified
with two pairs of primers in the SERPINB5 promoter using the same PCR conditions as for COBRA.
The forward primers were barcoded at the 5' end with 4 nucleotides to allow multiplexing of samples
in the sequencing runs. The primers are given in the Supplementary Table 2. The amplicons were
purified using AMPure XP beads (Beckman Coulter), pooled and sequencing libraries were prepared
and sequenced (2 x 125 bp) on a HiSeq 4000 by GATC Biotech. We obtained a sequencing depth

between 10,000 and 50,000X for each experimental sample. Reads were trimmed with TrimGalore
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(v0.4.2) to remove adapter sequences and low-quality ends with a Phred score below 20, and aligned
to the expected amplicon sequences with BSMAP (v2.74). For the mapping, we allowed a maximum
of 4 mismatches. We extracted methylation scores as the ratio of the number of Cs over the total

number of Cs and Ts and combined CpG methylation ratios from both strands.

RRBS. We performed RRBS in three biological replicates of non-transfected cells and cells
transfected with TALE2-TET1-CD-WT or TALE2-TET1-CD-mut. RRBS libraries were prepared as
described (Auclair et al., 2014), with some modifications. Because the SERPINB5 promoter sequence
does not contain two Mspl sites, we performed a double digestion protocol. Briefly, 50 ng genomic
DNA were digested for 5h with Mspl and Munl (Thermo Fisher Scientific) followed by end-repair, A-
tailing and ligation to methylated adapters with T4 DNA ligase (Thermo Fisher Scientific) in Tango 1X
buffer. Small fragments (150 to 400 bp) were selected by electrophoresis on a 3% (w/v) agarose 0.5X
TBE gel and purified with the MinElute gel extraction kit (Qiagen). Bisulfite conversion was performed
by two rounds of conversion with the EpiTect kit (Qiagen) according to the manufacturer’s
instructions. RRBS libraries were amplified by 14 cycles of PCR with PfU Turbo Cx hotstart DNA
polymerase (Agilent) and purified with AMPure magnetic beads (Beckman Coulter). The libraries
were paired-end sequenced (2x75 bp) with a HiSeq4000 by Integragen SA (Evry, France). Sequencing
reads were trimmed with TrimGalore (v0.4.2) and aligned to the human hg38 genome with BSMAP
(v2.74). For the mapping, we allowed a maximum of two mismatches. We combined CpG
methylation ratios from both strands and only retained CpGs with a minimum sequencing depth of
8X. To compare methylation profiles between samples, we generated pairwise plots with
methylation values calculated in 400 bp windows containing at least 3 CpGs. The dendrogram was
generated based on the Euclidean distances between CpG methylation scores with the dist and
hclust functions in R. To identify DMRs, we used the eDMR algorithm from the methylKit R package
(Li et al., 2013b). We identified DMRs with a change in methylation >15%, at least 4 differentially
methylated CpGs (DMCs), and a p-value <0.01 (t-test) between the triplicates. DMRs were considered

promoter proximal if they are located -500 to +500 bp from an annotated RefSeq TSS.

RT-gPCR. Total RNA was extracted together with DNA samples with the AllPrep DNA/RNA Mini
Kit (Qiagen). RNA samples were reverse transcribed with the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Quantitative PCR reactions were performed with the KAPA SYBR FAST
kit (Clinisciences) on a StepOnePlus Real-Time PCR System (Life Technologies, Thermo Fisher
Scientific). Amplification cycling conditions were as follows: 95 °C for 3 min and 40 cycles (95 °C for
20 sec, 60 °C for 30 s). All samples were assayed in triplicate reactions, and we systematically

amplified in parallel no-RT controls to exclude the presence of contaminating genomic DNA. For data
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representation, the expression of genes (SERPINB5, DAPK1, CDH1) was normalized relative to the
expression of three housekeeping genes: ACTB, RPL13A and SDHA. For the expression analysis in
inducible cells, we then calculated the fold change of SERPINB5 expression in dox treated cells
relative to non-treated cells at each time point. The primer sequences for all genes are given in the

Supplementary Table 2.

Western blotting. Total proteins were extracted with the RIPA Lysis Buffer System
(Clinisciences) supplemented with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) and Halt
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Proteins were run on 10% SDS-
polyacrylamide gels. The proteins were transferred to a 0,2 um Nitrocellulose membrane (BioRad)
using the Trans-Blot Turbo Blotting System (BioRad). The membranes were washed in Tris-buffered
saline solution (TBS 10X, Euromedex) with 0,05% Tween 20 and blocked with 5% nonfat milk in TBS
1X solution with Tween 20 for 1 h. The membranes were incubated with primary antibodies
overnight at 4°C (SERPINB5) or 1 h at RT (VINCULIN), then washed and incubated for 1h with
horseradish peroxidase-conjugated secondary antibodies followed by chemiluminescence detection
using the ECL detection reagent (Amersham, GE Healthcare). SERPINB5 was detected with a mouse
monoclonal antibody (BD Biosciences #554292, 1:1000) and a secondary sheep anti-mouse antibody
(GE Healthcare Lifescience #RPN4201, 1:30000). Vinculin was used as a loading control and detected
with a rabbit anti-vinculin antibody (Abcam #ab129002, 1:10000) and a secondary goat anti-rabbit
antibody (Sigma #A0545, 1:50000).

Growth and apoptosis assays. We assessed proliferation and apoptosis in the doxycycline
inducible cell lines. To quantitatively study the percentage of cell death (early apoptotic, late
apoptotic or necrotic cells) we performed Annexin-V PE and 7-AAD staining using commercial kits (BD
Bioscience) according to the manufacturer’s instructions. The percentages of apoptotic cells were
measured by flow cytometry using a FACSCelesta flow cytometer (BD Biosciences) 7, 10 and 14 days
after the beginning of the Dox treatment, and 10 days after Dox removal. A positive control was
induced at each time point with campthotecin (Sigma) at 8uM for 4h at 372C to determine the flow
cytometry settings. To measure cell proliferation, Dox induced cells (9 days after the beginning of the
treatment) were seeded in 96-well plates (2,000 cells per well) and cultured for 1 to 5 days. The
medium containing Dox was refreshed every day. The cells were incubated with the WST-1 Cell
Proliferation Reagent (Roche) for 4h at 37°C, and then the absorption was measured at 440 nm using
the Asys UVM 340 Microplate Reader (Biochrom). All experiments were performed in biological

triplicate.
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Statistical analysis. All experiments were performed at least in three independent biological
replicates. Error bars represent standard error of mean (S.E.M.). Statistical significance was tested

with a two-tailed, unpaired, unequal variance t-test.

Discussion

It is well known that aberrant promoter CpG methylation of tumor suppressor genes
contributes to cancer progression. Previous work has highlighted the ability to use programmable
DNA binding domains to perform TET1-mediated targeted DNA demethylation in mammalian cells,
suggesting that these methods could have therapeutic potential to achieve specific reactivation of
TSGs in cancer. However, some key issues still remain to be investigated in more depth, in particular
comparing the efficiency of different tethering strategies, investigating the genome wide specificity
of the demethylation, and investigating the durability of the reprogramming. In this study, we
provide several important findings that contribute to address these issues.

First, we compared the efficiency of TALE and dCas9-based strategies to perform targeted
TET1-mediated demethylation of the SERPINB5 promoter in breast cancer cells. Although dCas9 is
easier to use, our results indicate that TALE-TET1 fusion proteins were more efficient than dCas9-
TET1 for inducing demethylation and reactivation of SERPINB5. A previous study also reported a
lower efficiency of the dCas9 system compared to TALEs for activating endogenous genes in mouse
fibroblasts (Gao et al., 2014). Similarly, TALEs were found more efficient than ZFPs and dCas9 when
fused to VP64 for targeted activation of SERPINB5 in human cells (Garcia-Bloj et al., 2016). Together
these studies and our work suggest that TALEs are more potent than dCas9 for targeted activation
experiments. One probable explanation is that the dCas9 complex has an intrinsic negative impact on
gene activation by physically interfering with transcriptional elongation and transcription factor
binding (Qi et al., 2013). Another possibility is that dCas9 might not efficiently bind to loci containing
dense CpG methylation, as suggested (Cano-Rodriguez et al., 2016; Wu et al., 2014). Our TALE2-TET1
construct achieved robust reactivation of SERPINB5 expression, however in contrast to a previous
report (Beltran et al., 2007) this was not sufficient to induce apoptosis and reduced cell proliferation
of MDA-MB-231 cells. Most likely this is because the fold change activation achieved by TALE2-TET1
in inducible cell lines is lower than the one previously obtained with constitutive expression of a
synthetic ZFP-VP64 construct (Beltran et al., 2007). In support of this, the previous study showed a
positive correlation between the magnitude of transcriptional upregulation of SERPINB5 achieved by

different ZFP-VP64 constructs and the phenotypic impact in the cells (Beltran et al., 2007).
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Second, we investigated the genome-wide specificity of demethylation induced by tethering
TET1 with TALEs. RRBS showed that TALE2-TET1 induces demethylation of the SERPINB5 promoter
without altering global methylation and with minimal off-target effects. This is the first study
demonstrating the genome-wide specificity of targeted demethylation with engineered TALE-TET1
constructs. In comparison, the genome-wide specificity of dCas9-TET1 has never been tested in
previous reports. However several groups independently reported high off-target methylation
activity with transfection or transduction of dCas9-DNMT3A, even in the presence of sgRNAs
(Galonska et al., 2018; Lin et al., 2018; Pflueger et al., 2018). This suggests that dCas9-TET1 could also
have substantial off-target demethylation activity, which remains to be tested in the future.

Third, we investigated the durability of TSG reactivation induced by targeted demethylation.
In the past years, several studies investigated the durability of targeted methylation deposition by
DNMT3A. Some studies showed that targeted DNA methylation can result in sustained silencing
(McDonald et al., 2016; Stolzenburg et al., 2015), whereas others found that targeted methylation is
lost upon cell culture (Amabile et al., 2016; Galonska et al., 2018; Kungulovski et al., 2015; Vojta et
al., 2016). In contrast, very few studies have addressed the stability of epigenetic reactivation by
programmable DNA binding proteins. In particular, in all previous work performing targeted
activation of SERPINB5 or targeted demethylation of TSGs in cancer cells, the durability of the
activation was not investigated. Here, using a doxycycline inducible system, we showed that TET1-
mediated demethylation and reactivation of SERPINB5 is durable in cultured cells. SERPINB5
reactivation was detected at the mRNA and protein level for up to 30 days after doxycycline removal.
This is in line with another study showing that dCas9-TET1 mediated activation of the FRM1 gene is
stable for two weeks in cultured cells after inhibition of dCas9 activity (Liu et al., 2018). Collectively,
these data show that targeted removal of DNA methylation can induce durable gene activation and
reinforce the idea that DNA methylation is the major determinant of long-term silencing. In support
of this, tethering H3K4me3 to gene promoters leads to sustained gene activation only when the
target promoter has no DNA methylation (Cano-Rodriguez et al., 2016).

Although SERPINBS reactivation is durable, we observed a slight decrease in expression and
increase in DNA methylation over time in culture. This could indicate a slow remethylation process,
which could be tested by simultaneously expressing TALE2-TET1 and inhibiting de novo
methyltransferases. Alternatively, it is plausible that this reflects a competitive advantage of
SERPINB5-negative cells. Indeed, although we did not observe a reduced cell proliferation at the
population level, previous studies demonstrated that high SERPINB5 expression inhibits proliferation
of MDA-MB-231 cells. Therefore, if there is cell to cell heterogeneity in the response to doxycycline,
it is likely that the cells that are the most demethylated and express the highest levels of SERPINBS in

the population grow slower, leading to a progressive apparent increase in methylation. Further work
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is also needed to reinforce the efficiency and durability of the demethylation. This could be achieved
by combining TET1 with other epigenome editing tools (Amabile et al., 2016), or using the dCas9-
SunTag system that allows the recruitment of multiple copies of TET1 to a targeted site (Morita et al.,
2016).

Although the durability of methylation reprogramming is probably context-dependent and
needs to be tested at other loci and in other cell types, our work highlights the potential of targeted
methylation engineering to induce durable reactivation of TSGs in cancer cells with less collateral

effects than current drugs inhibiting DNA methylation genome-wide.
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Figure 1. TALE-TET1 mediated demethylation and reactivation of SERPINB5 in MDA-MB-231 cells.

A. Schematic illustration of the human SERPINB5 promoter region and the TALE binding sites. The
TALE1 and TALE2 binding sites are located -340 bp and -111 bp from the TSS, respectively. The
vertical bars represent the position of CpGs. The positions of the bisulfite PCR amplicons for COBRA
and next generation sequencing (NGS) are indicated in grey, and the position of the Taqgal restriction
site for COBRA is indicated in red. B. Schematic illustration of the vectors coding for GFP, TALE-VP64
and TALE-TET1-CD (WT and mutant) used in the experiments. Transcription is driven by a CMV
promoter (arrow). NLS= Nuclear Localisation Signal. C. RT-gPCR analysis of SERPINB5 expression in
cells transfected with TALE-VP64 vectors, calculated as a ratio relative to the expression of three
housekeeping genes (RPL13A, SDHA, ACTB) (mean + SEM, n= 3 or 4 biological replicates). For cells
transfected with TALE2-VP64, the fold change relative to non-transfected cells is indicated. D. RT-
gPCR analysis of SERPINB5 expression in cells transfected with TALE2-TET1-CD vectors (mean + SEM,
n= 3 biological replicates). For cells transfected with TALE2-TET1-CD-WT, the fold change relative to
non-transfected cells is indicated. E. Methylation analysis in the SERPINB5 promoter by COBRA.
Hypomethylation is evident is cells transfected with TALE2-TET1-CD-WT. F. Methylation analysis in
the SERPINB5 promoter by amplicon-Next Generation Sequencing (NGS). The histogram shows the
average methylation of all CpGs contained in both amplicons. The global methylation decreases from
87% in non-transfected cells to 71% in cells transfected with TALE2-TET1-CD-WT. Data are shown as
the mean + SEM (n= 3 or 4 biological replicates). G. Graph showing the methylation scores at
individual CpGs calculated by amplicon-NGS. Data are shown as the mean + SEM (n= 3 or 4 biological
replicates). The position of the TALE2 binding site is indicated in grey. ns: not significant, *: p<0.05,
**: p<0.01, ***: p<0.001 (unpaired t-test relative to non-transfected cells).
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Figure 2. Low efficiency of dCas9-TET1 for reactivating SERPINB5 in MDA-MB-231 cells.

A. Schematic illustration of the vectors coding for the gRNA and dCas9-TET1-CD (WT and mutant)
used in the experiments. The promoters are indicated by arrows. B. Location of the gRNA sequences
in the human SERPINB5 promoter. The gRNA2, gRNA3 and gRNA4 are located -140 bp, -64 bp and -37
bp from the TSS, respectively. C. RT-qPCR analysis of SERPINB5 expression in cells transfected with
dCas9-TET1-CD vectors (mean + SEM, n= 3 biological replicates). ns: not significant, *: p<0.05, **:
p<0.01, ***: p<0.001 (unpaired t-test relative to non-transfected cells). D. Methylation analysis in the
SERPINB5 promoter by COBRA in cells transfected with dCas9-TET1-CD vectors.
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Figure 3. Genome-wide specificity of TALE-mediated demethylation.

A. Dendrogram representing the hierarchical clustering of CpG methylation scores measured in three
independent RRBS experiments in cells transfected with TALE2-TET1-CD-WT, TALE2-TET1-CD-mut
and non-transfected cells. B. Pairwise correlation plot of methylation scores (measured in 400 bp
tiles) in non-transfected cells compared to cells expressing TALE2-TET1-CD-WT or TALE2-TET1-CD-
mut. The colors ranging from blue to dark red indicate the density of data points. C. Single CpG
methylation profiles assessed by RRBS in the SERPINB5 and CDH1 promoters in cells transfected with
TALE2-TET1-CD-WT (green), TALE2-TET1-CD-mut (red) and non-transfected cells (grey). Each vertical
bar represents the methylation of a single CpG from 0 to 100%.
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Figure 4. Reactivation of SERPINB5 by TALE-mediated demethylation is durable.

A. Schematic illustration of the vectors used to generate stable inducible cells lines. The expression of
TALE2-TET1-CD-WT-IRES-GFP or GFP alone is under the control of a TRE3G promoter that is induced
by the Tet-On 3G transactivator protein in the presence of Doxycycline (Dox) B. Timeline of Dox
induction experiments. Cells were treated with Dox for 14 days and sub-cultured for up to 30 days
after Dox removal. C. RT-qPCR analysis of SERPINB5 expression during Dox treatment. At each time
point, the expression in Dox treated cells was normalized to the expression in untreated cells
cultured in parallel. Data are shown as the mean = SEM (n= 3 biological replicates). D. Western blot
analysis of SERPINB5 protein expression during Dox treatment. E. RT-qPCR analysis of SERPINB5
expression after Dox removal in TALE2-TET1-CD-WT-IRES-GFP cells. At each time point, the
expression in Dox-treated cells was normalized to the expression in untreated cells. Data are shown
as the mean * SEM (n= 3 biological replicates). F. Western blot analysis of SERPINB5 protein
expression after Dox removal in TALE2-TET1-CD-WT-IRES-GFP cells. G. Methylation level of SERPINB5
promoter measured by amplicon NGS in inducible cells during and after Dox treatment (mean + SEM,
n= 3 biological replicates). H. Methylation profiles of single CpGs in TALE2-TET1-CD-WT-IRES-GFP cells
after Dox treatment and Dox removal (mean + SEM, n= 3 biological replicates). ns: not significant, *:
p<0.05, **: p<0.01, ***: p<0.001 (unpaired t-test relative to untreated cells).
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Supplementary Figure 1. SERPINB5 expression is regulated by DNA methylation in MDA-MB-231

cells.

A. Cell proliferation measured for 72h in MDA-MB-231 cells treated with various concentrations of 5-

aza-2’-deoxycytidine (5azadC). B-D. Expression measured by RT-qPCR of SERPINB5, DAPK1 and CDH1

in MDA-MB-231 cells treated with various concentrations of 5azadC (mean *SEM, n=2 biological

replicates). The expression was calculated as a ratio relative to the expression of three housekeeping

genes (RPL13A, SDHA, ACTB).
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Supplementary Figure 2. TALE-mediated recruitment of AID does not strongly activate SERPINB5
expression in MDA-MB-231 cells.

A. Schematic illustration of the vector used in the experiment. TALE2 was fused to the full length
human AID protein. B. RT-gPCR analysis of SERPINB5 expression in cells transfected with TALE2-hAID
(mean + SEM, n= 2 biological replicates). ns: not significant, *: p<0.05 (unpaired t-test relative to non-
transfected cells). C. DNA methylation analysis of the SERPINB5 promoter by COBRA in cells
transfected with TALE2-hAID.

145



Non-transfected cells peGFP-C1 (GFP+) peGFP-C1 (GFP-)

=y
o
=)
=)
=)
»
-~
3
>
o
=)

" - | P P 2
/"“V\ I'\ > 1A '/ ———— * \_ "“ T .F‘q ‘»47/.
= 80 / \ = 80 / \ = 80 \
S / S / S /
T 60 T 60 I 60
> > >
= (= =
T 404¢ T 4047 T 40
E £ E
& 20 22 2 2
0 ——rr— T 0 H——rr— wr—r——— 0 d——rr— T
CpG position CpG position CpG position
TALE2-TET1-CD-WT (GFP+) TALE2-TET1-CD-WT (GFP-)
100 100 = =
e » N‘ \\ . NN 1 2
c 80 /Va A - 80 . 1 v
5 F & [P~ 8 y, :
3 60{ \ T 60 /
z . { z
T 40 T 404y
£ <
22 22
04 T T 0 T T
1 235686 9 10 16 1819 21 22 1 23568 9 10 8 1819 2122
CpG positiol CpG position
TALE2-TET1-CD-mut (GFP+) TALE2-TET1-CD-mut (GFP-)
100 - 4
2 o S 2 = N A e
cef [/ 3 ' ogm] [V | =
9 / =)
T 60+ T 604
z z
T 40 T 404,
E £
=2 201 2 204
0 L——rrr— T 0 L——rrr— T

‘ CpG position CpG positioh

Supplementary Figure 3. CpG methylation profiles in the SERPINB5 promoter by amplicon-NGS.

Graphs depicting the methylation scores at individual CpGs measured by amplicon NGS in non-

transfected cells and cells transfected with GFP, TALE2-TET1-CD-WT or TALE2-TET1-CD-mut. For each

condition, the different colors represent biological replicates (n=3 or 4).
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Supplementary Figure 4. Validation of the sgRNAs targeting the SERPINB5 promoter by T7

endonuclease | assay.

A. PCR amplicon with the position of the sgRNAs and the predicted sizes of the cleavage products. B.
T7 endonuclease | assay visualised by gel electrophoresis in cells transfected with sgRNA3 and
sgRNA4 compared to the control cells. Both sgRNA3 and sgRNA4 lead to T7 endonuclease | digestion

products.
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Supplementary Figure 5. Analysis of differentially methylated regions (DMRs) in cells expressing

TALE2-TET1-CD.

A. Number of DMRs (>15%, p <0.01, t-test) identified by RRBS in cells expressing TALE2-TET1-CD-WT
compared to non-transfected cells, or compared to non-transfected cells and cells expressing TALE-
TET1-CD-mut. The numbers of DMRs are indicated on the graph. B. Pie chart representing the

distribution of DMRs in promoters (-500 to +500 bp relative to TSS), exons, introns and intergenic

regions.
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Supplementary Figure 6. Dox induction in MDA-MB-231 inducible cell lines.

A. Graph illustrating the percentage of GFP-positive cells measured by flow cytometry during Dox
treatment and after Dox removal in GFP and TALE2-TET1-CD-IRES-GFP inducible cells lines. B. Flow
cytometry plots of GFP expression after Dox treatment and Dox removal in GFP and TALE2-TET1-CD-

IRES-GFP inducible cells lines.

149



After Dox removal

days 0 D 8 10 15 20

POX - # - ¥ - & o W o -

SERPINBS

S B e W - s

B L0 I | B —————

After Dox removal

days 10 15 20 30
Dox - + - + - + - +
SERPINB5 ey = R

VINCULIN s s s s s s e

Supplementary Figure 7. Durable expression of SERPINB5 protein after Dox removal in inducible

TALE2-TET1-CD cells.

The figure shows western blots of SERPINBS protein expression after Dox removal in two additional

independent induction experiments in TALE2-TET1-CD-WT-IRES-GFP inducible cells. VINCULIN was

used as a loading control.
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Supplementary Figure 8. Impact of SERPINB5 re-expression on apoptosis and cell proliferation of

MDA-MB-231 cells.

A. Representative example of flow cytometry analysis of apoptosis (assessed by Annexin V and 7-AAD
staining) in MDA-MB-231 cells expressing inducible TALE2-TET1-CD. Early apoptotic cells are in the
lower right corner (positive for Annexin V only), and late apoptotic cells are in the upper right corner
(double positive for Annexin V and 7-AAD). The numbers in quadrants indicate the percentages of
cells. B. Bar graphs showing the percentage or early and late apoptotic cells in MDA-MB-231 cells
expressing inducible TALE2-TET1-CD or GFP, quantified by flow cytometry after 7, 10 and 14 days of
Dox treatment, and 10 days after Dox removal. Data are expressed as the mean + SEM (n=3
independent experiments). C. Graph showing the proliferation (assessed by WST-1 Cell Proliferation
Reagent) of MDA-MB-231 cells expressing inducible TALE2-TET1-CD or GFP between 10 and 14 days

of doxycycline treatment. Data are expressed as the mean £ SEM (n=3 independent experiments).
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Primers for COBRA
SERPINB5S Forward TTTTGGAAGTTGTGTAGATAATAGTAATTTT
SERPINB5 Reverse CCCTCTACAATATTCCTAATACTCAAAAA

Primers for bisulfite amplicon sequencing

SERPINB5 ampliconl Forward NNNNTGTTGTAGTTTATATAAAAAGAATGGAGA (NNNN = tag)
SERPINBS ampliconl Reverse ATCTACACAACTTCCAAAAAACCTC

SERPINB5 amplicon2 Forward NNNNAATTGTGGATAAGTTGTTAAGAGGTTTG (NNNN = tag)
SERPINBS amplicon2 Reverse CTACCCCACCTTACTTACCTAAAATCAC

Primers for T7 endonuclease assay
Primer gSERPINBS5 F CAGGCCTGAGTAATCCTAATCACAG
Primer gSERPINB5 R GAACACTGCAGAGGGAGTAAAATC

Primers for RT-qPCR

SERPINBS5 primer F GCCACGTTCTGTATGGGAAA
SERPINBS primer R TGGACTCATCCTCCACATCC
SDHA primer F GCTCATGCATGTGTCCATGT
SDHA primer R CAGCCACTAGGTGCCAATCT
RPL13A primer F CCGAGAAGAACGTGGAGAAG
RPL13A primer R GGCAACGCATGAGGAATTA
ACTB primer F AGGTGTGGTGCCAGATTTTC
ACTB primer R GGCATGGGTCAGAAGGATTC
DAPK1 primer F GGCGAGCTGTTTGACTTCTT
DAPK1 primer R GATTTGAAGGGAGTGCAGGT
CDH1 primer F CTCGACACCCGATTCAAAGT
CDH1 primer R GGCGTAGACCAAGAAATGGA

Primers for directed mutagenesis of hTET1-CD (H1672Y, D1674A)
hTET1 Directed mutagenesis Forward GACTTCTGTGCTCATCCCTACAGGGCCATTCACAACATGAATAA
hTET1 Directed mutagenesis Reverse TTATTCATGTTGTGAATGGCCCTGTAGGGATGAGCACAGAAGTC

Primers for directed mutagenesis of Bbsl sites in hTET1-CD

Bbsl site 1 - Forward GTCCCCGAAAACTGCTTCAGCCACACCAGCTCCACTGAA

Bbsl site 1 - Reverse GCTGAAGCAGTTTTCGGGGACCAGGAGAAGCCTGGAGATG
Bbsl site 2 - Forward CTTCGGGAAGGCTCAGTGGTGCCAATGCAGCTGCTGCTGAT
Bbsl site 2 - Reverse CACCACTGAGCCTTCCCGAAGGCATCGTACAGTGGGGAGTG

Supplementary Table 2. Primers used in the experiments.
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Annex 1: Figures
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Figure Annex Manuscript 1. 5-hydoxymethylcytosine (5ShmC) quantification in MDA-MB-231 cells.

5hmC quantification was performed with a EpiMark® 5-hmC and 5-mC Analysis Kit, consisting on glucosylation of DNA and
restriction digestion with enzymes Mspl and Hpall. The glucosylation step transfers glucose only onto 5-
hydroxymethylcytosine (generating glucosylated 5-hydroxymethylcytosine [5-ghmC]) and protecting it from digestion. Both
enzymes, Mspl and Hpall, cut at CCGG site. Mspl is not sensitive to methylation and cuts any time except in 5-ghmC sites.
Mspl cus 5mC or unmodified cytosine. In contrast, Hpall is sensitive to methylation, which means that is blocked by any of
these modifications. Hpall only cuts in unmodified cytosine. We quantify the 5hmC % in SERPINB5 promoter by qPCR
analysis. We detect an increment in the 5hmC (around 20%) only in the cells transfected with the plasmid TALE2-hTET1 wt
(GFP+).
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Figure Annex Manuscript 2. 5azadC traitement kinetics on MDA-MB-231.

A. Timeline of 5azadC treatment experiments. Cells were treated with 5azadC for 48h and sub-cultured for up to 30 days. B.

Cell proliferation measured between 48h and 5d after 5azadC withdrawal. C. Cell proliferation measured between 16d and

20d after 5azadC withdrawal. D. RT-gPCR analysis of SERPINB5 expression during 5azadC treatment and after 5azadC

removal. At each time point, the expression is normalised to three housekeeping genes (ACTB, RPL13A, SDHA). E.

Methylation analysis in the SERPINB5 promoter by COBRA in control cells and cells treated with 5azadC. Data are shown as

the mean + SEM (n= 3 biological replicates).
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RESULTS (2)

1 Objectives

During the second part of my thesis | have worked to optimize the dCas9 tool in order to
improve the efficiency of the demethylation. To do so, we decided to compare different parameters
and strategies on the same target genes in the same cellular system. The objective was to determine
the best dCas9 strategy to perform efficient targeted methylation editing that can be implemented in
routine in mouse and human cells to validate hypothesis concerning the functional role of DNA

methylation in the genome.

For this part | focused my work on mouse cells because this is the system most used in the
laboratory to study the role of DNA methylation in genome regulation. We have chosen as models
the gametic genes Dazl and Asz1. These genes are well known to be silenced by mechanisms implying
promoter DNA methylation. Moreover, data from our laboratory demonstrated that Daz/ and Asz1
are amongst the genes most strongly de-repressed in mouse embryos (E8.5) KO for DNMT1 or KO for
DNMT3A/3B that show a global loss of methylation, therefore they constitute good models to

evaluate the efficiency of methylation editing.

After validating the sensibility of both genes to 5aza, | have constructed plasmids coding for
direct fusion proteins dCas9-hTET1 and also the version with the catalytic domain of mouse TET1
(mTET1) dCas9-mTET1 (Results Figure 1). We have compared the efficiency of both tools and

different gRNAs targeting Dazl or Aszl in Mouse Embryonic Fibroblasts.

Because we obtained poor efficiencies with direct dCas9-TET1 fusion proteins, we then
wished to test a dCas9-hTET1 strategy based on the Suntag system. SunTag has been shown to
improve the efficiency and the specificity of CRISPR-dCas9-based epigenome editing tools because it

allows the recruitment of several TET1 molecules at the targeted site.

157



dCas9-TET1 direct fusion proteins

hY PAM 0? < AN

1\
NI Dazl

sgRNA

T Dazl

Results Figure 1. Strategies tested for efficient dCas9-based targeted demethylation in mouse cells.
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Results Figure 2. Dazl and Asz1 expression are regulated by DNA methylation in MEFs.

Dazl and Asz1 mRNA expression was analysed by RT-qPCR in MEF cells treated for 96h with various concentrations of 5aza
(1 or 5 uM). Expression of Dazl was measured with two pairs of primers in exon 11 (last exon, Dazl-2) and exon 2 (Dazl-3).
The expression was normalized with three housekeeping genes for Dazl (Hprt, Mrpl32, Rpl13a) (meantSEM, n=2) and two
for Asz1 (Rpl13a, Gus) (n=1).
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Results Figure 3. dCas9-hTET1 upregulates Dazl but no Asz1.

A. Schematic illustration of the Dazl promoter region and the sgRNAs binding sites. The vertical bars represent the CpGs.
The region amplified by PCR for COBRA and Bisulfite sequencing (BS-Seq) is represented in dark blue. The TCGA motifs for
use in COBRA (Tagal restriction site) are signalled with an asterisk (*).

B. Dazl and Asz1 mRNA expression in MEF cells transfected with dCas9-hTET1 targeting Daz/ promoter (sgRNAs 3-6).
Analysis by RT-qPCR was performed 48h after puromycine selection (72h after transfection). The expression was normalized
with three housekeeping genes (Rp/13a, Gus and B2m) (mean *SEM, n=3). For cells transfected with dCas9-hTET1 wt gRNA-
4 and 6, the fold change relative to cells transfected with dCas9-hTET1 wt without gRNA is indicated.

C. Schematic illustration of the Asz1 promoter region and the sgRNAs binding sites. The vertical bars represent the CpGs.

D. Asz1 mRNA expression in MEF cells transfected with dCas9-hTET1 targeting Asz1 promoter (sgRNAs 3-6). Analysis by RT-
gPCR was performed as described in B.
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2 Results

Dazl and Asz1 have methylation-sensitive promoters

Dazl and Asz1 are gametic genes that are well known to be silenced by DNA methylation. To
confirm their methylation-dependent expression in our MEF system, MEFs were treated with the
DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (5azadC) at 1 or 5uM for 96 hours. | found
that Dazl and Asz1 expressions are strongly upregulated in the cells treated with 5azadC compared to
non-treated cells, this upregulation exceeding 500-fold for Daz/ and 80-fold for Asz1 in cells treated
with 5uM (Results Figure 2). That confirms that both genes have a methylation-sensitive promoter

and thus are good candidates for our studies.
Efficiency of dCas9-hTET1 on Dazl and Asz1 expression

| tested the ability of CRISPR-dCas9 fused to the human TET1 catalytic domain to induce
epigenetic reactivation of Dazl. | first transfected MEF cells with the plasmid coding for the
catalytically inactive Cas9 (dCas9) fused to the human catalytic domain of TET1 (dCas9-hTET1-CD-wt)
or the catalytically dead mutant (dCas9-hTET1-CD-mut) together with a sgRNA targeting the Daz/
promoter. We tested four gRNAs targeting Dazl promoter independently (Results Figure 3A) as well
as a condition without sgRNA as control. Cells were selected for puromycin resistance during 48h and
harvested to measure Dazl expression by RT-gPCR. Our results indicate that, remarkably, only one
sgRNA (sgRNA4) was able to induce Dazl expression up to 131 times (using primer Dazl-2) and 112
times (primer Dazl-3) compared to the control cells. In contrast, the gRNAs 3, 5 and 6 either had a
weak effect or did not induce a significant derepression of Dazl expression (Results Figure 3B). To
analyse if the effect of dCas9-hTET1-CD can be extrapolated to other genes, we targeted dCas9-
hTET1-CD to the Aszl promoter with 4 different gRNAs (Results Figure 3C). Unfortunately, we

observed that none of the gRNA was able to induce a strong expression of Asz1 (Results Figure 3D).

Taken together, we conclude that the dCas9-hTET1 effect is largely dependent on the gRNA
and the susceptibility of a gene to be epigenetically reprogrammed, and that the efficiency of the
dCas9-hTET1 system is generally low. This supports our previous conclusions obtained with dCas9-

hTET1 on the SERPINB5 gene in MDA-MB-231 cells (see part 1 of the thesis).

161



dCas9-hTET1-CD-wt with Daz/ gRNA-4
dCas9-hTET1-wt with Daz/ gRNA s SRS

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 22

NT  nogRNA gRNA3 gRNA4 gRNAS gRNA6

Tagal - + - + - + - + - + - +
C
Methylation level of the Daz/ dCas9-hTET1-CD-mut with Daz/ gRNA-4
promoter
98,2 97,3
190 93,4
90 |
c
.0
& 80
>
=
)
g 70
®
60
50
NG NG 34
i N 3
S S 9
/\’\: \g /\’\j ™ '\/((Jv
é‘/ Q§ /i" \g é \e
o 3 LSS
F€ £ g %
¢ S K

Results Figure 4. dCas9-hTET1 induced demethylation of Daz/ promoter.

A. Methylation analysis in Dazl promoter by COBRA.

B. Methylation analysis in Dazl/ promoter by bisulfite sequencing. Amplicon used for BS-seq contains 32 CpGs. Each row
constitutes the sequence of an individual clone and is formed by squares representing methylated cytosines (black) and
unmethylated (grey).

C. Global methylation in Dazl promoter calculated from BS-seq data.
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dCas9-hTET1 induced demethylation of Dazl promoter is not efficient

We then evaluated the demethylation achieved by dCas9-hTET1 on Dazl promoter with the
sgRNA4. First, we performed Combined Bisulfite Restriction Analysis (COBRA) to evaluate cytosine
methylation in TCGA sites located close to the TSS of Daz/ (Results Figure 3A). The COBRA results
suggest that loss of DNA methylation induced by any of the gRNA, even gRNA4, is minimal (Results
Figure 4A). However, the results are limited to the TCGA sites and could be biased by the position of
the restriction sites, therefore we also performed bisulfite sequencing (BS-seq) on the same
amplified region. We analysed 19 clones for dCas9-TET1-CD-wt no gRNA, 22 clones for dCas9-hTET1-
CD-wt gRNA4 and 14 clones for dCas9-hTET1-CD-mut gRNA4. As shown in Results Figure 4B and 4C,
the demethylation induced by the gRNA4 is detectable but minimal. Compared with the cells
transfected with the plasmid without sgRNA, the loss of methylation is around 5% (Results Figure
4C). Interestingly, the targeted region of gRNA4 is covering the CpGs 23-26 and the strongest levels
of demethylation are observed for CpGs just downstream of the CpG 23-26 (Results Figure 4B).
Further experiments based on NGS amplicon sequencing should be carried in order to more

accurately quantify the level of demethylation.
Comparison of dCas9-hTET1 and dCas9-mTET1 on Dazl expression

Because we obtained low demethylation and reactivation with dCas9 fused to the human
TET1, | tested if fusing dCas9 to the catalytic domain of mouse TET1 (mTET1-CD) improves the
efficiency of the system. | cloned novel plasmids by replacing hTET1-CD with mTET1-CD and
transfected MEFs with the plasmids dCas9-mTET1-CD (wt or mutant) containing the gRNA4 targeting
the Dazl promoter, that efficiently reactivated Daz/ expression when combined with dCas9-hTET1, or
the gRNAS targeting the Dazl promoter. Surprisingly, the effect achieved with dCas9-mTET1 and
gRNA4 was much weaker compared to the dCas9-hTET1 (11 fold-change with primer Dazl-2) (Results
Figure 5). We conclude that mouse TET1 is less efficient than human TET1 for dCas9-based targeted

demethylation, even in mouse cells.
Comparison of dCas9-hTET1 and dCas9-Suntag systems

Having observed low efficiency of direct dCas9-hTET1 fusion systems, the next step was to test
the dCas9-suntag system on Dazl and Asz1 in MEFs. For this, | obtained an all-in-one plasmid coding
for dCas9-multiGCN4-2A-scFv-GFP-hTET1-CD (dCas9-Suntag) and cloned the gRNAs targeting Dazl

and Asz1 in this plasmid.

First of all, we tested the gRNA-4 targeting Dazl promoter because it was the most efficient

gRNA in the experiments using direct fusion proteins. We used the cells transfected with the plasmid
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Results Figure 5. Mouse TET1 is less efficient than human TET1 for dCas9-based targeted demethylation.

Dazl and Asz1 mRNA expression on MEF cells transfected with dCas9-mTET1 targeting Daz/ promoter. Analysis by RT-qPCR
48h after puromycine selection (72h after transfection). The expression has been normalized with three housekeeping
genes (Rpl13a, Gus and B2m) (mean +SEM, n=3). For cells transfected with dCas9-mTET1 wt gRNA-4, the fold change
relative to cells transfected with dCas9-mTET1 wt without gRNA is indicated.
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dCas9-Suntag without gRNA as a control. Cells were sorted by FACS 72h after transfection (GFP+ and
GFP- cell populations). We measured Dazl, Asz1 and Mael expression by RT-qPCR. As shown in
Results Figure 6, dCas9-Suntag induced a remarkable reexpression of Daz/ compared to the direct
fusion protein dCas9-hTET1 (see compilation of relative expressions of Daz/ in Results Table 1). This
induction was increased by 1300 times if compared to the cells transfected with the plasmid without
gRNA (Results Figure 6). The other studied genes expression is not affected, which suggests a specific
effect of the Suntag-hTET1 construction. We analysed the demethylation achieved on Daz/ promoter
by COBRA (Results Figure 7A) and Bisulfite sequencing (Results Figure 7B and C). The results suggest
that the promoter of Dazl is successfully demethylated after transfection with dCas9-Suntag Daz/
gRNA-4, whereas the promoter of other methylated gene such as Asz1 is not affected (Results Figure
7B and C). The methylation level on Dazl promoter goes from 98,6% in the non-transfected cells to
36% in the cells transfected with dCas9-Suntag Dazl gRNA-4, which means that Daz/ promoter
undergoes a loss of methylation of around 63%. As these are preliminary results, we are actually
repeating the experiments and testing other target genes such as Aszl and Mael. The high
reexpression and demethylation obtained are promising results to validate the dCas9-Suntag as an

efficient tool to perform epigenome editing in MEF cells.

3 Conclusion and perspectives

This work has validated the usage of dCas9-hTET1-based tools to induce a targeted
demethylation in mouse cells. Neverthelss, further studies are necessary to optimize the tool and
conclude which experimental conditions are the most efficient. For this reason, a systematic study of

various parameters in the same cellular and gene context is necessary.

As we have measured the demethylation rate at 48h or 72h post transitory transfection, we
could test if harvesting the cells at later time points would increase the efficiency of demethylation.

We are also currently testing the dCas9-Suntag system to compare its efficacy with dCas9-TET1.

To follow on this work, it will be also interesting to compare the genome wide specificity of the
dCas9-TET1 and dCas9-Suntag systems by RRBS, as well as test if generating stable cell lines improves

the efficacy compared to transitory transfections.
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Results Figure 6. dCas9-Suntag (hTET1) induces Dazl expression more efficiently compared to the direct fusion protein
dCas9-hTET1.

Dazl, Asz1 and Mael mRNA expression on MEF cells transfected with with pPlatTETgRNA2 (Suntag hTET1) plasmid, without
gRNA or with gNRA number 4 or 6 targeting Daz/ promoter. Analysis by RT-qPCR 72h after GFP FACS sorting. The expression
has been normalized with three housekeeping genes (Rp/13a, Gus and B2m) (mean +SEM n=2 for gRNA4, n=1 for gRNA6).
For cells transfected with Suntag hTET1 Dazl gRNA-4, the fold change relative to cells transfected with Suntag hTET1
without gRNA is indicated.

Relative
expression Dazl

5azadC 0,101
dCas9-hTET1 0,0142
dCas9-mTET1 0,0001

dCas9-Suntag 0,4209
(hTET1)

Results Table 1. Relative expression of Dazl after 5azadC treatment and transfection with methylation editing tools.

Dazl relative expression in different experiments compared to housekeeping genes.
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Results Figure 7. dCas9-Suntag (hTET1) induces Dazl demethylation more efficiently compared to the direct fusion
protein dCas9-hTET1.

A. Methylation analysis in Daz/ promoter by COBRA

B. Bisulfite sequencing. Methylation status of Daz/ and Aszl promoters (control) in MEF cells non transfected and
transfected with pPlatTETgRNA2 (Suntag hTET1) plasmid, without gRNA or with gNRA number 4 targeting Dazl/ promoter.
Each line represents an individual clone and each column a CpG in the amplicon (black = methylated cytosine, grey =
unmethylated cytosine).

B. Quantification of the methylation obtained by Bisulfite sequencing.
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DISCUSSION

Impact of the research

In this Thesis, | have made several contributions to the field of epigenetic editing.

In the first part of the project we have compared two epigenome editing tools (TALE and
CRISPR-dCas9) coupled to hTET1 and we have evaluated their efficiency to demethylate a model
tumor suppressor gene, SERPINB5, which is methylated and silenced in aggressive tumors. We have
corroborated the correlation between promoter methylation and gene repression in this gene.
Furthermore, we have developed an inducible TALE-hTET1 system allowing controlled SERPINB5
promoter demethylation in breast cancer cells. This technique allowed us to elucidate the temporal
kinetics of promoter DNA demethylation and investigate the durability of the DNA methylation
reprogramming and its long-term impact on gene expression at the SERPINB5 locus. Thanks to this
system, we report for the first time a long-lasting reprogramming of gene expression of a tumor
suppressor gene through DNA promoter demethylation in an inducible system.

| also tested for the first time the possible use of AID in DNA demethylation through targeted
epigenome editing. We were not able to demonstrate any strong effect of tethering AID on
demethylation nor expression of SERPINB5 in our cellular model. Indeed, the role of AID in the
cytosine demethylation pathway is still controversial, and our results do not support the idea that
AID can initiate DNA demethylation in MDA-MB-231 cells.

It is well known that tumor suppressor genes present an aberrant promoter CpG methylation
that leads to the repression of gene expression in cancer cells. Until now, different groups have
evaluated the power of re-expression of tumor suppressor genes and its phenotypical consequences
(Beltran et al., 2007; Choudhury et al., 2016; Huisman et al., 2016). We wanted to go further by
demonstrating that it is possible to use epigenetic editing to stably reprogram the expression of a
tumor suppressor gene in cancer cells. As systems based in genome targeting are rapidly being
developed in therapeutics, our work is a proof-of-concept to show that it is possible to redesign
single gene expression in a durable way. These results will pave the way towards the development of

novel innovative therapeutic approaches for the treatment of cancers.

Comparison of TALE and CRISPR-dCas9 tools

Over the last years, we have witnessed a fast progress in the development of epigenome
editing tools first based on programmable DNA binding proteins (Zinc-Fingers and TALEs) and more

recently based on the sgRNA-based CRISPR-dCas9. All these systems have been coupled to different
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CRISPR
-dCas9

ADVANTAGES

* Succesfully used in combination with
multiple effector domains

* Less immunogenic because existing in
eukaryotic cells: important for clinical
applications

* Smaller size: efficient delivery into
cells

* Efficient in some regions were dCas9
does not show any effect (e.g.
methylated regions)

* Approved for use in clinical trials

DISADVANTAGES

* Protein-based: laborious synthesis, time-
consuming

* Not flexible design

* Off-targets

* Succesfully used in combination with
multiple effector domains

* Highly efficient and specific

* Compared to ZFP: one module
recognises one single base instead of
three, giving more flexibility to
sequence design and increased
specificity

* Approved for use in clinical trials

* Protein-based: laborious synthesis, time-
consuming

* Tandem repeats: amplification and cloning
laborious, susceptibility to DNA rearrangements
* Not flexible design

* Plasmids of big size: complicated delivery into
some types of cells

* Limitations when choosing target sequence:
presence of a Tin the 5’ end before the target
sequence

* Can not bind to methylated sequences

* Immunogenicity (engineered from bacterial
factors)

* Succesfully used in combination of
multiple effector domains

* Flexibility, multiplexing, target design
simplicity

* Cost and time effective

* Possibility of engineering different
parts of the tool (sgRNAs, dCas9) to
improve the efficiency and specificity
(e.g. Suntag, aptamers)

* Nucleotide-based system: Off-target effects,
they can be overcome with improved tools

* Limitations when choosing target sequence:
necessity PAM sequence

* Plasmids of big size: complicated delivery into
some types of cells or in vivo delivery

* Immunogenicity (engineered from bacterial
factors)

Discussion Table 1. Advantages and disadvantages of the different DNA binding domains
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effector domains in order to efficiently perform epigenome editing at various levels: histones
acetylation, histones methylation, DNA methylation and demethylation (See Introductory Table 6).
Even if all strategies have been shown to efficiently induce epigenome changes, CRISPR-dCas9 is
simpler, more flexible and less expensive. On the other hand, the choice of the target sequence is
limited because of the mandatory presence of a PAM motif just downstream of the target sequence.
TALE proteins give a larger choice in target sequences. Nevertheless, we have to take into
consideration that they require time-consuming cloning and that they can be sensitive to DNA
methylation (Bultmann et al., 2012; Deng et al., 2012b) unless they are built according to codes that
allow to overcome this disadvantage (Valton et al., 2012).

In our project, we designed TALE and CRISPR sgRNAs targeting the same region in the CpG
island of the SERPINB5 promoter and observed a higher efficiency of demethylation and reactivation
of the gene using the protein-based TALE system. We tested 2 different TALE proteins and 3 sgRNAs
targeting the SERPINB5 promoter. In our tests of TALE-VP64 fusion proteins, TALE2 was the only one
able to reactivate SERPINB5. A possible explanation is that the TALE1 binding site is located too far
away from the TSS. Concerning CRISPR-dCas9, we found that it was less powerful than TALE-based
system for all gRNA tested. The two gRNAs not showing any effect on SERPINB5 re-expression
(sgRNAs 3 and 4) still efficiently induced DNA breaks in the promoter with the Cas9, as shown by the
T7 endo | assay. TALE2-hTET1 induced reactivation is less potent than TALE2-VP64. This was expected
because VP64 directly recruits the transcriptional activator complex. This advantage of the TALE
system compared to CRISPR-dCas9 when coupled to transcription activators or repressors had
already been reported by others (Gao et al., 2014b; Garcia-Bloj et al., 2016; Zhang et al., 2015b).
However, in another report, dCas9 fused to epigenetic activators like p300 was shown to achieve a
more robust activation than TALE (Hilton et al., 2015). Concerning the demethylation effectors, only
one study compared both tools in the same gene, concluding that CRISPR-dCas9 fused to hTET1
promoted a higher demethylation but in a narrower region than TALE-hTET1 (Liu et al., 2016b).
Interestingly, it has been shown that dCas9 binding efficacy is compromised when targeting
hypermethylated sequences (Cano-Rodriguez et al., 2016), which could explain that the dCas9
system has a lower efficiency in demethylation editing. Some other comparisons among the systems
can be found in Discussion Table 1. In summary, our data and the published literature suggest that
TALEs can be more efficient than dCas9 for targeted epigenetic reprogramming. This is probably
dependent on the chromatin context of each loci, the epigenetic effector and the cellular context.

Altogether, these results show a chromatin and gene dependent efficiency. As there are a very
few examples of direct comparison of different targeting tools in the literature, further experiments
are necessary to clarify this issue. For that, a project comparing all the available DBDs (TALE, dCas9,

SunTag...) fused to the different TET domains and targeting the same region in the same cellular
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context is required. Only this way we would be able to compare the efficiency and efficacy of the

tools.

Comparison of hTET1 and mTET1 for targeted demethylation

In the second part of the project we compared the effects of dCas9-hTET1 and dCas9-mTET1
on methylation and expression of the mouse Daz/ promoter. We found that mouse TET1 was not
efficient compared to human TET1. We have no explanation to the lack of efficiency of mouse TET1
protein in triggering targeted demethylation, but this finding seems to be corroborated by the
literature. Indeed the use of human TET1-CD is widespread in literature and its efficiency has been
demonstrated even in plants (Gallego-Bartolomé et al., 2018). In contrast TET proteins from mice
have been used only in some articles. mTET1 has been proved to partially demethylate its targets
resulting in a weak reactivation of the expression (Okada et al., 2017). The Rots team also showed a
limited activity of mTET1, although mTET2 could be more efficient compared to mTET1 (Chen et al.,
2014; Huisman et al., 2016).

Specificity of the TALE-hTET1 tool

RRBS did not reveal a global demethylation effect after transfection with the TALE-hTET1
fusion protein, suggesting a highly specific effect on the SERPIN5 promoter methylation. Besides
SERPINB5, some other DMRs are found, but we cannot conclude if these are off-target effects or
secondary effects due to SERPINB5 reactivation. It would be interesting to analyse if the DMRs
contain sequences that closely match the TALE binding sites with some mismatches. We did not
analyse the genome wide specificity of dCas9-hTET1 but, according to published data, the dCas9
system promotes major off-target effects when fused to DNMT3A (Galonska et al., 2018; Lin et al.,
2018; Pflueger et al., 2018). To overcome this problem, we are currently working in the optimisation
of the dCas9-SunTag strategy for targeted TET1 demethylation. In the case of dCas9-DNMT3A, this
system strongly improves the specificity of targeted methylation compared to direct dCas9-DNMT3A
fusions (Lin et al., 2018; Pflueger et al., 2018).

Durability of the reprogramming

In order to study the stability of the reprogramming, we created a stable MDA-MB-231 cell line
expressing the transgene TALE2-hTET1 under the control of a doxycycline inducible promoter. The

induction system worked well because the level of the transgene expression measured by EGFP
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signal positively correlated with the expression level of SERPINB5 and the demethylation effect.
Moreover, we found that the reactivation and demethylation of SERPINB5 was durable and did not
require the continued expression of the effector domain. Indeed, we were able to detect SERPINB5
expression even 30 days after doxycycline removal from the media. The expression of SERPINBS5 in
the absence of the effector domain seems to be maintained at equivalent levels at the different
points of the kinetics. Even though the methylation does not reach original levels even 30 days after
dox removal, it seems to return to the promoter in a slow manner. We can think of two hypotheses
to explain why DNA methylation comes back to SERPINB5 promoter. First, it is possible that the
chromatin landscape has not been entirely remodelled into accessible chromatin. In this context, de
novo methylation could be deposited in the promoter through time. Experiments analysing the
remodelling of histones marks after the induced demethylation would be informative. Moreover,
experiments knocking out or down the DNMTs would help us to validate this hypothesis. Second, we
cannot exclude that cells re-expressing SERPINB5 undergo a negative selection. Previous studies
showed that high expression of SERPINBS5 inhibits cell proliferation in MDA-MB-231 cells (Beltran et
al., 2007; Garcia-Bloj et al., 2016). Apoptosis and proliferation assays did not show differences
between treated and untreated cells at the population level in our hands. Nevertheless, we cannot
exclude that some cells that are the most demethylated and express the highest levels of SERPINB5S
grow slower. In fact, when we analyse the methylation on SERPINB5 promoter at single cell level 14
days after induction, we observe a strong heterogeneity, with some cells presenting a strongly
demethylated promoter. This proportion decreases at 30 days after doxycycline removal. Discussion
Figure 1 shows the distribution of single allele methylation in the amplicons of SERPINB5 promoter at
these two points of the kinetics, 0 meaning that the allele is fully unmethylated and 1 meaning that it
is fully methylated. In the non-treated cells, most of the values are close to 1, which means that the
majority of alleles are fully methylated. However, cells treated with doxycycline and expressing the
TALE2-TET1 construct present a different pattern. At 14 days of induction, we observe an increased
proportion of alleles with a methylation close to 0, meaning that when demethylation takes place it
occurs on the majority of the CpGs on the promoter (Discussion Figure 1A). Thus, there is a small
proportion of cells showing almost complete loss of methylation in the SERPINB5 promoter. This
could lead to strong SERPINB5 expression and inhibition of cell growth in only a minority of cells that
remain undetectable in our phenotypical studies. This cell to cell heterogeneity might be explained
by the fact that the inducible cell line generated by viral transduction was kept as a pool and we did

not select clones.

Until now, only a few of the studies working on epigenome editing have evaluated the stability

of the effect in time, and the results are conflicting. Concerning the epigenetic silencing of genes with
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Discussion Figure 1. Single-allele methylation analysis in the SERPINB5 promoter.

The graphs show the distribution of methylation scores in single alleles in MDA-MB-231 cells 14 days after doxycycline
induction (A) and 30 days after doxycycline removal (B). The X-axis represents the methylation level (from 0 to 1), 0
meaning that all the CpGs of the allele are demethylated (blue), and 1 meaning that all the CpGs on the allele are
methylated (yellow).
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DBD coupled to DNMT3A, transitory transfections did not lead to a permanent silencing of the
targeted genes (Kungulovski et al., 2015), whereas the use of stable doxycycline inducible cell lines
showed that targeted DNA methylation is stable once the DBD-DNMT3A construct is not expressed
anymore (McDonald et al., 2016; Rivenbark et al., 2012; Stolzenburg et al., 2015). One critic of these
approaches is that minimal leaks in the doxycycline inducible system could lead to continued
expression of the transgene at undetectable levels sufficient to maintain the effect. In another study,
the transitory transfection of DNMT3A, DNMT3L and KRAB lead to permanent silencing of the B2M
gene for up to 50 days. This combination had an impact not only on de novo methylation but also on
histone marks, suggesting that chromatin environment should be modulated to achieve a durable
repression (Amabile et al., 2016). Strikingly, the VEGF-A gene was stably repressed in K-562 cells by
using the triple combination (Amabile et al., 2016) but it was not in SKOV3 cells when treated only
with ZF-DNMT3A (Kungulovski et al., 2015). This suggests that cell-dependent context could have an
impact on the durability of epigenetic silencing. Up to now there are no published studies using a
stable doxycycline inducible system to evaluate the durability of targeted TET1-dependent
demethylation of a gene. In the published literature, one report showed that TALE-hTET1 induced
demethylation and re-expression of the HBB gene in K562 cells is lost upon cell culture (Maeder et
al., 2013b). This could be explained by the fact that they performed transitory transfections, as it
was observed in the DNMT3A epigenetic editing studies. A different approach by Liu et al showed
that dCas9-hTET1-mediated demethylation of the FMR1 gene in Fragile X iPSCs was stable for at least
2 weeks after inhibition of dCas9 via AcrllA4 expression (Liu et al., 2018). Interestingly, demethylation
was sufficient to induce an active chromatin state of the FMR1 promoter characterised by increased
Polll, H3K4me3 and H3K27ac and decreased H3K9me3. Cano-Rodriguez et al demonstrated that the
induction of both H3K4me3 (via PRDM9) and H3K79me3 (via DOT1L) and the absence of methylation
were critical to maintain a durable re-expression of epigenetically silenced genes (Cano-Rodriguez et
al., 2016). Both articles suggest again that a remodelling of chromatin marks in addition to DNA

methylation editing is necessary to achieve stable reprogramming of genes.

Perspectives to improve the demethylation effect on targeted regions

We can propose several strategies to improve the efficiency of the targeted demethylation.

In our experiments with the inducible MDA-MB-231 cells, we worked with the global
population and did not select individual clones. We could use flow cytometry to isolate the cells with
the highest GFP signal and create individual clones to test if they show a higher demethylation
efficiency. Nevertheless, this approach requires to be careful because side effects could result from

the random insertion site and so we should use several clones to validate the results.
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Several authors report the synergistic effect of the transfection of several TALE-effector
domains in combination (Hu et al., 2014; Maeder et al., 2013c, 2013b; Perez-Pinera et al., 2013a).
CRISPR-dCas9 is an easier tool for multiplexing. Some reports show a better reprogramming when
using a pool of gRNAs targeted to a specific locus (Maeder et al., 2013a; Perez-Pinera et al., 2013b)
while others do not (Xu et al., 2016). Co-transfection of different targeting platforms combined to
multiple effector domains maximised the activation in highly methylated promoters (Garcia-Bloj et
al., 2016). Following the idea that multiple effectors act synergistically in one locus, the dCas9-
SunTag system has been shown to highly enrich the demethylation rate when fused to hTET1 (Morita
et al., 2016). SunTag system or sgRNA aptamers are interesting alternatives to avoid steric hindrance
issued from the targeting of multiple dCas9 to the same region.

An interesting experiment to optimise targeted DNA demethylation would be an accurate
comparison of different effector domains (such as TET1, TET2 and TET3) targeted to the same gene in
the same cellular context. To my knowledge, there is only one article comparing the efficiency of the
three TET proteins (from mouse origin) for targeted demethylation (Chen et al., 2014). In their study
system (ovary cancer cell line), TET3 had no effect, but we cannot exclude a tissue-dependent effect.
Thus, reproducing similar comparative studies in different cell types will help to determine the best
tool depending on the context. Demethylases from other organisms such as plants should also be
tested. As human TET1 has been shown to work in plants (Gallego-Bartolomé et al., 2018), it would
be interesting to study species crosstalk.

Concerning the demethylation efficiency, it has been recently shown that vitamin C (ascorbic
acid) can act as a cofactor of TET activity, leading to enhanced active demethylation (Blaschke et al.,
2013; Shenoy et al., 2017; Yin et al., 2013). Specifically, Shenoy et al showed that treatment of
lymphoma cells with vitamin C reactivated tumor suppressor genes and increased the sensitivity to
chemotherapy drugs. All these data suggest that, even if the effect is global, its use could be

interesting in certain experiments to strengthen the effect of the demethylation.

Epigenetic regulation of SERPINB5 expression

The demethylation achieved on SERPINB5 promoter is stronger at the boundaries of the TALE
binding site (CpGs 9 and 10) and spreads in a region of approximately 500 bp, being more robust in
the CpGs downstream from the TALE binding site (CpGs 10-22). We hypothesise that the
hydroxymethylation and demethylation of the SERPINB5 promoter make key CpGs involved in the
epigenetic control of gene expression accessible. That might allow to the binding of endogenous
methylation-sensitive transcription factors. SERPINB5 expression is known to be controlled by p53

(Oshiro et al., 2003; Zou et al., 1994) or other factors such as TGFB and Smad that enhance a p53-
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dependent expression (Wang et al., 2007). Since MDA-MB-231 have not a functional p53 (Muller and
Vousden, 2014; Oshiro et al., 2003), other factors could be involved in SERPINB5 re-expression. When
p53 is absent in cancer cells, p63 can substitute for p53 in transcriptional activation of SERPINB5 (Kim
et al., 2004; Spiesbach et al., 2005). After verification of the position of the p53 binding site in the
SERPINB5 promoter, we confirmed that it is targeted by demethylation in our cells, therefore TAP63,
which recognises the same consensus site as p53, could access to the binding site (Discussion Figure
2). Ets and AP1 have also been reported to induce SERPINB5 expression (Zhang et al., 1997). While
Ets seems to be a methylation-sensitive TF (Gaston and Fried, 1995), AP-1 sensitivity is controversial
(Fujimoto et al., 2005; Kong et al., 2012a). A ZFP161 binding site is located in the SERPINB5 promoter
just downstream of the TALE binding sequence. This ZFP acts as both an activator and a repressor
that binds to CpG-rich sequences (Numoto et al., 1999; Obata et al., 1999). ZFP161 has been
proposed to be methylation-sensitive (Fang et al., 2006), so it could be a good candidate for
mediating methylation-dependent expression of SERPINB5. Further experiments knocking out or
down the candidates are required to confirm these hypotheses. This way, optimisation of epigenome
editing strategies could provide experimental tools to test and prove the methylation-sensitivity of

transcription factors.

Function of SERPINBS in cancer cells

SERPINBS5 has been reported to have antitumoral properties in breast cancer cells in vitro and
in vivo by increasing apoptosis and diminishing the invasive potential (Latha et al., 2005; Lee et al,,
2012b; Sheng et al., 1996; Shi et al., 2007; Zou et al.,, 1994). In contrast to what other groups
observed (Beltran et al., 2007; Garcia-Bloj et al., 2016), re-expression of SERPINBS5 did not have any
effect neither in proliferation nor apoptosis in our MDA-MB-231 cells. Both previous articles (Beltran
et al., 2007; Garcia-Bloj et al., 2016) used targeted artificial transcription factors and correlated a
higher upregulation level of SERPINB5 with a higher phenotypical impact. We can hypothesise that
the re-expression level achieved with our inducible system is maybe insufficient to induce apoptosis
or have a strong impact on cell proliferation. The tumor suppressor potential of SERPINB5 has
recently been called into question (Teoh et al., 2014). In this work, the authors were not able to
reproduce previously published experiments and did not observe any phenotypical changes when
ectopically re-expressing SERPINB5 in MDA-MB-231 cells. They argued that they had not performed a
clonal selection in contrast of the majority of published reports. Clonal selection could lead to the
observation of clonal-derived artefacts instead of consequences derived from the SERPINBS
activation. In our work, we also did not select clonal populations in order to avoid secondary effects

caused by the TALE2-hTET1 incorporation sites.
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Perspectives

When planning epigenome editing experiments, three parameters should be taken into
account: the DNA binding domain module, the effector domain and the objective of the experiment.
ZFP, TALEs and CRISPR have all been shown to be efficient, but their benefits and disadvantages
should be taken into consideration in the context of each experiment. For example, CRISPR-dCas9
has been shown to not efficiently target hypermethylated regions whereas ZF overcome this
problem. However, since lots of efforts are being made to improve the CRISPR-dCas9 system and
because it is much easier to use, it is almost certain that it will be the DBD of choice in future
experiments. Its flexibility and multiplexing ability make it also a better platform for performing
multi-target or screening experiments; it is straight forward to design libraries of gRNAs targeting all
genes or regulatory regions such as distal enhancers. Another interesting way to simultaneously
target multiple regions is by fusing the ED to a protein domain known to recognise specific regions in
the genome. For example, CXXC and MBD domains can be useful to target unmethylated or
methylated CpG regions respectively. Indeed, one group has fused TET1-CD to the MBD domain and
shown that this can lead to simultaneous demethylation and activation of multiple repressed TSGs in
cancer cells (Mizuguchi et al., 2016). Another interesting development of epigenetic editing tools
would be to fuse ED to transcription factors. This way, we could expect to modulate specific sets of

genes.

The choice of the best targeting strategy and the effector domain is dependent on the choice
of the target locus. Results published in literature do not provide a conclusive answer as to what is
the best approach for epigenetic editing. As every article uses different target locus, in different cell
models and with different transfection strategies, it is very complicated to establish accurate
comparisons. Clearly, the effects seem to depend on the chromatin landscape that makes some
genes more susceptible to changes than others. For these reasons, a systematic comparison of all
available strategies at multiple genes, representing different chromatin contexts in the same cellular
system, would be highly informative. This way it would be possible to evaluate and compare the real
advantages and drawbacks of each targeting method without the confounding effect of using

different cell lines.

The application of epigenome editing strategies in therapeutics is appealing but further work is
needed to overcome major imitations such as off-target effects, delivery and durability of the effects.
In cancer, epigenome editing could be useful to sensitise cells to other therapies. Combination of epi-
drugs inhibiting DNA methylation or histone acetylation with chemo or immunotherapies improves

the efficiency of the treatments. Indeed, epi-drugs administration (e.g. 5aza) prior to conventional
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therapy is supposed to sensitise the cells to the therapy. The main problem is that these drugs induce
side effects because of their genome-wide effects. Studying the methylation status of key genes in
patient tumors could be an asset when applying personalised medicine and to predict drug response.
This way, we could elaborate personalised strategies combining targeted epigenome editing and
conventional therapies. For example, targeted demethylation and re-expression of the oestrogen
receptor would sensitise breast cancer cells that are resistant to hormone therapy. As we saw in the
introduction chapter, cancer-testis antigens are good candidates to be used as targets for
immunotherapy because they are silenced in somatic cells but often re-expressed in cancer cells. We
can think about strategies aiming to epigenetically activate combinations of CTAs or other cell
surface receptors in a determined tumor in order to target it with antibodies. Another strategy could
be to use epigenome editing to induce the re-expression of combinations of tumor suppressor genes
expecting to induce cell death in a particular tumor, weakening the tumor mass and making it more
susceptible to conventional therapies. When using epigenetic editing with the objective to sensitise
cells to other therapies, the effect of reprogramming should be stable the time of the treatment,

therefore studying the durability of epigenetic editing is of particular importance.

The use of epigenetic editing in the treatment of other pathologies is more challenging. For
example, if we want to use epigenome editing to correct methylation-dependent imprinting
disorders, there are two main limitations. First, as of today there has been no demonstration that
epigenetic editing can induce a life-long reprogramming of epigenetic marks. Second, epigenetic
editing with DNA binding modules do not differentiate between alleles. One solution could be to
choose targeted sequences containing specific polymorphisms in patients. Moreover, it should be
studied if epigenetic correction could be performed directly in the germline (in vitro). In this line,
other germline epimutations linked to predisposition to familial cancer (e.g. BRCA1, hMLH1, hMSH?2)
or other diseases could be corrected by direct epigenetic editing in the oocyte, sperm or early
embryos in vitro. CRISPR-Cas9-based genetic corrections have been successfully achieved in mouse
spermatogonia or embryos (Huai et al., 2017; Wu et al., 2015) and even in human embryos (Ma et

al., 2017), paving the way to epigenome editing studies.

Delivery constitutes another main challenge in epigenome editing, particularly delivery to solid
tumors. First, it is necessary to choose in which form to deliver the effectors (plasmid DNA, RNA or
protein). Second, another challenge is to target the delivery to the tumor cells. This could be done by
detecting tumor-specific cell surface receptors and using the appropriate antibodies. For example,
epigenome editing effectors could be delivered by nanoparticles coated with antibodies targeting a
specific tumor. In addition, ex vivo strategies are interesting for the treatment of some cancers, in

particular leukaemias. Currently, there are clinical trials using Cas9 genome editing. Genetic
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corrections are performed ex vivo and the cells are reinfused in the patients. One can envision that
durable epigenetic reprogramming and reinfusion of cells in patients could be tested for future
therapies. Finally, Adeno-virus-delivered gene therapy has been used in clinical trials for a long time,
but the first FDA approved gene-therapy with AAV dates only from 2017. Using viral vectors for

clinical applications requires careful study of their safety in patients.

An important point concerning epigenome editing are the ethical implications from its
utilisation in humans. Where is the balance of risks and benefits? Gene therapy treatment on the
fatal disease X-linked severe combined immunodeficiency disorder (X-SCID) (also known as the
“bubble boys” disease) was shown to be extremely efficient. However, several patients developed
leukaemia after the treatment, raising a debate on the safety of these treatments. For these reasons,
the major challenges that need to be faced before clinical applications are the development of fine-
tuned vectors and strict evaluation of safety and potential side effects in clinical trials. Moreover,
strict laws should be developed in order to promote a conscious and non-dangerous use of genome

and epigenome editing tools.

Conclusion

We have presented the proof-of-concept that a repressed tumor suppressor gene can be
specifically and durably reprogrammed via DNA demethylation in cancer cells. Targeted
demethylation could have potential use in therapeutic applications and represents a good alternative
to prevent global effects of current epigenetic drugs such as 5aza. In addition, targeted
demethylation could be used to reprogram gene expression in other methylation-associated diseases
like imprinting-related syndromes. Future work should address if combination of different
epigenome editing strategies or effector domains can lead to an increased efficiency and stability of
the effect with minimal off-targets. Reaching efficient targeting with minimal off-target effects and
appropriate delivery systems in vivo are now the ultimate challenges to translate epigenome editing
in clinics. In conclusion, my work contributed to show that targeted epigenome editing efficiently

works in mammalian cells even if it is still at the beginning of its development.
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