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General Introduction

The field of epigenetics studies changes in gene expression that 
are independent of the underlying DNA sequence. Although all 
cells within an organism contain the same DNA, there are many 
different cell types, tissues and organs present. Different subsets 
of genes that are activated depending on their regulation lead to 

different properties and therefore to different cell types and tissues1,2. The organization of DNA and 
histones into chromatin is an important aspect in gene regulation, through which the access of trans-
cription complexes to the DNA can be regulated. Chromatin serves as a macromolecular scaffold in 
nuclei of eukaryotic cells that consists of high order structures called nucleosomes. The nucleosomal 
architecture is built up of octameric units of dimers of the four core histones H2A, H2B, H3 and H4 wra-
pped around by 147 base pairs of DNA3. Higher-order folding of the nucleosomes can result in either 
less condensed, active euchromatin or highly condensed, silent heterochromatin. Epigenetic gene 
regulation is mediated by several mechanisms including DNA methylation and the post-translational 
modifications (PTM) of the histone tails, both of which may activate or repress transcription according 
to the specific context4. These modifications can directly or indirectly influence chromatin structure 
by modulating DNA-histone interactions and form docking sites to facilitate recruitment of proteins 
to the chromatin5,6. This form of epigenetic regulation is important for the maintenance of cell identity 
and therefore it is implicated in processes such as proliferation, development and differentiation7,8. 

DNA methylation occurs predominantly at CpG dinucleotides and is mediated 
by DNA methyltransferases (DNMTs). DNMTs are enzymes that catalyze the 
transfer of methyl groups from S-adenosyl-L-methionine to the 5’ position of 
cytosine, resulting in 5-methylcytosine (5mC)9,10. The DNMT family in humans 
consists of DNMT3A and 3B, which catalyze de novo DNA methylation during 

embryonic development, and DNMT1, which is responsible for the maintenance of established DNA 
methylation patterns during replication (i.e. with participation of DNMT3A and 3B). Another family 
member, DNMT3L (DNMT3-like), resembles DNMT3 enzymes while itself lacking catalytic activity11-13. 

Methylated CpG dinucleotides are not distributed evenly across the genome. There are re-
petitive and foreign elements that are mainly hypermethylated, and focused locations within gene 
promoters that are hypomethylated. These focused locations are short (approx. 1 kilobase (kb)) CpG-
rich regions called CpG islands (CGIs)14-17. The presence of 5mC within the germline is thought to 
lead to the loss of CpGs, because 5mC can be deaminated spontaneously or enzymatically, leading 
to the conversion of 5mC to thymine. CGIs are consequently thought to exist because they are never 
or only transiently methylated in the germline and therefore escape the pressure to be converted 
18,19. Such CGIs are found in approx. 40% of promoters in the mammalian genome. Their methyla-
tion has been associated with long-term transcriptional silencing and a closed chromatin state, which 
is known to occur e.g. at imprinted genes, genes on the inactive X chromosome and genes that are 
exclusively expressed in germ cells14,18,20. Interestingly, differences in CpG-density within promoter 
regions have been associated with specific methylation and expression patterns. This was shown by 
use of methylated DNA immunoprecipitation and microarray analysis in human primary fibroblasts19. 
It appears that low-CpG (i.e. non-CGI) promoters are often methylated, even in the active state. 

Epigenetic
gene regulation

DNA 
methylation 
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Histone
modifications 

The N-terminal tails of the histone proteins may be chemically modified 
at lysine, arginine or serine residues by for instance, acetylation, me-
thylation, ubiquitination and phosphorylation5,8. The pattern of PTM’s that 
occur on one or more histone tails form a so-called histone code that 
can be deciphered by other proteins These proteins can alter the struc-

ture of higher-order chromatin and recruit effector molecules22. Histone PTM’s are reversible and 
can be associated with either euchromatin or heterochromatin and therefore can control gene ex-
pression. The transcriptionally inert heterochromatin state is negatively regulated by hypoacetyla-
tion of H3 and H4 and tri-methylation of lysine residues 9 and 27 on histone H3 (H3K9me3, H3K-
27me3) and tri-methylation of lysine residue 20 on histone H4 (H4K20me3). In contrast, acetylation 
of histones H3 and H4 and tri-methylation of lysine residue 4 and 79 on histone H3 (H3K4me3, 
H3K79me3) situated at transcription start sites (TSS) are associated with transcriptionally active 
euchromatin23-28. Through these modifications, histones can regulate gene transcription by chan-
ging chromatin structure, altering electrostatic charge or by providing protein recognition sites7. 

The machinery that regulates histone methylation generally consists of different classes of 
histone methyltransferases (HMTs) and histone demethylases (HDMs)29. Histone 3 lysine 4 di- and 
trimethylation (H3K4me2/3) is mainly associated with transcriptionally active genes, although in mam-
mals much lower levels of this mark have also been observed at silent genes. Nevertheless, the mark 
is thought to positively regulate transcription by recruitment of nucleosome remodeling enzymes and 
histone acetylases30. The establishment of the histone mark is catalyzed by the trithorax group (trxG) 
of proteins through activity of the SET1 or MLL family members, which reside within multimeric protein 
complexes. The first of these complexes containing SET1 was identified in yeast and was named 
COMPASS, for complex of proteins associated with SET131. HDMs known to abolish the H3K4me2/3 
mark are KDM1/LSD1 family members (remove H3K4me1/2) and members of the JmjC-domain con-
taining family (remove H3K4me3)18. H3K4me3 is one of the most studied active histone marks, and 
one of the most known models for histone PTMs crosstalk. The tight regulation between monoubi-
quitination of H2B and the trimethylation of H3K4 and H3K79 is a hallmark of active promoters32-36.

Histone repressive marks have been well studied, such as methylation of H3K9 and 
H3K27. In mammalian cells, H3K9me3 is a hallmark of heterochromatin and is also required for 
transcriptional silencing of genes and retroviral elements37,38. Transcriptional repression invol-
ves heterochromatin protein 1 (HP1), which specifically binds to methylated H3K9, which would, 
in turn, recruit DNA methyltransferases28,39-41. Between the enzymes identified to be required for 
H3K9 methylation are SETDB1, SUV39H1 and G9a. Additionally, H3K27me3 marks are associa-
ted with transcriptional repression, which is thought to be mediated by the promotion of a com-
pact chromatin structure42. These marks are induced by Polycomb-group (PcG) proteins residing 
within the polycomb repressive complex 2 (PRC2). PRC2 consists of Suz12, EED and EZH2, the 
latter being a SET1 domain-containing HMT43. The repressive H3K27me3 mark can furthermo-
re be recognized by PRC1, which mediates the ubiquitylation of H2AK119, a mark that is thought 
to further maintain silencing18,43. Binding of PRC1 is thought to block the recruitment of transcrip-
tional activation factors and to prevent initiation of transcription by RNA polymerase II44. The de-
methylation of H3K27 is catalyzed by the KDM6 family, better known as UTX and JmjD318.

Different histone modifications may influence each other (e.g. H3K36 methyla-
tion inhibits H3K27 methylation) or may influence other epigenetic modifiers or epigene-
tic marks (e.g. H3K27me3 may recruit PRC1, and H3K4me3 may inhibit DNA methylation). 
Methylation of H3K4, H3K9 and H3K27 has been shown to mediate mitotic inheritance of linea-
ge-specific gene expression patterns and accordingly have key developmental functions42. For 
this reason, these epigenetic marks are important targets for epigenetic editing, in order to achie-
ve sustained gene expression reprogramming. Moreover, as cancer cells frequently remain in 
an undifferentiated state45, these histone marks are of particular interest in cancer research.

This implies that low concentrations of 5mC do not foreclose gene activity19,21. High-CpG (i.e CGI) 
promoters on the other hand are mostly unmethylated, even when inactive. This implies that the-
se regions are somehow protected from methylation, not only in the germline, but also in somatic 
cells19. The fact that these CGI promoter genes can still be inactivated, suggests an additional le-
vel of epigenetic control. Indeed, such a regulatory level is formed by the modification of histones. 

1
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Reading and writing 
the epigenetic code

At certain stages of the cell cycle or in response to stimuli, 
the chromatin folding must decrease to facilitate access of 
appropriate factors or it must condense to render the DNA in-
accessible to those factors. This level of regulation is achie-
ved through the abundance and impact of specific PTM’s. 

This balance is regulated by the balance of enzymes that can ‘write’ or ‘erase’ a specific PTM22,46.

Writers such as acetylases, methylases and phosphorylases can introduce distinct PTM’s on his-
tones. Erasers such as deacetylases, demethylases and phosphatases antagonize the function of 
writers by removing those histone modifications47.

Readers are proteins that contain conserved domains that can recognize histone modifications48. 

These readers are for example bromodomains, chromodomains, PHD fingers or WD-40 repeats that 
can interpret PTMS’s to evoke specific functional outcomes such as remodeling of the chromatin, 
stabilization of the higher order-chromatin, further posttranslational modification (through writer or 
eraser) or other gene regulatory effects such as direct recruitment of RNA polymerase II machinery46.   

Cancer 
Epigenetics

Failure to correctly regulate chromatin condensation or decondensation can 
lead to an increase in DNA damage and abnormal gene expression, which on 
their turn can lead to genome instability. Genomic instability is implicated in 
many pathogenic events such as human syndromes and cancers49-51. Indeed it 
is shown that there is a strong relationship between aberrant post-translational 

histone modifications and tumorigenesis. The gene expression abnormalities observed in cancer are 
frequently associated with aberrant epigenetic profiles52. For example, tumor suppressor genes can 
frequently become silenced during tumor development. The promoter regions of these genes can be 
subject to hypermethylation, which is associated with gene silencing. In addition, a global DNA hypo-
methylation is frequently involved in genomic instability and transformation into malignant cells. Mo-
reover altered histone modification patterns also play a critical role in tumorigenesis of tumor suppres-
sor genes and oncogenes, including an enrichment or loss of active or repressive histone marks53.

The fact that the various epigenetic marks are reversible makes it an ideal target for therapeutic 
intervention. Currently, US Food and drug administration (FDA)-approved epigenetic drugs, e.g. histo-
ne deacetylase inhibitors and DNA demethylating agents have been demonstrated to have potent an-
ti-cancer effects in clinics54-56. However, it has been demonstrated that the chemotherapeutic agents can 
induce undesired off-target effects throughout the genome, e.g. induction of expression of the pro-me-
tastatic gene Ezrin57. Therefore it is essential for future therapeutic intervention to target cancer in a ge-
ne-specific way. The interactions between proteins that can read and write or erase the code provide re-
gulatory opportunities for the transmission of epigenetic marks along the genome, and the use of current 
targeting platforms has open new avenues to study the effect of epigenetic marks in health and disease.

Epigenetic Editing An elegant method to modulate gene expression at will is depic-
ted by artificial transcription factors (ATFs). ATFs that are engi-
neered to bind to a promoter region of a gene of interest are able 

Figure 1. Epigenetic editing. By coupling or fusing an 
epigenetic effector domain to a DNA binding domain, any 
region in the human genome can be targeted and gene 
expression can be modulated

1

to specifically affect gene expression. Previous-
ly, the potentials of ATF treatment have been de-
monstrated for several genes involved in cancer, 
including SOX2, Maspin, C13ORF18 and EP-
B41L358-61. In general, ATFs consist of a DNA-bin-
ding domain (DBD) and a transcriptional activator/
repressor to positively or negatively regulate trans-
cription. Yet, a major disadvantage of ATF treat-
ment is the transient effect on gene expression 
modulation. Hence, a sustained gene expression 
modulation can only be achieved by reprogram-
ming of the cellular epigenetic context in a mitoti-
cally stable manner. The most promising approach 
to meet this requirement is illustrated by epige-
netic editing62 (Figure 1) . The goal of epigenetic 
editing is to rewrite epigenetic marks at any locus at will to permanently modulate the expression 
of endogenous genes. Since the dynamic remodeling of the chromatin landscape (and the stable 
CpG dinucleotide methylation) is tightly regulated by a conglomerate of enzymes and other macro-
molecules, there is a huge array of epigenetic effector domains for gene expression modulation.
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In order to rewrite the epigenetic landscape, the catalytic domain of an epigenetic writer or an 
eraser is fused to a gene-specific DBD to enforce the presence of this effector domain at a particular DNA 
sequence. Induced epigenetic changes can be assessed by chromatin immuno-precipitation (ChIP) or 
bisulfite sequencing and the effect of targeting epigenetic enzymes on gene expression can be assessed 
by measuring gene expression levels of genes that are in close proximity of the DBD recognition site. The 
most used targeting DBDs used are Zinc Finger Proteins (ZFPs)63, Transcription Activator Like Effectors 
(TALEs)64 and the clustered, regularly interspaced, short palindromic repeat-CRISPR associated pro-
tein (CRISPR-Cas) RNA-guided endonuclease system that can be targeted to any loci of interest 65,66.

After the introduction of the concept by us, the field of epigenetic editing has been in increa-
sed development67-74. Especially the introduction of a new, cheap and flexible DNA binding platform 
(CRISPR-Cas) has sparked the interest in this approach. 
Several genes and epigenetic enzymes have been used to repress or reactivate gene expression at will. 
Most of these studies, however, have only addressed short term epigenetic reprogram-
ming and are lacking sustained gene expression modulation. For this reason we have deve-
loped several platforms to address stable epigenetic reprogramming after epigenetic editing.

Aims and scope
of the thesis

The aim of this thesis was to induce stable activation or repression 
of endogenous target genes by epigenetic editing. We develop no-
vel modalities of gene expression modulation that exploits epige-
netics to induce inheritable and robust states of transcriptional re-
programming at desired loci. To this end, we took advantage of our 

expertise in developing programmable DNA Binding Domain (such as ZFPs and CRISPR/dCas9) 
to target the promoter of endogenous genes, and couple these to effector domains from natura-
lly occurring epigenetic enzymes (e.g. histone modifying enzyme and DNA methytransferases). 

Previous studies showed that ATFs can be used to modulate gene transcription. However, their tran-
sient activity was associated with reacquisition of the previous transcriptional state. This outcome 
likely reflects the inability of the chosen transcriptional regulators to recreate self-propagating epi-
genetic changes at the target loci. To overcome this limitation, we hypothesized that targeting of 
multiple epigenetic regulators might mimic natural conditions to allow the formation of transcriptional 
complexes capable of creating self-sustaining epigenetic reprogramming. The hit-and-run approach 
of our epigenetic platform should overcome the limitations associated with the current technologies, 
paving the way for its therapeutic application. Finally, this epigenetic editing platform can be rapidly 
adopted in basic biology to interrogate the function of mammalian regulatory elements and to un-
derstand the mechanistic relationship among chromatin states, gene regulation and cell phenotype.

The first three chapters deal with the overall development of the field of epigenetic editing. In Chap-
ter 2, we set out to present the latest efforts and achievements in the field of epigenetic editing. 
In this review we aimed to show the current techniques and targeting platforms used, as well as 
their advantages and disadvantages. We also present the most used epigenetic enzymes targe-
ted at different regulatory regions, the clinical application and the future perspectives. Chapter 3 
aims to provide a clear protocol for the field covering the methodology to create Zinc Finger Pro-
teins and to target the promoter of a hypermethylated gene (ICAM-1) using epigenetic editing to 
de-methylate DNA using the catalytic domain of Tet2. In Chapter 4, we aimed to increase effective-
ness of epigenetic editing by identifying main barriers in targeting genes and subsequent epigenetic 
reprogramming. As DNA methylation at CpG islands has been shown to be a hurdle when targe-
ting loci, addressing this issue will help in achieving the optimal possibilities for genome targeting. 

The next chapters serve as an example for the potential use of epigenetic editing in clinical research 
and basic fundamental biology research. Chapter 5 explores the possibility of targeting two different 
promoters of the RASSF1 gene, with the aim to demonstrate that two transcripts from the same gene, 
but regulated from different promoters, have opposing effects in cancer. It has already been proven 
by exogenous overexpression or silencing that the two transcript act differently in cells, and we aimed 
to show that endogenous regulation of the two promoters by epigenetic editing has the same results. 

1
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While the first promoter generates a transcript that has tumor suppressive activity, the shortest iso-
form, transcribed from an inner promoter is thought to be an oncogene. In Chapter 6, we use epi-
genetic editing to show the potential function of the NCO2 gene, which is overexpressed in cancer. 
The aim of this chapter was to identify the function of this gene by using epigenetic editing to repress 
its expression in cancer cells and evaluate their behavior. With these two chapters we aimed to 
show that some genes could serve not only as biomarkers but can also provide therapeutic targets.

The last chapters depict the possibility to achieve sustained gene expression reprogramming with 
epigenetic editing. In Chapter 7 we aim to accomplish sustained transcriptional repression of a can-
didate gene dysregulated in Chronic Obstructive Pulmonary Disorder (COPD) by means of compa-
rison between the transcriptional repressor Super Krab Domain (SKD) and epigenetic enzymes. In 
Chapter 8, we investigate the capability of H3K4me3 to induce gene expression, and whether there 
is dependency on the chromatin microenvironment targeted. We also set out to unravel requirements 
that need to be achieved in order to stably activate gene expression from hypermethylated genes.

In Chapter 9, the most important findings of this thesis are summarized and discussed in the context 
of existing literature. We also show the potential for future research from the findings of this thesis. 

1
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CHAPTER 2

Abstract

Introduction 

Genome targeting has quickly developed as one of the most promising fields in science. By using 
programmable DNA binding platforms and nucleases, scientists are now able to accurately edit the 
genome. These DNA binding tools have recently also been applied to engineer the epigenome for 
gene expression modulation. Such epigenetic editing constructs have firmly demonstrated the causal 
role of epigenetics in instructing gene expression. Another focus of epigenome engineering is to un-
derstand the order of events of chromatin remodeling in gene expression regulation. Groundbreaking 
approaches in this field are beginning to yield novel insights into the function of individual chroma-
tin marks in the context of maintaining cellular phenotype and regulating transient gene expression 
changes. This review focuses on recent advances in the field of epigenetic editing and highlights its 
promise for sustained gene expression reprogramming.

Keywords: Epigenetics, gene expression, epigenetic editing, chromatin, zinc finger proteins, TALE, 
CRISPR-dCas

Epigenetics is the study of heritable yet reversible changes in gene expression, which are indepen-
dent of the underlying DNA sequence. Although all cells within an organism contain the same DNA, 
there are many different cell types, making the various tissues and organs, present. Many genes are 
constantly activated or repressed leading to these different phenotypes [1]. This epigenetic gene regu-
lation is mediated by several mechanisms that work together in order to determine the cell type-speci-
fic patterns of expression. The organization of DNA and histones into chromatin is an important aspect 
in gene regulation, through which the access of transcription complexes to the DNA can be regulated 
[2]. Chromatin is organized in nucleosomes (protein octamers, generally consisting of two copies of 
each core histone H2A, H2B, H3 and H4, where 147 base pairs of DNA is wrapped around) and a 
linker histone (H1). Higher-order folding of the nucleosomes can result in many chromatin states, with 
the most simple classification being less condensed, active euchromatin or highly condensed, silent 
heterochromatin [3]. 

Next to maintaining mitotically stable expression patterns, chromatin controls DNA accessibi-
lity through for instance post-translational modifications (PTM) of the histone tails or modification on 
the DNA such as methylation [4]. These modifications can directly or indirectly influence chromatin 
structure by modulating DNA-histone interactions and form docking sites to facilitate recruitment of 
proteins to the chromatin [5]. This form of epigenetic regulation is important for the maintenance of cell 
identity and therefore it is implicated in processes such as proliferation, development and differentia-
tion [6]. The patterns of histone PTMs that occur on the histone tails form a so-called histone code that 
can be deciphered by other proteins. These proteins can alter the structure of higher-order chromatin 
and in turn recruit other effector molecules [7, 8].
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For several years it has been under heavy debate whether chromatin marks are the cause 
or mere consequence of gene expression or repression [9-11]. Most studies addressing chromatin 
and RNA expression are based on statistical associations of various chromatin marks with expres-
sion levels of the genes [12-14]. Such studies firmly established associations between, for example, 
H3K4me and active gene expression, or H3K9me and H3K27me and gene repression. However, it 
is worth mentioning that correlation does not necessarily imply causation. Epigenetic research has 
long been hindered by the lack of experimental methods that would allow the targeted manipulation 
of chromatin marks in living cells. Most of the studies have used mutational approaches and pharma-
cological inhibition to alter epigenetic marks, but this has global and non-chromatin effects [15, 16]. 
Nevertheless, using these techniques scientists have been able to provide further support that loss 
of chromatin modifiers causes strong phenotypes, which are often interpreted as a consequence of 
transcriptional deregulation, although the cellular effects might very well be established through chan-
ges on non-chromatin targets [17].

An elegant approach to actually rewrite epigenetic modifications at a known locus was the 
targeting of epigenetic effector domains to reporter genes. Early research made use of synthetic 
protein-DNA binding approaches (e.g. Gal4, LacR), or fused existing human DNA binding domains 
to (parts of) epigenetic enzymes (e.g. MLL, NF-kB) [18]. Currently, it is feasible to target epigenetic 
effector domains to any given genomic locus (referred to as “epigenetic editing”, making it experimen-
tally possible to modify individual chromatin marks at a defined locus and chromatin context [19, 20]. 

The goal of such epigenetic editing is to rewrite an epigenetic mark at any locus at will, and 
eventually modulate the expression of endogenous genes.  In order to rewrite a gene’s epigenetic 
signature a (catalytic domain of a) writer or an eraser can be targeted to the given locus by fusing it 
to a programmable gene-specific DNA binding domain (DBD) [21-29]. Induced epigenetic changes 
can be determined by e.g. chromatin immuno-precipitation (ChIP) or bisulphite sequencing and the 
actual effect of targeting epigenetic enzymes on gene expression can be assessed by measuring 
gene expression levels of genes that are in close proximity of the DBD recognition site. In this review 
we summarize recent epigenetic editing reports using different DNA binding platforms and several 
activators, repressors or epigenetic enzymes targeted to endogenous loci. 

Gene targeting 
platforms

In recent years, the molecular biology field has developed three pro-
tein systems to design domains with predetermined DNA sequence 
binding specificity. C2H2 zinc finger proteins (ZFPs) were the first 
example of modular and predictable DNA recognition proteins and 
a few research groups worldwide, including ours [30-33], exploited 

this first generation system to demonstrate its power to modulate expression of any given gene of 
interest. These early studies were exploiting non-catalytic domains to modulate gene expression 
including e.g. a viral transcriptional activator (VP16 and its tetramer VP64) [34, 35] or the mam-
malian repressor KRAB [36, 30]. More recently, a more straightforward programmable recognition 
domain platform was introduced: the Transcription-Activator-Like Effector (TALE) arrays [19]. Both 
platforms, however, require the fusion of the effector domain to every new engineered DNA bin-
ding domain which is laborious, expensive and greatly hampered progress. The introduction of the 
Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) sequences with CRIS-
PR-Associated Protein (Cas) or CRISPR/Cas9 systems, has made epigenetic editing available to 
the wider research community as it consist of two simple modular parts: a sgRNA (which is easy 
to design and cheap) and its to be recruited counterpart, the protein dCas (allowing a one-time fu-
sion to an epigenetic editor for all possible targets) [37]. Indeed, recent findings clearly indicate the 
promise of epigenetic editing to reprogram gene expression patterns, and are discussed below.

ZFPs ZFPs are among the most common types of DNA-binding motifs found in eukaryotes and 
are present in many natural transcription factors. They can be engineered to recognize al-
most any DNA sequence[38]. ZFPs are made of modular zinc finger domains in which each 

finger consists of ca 30 amino acids containing one α-helix and two β-sheets that are coordinated by 
a zinc ion, generally with two residues of cysteine and two residues of histidine. Three amino acids on 
the surface of the α-helix typically contact three base pairs in the major groove of DNA [39]. By linking 
six ZF domains together, a 6-ZFP can be engineered to recognize 18 base pairs of DNA, which is 
mathematically unique in the genome [40]. 

2
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This way, ZFPs can be used to target DNA sequence in the genome. An individual finger domain re-
cognizing a 3 base pair segment of choice is selected from lists of artificially constructed fingers, such 
as Barbas's modules for 5′-GNN-3′, 5′-ANN-3′, 5′-CNN-3′, and a partial 5′-TNN-3′ [41]. For many 
years, engineering ZFPs was the only approach available to create custom site-specific DNA-binding 
proteins. Nevertheless, they are expensive, labour intensive to create and not highly specific. On the 
other hand, they constitute the smallest of the three currently available platforms. One of the most 
important rules to designing DNA binding platforms has been the use of DNAse hypersensitive sites, 
which mark regions of open chromatin. Interestingly though, ZFPs due to their size are able to bind 
highly chromatinized regions in the genome, in contrast to other platforms [42]. Additionally, they are 
presumably less immunogenic due to their similarity to mammalian transcription factors. Currently, 
engineered ZFPs are available commercially from Sigma–Aldrich (St. Louis, MO, USA), and are the 
only domains, which have been explored in clinical trials, for over ten years now (Sangamo Bioscien-
ces, Richmond, CA, USA).

TALEs TALEs are derived from the bacterium species Xanthomonas. In host plants they affect 
gene expression by binding to promoters of disease resistance-related genes and re-
gulate their expression to facilitate bacterial colonization and survival. TALEs contain 

13-28 highly conserved tandem repeats of 33 or 34 amino acid segments, these repeats mostly differ 
from each other at amino acid positions 12 and 13 [19, 43]. Unique combinations of amino acids at 
the positions 12 and 13 bind to specific corresponding nucleotides, allowing for gene targeting (for 
example, NI to A, HD to C, NG to T, and NN to G or A). Like ZFPs, modular TALE repeats are linked 
together to recognize contiguous DNA sequences. Although the single base recognition of TALE 
to the DNA allows greater design flexibility than triplet-confined ZFPs, the cloning of repeat TALE 
arrays presents a technical challenge due to extensive identical repeat sequences. Moreover, their 
big sizes and immunogenicity likely will hamper their uses in clinical applications. Likewise, DNA 
methylation has been shown to hamper the binding of TALEs, restricting their accessibility at hete-
rochromatin regions [44].

CRISPR The discovery of the CRISPR-Cas system has been one of the most important ad-
vances of the century in molecular biology research. CRISPR-Cas originally was 
identified to act as an immune system in bacteria, but is now largely exploited as a 

gene targeting platform because of the ease of the approach. There are at least three different CRIS-
PR classes under development, with type II CRISPR/Cas9 of Streptococcus pyogenes being the 
simplest design, composed of a single endonuclease protein Cas9. CRISPR-Cas9 main function is 
to detect pathogenic DNA and shred it. Recognition of pathogenic DNA is achieved by incorporating 
the short host DNA segment in the Cas locus of the bacteria. This DNA is transcribed into a so-called 
single guide RNAs (sgRNAs) that recognize the host target genomic sequence of approximately 
20 bps upstream of a 5’-NGG-3’ protospacer adjacent motif (PAM). The requirement of a PAM se-
quence slightly limit the targeting freedom of CRISPR/Cas9, occasionally making the use of ZFPs 
and TALEs more advantageous in cases where no 5’-NGG-3’ sequence is present. Upon binding, 
the Cas9 nuclease can cleave double stranded DNA with its RuvC-like nuclease domain and HNH 
nuclease domain. Keeping the nuclease activity intact thus allows for gene editing by inducing dou-
ble-stranded DNA breaks and relying on homologous recombination (HR) or non-homologous end 
joining (NHEJ) for cellular DNA repair. The nuclease domains of Cas9 can be enzymatically inactiva-
ted through mutations in the RuvC and HNH domain, thereby creating the nuclease-null deactivated 
Cas9 (dCas9) for e.g. gene expression manipulation purposes. CRISPR offers similar high levels 
of efficiency to TALEs, and its design and implementation is simpler than that of ZFPs and TALES. 
However, several concerns have also been raised regarding the specificity of the CRISPR system. 
Mismatches between the DNA target sequence and RNA molecule are tolerated, increasing the 
possibility for off-target effects. Additionally, the size and immunogenicity of the Cas9 protein makes 
the clinical application of the system a likely hurdle. These limitations require further exploration. 
However, this system has opened several opportunities to study a plethora of applications in biology, 
such as gene expression modulation. Interestingly, the first ex vivo clinical trial using CRISPR for 
genome editing has been approved recently [45].

2
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Artificial 
transcription factors

The fusion of transcriptional effector domains to designed 
DNA binding domains can induce transcriptional activation 
or repression when targeted to endogenous genes. The 
ZFPs were the first to be linked to the transcriptional activa-
tor VP16 to create an artificial transcription factor [46, 38]. 
VP16 is an activation domain from the herpes simplex virus 

that recruits the RNA polymerase II transcriptional machinery [47].  Later, a tetramer of VP16 domains 
(VP64) was created and has been linked to several DNA binding platforms to activate coding and 
noncoding genes by targeting the promoters and regulatory elements in the genome. However, VP64 
does not directly modify chromatin and has been shown to have a transient effect on gene expres-
sion [42]. Nevertheless, it recruits several factors linked to increased chromatin accessibility and the 
deposition of active histone marks, such as acetylation of the lysine 27 residue of histone subunit 3 
(H3K27ac) [48, 49]. Another activator exploited for targeted gene activation is the p65 subunit of the 
human NF-κB complex, which has been coupled to ZFPs [50], TALEs [51, 52] and dCas9 [53]. Gene 
induction by these activators can be achieved by targeting both up- and downstream of transcription 
start sites (TSSs) in promoter regions. However, the activation of gene expression using these pro-
teins have not been very efficient in all cases, depending on the region targeted, and for this reason 
recruitment of multiple DNA binding domains to a locus is often required to achieve a robust trans-
criptional response, especially in the case of dCas9 system. 

In order to overcome low efficiency of activation, a new generation of activators have been 
developed that allow robust gene overexpression in comparison to the original domains. These new 
activators work by amplifying the recruitment of multiple effectors to a single dCas9-gRNA complex. 
For example, the SUperNova Tagging (SunTag) system, which recruits multiple VP64 activators to 
dCas9 in trans, results in stronger activation with a single gRNA[54]. Alternatively, repurposing the 
gRNA as a scaffold to recruit activators via MS2-targeting has been proven effective: The authors 
fused several RNA hairpins from the male-specific bacteriophage-2 (MS2) to the 3’end of a sgRNA 
and fused the MS2 coat protein (MCP), which binds the MS2 hairpin, to VP64, resulting in efficient 
activation [55]. Similarly, the synergistic activation mediator (SAM) system uses two MS2 hairpins 
in the sgRNA and fuses MCP to the activators p65 and HSF-1 (Heat Shock Factor 1, responsible 
for transcribing genes in response to temperature) [56]. This system is used in combination with 
dCas9-VP64 and showed a significant improvement compared to the other systems. Lastly, the VPR 
system using three separate activators (VP64, p65 and Rta) has been shown to achieve high levels 
of expression [53].

Transcriptional repression has also been accomplished by using targeted gene silencing with 
engineered DNA binding domains fused to repressors. Targeting of a DNA binding domain without any 
effector domain to promoter regions or regions downstream of the transcription start site can silence 
gene expression by steric hindrance of transcription factors and RNA polymerase [57, 46]. However, 
gene repression by this method alone generally is not sufficient for robust silencing. Transcriptional 
repressors, which by themselves possess no catalytic activity but can recruit epigenetic modifiers, 
are more potent for silencing. The most commonly used silencing domain is the Krüppel-associated 
box (KRAB), which is one of the most potent natural repressor in the genome and used by half of all 
mammalian zinc-finger transcription factors. Localizing KRAB to DNA can initiate heterochromatin 
formation by recruitment of complexes that may include the histone methyltransferase SETDB1 and 
the histone deacetylase NuRD complex [58-60]. In addition to silencing of promoters, KRAB has 
been shown to repress gene expression when targeted to distal and proximal gene regulatory ele-
ments like enhancers [61-63, 30]. 

Given the success of gene expression modulation by the use of artificial transcription fac-
tors, the possibility of using epigenetic modifications to manipulate the cellular machinery in a more 
sustained manner and to recruit writers or erasers to study the role of specific marks in different 
chromatin contexts was raised [64, 18]. Since epigenetic marks are inherited by daughter cells, the 
reprogramming might even be stable and maintained through cell divisions [6, 65]. The possibility 
to easily reverse epigenetic modifications in a targeted manner has opened new and exciting ave-
nues for fundamental biology research. Indeed, the dynamic and reversible nature of the epigenetic 
modifications offers the possibility to reprogram any gene at will (Figure 1). And that was how the 
epigenome editing field was born. Below we discuss the most used epigenetic effector domains in 
epigenetic editing (Table 1).
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Figure 1. Epigenetic editing tools available. a) Zinc finger proteins can recognize double-stranded DNA, fusion of 6 ZFPs can re-
cognize an 18 bps sequence, and fused to a DNA methyltransferase like DNMT3a can add methylation to cytosine’s. b) TALEs can 
recognize each module a single base pair, fusion of several can recognize a locus, and fused to an oxidating enzyme like TET1 can 
promote DNA demethylation. c) CRISPR-dCas9 can bind to a sequence complementary to the sgRNA that is loaded with, and fused 
to a histone acetyltransferase like p300 can activate gene expression.
 

Gene 
regulation

Epigenetic 
effector

Enzymatic 
activity

Chromatin 
modification

Genes 
targeted

G9a Methyltransferase H3K9me2

VEGF-A, 
Her2/Neu, Fosb, 

E-Cadherin, 
Neruog, Grm2

Suv39h1 Methyltrasferase H3K9me3
VEGF-A, 

Her2/Neu, Neruog, 
Grm2

DNMT3 (A, A/L) Methyltransferase DNA methylation

VEGF-A , SOX2, 
Maspin,  EpCAM, 
CDKN2A, ARF, 
Cdkn1a, IL6ST, 

BACH2 
LSD1 Demethylase H3K4me2 Gene enhancers

SIRT6, SIRT3 Deacetylase H3K9ac Neruog, Grm2
KYP Methylase H3K9me1 Neruog, Grm2

TgSET8 Methylase H3K20me Neruog, Grm2
NUE Methylase H3K27me3 Neruog, Grm2

HDAC8 Deacetylase H4K8ac Neruog, Grm2
RPD3 Deacetylase H4K8ac Neruog, Grm2
Sir2a Deacetylase H4Kac Neruog, Grm2
Sin3a Deacetylase H3K9ac Neruog, Grm2

TET1 Deoxygenase DNA 
demethylation

ICAM-1, RHOXF2, 
BRCA1, RANKL, 
MAGEB2, MMP2 

TET2 Deoxygenase DNA 
demethylation

ICAM-1, EpCAM

TET3 Deoxygenase DNA 
demethylation

ICAM-1

TDG Glycosylase DNA 
demethylation

Nos2

p300 Acetylase H3K27ac
IL1RN, MYOD1, 

OCT4, HBE, 
HBG, ICAM-1

PRDM9 Methyltransferase H3K4me3
EpCAM, ICAM-1, 

RASSF1a, 
PLOD2

Dot1L Methyltrasferase H3K79me EpCAM, PLOD2

Activation

Repression
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Epigenetic
repression

The very first epigenetic modifier linked to a DNA-binding domain to establish 
epigenome editing was published in 2002 when an engineered ZF, designed to 
target the VEGF-A gene, fused to the histone methyltransferases G9a or SU-
V39H1 was able to show that H3K9 methylation is causative in VEGF-A gene 
repression [64]. It took a while before this study was followed by ZF-targeting the 

HER2/neu gene in cancer [66] and even in in vivo by targeting the murine Fosb gene [67]. Similarly, 
authors have fused a TALE, targeting the E-Cadherin gene, and dCas9, in combination with sgRNAs 
to target VEGF-A, to the SET domain of the histone methyltransferase G9a and demonstrated that 
this approach is effective in repressing genes, as seen with ZFPs [68, 69]. In the meantime, Zinc 
Fingers were also exploited in the first DNA methylation targeting studies by fusion to the catalytic 
domains of DNA methyltransferases (Dnmt3a or including a fusion between Dnmt3a and Dnmt3L, 
which catalyze the de novo methylation of DNA. In these studies, the authors showed that targeted 
DNA methylation at gene promoters, of genes such as VEGF-A [70], SOX2 and Maspin [71, 72] 
and EpCAM [73], gene repression was achieved effectively. Similar results have been obtained by 
targeting the CDKN2A gene using a TALE fused to DNMT3A [74] as well as dCas9 using sgRNAs to 
target the CDKN2A, ARF, Cdkn1a, IL6ST and BACH2 genes, demonstrating the potency of epige-
nome editing [75, 76].

Currently, several engineered TALE domains as well as dCas9 proteins have also been fused 
to various histone modifiers. For example, for the catalytic domain of the LSD1 histone demethylase 
authors were able to efficiently remove enhancer-associated chromatin modifications from targeted 
regions, without affecting control regions [61, 77]. Additionally, they found that removal of enhancer 
chromatin marks by these fusion proteins causes downregulation of proximal genes. Furthermore, 
using a set of 32 and 24 histone modifiers fused to TALEs targeting the Neurog2 and Grm2 genes, 
respectively, in combination with optogenetics for light induction, it was possible to assess the role of 
histone marks on the regulation of gene expression [78].

Epigenetic 
activation

In contrast to epigenetic repression, activation of epigenetically silenced genes 
has been more challenging. So far, only few active epigenetic marks have been 
addressed. The most common way to achieve gene re-expression has been 
done by using active DNA de-methylation. ZFPs fused to the catalytic domain of 
TET1, TET2 and TET3 have been used to activate ICAM1 gene expression, in 

a hypermethylated heterochromatic context, being TET2 the most efficient [79]. Alternatively, ZFPs 
have been used to enhance gene expression by fusion with the DNA demethylase thymidine DNA 
glycosylase (TDG) [80]. In other studies, researchers have fused the DNA demethylase TET1 to 
engineered TALEs targeting the RHOXF2 gene, which led to the identification of the specific CpGs 
playing a role in gene expression [81]. Also, the CRISPR-dCas9 has also been fused to TET1 ca-
talytic domain and was used to target the BRCA1 promoter, showing active DNA demethylation and 
gene upregulation [82]. Recently, a dCas9 system was further modified, by inserting two copies of 
bacteriophage MS2 RNA elements into the conventional sgRNAs, facilitating the tethering of the 
TET1 catalytic domain, in fusion with dCas9 or MS2 coat proteins, to target the RANKL, MAGEB2 or 
MMP2 genes, and significantly upregulate gene expression, which was in close correlation to DNA 
demethylation of CpGs in their promoters [83]. Additionally, dCas9, TALEs and ZFPs have been 
fused to the catalytic core of the p300 histone acetyltransferase to deposit H3K27ac and activate 
gene expression from promoters and distal enhancers [84]. Recently, we have shown that induction 
of H3K4me3 as well as H3K79me, both marks are specific for active promoters, on silenced genes 
is enough to drive gene re-expression [42].

Next stage of epigenetic editing: 
Sustained epigenetic reprogramming 

Now that causality of epigenetic marks with respect to gene expression has been firmly pro-
ven, the next most fundamental question in epigenetic editing research is whether the newly intro-
duced chromatin marks are stable and whether they are maintained over cell divisions. Indeed, the 
success of future clinical applications relies on long lasting epigenetic reprogramming. Only a few of 
the epigenetic editing studies have showed the mechanism of inheritance and stability of the epige-
netic marks. The first studies concerned DNA methylation and H3K9 methylation for gene repression. 
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On one hand, successful deposition of DNA methylation at the promoter of the VEGF-A gene caused 
effective silencing but, interestingly, the methylation and gene silencing were lost upon cessation of 
expression of the ZFP-fusion [85]. On the other hand, another study showed that the induction of 
DNA methylation on the MASPIN tumor suppressor and SOX2 oncogene resulted in stable silencing 
and was maintained through cell divisions [72]. The differences in the results of these studies might 
be related to the different technical approaches (transient adenovirus infection vs. lentiviral insertion 
of inducible systems) and/or by the duration of the expression of the fusion proteins. Alternatively, 
these differential effects could be explained by the different chromatin contexts.

In an elegant paper, Bintu and colleagues used an artificial system to compare four repressi-
ve chromatin regulators that use distinct chromatin modifications [86]. The EED protein of Polycomb 
repressive complex 2, which catalyzes H3K27 methylation, the KRAB domain, that indirectly promo-
tes H3K9 methylation, the DNMT3B, that catalyzes DNA methylation and the histone deacetylase 4 
(HDAC4) enzyme. By transiently recruiting each protein for different periods of time they demons-
trate that different types of repressed chromatin are generally associated with distinct time scales of 
repression. While DNA methylation shows a clear long standing repression, histone deacetylation is 
less stable and has a fast recovery. Epigenetic editing studies are now required to confirm the gene-
ral application of these findings for the various endogenous chromatin contexts.

While sustained gene repression by epigenetic enzymes seems conceptually more feasible, 
sustained gene activation is indeed poorly understood. In this sense, we have recently shown the 
different requirements to achieve long-standing gene re-expression that is maintained over time, de-
pending on the chromatin microenvironment [42]. While reactivation is achieved on hypomethylated 
promoters, hypermethylated promoters are less prone to sustained re-expression. Additionally, the 
requirement of histone posttranslational modification crosstalk is an important event during repro-
gramming. H3K4me3 requires the presence of H3K79me in order to be stabilized and successfully 
maintained. Based on these, and other findings [87], it might turn out that the chromatin microenvi-
ronment greatly affects the outcome of epigenetic reprogramming.

Clinical applications
and future perspectives 

Aberrant gene expression due to epigenetic misre-
gulation has been associated with several diseases, 
either as a symptom or even as a cause. The poten-
cy of epigenetic editing as a therapy is based on the 
reversible nature of epigenetic (mis)regulation [88]. 

In contrast to genetic mutations, epigenetic mutations thus allow for the possibility of reverting the 
abnormal patterns at a molecular level. Furthermore, site-specific epigenetic editing provides the 
opportunity to study the contributions of gene regulation to disease. The possible applications of 
epigenome editing can go as broad as from targeted reprogramming of cells via induced pluripotent 
stem cells to specialized cell types for clinical applications, to induction of genes involved in diseases 
with allelic imbalanced expression [89], and anticancer therapy.

Most of the focus so far has been placed on developing inhibitors of epigenetic enzymes, 
which act genome-wide and thus might suffer from side effects. The technology to activate endoge-
nous genes by epigenetic rewriting of their own promoters allows physiological levels of expression, 
which likely resembles the natural conditions in normal cells better and is more specific than the 
small molecules inhibitors. The in vivo effectivity of the epigenetic editing approach has, for instance, 
been shown by the activation of glial cell line derived neurotrophic factor (GDNF) using ZFPs in rat 
models, which resulted in protection against neural damage associ¬ated with Parkinson’s disease 
[90]. In this respect, activation of genes which compensate existence of mutated genes will allow 
the actual cure or at least the mitigation of the symptoms of diseases such as sickle cell anemia 
and β-thalassemia. For example, targeted activation of the developmentally silenced fetal γ-globin 
using ZFPs was achieved in mammalian cells, and could be used to counteract the loss of β-globin 
[91, 92]. In a pioneering study, researchers were able to activate multiple isoforms of VEGF-A with 
engineered ZFPs resulting in stimulation of functional angiogenesis in vivo, which was not achieved 
by exogenous overexpression of just one isoform [93]. Gene re-expression can also be used as a 
targeted therapy in cancer, as upregulation of silenced tumor suppressor genes is enough to induce 
cell death and inhibit cell migration, as proven by endogenous activation of several genes in cancer 
using ZFPs [94, 33, 95]. Additionally, engineered ZFP repressors have been designed to silence 
oncogenes and have been effective at slowing the growth of cancer cells in vitro, but also in mouse 
models [63, 30, 72]. 
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Although most of the mentioned studies have been done using transient transcriptional activators or 
repressors as effector domains, eventually, some of the findings are expected to be further optimized 
into therapeutic use by adopting epigenetic editing for such in vivo situations. There is already eviden-
ce that epigenetic editing therapy is feasible based on in vivo studies where targeting of the murine 
Fosb gene in the brain of living mice, successfully controlled the drug response in regions of the brain 
harboring the reward system. In another study, targeting of SOX2 promoter with ZFPs fused to DNA 
methyltransferases significantly delayed the tumorigenic phenotype of cancer cells in vivo and, im-
portantly, the repression was stably maintained. Additional attention is currently given to aspects that 
require research in depth such as immunogenicity, cytotoxicity, off-target effects and mode of delivery, 
in order to take these tools further into the clinic.

Conclusions
Gene expression reprogramming can be achieved by targeted epigenetic editing of regulatory re-
gions, and several DNA binding platforms have been investigated for targeting various catalytically 
active epigenetic enzyme domains to multiple genes. The development of engineered DNA binding 
domains has opened the possibility to address questions that were impossible to answer few years 
ago. Nevertheless, several aspects have to be addressed to fully exploit the approach for clinical 
applications, as delivery and sustainability are still an issue. Unraveling mechanisms for sustained 
gene re-expression necessitates the ongoing research into reinforcing epigenetic mechanisms de-
pending on the chromatin microenvironment. Epigenetic editing can be used as a powerful research 
tool to study epigenetic molecular mechanisms as well as a biomedical tool towards a cure for what 
currently is incurable.
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CHAPTER 3

Abstract
Epigenetic editing is a novel methodology to modify the epigenetic landscape of any genomic location. 
As such, the approach might reprogram expression profiles, without altering the DNA sequence. Epi-
genetic alterations, including promoter hypermethylation, are associated with an increasing number 
of human diseases. To exploit this situation, epigenetic editing rises as a new alternative to specifi-
cally demethylate abnormally hypermethylated regions. Here, we describe a methodology to actively 
demethylate the hypermethylated ICAM-1 promoter. Reducing DNA methylation in our target region 
increased the expression of the ICAM-1 gene. As the ICAM-1 gene in our model cell lines was highly 
methylated (up to 80%), this approach proves a robust manner to reduce methylation for hyperme-
thylated regions. Epigenetic editing therefore not only provides an approach to address mechanisms 
of gene expression regulation, but also adds to the therapeutic toolbox as current inhibitors of epige-
netic enzymes are limited by genome-wide effects.

Keywords: Epigenetic editing, ICAM-1, TET2, DNA demethylation, zinc finger,
         pyrosequencing, transduction. 

Introduction
Epigenetics can be defined as the study of stable changes in gene function that are mitotically and/or 
meiotically heritable and that do not entail a change in DNA sequence1. Epigenetic changes include 
chemical groups (marks) covalently attached to DNA and/or histones, changing their properties and 
altering their function. One of the most intensively studied epigenetic marks is the cytosine methyla-
tion (5mC), which along with other less common modifications2, occur generally in cytosines prece-
ding a guanine (CpG). It consists of the covalent addition of a methyl group (CH3) to the position 5 
of the pyrimidine ring of the cytosine. This reaction is mediated by a family of DNA methyltransfe-
rase proteins (DNMTs) which either maintain the methylation status on newly formed DNA chains 
(DNMT1) or methylate previously unmethylated positions (de novo DNMT3A and DNMT3B). 

CpG sites for DNA methylation can be found either clustered in highly CG dense regions 
(called CpG islands (CGI)), scattered in less condensed CpG site regions (CpG shores) or dispersed 
along the genome as independent CpG sites. Depending on the genomic location, CpG methylation 
functions to repress gene transcription3: when located within promoter regions (transcription factor 
inaccessibility), close to known transcription start sites (TSS) of genes (diminishing expression of 
the mRNA or inducing alternative TSS usage), or inside the gene bodies (repressing the activity of 
intragenic promoters -such as those driving the expression of noncoding RNAs- and even related with 
splicing alterations) 4-10. DNA methylation regulates transcription by altering the molecular structure of 
the cytosines which impairs the interaction between DNA and their binding proteins, such as trans-
cription factors, which often are sensible to this mark 11. On the other hand, methylated CpG sites 
are recognized by methylated CpG binding proteins (like MBDs)12 which recruit other transcription 
repressors as histone deacetylases (HDACs), inducing chromatin structure modifications which will 
also influence the transcription factors and transcription machinery accessibility
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As all epigenetic marks, DNA methylation is a dynamic and reversible process, and DNA demethylation 
can occur as an active or passive event. Passive DNA demethylation occurs when a DNA methylation 
mark is not copied to the newly formed DNA strand after replication, this creates hemimethylated sites, 
which will be lost upon subsequent cell division. Active DNA demethylation, on the other hand, refers to 
the enzymatic process by which 5mC mark is oxidized in several steps to 5-hydroxymethylcytosine, 5-for-
mylcytosine and 5-carboxylcytosine (5mC->5hmC->5fC->5caC). To recover the cytosine base in DNA 
chain, 5fC and 5caC can be excised by thymidine DNA glycosylase (TDG) leaving an abasic site which 
in turn is recognized and repaired with an unmodified cytosine by base excision repair (BER) system13.

Human Ten-Eleven Translocation (TET) family enzymes, previously related to hematopoietic ma-
lignances, have been identified in 2009 as the responsible enzymes for 5mC->5hmC oxidation; its 
identification as possible mediator in 5mC->5hmC oxidation was initially identified due to their homo-
logy to the trypanosomal proteins JBP1 and JBP2 (members of the Fe(II)/α-ketoglutarate (α-KG)-de-
pendent oxygenase family of enzymes) which mediate thymidine oxidation to 5-hydroxymethylurasil 
(5hmU) in this organism. Further functional experiments successfully validated TET family enzymes 
as responsible of 5mC oxidation in humans 14-16. At the time of identification of the TET enzymes, we 
were pioneering the concept of epigenetic editing using engineered Zinc Finger Proteins17-20, throu-
gh which a desired genomic region can be targeted and any epigenetic mark present nearby can 
subsequently be modified by the fused epigenetic enzyme. This rewriting of the local epigenetic sig-
nature can potentially be further optimized to obtain the desired stable effect on gene expression.

Targeting specific regions of any genomic location nowadays can be achieved through different metho-
dologies; most of them taking advantage of DNA binding domains (DBDs) of naturally occurring prote-
ins, including helix-turn-helix, Zinc-Fingers, leucine zippers, wingled helix, helix-loop-helix, HMG-box, 
immunoglobulin fold, B3 domain, and more recently transcription activator like effectors (TALEs). These 
domains vary in size, length recognition capacity, affinity, and structure. Specific DNA sequence recog-
nition can also be made using a small single stranded DNA sequence in what is called Triplex Forming 
Oligonucleotide (TFO), or by the combination of RNA-protein as the case of the CRISPR/CAS system21-24.

Development of DNA targeting methodologies, especially the CRISPR-Cas revolution, current-
ly allows us to regard the genome as a tunable structure, susceptible of editing. Most atten-
tion is being paid to specific induction of genome sequence changes by targeting DNA nuclea-
ses to a given genomic locus (genome editing). The introduced double strand break will either 
induce homologous recombination or is repaired by the error-prone non-homologous end joi-
ning; the last can be used to inactivate genes and this concept has been tested in various clini-
cal trials using engineered ZFPs 25. Additionally, the possibility to modulate gene expression wi-
thout affecting the genome sequence by using epigenetic proteins, fused to these DNA targeting 
tools, is now increasingly appreciated. These fusion proteins can modify the epigenetic lands-
cape of any genomic region (epigenetic editing) in order to induce or prevent gene expression.

In both genetic and epigenetic editing, programmable DNA targeting strategies are always necessary to 
interact with a desired region of DNA. The most common DNA targeting platforms for epigenetic editing 
include Zinc Fingers, TALEs, and the CRISPR/dCas9 system (targeting a catalytically dead Cas9 pro-
tein). The first and most extensively studied programmable DBDs are the Zinc Finger proteins, which are 
modular proteins consisting of individual “fingers” able to recognize three nucleotides each. Each finger 
is composed of around 30 amino acids, stabilized by a zinc ion which frequently bind to two cysteine 
and two histidine residues (Cys2His2-type). Based on its modular character, fusion of six fingers toge-
ther extends the recognition sequence size to 18 base pairs which is enough to recognize unique sites 
in the human genome. Vast information about zinc fingers DNA binding rules, resulted in the postulation 
of the “recognition code” 26-28, which allow the rational designing of zinc fingers targeting any sequence. 

An increasing amount of human diseases including different kinds of cancer and syndromes 29, are 
now being related to epigenetic abnormalities such as aberrant histone modifications and hypo- or 
hyper- DNA methylation related with atypical expression of certain genes30-32. 

3
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Specifically in cancer, transcriptional silencing by hypermethylation has been reported for key regu-
latory genes related with cell cycle or apoptosis; in this kind of situations, enforced DNA demethyla-
tion via targeting of such altered genes, using epigenetic editing, offers a novel approach for inter-
vention and correction of specific gene expression abnormalities. Currently, DNA demethylation is 
clinically achieved with treatments as azacitidine (5-azacitidine) and decitabine (5-aza-2´deoxiciti-
dine), but these treatments function genome-wide and thus are limited in their clinical applications.

Several databases are available these days for a number of human and non-human cell lines and 
patient samples where gene expression is coupled to epigenetic marks. Such studies facilitate the 
choice of potential study models for epigenetic editing studies. In this regard, C13ORF18 was identified 
as frequently hypermethylated in cervical cancer specimens, but not in normal cervix scraping 33. We 
assigned tumor suppressive function to this gene by re-activating its expression, first by targeting the 
transcriptional activator VP64 34, next by re-expression via induced DNA demethylation. The concept 
was further validated for other tumor suppressor genes 35, 36.

In our first report on inducing DNA demethylation, we compared TET1, TET2 and TET3 and concluded 
that TET3 was not effective and that TET2 was somewhat more effective than TET1 37. Our first model 
genes for targeted demethylation were the InterCellular Adhesion Molecule 1 (ICAM-1) and the Epithe-
lial Cell Adhesion Molecule (EpCAM) gene promoter. The ICAM-1 promoter is known to be silenced by 
specific CGI-related hypermethylation and previous reports demonstrate it is susceptible for reactivation 
using zinc finger protein coupled to a transient activation domain (VP64) 38, 39.

In this chapter, we present the protocol specially designed for lowering the methylation percentage of 
the hypermethylated ICAM-1 promoter in human ovarian carcinoma cell line A2780. Here we induce 
Zinc Finger-TET2 fusion protein expression using a retroviral GFP reporter model; transduced cells are 
sorted from untransduced cells by FACS and finally ICAM-1 expression and promoter methylation status 
is quantified by qRT-PCR and pyrosequencing, which allow confirmation of TET2 activity in the chosen 
model. Other DNA targeting platforms have further validated the potency of targeting TET1 to reduce 
hypermethylation status inducing gene expression 40, 41. Altogether, the approach of targeted demethyla-
tion opens realistic avenues to start considering therapeutic re-expression of aberrantly silenced genes 
or of (fetal) genes which can compensate for a genetic mutation.
 Materials
1. Transduction of cells to express ZF-TET2

1. HEK293T and A2780 cell lines (human embryonic kidney and ovarian cancer cells, obtained 
from ATCC)

2. HEK293T Cell culture media: 500 mL Dulbecco’s Modified Eagle Medium (DMEM), 50% fetal 
bovine serum (Perbio Hyclone), 5mL L-glutamine (200mM) (Bio Whittaker), 3 mL gentamycine 
(10mg/mL) (Bio Whittaker).

3. Calcium Chloride (CaCl2) 2.5M: 36,75 g CaCl2*2H2O (Merck) +100mL H2O miliQ (mQ). Filter the 
solution using a 0.2 µm filter.

4. Polybrene (Hexadimethrine bromide) solution 1mg/mL: 50 mg Polybrene (Sigma) + 50 mL H2O 
mQ.

5. PBS four salts (NaCl, KCl, Na2HPO4, KH2PO4).
6. HBS 2x solution: 0.28 M NaCl, 50mM HEPES, 1.42 mM Na2HPO4, pH 7.06. Filter the solution 

using a 0.2 µm filter.
7. VSV-G envelope expression plasmid (pMD2.G) and Gag-Pol expression plasmid (pMDLg/

pRRE)34.
8. Zinc-Finger expression vector (pMX-IRES-GFP-ZF-ED)38.
9. 10 cm cell culture plates
10. T75 flask
11. 0.45 µm SFCA syringe filters

3
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2. Sorting of GFP positive cells
1. PBS four salts
2. TEP (Trypsine-EDTA-PBS) solution: 478.5 mL PBS, 10 mL trypsine, 2.5 mL EDTA (10 mM) 
3. HEK293T cell culture media

3. DNA extraction
1. 6 well culture plates
2. Chloroform
3. NaCl 6M solution
4. Ice cold Isopropanol
5. Ice cold Ethanol 75%
6. EDTA 0.5 M, pH 8
7. SDS 10%
8. SE 10x Solution: 125 ml NaCl 6M, 500 mL EDTA 0.5 M pH 8, adjust volume to 1 L.
9. TE buffer: 10 mM Tris and 0.1 mM EDTA pH 8.
10. Proteinase K (Roche)
11. RNase (Qiagen)

4. Pyrosequencing
1. Agarose
2. Tris-Acetate-EDTA (TAE) Buffer: Tris base 40mM, EDTA 2mM, acetic acid 20 mM
3. Streptavidin Sepharose High performance (GE healthcare)
4. PyroMark™ Q24 pyrosequencer (Qiagen).
5. PyroMark™ Q24 vacuum work station (Qiagen).
6. PyroMark™ Q24 plates (Qiagen).
7. PyroMark™ PCR kit (Qiagen).
8. PyroMark™ Wash Buffer (Qiagen).
9. PyroMark™ Denaturation Buffer (Qiagen).
10. PyroMark™ Annealing Buffer (Qiagen).
11. PyroMark™ Binding Buffer (Qiagen).
12. PyroMark™ Gold Q24 reagents (Qiagen).
13. Primer Pyro-F (5´-GGGGAAGTTGGTAGTATTTAAAAGT-3´).
14. Primer Pyro-R (bio-5´-CCTTCCCCTCCCAAACAAATACTACAATTA-3´).
15. Primer Pyro-seq ( 5´- TGGGGGAGGGGAGTTTATT-3´).

Method

1. Transduction of cells to express ZF-TET2
Zinc Finger construction 

1. Determine the sequence to be targeted (see Note 1)
2. ZF are constructed by building blocks, using previously described recognition modules as de-

scribed by Barbas 42-44, Kim 45 or Young 46. Nowadays, it is possible to use bioinformatics tools 
to select target sequences and design the proper ZF (see Note 2).

3
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3. Assemble the ZF blocks using canonical peptide TGEKP as linker. We suggest ordering the 
complete ZF as an artificial minigen, avoiding manual assembly of different blocks.

(Optional: Clone all different ZFs into proper bacterial expression plasmids; expressed ZF must be purified 
and dissociation constant (Kd) (see Note 3) can be determined by electromobility-shift assay (EMSA), 
gel shift assay, enzyme-linked immunosorbent assay (ELISA) surface plasmon resonance or a BIAcore 
system (see Note 4)).

4. Clone the selected ZF into a mammalian plasmid vector or viral (stable) expression system (see 
Note 5).

Transduction of cells
1. Day -1: Seed 3.5-4 million HEK293T cells in 10 dishes along with 10 mL of medium (3 dishes 

per each plasmid to be transduced (in this example: 9 plates, corresponding to three constructs) 
plus one additional dish as control).

2. Day 0: Refresh medium between 2 and 3 hours before transfection using 5mL of HEK293T 
medium.

3. Day 0: Prepare the transfection mixture: 200 µL mQ water, 7.5 µg plasmid mix (2.5 µg  of pMD2.G 
plasmid, 5.0 µg of pMDLg/pRRE plasmid); fill up to 450 µl with mQ then add 50 µl CaCl2 (2.5 M) 
drop wise and mix, leave at room temperature (prepare three times this mix, one per dish to be 
transduced).

4. Day 0: Into a tube containing 1500 µl of HBS 2x solution, add the complete (three times mixture) 
transfection mixture (see Note 6); incubate 20-30 min and add a final volume of 1 mL of the 
solution to each HEK293T cell dishes. Swirl the plates and put them at 37°C 5% CO2 incubator 
(see Note 7)

5. Day 1: Refresh the medium of treated HEK293T cell using 5 mL of pre-warmed medium and 
seed host cells (A2780) in T75 flask using 700.000 cells in 15 mL of medium 

6. Day 2: Collect HEK293T cells supernatant medium in a single tube according to the plasmid to 
be transduced (± 5 ml virus medium per dish, three dishes per plasmid), and add 5 ml of new me-
dium to the each HEKEK293T cells dishes and put them back in the virus 37°C CO2 incubator.

7. Day 2: Centrifuge all collected virus medium to spin down the debris and cells (1000×g for 10 
min) and filter each supernatant trough a 0.45 µm SFCA filter.

8. Day 2: Per each HEK297 cell dish used previously (5mL), and in independent tubes (1 tube per 
construct to be transduced) 400 µmL FCS (final conc. 10%) and 30 µl polybrene (final conc. 6 
µg/ml). Transfer the filtered virus containing media to the correct amount of solution (FCS+Poly-
brene) and mix gently. 

9. Day 2: From the appropriate A2780 cell flask, aspirate the medium and add 7 mL of the corre-
sponding virus medium (and save the remaining virus medium at 4°C). Leave the cells at 37°C 
incubator for 8 hours; at the end of which, the virus medium of the A2780 cell flask must be 
replaced with previously saved virus medium. Finally put back the cells in the virus 37°C CO2.

10. Day 3: Repeat the procedure made on day 2 to the HEK293T cell supernatant and host A2780 
cells. The virus producer cell HEK293T, can be discarded after the second virus collection.

11. Day 4: Refresh medium of the host cells. 

3
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2. Sorting of successfully transduced GFP positive cells
Day 5+: In order to select the transduced cells, take advantage of the GFP protein expressed along with 
the Zinc-Finger protein from the pMX-CD54-Opt31 plasmids (see Note 8).

1. Discard the medium and wash the cells 3 times with pre-warmed PBS.
2. Add 500 µL TEP, spread around the flask and incubate 37°C until cells detach (see 

Note 9).
3. Inactivate TEP by adding 2 mL of fresh medium and resuspend cells on it.  
4. Collect the cells and centrifuge at 500xg for 5 minutes.
5. Discard supernatant and resuspend the cell pellet in pre-warmed PBS. 
6. Proceed to FACS sorting (see Note 10).
7. Recover sorted cells in the proper medium and seed the cells in an appropriated multi-

ple well plate according to the number of recovered cells Table 1 (see Note 11).

3. DNA extraction and bisulfite conversion
1. Culture transduced cells in 6 well plates
2. Discard the medium and wash the cells 3 times with pre-warmed PBS
3. Add 200 µL TEP, spread around the well and incubate 37°C until cells detach
4. Inactivate TEP and resuspend cells by adding 2 mL of fresh medium
5. Collect the cells and centrifuge at 500xg for 5 minutes
6.  Discard supernatant and save cell pellet at -80°C or proceed directly to DNA extraction
7. Incubate cell pellet at 55°C  for 5-10 min
8. Resuspend pellet in 500 mL SE 1x solution
9. Add 1 µL RNase and incubate 1 h at RT
10. Add 5 µL proteinase K and 50 µL SDS 10%, mix by inverting tube several times.
11. Incubate for at least 2 h at 55°C mixing constantly by rotating upside down (see Note 12).
12. Add 222 µL (0.4 volume) NaCl 6M, shake vigorously
13. Add 777 µL (1 volume) Chloroform, shake the tube until two layer are completely mixed
14. Rotating tubes upside down for at least 20 min up to 1 h
15. Centrifuge samples at 12000 rpm 10 min at RT (see Note 13).
16. Carefully pipet out the upper layer and save in a clean 1.5 mL tube (see Note 14).
17. Measure the collected volume and add 1 volume of ice cold Isopropanol, mix until white threads 

of DNA form a visible clump.
18. Centrifuge samples at >8000xg 15 min at 4°C.
19. Carefully pipette out the supernatant without disturbing the DNA pellet.
20. Add 500 µl of ice cold ethanol 70% and resuspend the pellet. 
21. Centrifuge >8000xg 5 minutes at 4°C, carefully decant the ethanol and leave the pellet to air dry 

at room temperature.
22. After all the ethanol is evaporated, add 30 µl TE buffer or mQ .
23. Quantify the DNA (e.g. by Nanodrop)

Table 1. General cell culture plates culturing characteristics.
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24. Storage: at 4°C or at -20°C for longer periods. 
25. Use any of the commercially available bisulfite conversion kit to ensure high conversion ratio and 

as much as possible converted DNA recovery (see Note 15). 
26. CpG sites in the converted DNA can be evaluated by Pyrosequencing or bisulfite sequencing. 

We suggest pyrosequencing to quantify the methylation % of each CpG site 
4. Pyrosequencing 

1. Proceed to PCR amplification reaction using PyroMarkTM PCR kit using protocol described by 
manufacturer TABLE 2 (see Note 16).

2. Run up to 5 µL of PCR product in an agarose gel 1% and identify the positive amplification (see 
Note 18).

3. Pyrosequencing procedure is made using PyroMarkTM Q24 pyrosequencer.

Table 2: PCR conditions for PyroMarkTM PCR kit usage.
4. Prior to pyrosequencing procedure, use PyroMarkTM Assay Design software to determine the po-

sition in the PyroMarkTM Q24 plate and the amount of enzyme, substrate and each dNTP needed 
for the assay and save the running protocol on a USB stick.

5. For each sample to be tested, dilute the sequencing primer to 0.3 µM in 25 µL. 
6. Fill all the stations of the PyroMarkTM Q24 vacuum workstation, with the appropriate volumes of 

Ethanol 70%, Denaturation solution, wash buffer and water. 
7. In 0.2 mL tubes, mix 20 µL of PCR product, with 1 µL of Streptavidin SepharoseTM High Perfor-

mance beads, 40 µL of PyroMarkTM Binding Buffer, and 19 µL of mQ water, shake the solution at 
± 1400 rpm up to 15 min.

8. Add to the previously defined wells (step 4) of the PyroMarkTM Q24 plate, 25 µL of sequencing 
primer and place it in the PyroMarkTM Q24 vacuum orkstation. 

9. Place the 0.2 mL tubes in the proper position respect to the PyroMarkTM Q24 plate in the PCR 
tube plate of the PyroMarkTM Q24 vacuum workstation

10. Using PyroMark Q24 vacuum tool, aspirate all beads, and transfer the vacuum tool throw the 
steps 1, 2 and 3 of the  PyroMarkTM Q24 vacuum workstation and release the beads into the 
PyroMarkTM Q24 plate (see Note 19).

11. Incubate the PyroMarkTM Q24 plate containing sequencing primers and streptavindin-PCR prod-
uct beads at 80°C for 2 mins and let it cool down at RT

12. Place the PyroMarkTM Q24 plate in the PyroMarkTM Q24 pyrosequencer
13. Fill the PyroMarkTM Q24 Cartridge with the proper amount of enzyme, substrate and dNTPs 

previously determined in step 4.
14. Place the PyroMarkTM Q24 Cartridge and Pyromark Q24 plate in the PyroMarkTM Q24 pyrose-

quencer and run the protocol saved from step 4.
15. After running, determine the percentage of methylation in each step using PyroMark Assay De-

sign software.
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1. This is the key step for zinc finger design, DNase I sensitive regions might provide good targets 
for ZF binding, although for some DNase I non-sensitive sites effective ZFs have been designed. 
We advise to design and screen a panel of ZFs for the same region 47, as some might work in one 
cell line, while others are active in other lines (see for example Huisman et al., 2013).

2. The target site is divided in N pieces of 3 bp or overlapping 4 bps segments where the last base 
of the 4 bp block is the first base of the next block. Modules for ZF sequence design can be found 
online (http://www.scripps.edu/barbas/zfdesign/zfdesignhome.php) or via other references 42-46, 

48.
3. Specificity of the designed ZF can be examined by testing mutated target sites.
4. Several systems for ZF binding properties can be used as systematic evolution of ligands by 

exponential enrichment (SELEX), cyclic amplification and selection of targets (CAST), DNA mi-
croarrays or even bacterial one hybrid system 49-51.

5. Zinc Finger targeting efficiency could be verified by transient reporter assay or by measuring 
expression levels of the target gene.

6. Add the transfection mixture drop wise while, at the same time, using a mechanical pipettor and 
a 1mL pipet directly at the bottom, blow small bubbles into the solution to favor the dilution.  

Use a mechanical pipettor attached to a plugged 1- or 2-ml pipet to bubble the HBS and add the DNA/
CaCl2 mixture. 

7. Because of the infectious potential of the virions being produced, special cautions should be 
taken regarding laboratory space chosen for this procedure.

8. Usually low cytotoxicity is observed and 2 days after transduction, infected cells can be selected.
9. A2780 cells can take some time to detach completely; be sure to wash the cells properly and to 

cover the whole flask with TEP, even adding up to 1 mL TEP.
10. Be aware to resuspend completely the cells to avoid needle obstructions, use the proper needle 

according to the size of your cells. Use the negative control cells to calibrate the Fluorescence 
activated cell sorter.

11. Make passages of cells while increasing the growing surface until enough cells are available for 
DNA extraction and analysis (we suggest to also freeze some ampuls).  

We suggest that all transduced cells with each construct are kept in culture for the same period of time 
at the moment of DNA extraction, in order to ensure direct comparison of the effect among the different 
Zinc-Finger constructs.

12. Overnight incubation at 55°C with constant mixing will increase protease action facilitating step 
16 procedures.

13. Two colorless layers separated by third white protein layer are observed. Avoid disturbing the 
layers, if it happens, re-centrifuge 20 min and continue extraction.

14. Uncomplete protease reaction will leave protein fractions in the upper layer, usually connected 
to the intermediate layer, which during pippeting will drag the protein layer increasing contami-
nation of final DNA.

15. We find that EZ DNA methylation-Gold kit, using 500 ng of gDNA and the alternative 2 of incuba-
tion 98°C 10´ followed by  53°C 4 hours, exert a good conversion ratio.

16. Test different cycling protocols (focusing on annealing step) in order to improve PCR amplifica-
tion. Concentration can be tested and adapted depending on the amplification results; Q solution 
can also be obviated. 

Notes
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18. PCR products for pyrosequencing can be stored up to 24 h at 4°C, although we suggest using 
them as soon as possible due to observed decreased pyrosequencing efficiency in longer stor-
ages PCR products 

19. Special care must be taken when aspirate the bead, to ensure complete collection from tubes 
and when releasing of the beads exactly on the correct well of the PyroMarkTM Q24 plate. We 
suggest keeping suspended the vacuum tool in the exact position before turning off the vacuum 
source.

17. One of the primers must be biotinylated in order to perform pyrosequencing, in many cases an 
extended (non-biotinylated primer Fw or Rv) can be used; in this case, an additional universal bi-
otinylated reverse primer must be used. This additional primer is complementary to the extended 
primer. We suggest a different cycling protocol is necessary for this conditions Table 3.

Table 3: PCR conditions for PyroMarkTM PCR kit usage using not biotinitated primers
Step 2: Immediately add the biotinylated pyro rv2 primer** to a final concentration 
0.16 μM and continue running for additional 20 cycles.
*extended sequence specific primer not biotinilated 
** Biotionated Rv primer targeting the extension of pyro rv1

*** Meting temperature between 1st and 2nd step must be adapted.  
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Abstract

CHAPTER 4

In the past, directed genetic engineering has been reserved for research groups with specialized ex-
pertise in the design of Zinc Finger Proteins and Transcription Activator-Like Effectors. The advent of 
the CRISPR-Cas9 technology and its rapid development has spurred many groups to make use of 
the powerful potential of directed genome engineering. Among these developments are new powerful 
approaches to modulate gene expression. However, many questions remain on the effect of the distinct 
binding characteristics of the old genome engineering technologies and Cas9. Although Cas9 is on par 
with ZFPs and TALEs with respect to mediating the repression of endogenous gene expression, some 
studies have indicated that up-regulation of endogenous gene expression by dCas9-VP64 fusions does 
not always reach levels similar to those achieved by ZFP or TALEs. Here we discuss a possible role 
of CpG island hypermethylation in causing the perceived reduced effectiveness of sgRNA/(d)Cas bin-
ding. Although Cas9 transcriptional activator complexes targeted outside of CpG islands seem to have 
a higher chance of effective binding than within such regions, clear exceptions to this limitation exist.  
Potential other causes of limited Cas9 mediated transcriptional activation are discussed. 

Introduction
Current precise genetic engineering techniques rely on using sequence-directed DNA targeting pla-
tforms to modify specific genomic loci by inducing localized DNA breaks. Researchers can use 
DNA targeting platforms with intrinsic nuclease activity, such as the CRISPR/Cas system, or use fu-
sions of nuclease effector domains with engineered DNA binding domains to mediate the edits. For 
transcription modulation, without direct DNA sequence editing, such DNA binding tools can be cou-
pled to either transcriptional activators/repressors or epigenetic enzymes1. For CRISPR-Cas sys-
tems this requires inactivation of their intrinsic nuclease activity. Irrespectively of the application, 
all approaches rely on direct DNA binding. There are currently three major classes of DNA-targe-
ting proteins used for these applications: Zinc Finger Proteins (ZFPs), Transcription Activator-Like 
Effectors (TALEs), and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs)2-5. 

ZFPs are the oldest of the common DNA-targeting technologies and have been in use as gene 
expression manipulation tools as artificial transcription factors (ATFs) since the 90’s6. ZFPs contain a 
zinc atom that interacts with two cysteine residues on the β-sheet and two histidine residues on the 
α-helix that can recognize 3-4 base pairs (bp) of DNA (Fig. 1a). Several ZF domains can be linked to-
gether to recognize a short DNA sequence, for example, an 18 bp recognition ZFP can be created by 
linking six ZF domains together. These ZFP platforms can then be fused to specific catalytic effector 
domains, which can thus be targeted to any given position within the genome7-10. ZFPs are relatively 
expensive and time-consuming to create11, nonetheless, ZFP-fusions have been used to great suc-
cess in various research settings12-16.Compared to the other technologies they are the smallest: only 
30 amino acid residues are required per ZFP motif (approximately 3 kDa). Unfortunately, there are no 
straightforward rules governing their design and ZFP often require optimization by build and test cycles. 
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TALEs are derived from the bacterium species Xanthomonas. In host plants, they can affect gene ex-
pression by binding to the promoters of genes involved in plant’s defense systems and regulate their 
expression to facilitate bacterial colonization and survival. TALEs contain 13-28 highly conserved tan-
dem repeats of each 33 or 34 amino acid segments17-19, these repeats mostly differ from each other 
at amino acid positions 12 and 13 (Fig. 1b). Unique combinations of amino acid positions 12 and 13 
can bind to specific corresponding nucleotides, allowing for gene targeting (for example, NI to A, HD 
to C, NG to T, and NN to G or A)17,20,21. This simple sequence recognition provided an advantage over 
engineering ZFP, but its wide-spread use was halted by the introduction of CRISPR platforms. The 
design and test cycle for TALEs is quicker than for ZFPs, and they are better at discriminating between 
closely related DNA sequences. However, for any given target sequence, TALEs are 3-times larger than 
ZFPs and are susceptible to recombination during their construction due to the repetitive sequences. 

The most recent addition to the genome engineering toolbox is the CRISPR-Cas9 technology, which 
took off in early 201322. CRISPR was discovered in 1987, but its function as the immune system of 
bacteria and archaea was not proposed until 200223. However, it was not until early 2013 that CRISPR 
was turned into a gene editing technology. Of the three different CRISPR classes, the Cas9 protein 
from the type II CRISPR-Cas system of Streptococcus pyogenes is currently the most widely adopted 
system for genome engineering proposes3,4,22,24-27. CRISPR/Cas9’s original function is to detect patho-
genic DNA and shred it. Recognition of pathogenic DNA is mediated by a short RNA species that 

binds CRISPR/Cas9 callled single guide RNA 
(sgRNA). These so-called protospacers recog-
nize a target DNA sequence of 20 nucleotides 
upstream (5’) of an NGG protospacer adjacent 
motif (PAM). As the PAM requirement can in 
some case be a prohibitive limit; the use of TA-
LEs or orthologous CRISPR systems might be 
more advantageous in those cases28. A sche-
matic overview of the CRISPR/Cas9 structu-
re and its functioning can be found in Figure 
1c17,29-32. The RuvC-like and HNH nuclease do-
mains of Cas9 together mediate double-strand 
DNA cleavage allowing for subsequent gene 
editing by homologous recombination (HR) 
or non-homologous end joining (NHEJ) pro-
cesses31,33,34. Two amino acid substitutions in 
Cas9, D10A, and H840A abolish the catalytic 

ac- tivity of its two nuclease domains and trans-
form it into an inert DNA targeting platform 
(dCas9)4,29. dCas9 retains its homing ability 
and a broad range of effector domains fu-

sed or recruited to dCas9 can be used for site directed gene manipulation without sequence edi-
ting35-37. CRISPR-Cas9 mainly excels over ZFPs and TALEs because it is much easier, cheaper, and 
faster to design and produce a short sgRNA for any given new target sequence compared to ZFPs 
and TALEs. However, among these technologies, Cas9 is the biggest, around 160 kDa, approxima-
tely 8-times larger than ZFs when considering an 18 base pair target and can hamper efficient de-
livery. dCas9 based tools have, in a very short time, demonstrated their value in aiding a range of 
areas of study and are currently being investigated for their potential as therapeutic interventions. 

 The increasing number of CRISPR-Cas9 based tools and their wide adoption has provided insight 
into some of the rules governing Cas9 binding effectiveness. However, despite extensive bioinformatics 
analysis, sgRNA design tools still often fail to reliably predict effective targeting sites indicating that our un-
derstanding of the factors influencing Cas9 binding efficiency are incomplete. In vivo studies have observed 
that off-target mismatched DNA sequences can exhibit higher rates of Cas9 cleavage than the on-target 
site38-40, although large scale profiling of in vitro sequences found no evidence for this effect41. Moreover, 
off-targets are more frequent in euchromatin regions that generally reflect accessible areas. These results 
indicate that other factors beyond the sequence of the target contribute to the efficiency of Cas9 binding. 

Figure 1. Schematic illustrations of the three 
DNA targeting platforms discussed here. 
a) Zinc Finger Proteins, each zinc finger recognizes 3 bps. 
b) Transcription Activator-Like Effectors, each TALE 
recognizes a specific nucleotide. 
c) CRISPR-Cas9 system, the gRNA is complementary to the
 targeted DNA sequence.
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In vivo imaging of Cas9-sgRNA complex has found binding to be less frequent at areas of hetero-
chromatin and that complex moved through these regions at a slower rates42. ChIP-seq screens 
of dCas9 performed to evaluate the characteristics of off-target binding events confirm enrich-
ments of dCas9 at sites of open chromatin43-46. These studies found that chromatin inaccessi-
bility as measured by DNase  hypersensitivity decreases Cas9 binding to sites with otherwi-
se matching sgRNA seed sequences. A striking consequence for ATF applications is that these 
studies find the majority of off-target binding sites to be associated with genes and gene promotors46. 

Epigenetic factors such as chromatin environment (eg. DNA methylation and histones modi-
fications) are likely playing an underappreciated role. Cytosine methylation in mammalian cells oc-
curs predominantly in CpG dinucleotides. DNA across the genome of mammalian somatic tissues is 
methylated at approximately 75% of all CpG sites. CpG islands (CGIs)47-49 are GC-rich sequences of 
> 1 kb in length that are methylated at low rates in germ cells, the early embryo, and in most soma-
tic tissues. It is now evident that most CGIs mark the promoters and 5′ regions of genes as around 
60% of human genes have CGI associated promoters.  The addition of a methyl group to cytosine 
could directly disturbed Cas9 binding to DNA (as it is known to do with some restriction enzymes) 
and was explored early on in Cas9 development as a potential determinant in targeting effectiveness. 
Moreover, DNA methylation and repressive histone marks are strongly associated, creating a highly 
compact and closed heterochromatin microenvironment50-52 highly correlated with gene silencing. As 
such, DNA hypermethylation might prevent accessibility to the DNA by influencing the local chromatin 
environment. Accumulating evidence of the limitations of heterochromatin on genome and epigenome 
editing allows for a more thorough and nuanced investigation of the effect of DNA hypermethylation 
on Cas9 effectiveness. This review briefly examines the different binding characteristics of ZFP, TALE 
and CRISPR-Cas9 based tools and how these relate to factors influencing transcription modulation 
efficency. In more detail, we specifically look at what is known of the effects of DNA hypermethyla-
tion of the target site. In addition, we consider parameters, which might not directly affect binding of 
the platform used, but could diminish effectiveness due to interactions between the effector domains. 

Current understanding of
heterochromatin does not allow
reliable prediction ofeffective-
ness of sgRNA/dCas binding 

While off-target binding effects have been a 
serious concern for DNA targeting platforms 
used for gene editing, functional effects of 
gene expression modulation systems seem 
to be more confined to the target53,54. Indeed, 
a number of studies indicated that off-target 
effects of CRISPR-dCas9 mediated trans-
criptional activation seem not to be a serious 

issue55. Because of the limited target region that has been found to be effective when targeted for 
upregulation (200-350 base pairs around the Transcription Start Site (TSS)55,56, some have propo-
sed to modify sgRNA design algorithms to place less emphasis on limiting the off-target binding of 
CRISPR ATF applications than those used for Cas9 nuclease applications57. Additional further impro-
vement could be achieved by factoring in and exploiting the “off-target” sites of a certain sgRNA that 
are close enough to the intended target to contribute to the desired effect. Analysis of dCas9 ChIP 
sites demonstrated that prominent off-target peaks are influenced by chromatin structure44. The pre-
diction of binding of sgRNAs could be improved by taking into account open chromatin as a predictor 
of dCas9 binding and sgRNA efficiency, contributing to their effectiveness. A number of additional, still 
poorly understood, factors could contribute to ATF effectiveness and it is clear that a more comple-
te understanding requires systematic research. Here we highlight and explain some of these factors.

In general, with the same effector domain CRISPR mediated activation appears to be less effecti-
ve than activation of gene expression induced by ZFPs or TALEs based tools. However, it should be no-
ted that with recent more potent effector domains the absolute levels of transcriptional activation reported 
with CRISPR systems have far surpassed those of ZFPs or TALEs53-55,58,59. Unfortunately, no reports of the 
effectiveness of ZFPs or TALEs systems with the more potent activators have been published. Here we 
examine some of the differences between Cas9, and the ZFPs and TALEs systems that might be invol-
ved in the low efficiency of CRISPR activation in cases where the same effector domain has been used: 
1. The bigger sizes of dCas9 (and the attached effectors) prevent accessibility in the 
heterochromatin context.
2. The various heterochromatin states represent a poorly understood factor in determining 
Cas9 binding efficiency.
3. Binding of CRISPR/Cas-based tools, but not or to a lesser degree ZFs and TALEs, might be hampered by 
DNA methylation when targeting CG-rich heterochromatin regions.
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The molecular size of dCas9 plus attached effectors
cause limitations

1.
 Unlike ZFPs and TALEs, CRISPR/Cas9 forms a sgRNA:DNA complex for target binding that requires 
local DNA helix unwinding. Moreover, the larger molecular size of dCas9 in combination with effector 
domains could  cause increased steric clash with proteins already associated with the target DNA.  
Current research conclusions seem divided on this subject, some publications suggest possible ste-
ric hindrance21,60, whereas others rather indicate this is not a limiting parameter per se53,55,61 althou-
gh various differences next to size exist between these different platforms. Gao et al. used  ChIP-
seq data of regulatory-domain-free TALEs and CRISPRs21. They found that binding of CRISPRs 
within enhancer regions prevented native transcription factors from binding at these enhancers hin-
ting to some level of steric hindrance, resulting in decreased expression of the targeted gene. This 
effect was not observed when a region outside of the enhancer was targeted instead. In compari-
son, TALEs were not observed to cause such obstructions, likely because the binding in the major 
groove does not affect neighboring transcription factor binding sites. This is an example of how the 
dCas9 complex may prohibit activator effectors from effectively functioning. On the other hand, Bar-
kal and colleagues have showed that dCas9 induces chromatin accessibility at previously inacces-
sible genomic loci, enabling adjacent binding and transcriptional activation of transcription factors62.

In contrast, Konermann et al. show that multiplexes consisting of three effector domains are even 
more effective than single or double effector domains bound to dCas953. They conclude that up to 4 MS2-
p65-HSF1 fusion proteins recruited to dCas9-VP64 provided the best activation of the systems they tes-
ted, despite the increased size. These effectors recruit different complexes for activation in addition to 
their total size being relatively large compared to a single dCas9-VP64 approach; this might indicate that 
the amount of effectors and the overall size do not necessarily influence the effectiveness of CRISPR, al-
though different configurations are compared (dCas-effector fusions versus sgRNA-recruited effectors). 

2.Nucleosome position is a poorly understood factor 
in determining Cas9 binding efficiency

To find a possible mechanistic basis for the binding on on- and off-target sites, a number of groups 
addressed the influence of the smallest unit of chromatin organization, the nucleosome, on Cas9 bin-
ding. The packaging of short DNA strands in nucleosomes has been shown to impede functional Cas9 
access to these sites in vitro43,63,64. Chen et. al., demonstrated that TALENs and CRISPR-Cas9 nu-
cleases are both significantly affected by the high-order epigenetic context (as defined by nucleosome 
density) of their target sequences65. The degree of inhibition has been demonstrated to be depen-
dent on the relative position within the nucleosome. Sites near the entry/exit sites of nucleosomes 
are inhibited substantially less than sites at the center of the nucleosome to which access is almost 
abolished64. Horlbeck and colleagues studied how nucleosome density impacts Cas9 targeting in vitro 
and in vivo43. They analyzed large-scale genetic screens using human cell lines with either nuclea-
se-active Cas9 or dCas9. They observed that highly active sgRNAs were found almost exclusively in 
regions of low nucleosome occupancy. This may be explained by the work of Isaacs and colleagues 
showing that target sequence within an assembled nucleosome are still permissive to Cas9 action, be-
cause of so called ‘breathing’ mechanisms where DNA is frequently displaced from the histone core 64.

In contrast to the models used in in vitro studies, the majority of nucleosomes in vivo are 
not located on predicted strong nucleosome positioning sequences. Chromatin remodeling enzy-
mes can enhance or inhibit endogenous DNA binding factors by means of their distinct effects on 
nucleosome arrangement. Using a range of chromatin remodeling agents, sites that are otherwi-
se inaccessible to functional Cas9 binding have been made available43,64. These results together 
have pointed to a model in which Cas9 binding is strongly occluded by nucleosomes, but can still 
gain access during unpeeling and breathing64. Endogenous sites may, therefore, allow for more nu-
cleosome breathing in some cases aided by endogenous chromatin remodeling enzymes. Initia-
lly, ATFs may have difficulty gaining access but they shape the target sites to be more accessible. 

4



58

It has been observed that targeting TALE and Cas9 complexes with or even without an effector domain 
results in local changes in chromatin accessibility as measured by DNase-seq (ref). Indeed, syner-
gistic effects have been observed after targeting multiple ATFs to nearby sites, which may be in part 
be explained due to the combined effect of these complexes on the chromatin state of their target.

Together these results indicate that nucleosome position might play an important role in Cas9 
binding in vivo and on low affinity off-target binding events, but does not seem to play an as important 
role on the on-target effective binding. Looking at other epigenetic marks may provide additional insight 
into what factor the low rates of on-target predictability. 

3.
CRISPR/Cas9 cannot bind sufficiently to
hypermethylated regions

In general, CRISPR interference (CRISPRi) and knock-out applications appear to work with high effi-
ciency 21,24,56,66. On the other hand, CRISPR gene activation (CRISPRa) appears to struggle regarding 
efficiency on multiple occasions, having to rely on multiplex approaches to significantly increase gene 
activation21,55,61,67-71. Although no systematic comparisons between CRISPRi and CRISPRa for a given 
panel of sgRNAs have been made, this might indicate that the local chromatin configuration underlies 
this general difference (gene activation techniques are mostly applied when no, or limited, expression 
is observed for the gene of interest, such as tumour suppressor genes that are hypermethylated)72. The 
relaxed chromatin state, observed in highly-expressed genes targeted for gene silencing by CRISPRi, 
might indeed allow efficient accessfor CRISPRi tools. So, is DNA hypermethylation one of the most sig-
nificant impairments of efficient DNA targeting? No studies have directly looked at this question, so we 
rely on interpreting indirect evidence which admittedly is fraught with confounders. 

ZFPs and 
hypermethylation

The effectiveness of ZFPs does not seem to be limited by hyperme-
thylation of the target gene’s promoter as shown in a multitude of 
studies12,13,72-77. However, the use of epigenetic demethylation drugs 
does further improve the effects73. After identifying C13ORF18 as 
a putative hypermethylation biomarker in cervical cancer cells, we 
engineered five ZFPs to target the C13ORF18 promoter for re-ex-

pression72. VP64 was fused to the ZFPs as the activation effector domain. This approach resulted in a 
>40-fold and >110-fold increase of C13ORF18 gene expression in unmethylated and hypermethylated 
cervical cancer cells, respectively.  In a similar study the gene OCT4, which is silenced through hyperme-
thylation in embryonic stem cells, was re-expressed by means of engineered ZFPs containing a KRAB 
effector domain75. The authors describe the re-expression strength to be comparable with exogenous 
OCT4 cDNA delivery. Another pioneering study made use of ZFPs to up-regulate the Maspin gene which 
is epigenetically silenced through hypermethylation in ovarian cancer76. Again, the ZFPs were able to 
significantly up-regulate the targeted gene despite hypermethylation encountered at the promoter site. 

TALEs and 
hypermethylation

TALEs are capable of up-regulating genes with similar, or perhaps 
even greater, effect than ZFPs 20,78. However, one study specifica-
lly shows TALEs struggle to up-regulate potentially hypermethyla-
ted genes as only two out of four targets (SOX2 and KLF4) were 
successfully up-regulated20. Interestingly, the genes that were not 
successfully up-regulated with TALEs are c-MYC and OCT4, whe-

reas OCT4 was successfully up-regulated by ZFPs in a previously described study75. Another study tar-
geted a DNA demethylase (TET1) fused to a TALE protein to demethylate the KLF4 gene and inducing its 
expression. Yet, this approach was incapable of demethylating the KLF4 gene78. In other study by Gar-
cia-Bloj and colleagues, they compared the different targeting platforms to upregulate the expression of 
methylated tumor suppressor genes. In their results, they showed that individual platforms have different 
results depending on the cell line targeted, which might be correlated to the epigenetic context of each58. 
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CRISPR and 
hypermethylation

Regardless of hypermethylation, it appears that in cases whe-
re the same effector domain is used CRISPR activation is less 
effective than activation achieved through TALEs or ZFPs21,69-71. 
Most studies report difficulties with activating endogenous genes 
with CRISPR single gRNA approaches21,24,61,67,69. Therefore, many 
studies make use of multiplex approaches to improve CRISPR-in-

duced activation, by using multiple gRNAs for the same target or by using multiple effector domains. 
With regards to the effects of hypermethylation on CRISPR, many studies report the successful use of 
CRISPR to activate endogenous gene expression without reporting the epigenetic state of the target 
before the induced activation55,67,69,79,80. Unexpressed or silenced genes are not necessarily hyperme-
thylated; therefore, it is not possible to directly infer that hypermethylation limits the effectiveness of 
CRISPR activation. Most of these studies have targeted silenced, low methylated promoters (without 
CGI), but have not yet convincingly shown the activation of genes in hypermethylated CGI contexts. 

Direct experimental evidence for the effect of methylation on CRISPR-Cas9 based ATF effectiveness 
is limited. Hsu et.al. demonstrated in a cell-free cleavage assay that Cas9 can cut target sequences 
regardless of CpG methylation status in either the 20-bp target sequence or the PAM66. They showed 
complete cleavage of both methylated and unmethylated DNA fragments, this indicates that if there is 
any effect of methylation, it is not sufficient to abolish Cas9 mediated DNA cleavage. They went on to 
show for three guides targeting a methylated in vivo locus (SERPINB5) that Cas9 was able to induce 
indels at frequencies between ~5-9% and concluded that methylation status does not significantly effect 
Cas9 cleavage. Unfortunately, they did not compare the indel frequencies at adjacent unmethylated 
sites or for the same sites in unmethylated cell lines. Moreover, the SERPINB5 promoter that they tar-
geted does not contain a CGI. CGIs present an important parameter as DNA methylation, when present 
inside a CGI, might reflect more inaccessible DNA compared to methylated regions in non-CGI contexts.

Some bacteriophages have evolved methods to evade host restriction endonucleases by extensively 
modifying their DNA. Yaung et.al investigated if these modifications also provide resistance to Cas9 me-
diated cleavage81. They confirmed that Cas9 is indeed not impeded by 5-methylcytosine, although this 
was not in a CpG context. In addition, they demonstrated that N6-methyladenine, 5-hydroxymethylated 
cytosine, or glucosylated 5-hydroxymethylated cytosine phages do not prevent Cas9 mediated resis-
tance. The targeting of methylated sites with CRISPR-dCas9 activators has also been demonstrated 
for other genes. The hypermethylated INS82 and Oct471 promotor have both been successfully activated 
with dCas9-VP160 and dCas9-VP64, respectively. Because of these studies, Cas9 is widely regarded 
as not being affected by DNA methylation. However, bioinformatics analysis has called this into question.

Wu et al. performed an extensive analysis of the genome-wide binding sites of dCas9 with four different 
sgRNAs in mouse embryonic stem cells. They found that of sites with complementarity to the sgRNA 
DNase hypersensitivity was overall the strongest predictor of off-target binding as measured by ChIP-seq. 
However, for the target sites that contain CpG dinucleotides, CpG methylation negatively correlated with 
binding and became the strongest predictor of dCas9 binding46. In their model, incorporating CpG methyla-
tion with DNase hypersensitivity almost doubled the amount of variation in binding explained at those sites. 

The results of the bioinformatics analysis of Wu et al. stand in contracts to the apparent lack of CpG 
methylation effect seen in the experimental studies.  A possible explanation can be found in our re-
cent work with dCas9 and zinc finger fusions with VP6412. Like the earlier studies, we were able 
to effectively upregulate genes even when dCas9-VP64 was target to methylated sites. Howe-
ver, when these methylated sites were located in CpG islands, they were not effectively upregula-
ted. Strikingly, targeting of VP64 with zinc fingers to the same sites within the methylated CpG is-
lands did result in effective activation of transcription. Targeting of dCas9 in CpG islands that were 
not methylated did not prevent effective upregulation. We demonstrated that dCas9-VP64 tar-
geted to a CpG island that was not hypermethylated did result in transcriptional activation50. 
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An initial comparison of reported activation efficiencies of 123 sgRNAs with regard to their CGI con-
text (under unknown methylation status) corroborated this finding (Figure 2). Although, byy using 
the set of data from Konermann et .al 2014 and Chavez et al. 2016, we show that there seems to 

be a tendency for lower levels of upregulation 
when the sgRNAs are targeted in a CGI, more 
systematic research needs to be performed. 

Hypermethylation of CpG islands is gene-
rally associated with gene repression83. Although 
the phenomenon of methylated CpG island affec-
ting Cas9 binding is highly interesting, there has 
been no study yet with this as a principal point of 
investigation. However, as the methylation status 
of a number of target sites has been reported in 
separate studies and CpG islands are identified 
by DNA sequence, the analysis of previous stu-
dies might provide some further insights. Analysis 
of the in vivo cleavage at methylated targets by 
Hsu et al. showed that this site was not located 
in a CGI66 and the transcriptional activation of 
the methylated INS82 and Oct471 promoters refe-
rred to above were also all not located in a CGI. 
A study by Garcia-Bloj et al. presents some inte-
resting comparisons between the three targeting 
platforms (ZFP, TALE, and CRISPR-dCas9) when 
targeting the methylated genes SERPINB5 and 
RPRM. Although they show differences between 

the systems, they did not target the exact same regions, so the comparison is not truly reliable. The 
SERPINB5 gene does not contain a CGI, which might explain why some of the systems did work, even 
though there was methylation present. On the other hand, the RPRM gene does contain a CGI, but 
some of the sgRNAs and TALEs were designed to target regions outside the highly dense CG region58. 
Up till now, the study that provides the best investigation of this topic was performed by Fujita et al. in 
their aim to develop a general allele-specific genome editing approach84. In separated experiments, 
they targeted each of 3 sgRNAs to the p16INK4a gene, which in HCT116 cells is differentially methyla-
ted. That is, in the same cells each sgRNA is targeted to both a hyper and hypomethylated CGI on the 
different alleles. Sequencing of individual clones showed that for two of the sgRNAs there was no signi-
ficant difference in mutagenesis rate between the hyper or hypomethylated CpG alleles. However, one 
target site did show a large difference in mutagenized clones, 2/18 at the methylated allele and 17/18 
at the unmethylated site. The cleavage results were similarly reflected in the binding of each dCas9/
sgRNA in vivo by ChIP. These results support the hypothesis that there might be a hampering effect 
of DNA hypermethylation ot CGIof Cas9 binding at hypermethylated CGI. Due to the highly variable 
efficiency of Cas9 applications, without direct systematic investigation, no definitive conclusion can yet 
be made. However, our analysis alludes to a possible role for hypermethylation at CGIs being one of 
the revenant factors to Cas9 targeting efficiency and indicates direct investigation would be of value. 

Perspectives and 
conclusions
Our hypothesis was based on the apparent struggle of CRISPR activation with hypermethylated target 
regions. Additionally, due to most publications not mentioning the epigenetic state of the genes they tar-
geted with CRISPR activation, only a few reports have provided insight into the role of hypermethylation 
in limiting CRISPR activation. With other review articles coming to the same or similar conclusions with 
regards to CRISPR activation efficiency, potential causes need to be determined, and solutions need 
to be proposed. 

Figure 2. Fold increase in gene expression after activation 
with different CRISPR activator systems. Target sites loca-
ted in CpGI (blue) and outside of CpGI islands (Red). Indi-
vidual sgRNA sequences and corresponding effectiveness 
with specific effector system were extracted from Koner-
mann et .al 2014 and Chavez et al 2016. Sequences were 
mapped to their genomic loci and evaluated for overlap with 
CGI (http://www.epigenomebrowser.org/ (GRCh37/hg19))
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Transcriptionally silenced genes are not necessarily hypermethylated, and therefore, it cannot directly 
be extrapolated that studies showing activation of untranscribed genes prove CpG methylation is not 
a factor. In addition, within hypermethylated genes, ATFs that would have reduced effectiveness when 
targeted to methylated CGI can be redesigned to target nearby unmethylated sequences or just outside 
of the CGI and proof effective. 

To overcome the lack of efficiency, several researchers have designed new activating domains making 
use of several other and new ways of binding. A study by Zalatan et al. makes use of a system where 
scaffold RNAs (scRNAs) attract activating effector domains80. This study showed a consistently stron-
ger output with scRNA as compared to the fusion of dCas9 and VP64. Another study shows increased 
CRISPR activation achieved by fusing a repeating peptide array termed SunTag to dCas934,85. Suntag 
consists of 10 peptide epitopes fused to the C-terminus of dCas9, which are co-expressed with single 
chain antibodies fused to VP64 with specificity to the epitope. This system allows for the potential re-
cruitment of 10 VP64 molecules or 40 activation domains to one locus. The initial purpose of SunTag 
was to provide visualization by recruiting 24 copies of GFP. However, the authors of this study show 
that SunTag can also recruit multiple VP64 complexes that allowed for much higher gene activation in 
comparison with regular dCas9-VP64. 

Combining different effector domains with affinities for distinct subsets of transcription factors and chro-
matin remodeling complexes has led to more potent activator systems with fewer overall domains. 
Chavez et.al investigated 20 activator candidates including mediator subunits, RNA polymerase II su-
bunits and transcription factors components54. They found meaningful upregulation by only three of the 
transcription factors activation domains they tested. VP64, the human NF-kB trans-activating subunit 
p65, and the Epstein-Barr virus R trans activator (Rta) separated by a short amino acid linker and fused 
to dCas9 (dCas9-VPR) was consistently more effective than fusions of each domain separately. Koner-
mann et al. applied an approach that uses multiplexes consisting of three effector domains53. They con-
cluded that an MS2-p65-HSF1 fusion protein, which recruited different activation complexes, attached 
to dCas9-VP64 provides much improved gene activation. 

Despite the advancement in effector domain choices, further research is necessary to better understand 
the effect of chromatin microenvironment in the binding of several targeting platforms in order to realize 
highly reliable epigenetic editing. Targeting of non-hypermethylated proximal and distal enhancers may 
circumvent potential issues with hypermethylation. 
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Abstract

Introduction

Epigenetics determines the accessibility of chromatin and underlies gene transcription programming, 
including usage of alternative transcription start sites. Diseases frequently exhibit aberrant patterns of 
epigenetic modifications. On one hand, DNA hypermethylation is often observed at gene promoters and 
is thought to promote e.g. tumorigenesis by the silencing of tumor suppressor genes. In the same way, 
active histone marks are associated with the overexpression of oncogenes. In order to avoid cell cycle 
control checkpoints, cancer cells make use of these two epigenetic mechanisms. Here we assessed 
the role of the differential promoter methylation of the tumor suppressor gene RASSF1. RASSF1 is 
controlled by two main distinct promoters yielding two different transcripts with contrasting effects on 
cellular functions (transcript A is tumor suppressive; C is oncogenic). Using the CRISPR-dCas9 system 
or Zinc Finger Proteins fused to transcriptional modulators to silence or activate the different promoters 
of RASSF1, we were able to confirm previous findings: RASSF1a overexpression shows a tumor su-
ppressive role and induction of RASSF1c resulted in increased levels of OCT4 and Nanog. Since epi-
genetic factors are reversible, they provide promising new alternatives as therapeutic targets. By using 
epigenetic editing as a targeted approach, we are able to circumvent the limitations of current epigenetic 
drugs due to lack of locus-specificity.

The RASSF family of proteins is comprised of ten members each with multiple splice variants. These 
proteins were named due to the presence of a Ras association (RA) domain in their N-terminus or C-ter-
minus. The RA domain potentially interacts with the Ras GTPase family of proteins that control a number 
of cellular processes including membrane trafficking, apoptosis, and proliferation1-3. The RASSF1 gene 
is one of the most studied genes of the family. The gene is located on the small arm of chromosome 3 
(3p21.3) and loss of heterozygosity studies identified loss of this chromosomal region in various tumors, 
suggesting the presence of tumor suppressor genes4-6. Indeed, RASSF1 is currently considered an 
important tumor suppressor gene for various tumors. The gene codes for eight exons and generates 
seven tissue-specific transcripts (RASSF1A-G) by differential promoter usage and alternative splicing. 
The two major forms, RASSF1A and RASSF1C, are transcribed from two distinct CpG island contai-
ning promoters, separated by approximately 2000 base pairs. Both forms are ubiquitously expressed 
in normal tissues. The resulting mRNAs differ primarily in the selection of the first exon. RASSF1A 
contains an amino-terminal cysteine-rich region, which is similar to the diacyl glycerol binding domain 
(C1 domain) found in the protein kinase C family of proteins, and a carboxy-terminal putative Ras-as-
sociation (RA) domain. RASSF1C is a smaller protein that lacks the amino-terminal C1 domain1,7,8. 

RASSF1A is a component of key cancer pathways, namely Ras/PI3K/AKT, Ras/RAF/MEK/ERK and 
Hippo pathways. Indeed, inactivation of RASSF1A contributes to pathogenesis and progression of solid 
tumours9-18. The Hippo pathway, for example, is a developmental conserved pathway that regulates cell 
proliferation and differentiation to specify organ size. 
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In line with the developmental role, loss of Hippo pathway components have been widely associated with 
increased spontaneous tumor formation in model systems 19,20. Moreover, deregulation of the pathway 
has been identified in a broad range of human carcinomas including lung, breast, colorectal, pancreatic, 
ovarian and liver, but genetic events driving total inactivation of the pathway have not been found. Epi-
genetic inactivation of hippo kinase control components, such as RASSF1A, however, are widespread 
in human tumors and, loss of the Hippo pathway leads to tumors that have a poor overall prognosis for 
survival21. Alternatively, RASSF1A induces apoptosis through the transcriptional regulator Yap122, which 
has been shown to be vital for the survival of both mutant KRAS23,24 and β -Catenin driven tumors25. 
As RASSF1A is one of the most frequently epigenetically inactivated tumor-suppressor genes in spo-
radic human malignancies, it provides an promising therapeutic target for transcriptional upregulation.

On the other hand, the expression of the short isoform of RASSF1C promotes breast and lung can-
cer cell proliferation 26. In addition, RASSF1C over-expression (and not RASSF1A over-expression) 
in human cancer cells enhances accumulation of the β-Catenin oncogene, a key player in the Wnt 
signaling pathway, leading to increased transcriptional activation and cell proliferation 27.It has also 
been previously shown that over-expression of RASSF1C up-regulates the expression of PIWIL1, a 
stem cell self-renewal gene 28,29. Interestingly, methylation of the RASSF1A promoter is associated with 
expression of the oncogenic isoform, RASSF1C, which can actively drive tumorigenesis and metasta-
sis30. Therefore, epigenetic inactivation of the RASSF1A promoter and activation of the downstream 
RASSF1C promoter plays an important role in a number of distinct tumor types at various tumor sta-
ges. Although most of the studies have used conventional overexpression or RNA interference tech-
niques to evaluate the role of these proteins in cancer, endogenous gene expression modulation has 
never been tested. The influence of epigenetic variations on regulation of transcription and translation 
is gaining increased attention as modulatory events that are guiding tumor development alongside ge-
netic mutations31-34. Despite this, exactly how these epigenetically regulated events are triggered re-
mains unknown and direct evidence for their consequence on tumor development has been lacking.

An elegant method to study functional consequences of local epigenetic changes is epigenetic edi-
ting: By fusing DNA targeting domains to epigenetic modulators, any given region in the genome 
can be targeted and the gene expression patterns can be reprogrammed35-38. This has emerged as 
a powerful tool in investigating the epigenetic events that occur during tumorigenesis, and could also 
have clinical applications through the silencing of oncogenes or the reactivation of tumor suppres-
sor genes that have been epigenetically silenced35,38-44. Here we take this one step further and use 
engineered Zinc Finger Proteins (ZFPs) and the CRISPR-dCas9 system to target either promoter of 
RASSF1 to address the effects of endogenous gene expression reprogramming of either transcript. 
We established an experimental approach to addres the influence of each transcript in cellular beha-
vior and function validating previous findings: RASSF1A has tumor suppressive activity while upregu-
lation of RASSF1C could induce some expression of pluripotency genes such as OCT4 and Nanog. 

Materials and methods

Cell culture
Human embryonic kidney cells HEK-293T, MCF7 and MDA-
MB-231 breast cancer cells, HeLa cervical cancer cells, SKOV3 
ovarian cancer cells, Hop92 lung cancer cells, HT-29 colon cancer 
cells and U2OS osteosarcoma cells were obtained from ATCC and 
cultured in DMEM (BioWhittaker, Walkersville, MD, USA) supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 
50 µg/ml gentamycine sulfate. Cells were cultured in a humidified 
atmosphere at 37° C supplemented with 5% CO2.

CRISPR-dCas9 
plasmid construction
and engineering ZFPs 

Plasmids containing a mammalian codon-optimized dCas9-VP64 
activator (pMLM3705: Addgene #47754) and the single-chain 
guide RNA encoding plasmid (pMLM3636: Addgene #43860) 
were kindly provided by Keith Joung. As described previously, an 
additional multiple cloning site was added by replacing the VP64 
activator in the dCas9-VP64 with a sequence containing a PacI 
restriction site (new plasmid referred to as dCas9-Empty)45. 
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The Super Krab Domain (SKD) was subcloned from pMX-6ZF-
SKD43 into dCas9-VP64, by using BamHI and XhoI enzymes, to 
replace VP64 with SKD. Four target regions of 20 bps of the RASS-
F1C promoter were selected to design gRNAs based on close proxi-
mity to the transcription start site (TSS) (gRNA1: TTGTGCGCTT-
GCCCGGACGC; gRNA2: CGGAGCGATGAGGTCATTCC; gRNA3: 
GGATCTAGCTCTTGTCTCAT reverse strand; gRNA4: AGTGCGC-
GTGCGCGGAGCCT reverse strand). Cloning of gRNAs was achie-
ved as previously described45. Briefly, pairs of DNA oligonucleotides 
encoding 20 nucleotide gRNA targeting sequences were annealed 
together to create double-stranded DNA fragments with 4-bp over-
hangs. These fragments were ligated into BsmBI-digested plasmid 
pMLM3636. Artificial transcription factors targeting the RASSF1A 
promoter were reported previously45 and selected based on high 
affinity predictions (www.zincfingertools.org) and the uniqueness of 
the target sites confirmed by a blast on NCBI (ZFX: GGAGGGGAC-
GAAGGAGGG; ZFY: CGCAGAGCCCCCCCCGCC reverse strand; 
ZFZ: GGCGCTGAAGTCGGGGCC).

Retroviral 
transductions

HEK293T cells were co-transfected with the retroviral vector pMX-
IRES-GFP along with VSV-G viral envelope (pMD2.G) and the gag/
pol proteins (pMDLg/pRRE) as described previously43 using CaPO4. 
48 and 72 hours after transfection, the viral supernatant was used 
to transduce host cells supplemented with FBS and 5 µg/ml poly-
brene (Sigma, St. Louis, MO, USA). Cells were harvested for further 
experiments three days after the last transduction. GFP positivity of 
cells was assessed on a Calibur Flow Cytometer (Beckton Dicken-
son Biosciences).

Quantitative 
reverse-transcrip-
tion
polymerase chain
reaction (qRT-PCR)

Total RNA was isolated using the GeneJET RNA Purification Kit 
(Thermo Scientific, Leon-Rot, Germany) according to protocol. 
Subsequently, cDNA was synthesized with random hexamer pri-
mers using the Revertaid cDNA synthesis kit (Thermo Scientific). 
qRT-PCR was executed using 10 ng of cDNA. We assessed the 
expression of target genes using ABsolute qPCR SYBR Green 
(Thermoscientific) and specific primers (Table 1). All reactions were 
done in triplicate per sample and averaged from at least 3 indepen-
dent experiments. In order to ensure a signal with the qRT-PCR 
also for low expressed genes, we run the PCR for 45 cycles. CT 
values were acquired for all samples, allowing quantitative analy-
sis. Fold change in mRNA expression above control untreated cells 
was calculated based on the cycle threshold (ΔΔCt) method after 
normalization to GAPDH expression.

Clonogenic assay Following transduction, cell were plated in 6-wells plates (2000-
4000 cells per well). After two weeks, medium was aspirated and 
colonies were stained with Coomassie brilliant blue (Bio-Rad). The 
number of colonies was determined using phase contrast micros-
copy and Image J. 

Apoptosis assay
Cell apoptosis was measured using the 1, 1‟,3,3,3‟,3‟-Hexame-
thylindodicarbocyanine iodide (DilC) assay (Enzo Life Sciences) 
and the Annexin V-PI assays (Sigma) according to the manufac-
turers protocol. For the DilC assay, following treatment, cells were 
trypsinized and incubated in culture medium supplemented with 
DilC (50 nM) for 15 min at 37°C. After washing with PBS, DilC signal 
was analyzed using FACS Calibur (BD Biosciences). 
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Statistics Statistical tests were performed using the Graphpad Prism 5 softwa-
re (GraphPad Software). All experiments were performed at least 
three times, unless stated otherwise. Relevant comparisons were 
evaluated by unpaired, two-tailed t-test. A P value of <0.05 was con-
sidered statistically significant. All data are presented as
 the mean ± sem.

Results

The percentage of apoptotic cells was determined as the number 
of viable cells with decreased DilC intensity, as reported before42. 
Assays were performed in 96-well plates according to the manufac-
turers instruction. Each experiment was carried out in triplicate and 
averaged from at least 3 independent experiments.

Endogenous RASSF1A upregulation induces cell 
death and decreases proliferation 
To study the role of endogenous RASSF1A, we selected 
two cell lines with repression of RASSF1A due to pro-
moter hypermethylation (MCF7 and SKOV3), and two 
cell lines with RASSF1A expression (HT-29 and Hop92). 
Since hypermethylated CpG islands have been shown 
to pose a barrier to dCas9 targeting45, we decided to use 
ZFPs to target the promoter of RASSF1A. By retroviral 
delivery of three different zinc finger proteins (ZFX, ZFY, 
ZFZ; Fig. 1a), we addressed the gene expression modu-
lation using a transcriptional activator (VP64) in the four 
cell lines (Fig. 1a). One of the zinc fingers (ZFZ) was 
able to significantly upregulate the expression of RASS-
F1A in SKOV3 and HT-29. The upregulation of RASS-
F1A gene was followed by an increase in apoptosis, as 
measured by DilC staining, also for MCF7 (Fig. 1b). To 
assess whether upregulation of RASSF1A results in cell 
growth inhibition, we performed a clonogenic assay to 
address the capacity of the cell lines to form colonies 
(Fig. 1c,d). Compared to untreated cells, SKOV3 and 
HT-29 cells treated to express ZFX-VP64 or ZFZ-VP64 
showed less capacity to form colonies. For ZF Z-VP64, 
colony formation was reduced more than two-fold, also 
for MCF-7.

Figure 1. RASSF1A activation by means of endo-
genous gene-targeting with zinc finger proteins in 
four cell lines. a) Activation of endogenous RASS-
F1A in four cancer cell lines (two hypermethylated 
cell lines MCF7 and SKOV3, and two cell lines with 
active RASSF1A, Hop92 and HT-29); representation 
of the RASSF1 gene promoter, transcription start 
site (TSS), yellow bars represent the CpG islands 
and X, Y and Z represent the region targeted. b) 
Apoptosis assay measured by DilC staining in cells 
treated with different ZFs after RASSF1A upregula-
tion. c) Colony-forming assay in cells after RASS-
F1A upregulation. d) Visual representation of the 
colony-forming assay from HT-29 cells. (two-sided 
unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001 
n = 3 independent experiments; error bars, s.e.m.).

Downregulation of RASSF1A using
a transcriptional repressor
To assess the effects of RASSF1A downregulation, we fused the engineered ZFPs to a transcriptional 
repressor Super KRAB Domain (SKD). By targeting the promoter of the active RASSF1A in Hop92 and 
HT-29 cancer cells, we were able to efficiently repress the gene by using ZFX (2-fold for Hop92 and 
3-fold for HT-29) (Fig. 2). 
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Changes in RASSF1C expression has different 
outcomes depending on RASSF1A status

In order to target the promoter of 
RASSF1C, we made use of the 
CRISPR-dCas9 system, since most 
of the cancer cells have active open 
chromatin at this locus, in contrast to 
RASSF1A (see Fig. 3a for MCF7 and 
HeLa). We designed four different gR-
NAs to target the promoter of RASS-
F1C, with at least 40 bps of distance 
between each other (Fig. 3B). To test 
the gene expression modulation, we 
used two cell lines that differ on the 
status of RASSF1A expression: HeLa 
cells have expression of endogenous 
RASSF1A, while MCF7 cells have 
hypermethylation of RASSF1A promo-
ter, hence no expression22,30. In MCF7 
cells, significant upregulation of RASS-
F1C was observed using dCas9 fused 
to VP64 and significant downregula-
tion when using dCas9-SKD (Fig. 3c).
Remarkably, when targeting HeLa 
cells, we were able to upregulate the 
expression of RASSF1C by targeting 
the promoter with dCas9, dCas9-SKD 
or dCas9-VP64. This observation re-
quires further in depth study. To con-
firm the upregulation seen in MCF7, we 
assayed additional cell lines that have 
no expression of RASSF1A, (Fig. 3d). 
Upregulation of RASSF1C was obser-
ved in the three additional cell lines 
(HEK293T, U2OS and MDA-MB-231).  

This downregulation was followed by changes in cellular 
behavior, while the cells treated with empty vector or other 
ZFPs showed no difference, cells transduced to express the 
ZFX -fusion had a more stem cell-like phenotype, forming 
non-adherent tumor sphere colonies and exhibiting epithelial 
to mesenchymal transition (EMT) (data not shown). 

Figure 2. RASSF1A repression by means of 
endogenous gene-targeting with zinc finger 
proteins in two cell lines. a) Repression of en-
dogenous RASSF1A in two cancer cell lines 
with active expression, using the Super Krab 
Domain (SKD) repressor. (two-sided unpaired 
t-test, *P < 0.05, n = 3 independent experi-
ments; error bars, s.e.m.).

Figure 3. RASSF1C gene expression modulation by means of en-
dogenous gene-targeting with the CRISPR-dCas9 system in diffe-
rent cell lines. a) Epigenetic landscape of the two promoters from 
the RASSF1 gene in two cell lines with distinct patterns of RASSF1 
expression transcripts from ENCODE (MCF7: 1A negative, 1C posi-
tive; HeLa: 1A positive, 1C positive). Dark green bars represent the 
CpG islands; light green (unmehtylated), yellow (partially methylated) 
or red (hypermethylated) bars represent DNA methylation profiles; 
black represent the H3K4me3 peaks of HeLa and MCF7. b) Represen-
tation of the RASSF1C gene promoter, transcription start site (TSS), 
yellow bars represent the CpG islands and 1, 2, 3 and 4 represent 
the region targeted with sgRNAs. c) Gene expression modulation of 
the RASSF1C using dCas9, the repressor dCas9-SKD and the acti-
vator dCas9-VP64, in the two cell lines with different patterns of trans-
cript expression (n = 3 independent experiments; error bars, s.e.m. * 
P<0,05, ** P<0,01)). d) Gene expression modulation of RASSF1C in 3 
cell lines with RASSF1A repression (n = 1 independent experiment).
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Endogenous RASSF1C upregulation 
affects downstream targets

To address whether RASSF1C upregulation trig-
gered a biological response, we decided to first 
analyze the expression of candidate downstream 
targets genes. When using the MCF7 transfected 
cells, some upregulation of RASSF1A was obser-
ved, but no clear difference on additional downs-
tream targets (Fig. 4a). Moreover, we tested the 
expression of stemness markers (MYC, OCT4, 
NANOG and SOX2) (Fig. 4b). OCT4 and NANOG 
expression seemed upregulated upon RASSF1C 
overexpression (13,6- and 9,1-fold, respectively). 
In addition to these markers, we also tested the 
expression of EMT markers, as they have been 
linked to RASSF1C expression. We saw no clear 
overexpression of EMT markers tested in the 
MCF7 cells with dCas9-VP64-induced RASSF1C 
expression when compared to cells expressing 
dCas only or the SKD-fusion (Fig. 4c).

Discussion
Using two different targeting platforms, we were able to show gene expression modulation of the two 
major transcripts of RASSF1. Outcomes of changes in endogenous gene expression were in line 
with previous studies using exogenous overexpression, and a dual role for RASSF1 gene is seen 
depending on the expression of either the A or C transcript. On one hand RASSF1C is thought to 
promote stemness and cell proliferation: Upon upregulation of endogenous RASSF1C, some indirect 
upregulation of OCT4 and NANOG, two key transcription factors involved in pluripotency and stem-
ness, was achieved. In contrast to RASSF1A, RASSF1C does not have tumor suppressor proper-
ties, but there is increasing evidence suggesting that it functions as an oncogene. Overexpression 
of RASSF1C in breast and lung cancer cells resulted in enhanced cell migration/invasion46,47 and it 
was shown to be overexpressed in pancreatic endocrine tumors48. It was also reported that RASS-
F1C could activate osteoblast cell proliferation through interaction with IGFBP-549. Additionally, 
over-expression of RASSF1C results in significant accumulation of the β-catenin oncogene, a key 
player in the Wnt signaling pathway, leading to increased transcriptional activation and cell prolifera-
tion27; RASSF1C associates with SFCb-TrCP ligase and promotes the accumulation of β-catenin by 
inhibiting its degradation. Likewise, the same effect was seen when silencing RASSF1A, implying that 
the balance between the two isoforms is crucial for the bTrCP-mediated degradation of β-catenin27.

On the other hand, upregulation of RASSF1A exhibits tumor suppressive activity, by inducing 
apoptosis and inhibiting cell proliferation. Our observations that endogenous activation of RASSF1A, 
via artificial transcription factors, increases cell death and decreases cell viability are thus supported 
by the phenotype of tumor cell lines with constitutive overexpression of RASSF1A. The observations 
in NSCLC, prostate, kidney, nasopharyngeal carcinoma, and glioma cell lines indicate that RASSF1A 
expressing cells are less viable, growth suppressed and less invasive4,10,50-53. This might be related to 
the key role of RASSF1A in regulating the cell cycle. For instance, RASSF1A inhibits accumulation of 
cyclin D116 (possibly through JNK kinase pathway 54, suppression of AP-1 activity55, or both) and blocks 
the cell cycle at the G1/S-phase  transition by interacting with p120E4F , a protein known to associate 
with pRb, p53 and p14ARF56-58. 

Figure 4. Gene expression changes in downstream tar-
gets of RASSF1C after gene expression modulation in 
MCF7 cells. a) Changes in gene expression of RASS-
F1C direct targets and RASSF1A. b) Changes in gene 
expression of stemness markers. c) Changes in gene 
expression of EMT markers. (n = 2 independent experi-
ments; error bars, s.e.m.).
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 Additionally, RASSF1A regulates apoptosis via at least two pathways: the importance of RASS-
F1A in death receptor dependent cell death via associations with MOAP-1 (Modulator of apoptosis 
1)59-61, as well as RASSF1A can associate with the Hippo pathway pro-apoptotic kinase, MST1/2 to 
modulate its kinase activity and promote cell death22,62,63. These associations function to prevent exces-
sive growth and allow RASSF1A to function as a tumor suppressor. RASSF1A is also involved in DNA 
damage response as seen by the apoptotic response to chemotherapeutic agents. RASSF1A enhances 
the proapoptotic activity of the Hippo pathway and limits oncogenic potential after damage17,20. Although 
the Hippo pathway is a major regulator of proliferation, growth and differentiation, genetic mutations in 
Hippo pathway components in human cancers are relatively rare19.
However, methylation of the RASSF1A promoter frequently epigenetically inactivates RASSF1A and 
can result in an oncogenic isoform switch to RASSF1C, which can actively drive tumorigenesis and 
metastasis30. RASSF1A activation of the Hippo pathway maintains phosphorylation of YAP1, a com-
ponent of the Hippo pathway. Upon loss of the phosphorylation, YAP1 is permissive for activation but 
requires additional modifications for nuclear localization and transcriptional transactivation, which is 
dependent on loss of the RASSF1A transcript and expression of RASSF1C. RASSF1A loss drives 
RASSF1C-YAP1/β-catenin-mediated transcription and invasion. This is mainly through activation 
of downstream targets such as MYC and EMT markers.  Here we show that activation of endoge-
nous RASSF1C, promotes activation of stemness markers, such as OCT4 and NANOG. Despite 
harboring 60% amino acid identity, RASSF1A and RASSF1C display distinctive biological properties.

We demonstrate that epigenetic editing and artificial transcription factors are powerful tools to 
investigate the role of different isoforms from the same gene, and to elucidate the role of each individual 
transcript. Most of the studies so far make use of RNA interference or cDNA transfection, but these are 
not adequate to study the mechanisms of isoform balance regulation between different promoters. By 
using DNA targeting platforms such as Zinc Finger Proteins and CRISPR-dCas9 we were able to target 
the two different promoters of the RASSF1 gene and to provide insights into the opposing roles of the A 
and C transcripts. These data open new avenues to investigate how the regulation of these two trans-
cripts is achieved and how this is impaired in cancer. Understanding the switch of one isoform to the 
other, by hypermethylation and inactivation of a CpG island, allows interfering with proliferation in a more 
precise way, circumventing unwanted effects such as inducing expression of oncogene isoforms. Cu-
rrent epigenetic drugs make use of general epigenetic enzyme inhibitors, which at the end has genome 
wide effects. Genome targeting is a precise tool to achieve gene reprogramming in a specific manner.
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Abstract
Tectonic family member 2 (TCTN2) encodes a transmembrane protein that belongs to the tectonic fa-
mily, which is involved in ciliary functions. Previous studies have demonstrated the role of tectonics in 
regulating a variety of signaling pathways at the transition zone of cilia. However, the role of tectonics 
in cancer is still unclear. Here we identify that TCTN2 is overexpressed in colorectal, lung and ovary 
cancers. We show that different cancer cell lines express the protein that localizes at the plasma mem-
brane, facing the intracellular milieu. TCTN2 over-expression in cancer cells resulted in an increased 
ability to form colonies in an anchorage independent way. On the other hand, downregulation of TCTN2 
using targeted epigenetic editing in cancer cells significantly reduced colony formation and increases 
apoptosis. Taken together, our results indicate that TCTN2 acts as an oncogene, making it an interesting 
cancer-associated protein and a potential candidate for therapeutic applications. 

Introduction
Cilia are microtubule-based organelles extending from the cell surface, which play a pivotal role in eu-
karyotic biology. Primary (non-motile) cilia have an important mechanical and chemical sensory role sin-
ce they regulate several signal transduction pathways, including the Wnt, Hedgehog (Hh), Platelet-De-
rived Growth Factor Receptor alpha (PDGFRα) and mTOR signalling systems1–7. Primary cilia sense a 
wide variety of extracellular signals to control decisions regarding development, proliferation, differen-
tiation and tissue maintenance. Impairment of ciliary function results in a number of diseases, known 
as ciliopathies, such as polycystic kidney disease (PKD), Nephronophthisis (NPHP), Alström syndrome 
(ALS), Bardet-Biedl syndrome (BBS), Joubert syndrome (JBTS), Meckel-Grüber syndrome (MKS) and 
others8–10. In line with the role of cilia in several cellular functions and signalling pathways, recent studies 
have also highlighted the importance of cilia in the development of cancer. Alteration or loss of primary 
cilia has been correlated with cellular transformation and a and accumulating evidences indicate that 
cancer cells lacking cilia show a reduction or alteration in their response to extracellular signals that re-
gulate growth and differentiation11–13. Indeed, a number of critical cell signalling and adhesion molecules 
are clustered in the cilium, and require an intact cilium for normal function3,5,14. These include compo-
nents of the Shh and Wnt signalling pathways, whose activation/inactivation has been linked to several 
types of cancer. Effectively, ciliated tumours may have either active Hh or Wnt 12,15,16. On the other hand, 
disruption of sensory cilia leads to inhibition of tumorigenesis, due to inactivation of Hh signaling13,17.
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Within ciliary protein components, there are members of the tectonic family (TCTN1, TCTN2, TCTN3) 
that have been identified as important regulators of Wnt and Hh pathways. Mutations of the tecto-
nic proteins are associated to ciliary dysfunction that underlies several ciliopathies10,18. Tectonics form 
complexes with proteins that localizes to the ciliary transition zone, where they regulate ciliogenesis 
and ciliary membrane composition in a tissue-dependent manner19. Concerning the role of TCTNs 
in cancers, available information are limited to TCTN1, which has been described as an important 
regulator of proliferation and migration of cancer cells20. TCTN1 is also important to maintain active 
Hh signalling during neural tube development21. Tectonics could exert their activity in signal trans-
duction through their functional interaction with MKS1, a ciliary basal body protein that has a poten-
tial role in regulating both Wnt signalling, which regulates cell proliferation and its alteration causes 
different diseases, including cancer. MKS1 also acts upstream of Patched and influences Shh sig-
nalling. Loss of MKS1 causes a reduction in high-level Shh signaling1. In various types of tumour, 
mutation in Hedgehog signalling leads to hypoplasia, thereby inhibition of the Shh, one of the major 
components of the pathway, has been identified as a possible therapeutic strategy for gastric cancer.

In this study, we report for the first time the presence of TCTN2 in a significant percentage of co-
lorectal cancer (CRC) as well as lung and ovary cancers. Moreover we find the protein to be ex-
pressed at the level of the plasma membrane in cancer cell lines of different origins. By using 
a gene-targeting approach, we also show that inhibition of TCTN2 expression significantly 
affects clonal growth and increases cell apoptosis. Conversely, TCTN2 over-expression increa-
ses the clonogenic property of cancer cells. All these data together suggest that TCTN2 could be 
a novel oncogene and that it could be exploited as potential candidate for therapeutic applications. 

Materials and Methods 

Reagents and cell cultures. 
Unless specified, all reagents were obtained from 
Sigma. His-tagged recombinant NCO2 domains and 
polyclonal antibodies were generated in E.coli as 

described23, 24. Human cells were obtained from the ATCC collection and, unless differently stated, cultu-
red under ATCC recommended conditions. Cell culture media were from BioWhittaker (Walkerville, MD, 
USA). All cells were cultured at 37°C under 5% CO2.

Immunohistochemistry 
analysis. 
Tissue microarray production and immunohisto-
chemistry staining were performed essentially as 
previously described 23. Briefly, formalin-fixed, 
paraffin-embedded tissue blocks of colorectal can-
cer resections and normal samples were retrieved 
from the archives of the Institute of Pathology, Uni-
versity Hospital Basel and the Institute of Clinical 
Pathology Basel, Switzerland. Colorectal cancer 
and normal samples were arrayed in parallel on 
the same tissue microarray slides and analyzed 
simultaneously. One tissue cylinder with a diame-
ter of 0.6 mm was punched from morphologically 
representative tissue areas, mostly central tumor 
areas and rather away from the infiltratring tumor 
border. Clinicopathologic data from the correspon-
ding series of cancer cases were obtained from ar-
chived files (Tables 1 and Supplementary Table 1). 
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Concerning the scoring of TCTN2 protein staining, slides 
were screened semi-quantitatively for the percentage 
and the intensity of the signal. At least 100 cells were 
counted for each punch. Intensity of the signal was gra-
ded semi-quantitatively in 4 groups from 0 (no positivity) 
to 3 (strong positivity). A case was considered low posi-
tive if it showed a positive signal in 10 to 33% of cells, 
moderate positive in 33 to 66% and strong positive more 
than 66%. Negative control samples were prepared by 
using an irrelevant isotype control antibody and/or by 
omitting the primary antibody. We used an IHC scoring 
system based on a combined evaluation of the intensity 
of mAb staining (from 1 to 3) multiplied by the percen-
tage of positive cancer cells (from 1 to 100). The study 
was approved by the Human Research Ethic Commi-
ttee of University Hospital of Basel (Ethikkommission 
Nord-und Zentralschweiz, reference number EK 322/13). 

Cell transfection. 
A pcDNA3.1D (Invitrogen) derivative plasmid encoding the full len-
gth cDNA was generated and sequence verified. Transfection was 
done in HeLa or HCT15 cells as previously described23. 

Gene silencing with RNA 
interference technology. 

TCTN2 was silenced in HOP92 and OVCAR8 
cancer cell lines with four commercially availa-
ble (QIAGEN) TCTN2-specific siRNAs at 10 nM 
concentration (#1- SI04153632: TGCATCCGTC-
CAGTTTATTAA), (#2- SI04159183: AAGCCTATA-
GTTAGACAACCA), (#3- SI04200686: TTGGAAC-

TATACCAAGAACGA), (#4- SI04220433: TGGCTCGAAATAATACGTGTA), or irrelevant siRNA (AllStars 
Negative Control siRNA, QIAGEN) using the Hi-Perfect transfection reagent (QIAGEN) following the 
manufacturer’s protocol. TCTN2 expression was assayed 48 hours later by real-time q- PCR and Wes-
tern blot with anti-TCTN2 monoclonal antibody. Anti-β-Actin monoclonal antibody was used as a loading 
control. 

RNA Extraction and 
q-RT-PCR analysis. 

RNA extraction from cell lines was performed using the 
RNeasy mini kit (QIAGEN) according to manufacturer’s 
protocol and 500 ng was reverse transcribed using Super-
script III Reverse Transcriptase (Life Technologies) with 

oligo dT. Triplicate cDNA samples from each sample (equal to 50 ng RNA/sample) were subjec-
ted to real-time q-PCR to assess the RNA expression of TCTN2 (primers RT2 qPCR Primer Assay 
for Human TCTN2, QIAGEN) using the Quantitect SYBR Green PCR kit (QIAGEN). MAPK or GA-
PDH (primers RT² qPCR Primer Assay for Human MAPK or GAPDH, QIAGEN) were used as in-
ternal normalization controls. Data were analyzed with the One-Step Plus q-RT-PCR equipment 
(Applied Biosystems). Fold change in mRNA expression above control untreated cells was calcula-
ted based on the cycle threshold (ΔΔCt) method after normalization to MAPK or GAPDH expression.

Electrophoresis and Western 
Blot (WB) analysis. 

Cell mono-layers were detached with PBS-
0.5 mM EDTA and subjected to WB using a 
previously described protocol23. Briefly, cells 
were lysed in either Triton X-100 or RIPA lysis 

buffer and incubated for 30 min at 4 °C with continual rotation prior to removal of the insoluble fraction 
by centrifugation at 10000xg for 30 min at 4 °C. Protein content was assessed by the Bradford method. 
Total protein extracts were supplemented with β-mercaptoethanol and separated on pre-cast SDS-PA-
GE gradient gels (NuPage 4-12% Bis-Tris gel, 

6
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Invitrogen) under reducing conditions, followed by electro-transfer to nitrocellulose membranes (Invi-
trogen) according to the manufacturer’s recommendations. Subsequently gels were electroblotted onto 
Polyvinylidene difluoride (PVDF) membranes (Millipore) and the blots were incubated with polyclonal23 
or in house derived monoclonal antibodies, or the anti-Actin antibody. After incubation with secondary 
antibodies, the blotting was developed by using the ECL plus immunodetection system (Bio-Rad) and 
the chemiluminescence was visualized using a Chemidoc-IT UVP CCD camera (UVP) and the Western 
LightningTM Cheminulescence Reagent Plus (Perkin Elmer), according to the manufacturer’s protocol.

Confocal microscopy. 
Cells were plated on microscope coverslips, stained with 
the antibodies at the appropriate concentrations, using a 
previously described protocol23. For detection, Alexafluor 

488-labeled goat anti-mouse antibodies and DAPI were used.

Plasmid constructions for gene 
expression modulation tools

Plasmids containing a mammalian codon-op-
timized dCas9-VP64 activator (pMLM3705) 
and the single-chain guide RNA encoding 
plasmid (pMLM3636) were generously provi-
ded by Keith Joung and bought from Addge-
ne. The Super Krab Domain (SKD) was sub-

cloned from pMX-6ZF-SKD25 into dCas9-VP64, by using BamHI and XhoI enzymes, to replace VP64 with SKD. 
An empty (no effector domain) dCas9 plasmid was created by replacing the VP64 activator in the dCas9-VP64 
with a sequence containing a PacI restriction site (new plasmid referred to as dCas9-Empty)26. Two target regions 
of 20 bps of the target promoter were selected to design gRNAs based on close proximity to the transcription 
start site (TSS) (A and B). Cloning of gRNAs was achieved as previously described. Briefly, pairs of DNA oligo-
nucleotides encoding 20 nucleotide gRNA targeting sequences were annealed together to create double-stran-
ded DNA fragments with 4-bp overhangs. These fragments were ligated into BsmBI-digested plasmid pMLM3636. 
The same two target regions of the promoter close to the gRNA binding sites were selected based on high affinity pre-
dictions (www.zincfingertools.org) and the uniqueness of the target sites was confirmed by a blast on NCBI to generate 
ZFPs. Double stranded DNA oligos (BIO BASIC, Markham, Canada) coding for the two 6-finger ZFPs (ZFA and ZFB mi-
nus strand) flanked with the restriction site SfiI, were subcloned into the pMX-IRES-GFP alone called no effector domain 
(NED) or containing either the gene repressor SKD or epigenetic effector domain JARID1a (Supplementary Note 1).

Transfections of 
CRISPR vectors

Transfections were performed in triplicate using Lipofectamine LTX 
(Life Technologies). A total of 500,000 cells were seeded into six-well 
plates the day before transfection. For all experiments, a total of 1 μg 
of gRNA plasmids and 1 μg of the plasmid encoding either dCas9-SKD 
or dCas9 (no effector domain), were co-transfected using 2 μl PLUS 

reagent and 4 μl Lipofectamine LTX.

Retroviral transductions
HEK293T cells were co-transfected with the retroviral 
vector pMX-IRES-GFP along with VSV-G viral envelo-
pe (pMD2.G) and the gag/pol proteins (pMDLg/pRRE) 

as described previously25 using CaPO4. 48 and 72 hours after transfection, the viral supernatant was 
supplemented with FBS and 5 µg/ml polybrene (Sigma, St. Louis, MO, USA) and used to transduce 
host cells twice. Cells were harvested for further experiments three days after the last transduction. GFP 
positivity of cells was assessed on a Calibur Flow Cytometer (Beckton Dickenson Biosciences).

Generation of stable 
cell lines

Retroviral particles from pRetroX-Tet-On-Advanced (pTet-On) 
(CloneTech, Mountain View, CA) were generated using con-
ventional CaPO4 transfection of HEK-293T. Virus-containing 
supernatant was harvested 48 and 72 hours post-transfec-

tion, supplemented with FBS and 5 µg/ml polybrene, and used to transduce HT-29 cells twice. Two days 
after the last transduction, cells were selected with 1 µg/ml geneticin (Gibco/Invitrogen) for 5 days and 
individual clones were subcultured for testing using the pRetroX-Tight-Luc-Pur. The clone with the hi-
ghest expression of luciferase after induction was chosen for subsequent use. The coding regions of the 
ZFA and  ZFB fused to SKD or JARID1a were subcloned into the expression vector pRetroX-Tight-Pur 
(CloneTech, Mountain View, CA) using the BamHI/NotI restriction sites. Retroviral transduction of the 
plasmids was carried out on the stable pTet-On HT-29 cells. Two days after transduction, cells were 
selected with 1 µg/ml geneticin (Gibco/Invitrogen) for 10 days.  Expression of the fusion proteins was 
induced using doxycycline (dox, 100 µg/ml) for 72 hours. 

6
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Clonogenic assay Following transfection or transduction, cell were plated in 6-wells 
plates (2000-4000 cells per well). After two weeks, medium was 
aspirated and colonies were stained with Coomassie brilliant blue 

(Bio-Rad). The number of colonies was determined using phase contrast microscopy and Image J. 

Apoptosis assay
Cell apoptosis was measured using the 1, 1‟,3,3,3‟,3‟-Hexamethylin-
dodicarbocyanine iodide (DilC) assay (Enzo Life Sciences) and the 
Annexin V-PI assays (Sigma) according to the manufacture’s protocol. 

For the DilC assay, following treatment, cells were trypsinized and incubated in culture medium supple-
mented with DilC (50 nM) for 15 min at 37°C. After washing with PBS, DilC signal was analyzed using 
FACS Calibur (BD Biosciences). The percentage of apoptotic cells was determined as the number of 
viable cells with decreased DilC intensity, as reported before27. Assays were performed in 96-well plates 
according to the manufacturer’s instruction. Each experiments was carried out in triplicate and averaged 
from at least 3 independent experiments.

Statistical analysis of the phenotypic data was performed using 
two-tailed Student’s t-test. The statistical association between the 
clinico-pathological variables and IHC staining was assessed with 

the chi-square test. P-values ≤ 0.05 were considered significant. 

Statistical analysis. 

Results
TCTN2 is over-expressed 
in human cancers 
In our recent research, we described the use of the YOMICS@ murine polyclonal antibody library (http://
www.yomics.com) to discover tumor markers by IHC analysis[26,29]. During the screening of the en-
tire antibody library on tissue microarrays (TMAs) carrying cancerous and normal formalin-fixed para-
ffin-embedded (FFPE) samples (5 samples /tumor in duplicate), we found that a polyclonal antibody 
(pAb291- YOM) raised against a recombinant domain of TCTN2, encompassing the protein region from 
amino acid 170 to amino acid 443 (rTCTN2), specifically detected the expression of its target protein in 
cancer samples of colon (3/5), lung (2/5) and ovary cancers (2/5) whereas it gave a negligible staining 
in the corresponding normal tissues (Figure 1S). Based on this initial indication, a mouse monoclonal 
antibody (TCTN2 mAb) was generated in-house against the same domain (rTCTN2) utilized to genera-
te the polyclonal sera and used to analyze approximately 50 samples from colorectal, lung and ovary 
cancers, and 5 samples from matched normal tissues, in duplicate. In general the monoclonal antibody 
staining was cytoplasmic, though in some samples it also decorated the plasma membrane (Figure 1A). 
This mAb stained colorectal (63.8%), lung (18%), and ovary (16%) cancer samples, with marginal or 
negative staining in tested normal samples. An IHC scoring system based on a combined evaluation 
of the intensity of mAb staining (from 1 to 3) multiplied by the percentage of positive cancer cells (from 1 
to 100), showed that the highest TCTN2 expression level was found in colon cancer where 30% of sam-
ples showed a strong or moderate staining (IHC score >100) (Table 1). To further validate these findings 
and to investigate the role that TCTN2 might have during cancer progression, the protein expression 
was further assessed on an independent collection of colon cancer cases (163 samples) selected on 
the basis of the availability of relevant clinical and molecular data (Table 1S). The TCTN2 protein was 
detected in 93% of the cases (21.5% with a strong or moderate staining) without significant differences 
(P>0.05) between early and late stages as well as in low- and high-grade cancers and metastatic state 
(Table 2). All these data indicate that TCTN2 is associated with human cancers among which the highest 
expression level was found in colon cancer. 

The specificity of the monoclonal and polyclonal antibodies used for IHC was verified by Western blot 
on HeLa cells transfected with full-length TCTN2 cDNA. TCTN2 is predicted to encode a protein of 
77 kDa with four potential glycosylation sites. As shown in Figure 1B, both polyclonal and monoclonal 
antibodies specifically detected a main band around 100 kDa in TCTN2-transfected HeLa cells, which 
was not visible in HeLa cells transfected with the “empty” plasmid. However, when the protein extracts 
were treated with PNGase F, the immune-reactive band shifted to around 80 kDa thus confirming the 
predicted molecular weight and glycosylation.

6
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Figure 1. TCTN2 is overexpressed in pri-
mary tumours of colon lung and ovary. (A) 
TCTN2 is overexpressed in tumour sam-
ples and localises at the cell membrane. 
Normal and cancerous samples from co-
lon, lung and ovary were stained with the 
anti-TCTN2 monoclonal antibody, arrayed 
in parallel on the same TMA slides and 
analysed simultaneously. (B) Specific re-
cognition of TCTN2 antibodies - TCTN2 
expressed in mammalian cells is a gly-
cosylated protein. Western blot on total 
protein extracts from HeLa cells transfec-
ted with the empty plasmid or full length 
TCTN2, or recombinant TCTN2 domain 
(aa 171-444) expressed in E. coli, using 
the polyclonal (pAb291-YOM, left panel) 
and monoclonal antibody (anti-TCTN2 
mAb, right panel). The recognition of the 
mAb anti TCTN2 was also assessed after 
treatment with Peptide-N-Glycosidase F. 

TCTN2 protein is expressed in 
cancer cell lines and mainly loca-
lized on the intracellular side of 
the plasma membrane 

To better characterize TCTN2 protein expression and locali-
zation in tumors we selected a panel of breast, lung, colon, 
and ovary tumor cell lines. In these cell lines we assessed 
TCTN2 expression by Western blot. Immuno-reactive bands 
around 100 kDa, were detected in MCF7, H226, HOP92, 
HCT15, HT29, OVCAR8 and SCOV3 cell lines while the same 
bands were very faint or negative in SKBR3 (Figure 2A). The-
se bands might likely represent different glycosylation states 
of the protein. To further evaluate the mAb specificity for the 
target we used four different TCTN2-specific siRNAs (10 nM) 
to silence TCTN2 expression in HOP92 and OVCAR8 cells. 
Both cell lines showed a significant reduction of TCTN2, both 
at transcript and protein levels, as verified by q-RT- PCR and 
Western blot with all tested siRNA, compared to cells treated 
with an irrelevant siRNA (Figure 2B). Afterwards, we asses-
sed TCTN2 localization by confocal microscopy in HCT15, 
HOP92 and HT29 cancer cell lines, by permeabilising or not 
the cell membrane with the detergent BRJ96. TCTN2 was 
detected at the level of the plasma membrane only in per-
meabilised cells whereas it was undetectable without de-
tergent treatment (Figure 2C) Similar data were obtained in 
MCF7 and OVCAR8 cell lines (data not shown). This result 
indicates that the protein is not accessible to the antibody 
on the cell surface without permeabilisation, thereby it is li-
kely localized on the intracellular side of plasma membrane. 

Downregulation of TCTN2 
by epigenetic editing 

To investigate the alteration of cell growth and viability cau-
sed by loss of TCTN2 expression we developed epigenetic 
editing methods relying on the repression of its endogenous 
genomic locus and therefore able to perform a more sustained 
manner of silencing. To identify the best region to target within 
the promoter area, we used the CRISPR-dCas system to test 
two different sgRNAs recognizing regions: one mapping in the 
close proximity of the predicted transcription start site (TSS) 
and one 234 nucleotides upstream of the TSS (referred to as 
region A and B, respectively) (Figure 3A). In four cancer cell li-
nes from different tissue origin (MCF7, breast cancer; SKOV3, 
ovary cancer; HOP92, lung cancer; HT29, colon cancer), we 
observed that the region A, the one located closer to the trans-
cription start site, was better to achieve gene downregulation, 
irrespective of the effector domain used (Figure 3B). To further 
confirm our findings, we designed two DNA binding domain 
Zinc finger proteins to bind the same two regions of the pro-
moter (referred as ZFA and ZFB, respectively), fused to the 
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Figure 2. TCTN2 is expressed in cancer cell 
lines and localises in the inner side of plasma 
membrane. (A) Total proteins were extracted 
from breast (SKBR3 and MCF7), lung (H226 
and HOP92), colon (HCT15 and HT29) and 
ovarian (SKOV3 and OVCAR8) cancer cell 
lines. Proteins were resolved by SDS-polya-
crylamide gel electrophoresis and analysed 
by western blot with anti-TCTN2 monoclonal 
antibody. Anti-β-Actin monoclonal antibody 
was used as a loading control. (B) TCTN2 was 
silenced in HOP92 and OVCAR8 cancer cell li-
nes with four commercially available (QIAGEN) 
TCTN2- specific siRNAs at 10 nM concen-
tration or irrelevant siRNA (AllStars Negative 
Control siRNA, QIAGEN) using the Hi-Perfect 
transfection reagent (QIAGEN). TCTN2 ex-
pression was assayed 48 hours later by Wes-
tern blot. Anti-β-Actin monoclonal antibody was 
used as a loading control. (C) TCTN2 localizes 
in the inner side of plasma membrane in can-
cer cells lines. HCT15, HOP92 and HT29 cells 
were analyzed by confocal microscopy. Cells 
were incubated with the anti-TCTN2 mono-
clonal antibody, with (lower panels) or without 
(upper panels) permeabilization pre-treat-
ment with 0.01% BriJ96®. Cells were subse-
quently stained with Alexafluor 488-labeled 
goat anti-mouse antibodies to detect TCTN2 
(green) and DAPI to visualize nuclei (blue). 

Figure 3. TCTN2 downregulation, by different plat-
forms, alters growth phenotypes in four cell lines. A) 
Representation of TCTN2 gene promoter and first 
exon, transcription start site (TSS); A and B mark the 
region targeted. B) TCTN2 downregulation using CRIS-
PR-dCas9 alone or fused to a transcriptional repres-
sor (SKD). D) Apoptosis was measured using the 1, 
1‟,3,3,3‟,3‟-Hexamethylindodicarbocyanine iodide (DilC) 
assay in cells treated with different ZFs after TCTN2 
downregulation. E) Colony-forming assay in cells af-
ter TCTN2 downregulation. F) Visual representation of 
the colony-forming assay from HT-29 cells. Data was 
done in triplicate and is shown as mean ± s.e.m Statis-
tical significance was assessed by nonpaired two-tai-
led Student’s t-test, (*P<0.05, **P<0.01, ***P<0.001). 

transcriptional repressor Super Krab Domain (SKD). 
The same four cancer cell lines were transduced with 
retroviral vectors expressing ZFA, ZFA -SKD, or ZFB-
SKD and 4 days later RNA expression level was asses-
sed by q-RT-PCR and compared with cells treated with 
the empty vector, which served as negative control. ZFA 
-SKD transduced cells showed a significant reduction of 
transcription (ranging from 2 to 10-fold) in the four cell 
lines, whereas TCTN2 transcription levels in ZFB-SKD 
expressing and control cells was similar (Figure 3C). 
ZFA alone also affected mRNA expression (from up to 
2-fold) in HOP92 and HT29, although not significantly. 
We then assessed whether enforced TCTN2 downregula-
tion influences viability and growth of cancer cells. Indeed, 
an empirical observation during routine cell maintenance 
suggested that ZFA-SKD transduced cells showed a visi-
ble reduction in the proliferation rate (data not shown).
We first analysed the apoptotic phenotype of the four cancer cell lines transduced with ZFA-SKD, 
ZFB-SKD, or ZFA using the DilC1 staining assay[30], as compared to controls treated with the emp-
ty plasmid or untreated. Transduction with ZFA-SKD significantly increased apoptosis in HT-29 
cells (approximately 3 fold) (Figure 3D). Interestingly in the same cells, also transduction with ZFA alone 
increased the apoptotic phenotype, although it was not statistically significant. No significant effects on 
apoptosis were obtained in the other cell lines and the expression of ZFB -SKD caused no effect in either cell line. 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TCTN2 modulation influences anchora-
ge-independent growth of cancer cells 
We then investigated the anchorage-independent growth phenotype of the transduced cell lines by the 
soft agar assay, one of the most stringent test commonly used to assess malignant transformation in 
cells. All cell lines expressing ZFA-SKD showed a reduced number of colonies in the soft agar assay 
(ranging from 2 to 5 fold). Also in this assay, cells treated to express ZFA alone showed a reduced capa-
city to produce colonies (Figure 3E-F). The observed phenotypic effects were further confirmed by crea-
ting stable cell lines able to downregulate TCTN2 from the endogenous genomic locus with an inducible 

Figure 4. Evidence of the role of TCTN2 as an 
oncogene, by means of epigenetic editing and 
overexpression with cDNA transfection. A) Stable 
inducible HT-29 cells were generated and TCTN2 
downregulation was addressed over time, after 
short-term induction of ZFP fusions. B) Colony for-
ming assay in cells after TCTN2 downregulation in-
duced by dox addition. C) Visual representation of 
the colony-forming assay from HT- 29 cells without 
and with dox. D) Anchorage-independent growth 
of HCT-15 after transfection with a plasmid enco-
ding TCTN2 full-length cDNA. Data was done in 
triplicate and is shown as mean ± s.e.m Statistical 
significance was assessed by nonpaired two-tailed 
Student’s t-test, (*P<0.05, **P<0.01, ***P<0.001). 

system. To this aim, the HT-29 cell line was transduced 
with a doxycycline (Dox) inducible system with different 
DNA binding domains coupled to either a transcriptional 
repressor (SKD) or an epigenetic enzyme (JARID1A) 
that demethylates H3K4me3. After adding 100 μg/ml of 
doxycycline for 72 hours to the cells, an efficient down-
regulation of TCTN2 in stable HT-29 cells was achieved 
using ZFA, ZFA-SKD and ZFA-JARID, whereas it was 
unaltered by ZFB-SKD and ZFB-JARID constructs (Fi-
gure 4A). TCTN2 was also in part downregulated before 
Dox addition, likely due to a leaky expression of ZFA-
SKD. Despite potential leakiness, sub-culturing cells 
for 7 additional days without Dox reversed the TCTN2 
downregulation caused by either ZFA constructs. When 
tested in the soft agar assay, HT29 cells transduced 
with the ZFA constructs showed a marked decrease 
in the clonogenic phenotype (up to 1 log reduction in 
the number of colonies, compared to cells cultured wi-
thout Dox). The reduced proliferation displayed by the 
reduced TCTN2-expressing cancer cells was again 
confirmed by a colony-forming assay. After Dox treat-
ment, the cells with ZFA and ZFA-SKD showed less 
proliferation and ability to form colonies (Figure 4B-C). 
We then sought to confirm the oncogenic potential of 
TCTN2 by over-expressing it in human cells and de-
termining clonal growth. HCT15 cells were transient-
ly transfected with a TCTN2-encoding plasmid and 
the clonogenic phenotype was monitored for 7 days 
in the soft agar assay, by assessing the number of 
cell colonies, as compared to cells transfected with 
the empty plasmid. As shown in Figure 4D, TCTN2 
over-expression resulted in an increase of the number 
of HCT15 cell clones (approximately 2 fold), as compa-
red to control cells transfected with the empty vector. 

Discussion
TCTN1, TCTN2 and TCTN3 (TCTNs) proteins are emerging as critical ciliary components that form 
high affinity complexes in the cilium transitional zone and they could modulate signal transduction of 
Hh and Wnt pathways through their functional interaction with MKS119. While the relevance of Wnt 
and Hh in cancer is well documented, the role of TCTNs has been so far marginally addressed. The 
only member of this family that has been reported to act as an important player in human cancers is  
TCTN126. Indeed, it is expressed in human glioma, pancreas and prostate cancer cell lines. Moreo-
ver, in human glioblastoma (GBM) TCTN1 overexpression predicts poor clinical outcome for patients27. 
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The present study significantly contributes to the current knowledge on TCTN2, by providing ro-
bust experimental evidence that it is associated with human cancer. By an IHC study we discovered that 
the protein is highly expressed in colon, lung, and ovary cancers, among which the highest expression 
level (based on samples with IHC score >100) was found in colon cancer. We found that TCTN2 is ex-
pressed in cell lines derived from different cancers, and it is associated to the plasma membrane, likely 
oriented towards the intracellular side. Here we demonstrated that TCTN2 plays an important role in the 
growth of cancer cells by using targeted epigenetic editing. Indeed, loss of TCTN2 reduced the ability of 
four cancer cell lines to form colonies independently of a solid surface and, remarkably, it increased cell 
apoptosis. Moreover, transient TCTN2 over- expression in HCT15 cells elicited by conventional cDNA 
transfection substantially increased the colony-forming phenotype. Additionally, we found that loss of 
TCTN2 also influences cell viability, though only to a moderate extent. Since the capability to grow in an 
anchorage independent way is considered a hallmark of carcinogenesis, our results strongly suggest 
that TCTN2 may act as an oncogene. Moreover, we hypothesize that the phenotypic effects caused by 
variation of TCTN2 expression could be due to a chain signaling reaction mediated by MSK1. As des-
cribed for TCTN1, variation of TCTN2 expression could affect the interaction of the TCTN complex with 
MSK1 and influences its expression in the cilia, thereby leading to Wnt and Shh signaling transduction 
that can ultimately result in aberrant growth of cancer cells. This aspect deserves future studies. Knock 
down approaches proved that TCTN1 is essential for cancer cell viability and proliferation, suggesting 
that its dysregulation may play a key role in tumorigenesis20,28,29. It would be interesting to test whether, 
as reported for TCTN1 in GMB27, TCTN2 could represent a prognostic factor for TCTN2-over-expres-
sing cancers. Our in vitro data also provide the rationale for the design of novel TCTN2-targeting drugs. 
Targeted epigenetic editing can eventually serve as a therapeutic approach to stably alter gene expres-
sion patterns in cells30,31. 

Taken together our results demonstrate for the first time that TCTN2 is associated to human 
cancers. We found that TCTN2 is expressed in the plasma membrane of cancer cell lines probably 
associated to the intracellular side. Since the capability to grow in an anchorage independent way is 
considered a hallmark of carcinogenesis our experimental evidences obtained modulating TCTN2 ex-
pression suggest that it might act as an oncogene. 
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Figure 1S. TCTN2 is overexpressed in primary tumours of colon lung and ovary. TCTN2 is ove-
rexpressed in tumour samples and localises at the cell membrane. Tissue micro array of normal 
and cancerous samples from colon, lung and ovary were stained with the anti-TCTN2 polyclonal 
antibody YOM-291, arrayed in parallel on the same TMA slides and analysed simultaneously. 
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CHAPTER 7

Abstract

Introduction

Targeted epigenetic editing of SPDEF reduces mucus production in human airway epithelium
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Airway mucus hypersecretion contributes to the morbidity and mortality in patients with chronic inflam-
matory lung diseases. Reducing mucus production is crucial for improving patients’ quality of life. The 
transcription factor SAM-pointed domain–containing Ets-like factor (SPDEF) plays a critical role in the 
regulation of mucus production, and therefore represents a potential therapeutic target. This study aims 
to reduce lung epithelial mucus production by targeted silencing SPDEF using the novel strategy epi-
genetic editing. Here, four zinc finger proteins, engineered to target the SPDEF promoter, were fused 
to transcriptional repressor (KRAB), to DNA methyltransferase 3A (DNMT3A) or to histone methyltrans-
ferase G9a. Human airway epithelial A549 cells were transduced to express the fusion proteins. We 
observed that all fusion proteins were able to effectively suppress both SPDEF mRNA and protein ex-
pression, and ZFs-DNMT3A induced de novo DNA methylation at the SPDEF promoter. Importantly, all 
editing approaches were accompanied by inhibition of downstream mucus-related genes Anterior gra-
dient 2 (AGR2) and Mucin 5AC (MUC5AC) expression. These results indicate efficient SPDEF silencing 
and down regulation of mucus related gene expression by epigenetic editing in human lung epithelial 
cells. This opens avenues for epigenetic editing as a novel therapeutic strategy to induce long-lasting 
mucus inhibition.

Keywords: SPDEF, epigenetic editing, mucus production, DNA methylation

Airway epithelial mucus secretion and mucociliary clearance plays a key role in protective innate im-
mune responses against inhaled noxious particles and microorganisms. However, excessive mucus 
production and secretion contributes to the pathogenesis of several chronic inflammatory lung diseases 
such as asthma and chronic obstructive pulmonary disease (COPD)1-3. In patients with asthma and 
COPD, mucus hypersecretion is associated with cough and sputum production, respiratory infections, 
accelerated lung function decline, exacerbations and mortality4,5. Therefore, targeted treatment of pa-
thologic airway mucus secretion is expected to not only improve symptoms of cough and dyspnea, 
but also decrease the frequency of disease-related exacerbations and decelerates the disease pro-
gression. In the past few years, in preclinical models relevant to COPD, several drugs were shown to 
reduce mucus hypersecretion6. However, none of these drugs targeted the mucus producing cell itself. 

Airway mucus contains mostly water and secreted mucins that contribute to the viscosity and elasticity 
of mucus gels. Mucin 5AC (MUC5AC) is the major secreted mucin, which is mainly produced by goblet 
cells in the airway epithelium. 
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In chronic respiratory diseases, mucus hypersecretion is highly associated with increased num-
bers of goblet cells, as well as up regulated levels of mucin synthesis and secretion3. SAM poin-
ted domain-containing Ets transcription factor (SPDEF) has been reported to be a core transcrip-
tion factor (TF) that, within a large network of genes, controls mucus production and secretion7-9. 
In lung, SPDEF is selectively expressed in goblet cells lining the airways of patients with chronic 
lung disease8 and mice exposed to allergens10. In mice, the absence of SPDEF was shown to pro-
tect from goblet cell development after allergen exposure8,11. Moreover, knockdown of SPDEF 
with small interfering RNA (siRNA) was found to significantly reduce the expression of IL-13-in-
duced MUC5AC expression and Anterior gradient 2 (AGR2) expression, which encodes a potential 
chaperone required for mucin packaging, in the human bronchial epithelial cell line 16HBE12. These ob-
servations suggest that SPDEF could be a potential therapeutic target of airway mucus hypersecretion.

In this study we set out to silence SPDEF expression by epigenetic editing. Epigenetic editing is 
a novel approach to modulate epigenetic states locally by targeting an epigenetic enzyme to the locus 
of interest via DNA-targeting systems, such as zinc fingers (ZFs), transcription activator-like effectors 
(TALEs), or clustered regularly interspaced short palindromic repeats (CRISPRs)13,14. Compared to arti-
ficial transcription factors (ATFs), which exploit DNA-binding platforms to target transcriptional activators 
or repressors with no catalytic domain (such as super KRAB Domain, SKD), epigenetic editing has the 
promise to induce stable and inheritable gene modulation15,16. In this study, we provide proof-of-concept 
that SPDEF provides a promising target for epigenetic editing to prevent epithelial mucus production.

 Materials and Methods

Cell culture
Human bronchial epithe-
lial 16HBE 14o- (16HBE) 
and BEAS-2B, mucoepi-

dermoid carcinoma NCI-H292 and type II alveolar 
carcinoma A549 cell lines were cultured as pre-
viously described17. The human embryonic kidney 
HEK293T cell line (obtained from American Type 
Culture Collection (ATCC)) and the breast cancer 
cell line MCF7 (obtained from ATCC: HTB-22) were 
cultured in Dulbecco's modified Eagle medium 
(Biowhittaker, Verviers, Belgium). All culture media 
were supplemented with 2 mmol/L L-glutamine, 50 
µg/mL gentamicin, and 10% FBS (Biowhittaker). 

Plasmids Constructs
Four 18-bp zinc finger (ZF) protein target sites 
were selected within the SPDEF promoter using 
the website www.zincfingertools.org., as previous-
ly described18. The target sequences are shown 
in Fig. 2a. The DNA sequences encoding the ZFs 
were synthesized by Bio Basic Canada. The frag-
ments encoding the ZFs were digested with BamHI/ 
NheI restriction enzymes (Thermo Fisher Scien-
tific, Carlshad, USA) and cloned into a SKD-NLS-
ZF-TRI FLAG backbone, which encodes SKD, a 
triple-FLAG tag and a nuclear localization signal 
(NLS) or a ZF- NLS-VP64-TRI FLAG backbone, 
which encodes a tetramer of Herpes Simplex Vi-
rus Viral Protein 16 (VP64). Then the SKD-NLS-ZF 
SPDEF-TRI FLAG fragments and the ZF SPDEF- 
NLS-VP64-TRI FLAG were XbaI/ NotI (Thermo 
Fisher Scientific) digested and subcloned into 

Figure 2 SPDEF-targeted silencing by ATFs in A549 cells. 
(A) Schematic representations of the promoter region 
of the SPDEF gene, outlining the putative binding sites 
for transcription factors (STAT6, NKX2-1/NKX3-1, GFI, 
FOXA2/FOXA1, SMAD) (MatInspector) and the target 
sequences of zinc fingers: SPDEF1, SPDEF2, SPDEF3, 
and SPDEF4. Arrows show the orientation of the 18-bp 
binding site in the promoter. Location of ZF was shown re-
lative to the TSS (+1). The translation start site was shown 
as ATG (+286). CpGs are indicated as vertical bars. DNA 
methylation status of 15 CpGs was analyzed using pyro-
sequencing for the indicated areas. Histone modification 
of H3K9me2 was assessed for the ChIP regions (gray 
boxs). (B) Relative SPDEF mRNA expression, normalized 
to the empty vector, assessed by qRT-PCR in transduced 
A549 cells. Data are presented as mean (±SEM) of three 
independent experiments. Statistical significance was 
analyzed using t test (*P<0.05). (C) SPDEF protein expres-
sion in transduced A549 cells, as conducted by western 
blot. An anti- Glyceraldehyde 3-phosphate dehydrogena-
se (GAPDH) antibody was used as a loading control. An 
anti-FLAG antibody was used to detect the ATFs, which 
were designed with a C-terminal 3×FLAG tag. Blot pictures 
shown are representative of two independent experiments. 
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a dual promoter lentiviral vector pCDH-EF1-MCS-BGH PCK-GFP-T2A-Puro (SBI, Cat. #CD550A-1), ob-
taining constructs CD550A-1 SKD-ZF SPDEF and CD550A-1 ZF SPDEF-VP64. To obtain the constructs 
CD550A-1 ZF SPDEF-DNMT3A, the DNMT3A catalytic domain (kindly provided by Dr. A Jeltsch) was 
digested out from pMX-ZF-DNMT3A-IRES-GFP with AscI and PacI, to replace VP64 in the CD550A-1 
ZF SPDEF-VP64 vector. Catalytically mutant of DNMT3A (E74A)19 was generated by PCR-mediated 
site directed mutagenesis on CD550A-1 ZF SPDEF-DNMT3A. To obtain the constructs CD550A-1 ZF 
SPDEF-G9a and CD550A-1 ZF SPDEF-G9a W1050A20, the G9a catalytic domain and its mutant was 
digested out from pMX-E2C-G9a and pMX-E2C-G9a W1050A20 with AscI and PacI, to replace VP64 in 
the CD550A-1 ZF SPDEF-VP64. To construct the CD550A-1 ZF SPDEF without effector domains (SP
DEF-NOED), VP64 in the CD550A-1 
ZF SPDEF-VP64 was swapped out 
with PCR by a multiple cloning site, 
including restriction sites for AscI, 
Nsil, BclI, SwaI, and PacI. The pri-
mer information is presented in Ta-
ble 1. pHAGE EF1α dCas9-VP64 
lentiviral costruct was a gift from 
Rene Maehr & Scot Wolfe (Addge-
ne plasmid # 50918) and the sin-
gle-chain guide RNA encoding plas-
mid MLM3636 was a gift from Keith 
Joung (Addgene plasmid # 43860). 
An additional multiple cloning site 
was added by replacing the VP64 
activator with a sequence containing 
a MluI restriction site. To obtain the 
dCas9-epigenetic editor constructs 
the G9a catalytic domain and its mu-
tant, the SUV39h1 catalytic domain 
(6) and the catalytic domain of EZH2 
(SET) and its mutant were digested 
out from pMX-ZF-IRES-GFP with 
MluI and NotI and subcloned into 
the empty pHAGE EF1α dCas9. The 
SKD domain and the DNMT3A3L 
catalytic domain and its mutant 
(kindly provided by Dr. Jurkowski)21 
were subcloned by amplifying with 
primers containing MluI and NotI overhangs. Cloning of gRNAs was achieved as previously described22. 
Briefly, pairs of DNA oligonucleotides encoding 20 nucleotide gRNA targeting sequences were annealed 
together to create double-stranded DNA fragments with 4-bp overhangs. These fragments were ligated 
into BsmBI-digested plasmid pMLM3636. Two gRNAs were designed to bind close to the region where 
ZF3 and ZF4 bind (Fig. 2A) (GCATGGATCCCCCAGCAAGG and CCTCAGGTTGGGCCTTGCCA res-
pectively) and a third gRNA was designed to bind just behind transcription start site (CTGGCCAACTCTT-
CATCTCG). We verified all constructs by DNA Sanger sequencing (Baseclear, Leiden, the Netherlands).

Lentiviral transduction
The lentiviral CD550A-1 constructs, encoding the SPDEF 
targeting ATFs and epigenetic editors, were co-transfec-
ted with the third generation packaging plasmids pMDLg/
pRRE, pRSV-Rev, pMSV-VSVG into HEK293T cells using 

the calcium phosphate transfection method to produce lentiviral particles. The supernatant of HEK293T 
cells containing virus was harvested at 48 and 72 hours after transfection. Host A549 cells were seeded 
in six-well plates with a density of 80,000 cells per well and transduced on two consecutive days with the 
viral supernatant, supplemented with 8 µg/mL polybrene (Sigma-Alrich, Zwijndrecht, Netherlands). The 
positive transduced cells were selected in 8 µg/mL puromycin supplemented medium for four days from 
72h after the last transduction and then were cultured in 1 µg/mL puromycin supplemented medium. 
Medium was refreshed every 2-3 days. Ten days after the last transduction, cells were harvested for 
western blot, as well as RNA and DNA extraction. In the meantime, cells were grown on coverslips for 
immunocytochemistry (IHC) and harvested for chromatin immunoprecipitation. 
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The lentiviral pHAGE-EF1α constructs, encoding the dCas9-
SKD and epigenetic editors, were co-transfected with the se-
cond generation packaging plasmids psPAX2 and pMD2.G-
VSV-G into HEK293T cells using Lipofectamine LTX-PLUS 
(Life Technologies) to produce lentiviral particles. The super-

natant of HEK293T cells containing virus was harvested at 48 and 72 hours after transfection. Host 
MCF7 cells were seeded in six-well plates with a density of 80,000 cells per well and transduced on two 
consecutive days with the viral supernatant, supplemented with 8 µg/mL polybrene (Sigma-Alrich, Zwijn-
drecht, Netherlands). The positive transduced cells were selected in 8 µg/mL puromycin supplemented 
medium for four days from 72h after the last transduction and then were cultured in 1 µg/mL puromycin 
supplemented medium. 

To transiently transfect the MLM3636 plasmids containing 
gRNA constructs 500,000 of each stable MCF7 cells were 
seeded into 6-well plates the day before transfection. For all 

experiments, a total of 2 μg of a combination of gRNA plasmids were cotransfected using 2 μl PLUS 
reagent and 4 μl Lipofectamine LTX. The cells were then collected two days after transfection to isolate 
RNA and subcultured for additional 12 days.

Total RNA was extracted from A549 cells using 
Trizol reagent (Thermo Fisher Scientific) and 
500 ng was used for cDNA synthesis with ran-
dom primers using Superscript II RNase H - Re-
verse transcriptase (Thermo Fisher Scientific). 
SPDEF, MUC5AC, AGR2 and GAPDH expres-
sion was quantified using qPCR MasterMix Plus 

(Eurogentec, Belgium) and Taqman gene expression assays (SPDEF: Hs01026050_m1; MUC5AC: 
Hs00873651_Mh; AGR2: Hs00356521_m1; GAPDH: Hs02758991_g1, Thermo Fisher Scientific), 
mRNA expression of the fusion proteins (FLAG tag) using SYBR® Green PCR Master Mix (Ther-
mo Fisher Scientific) and gene-specific primers (Table 1) with the LightCycler® 480 Real-Time 
PCR System (Roche, Basel, Switzerland). Data were analyzed with LightCycler® 480 SW 1.5 sof-
tware (Roche) and the Fit points method, according to the manufacturer’s instructions. Expres-
sion levels relative to GAPDH were determined with the formula 2-ΔCp (Cp means crossing points).

For DNA methylation analysis of the target regions, genomic DNA 
was extracted with chloroform-isopropanol and was bisulfite con-
verted using the EZ DNA Methylation-Kit (Zymo Research), fo-
llowing the manufacturer’s protocol. Bisulfite-converted DNA was 
analyzed by pyrosequencing as previously described23. The pri-

mer information for pyrosequencing is presented in Table 1.
Histone modification induced by ZFs-
G9a was analyzed by ChIP as previous-
ly described24. Briefly, A549 cells were 
fixed with 1% formaldehyde at 37 °C for 
10 min and subsequently lysed and so-
nicated using a Bioruptor (Diagenode; 
High, 30 sec on, 30 sec off, total time 15 

minutes). Sheared chromatin was cleared by centrifuge at 4°C (12,000 × g, 10 minutes). Four micro-
gram of specific antibodies [normal rabbit IgG (abcam, ab46540), H3K9me2 (Milipore, 07-441)] were 
bound to 50 µl of magnetic Dynabeads (Thermo Fisher Scientific) during 15 minutes incubation, then 
unbound antibodies were washed-off.  Sheared chromatin 0.25 million cells was added to the antibody 
precoated magnetic Dynabeads (rotating overnight at 4°C). Next day, the magnetic Dynabeads were 
washed three times with PBS, and chromatin was eluted with 1% (w/v) SDS and 100 mmol/L NaHCO3.  
Subsequently, the elutes were treated with RNase (Roche) for four hours and proteinase K (Roche) for 
one hour at 62°C. Then, the purified DNA by column purification (Qiagen) could be analyzed with quan-
titative PCR (qPCR).
To assess the induction of histone marks and their spreading, several primer pairs were used for the 
SPDEF promoter (Table 1). qPCR was conducted using SYBR Green PCR Master Mix (Thermo Fisher 
Scientific) on an LightCycler® 480 Real-Time PCR System (Roche). To calculate the fold induction/reduc-
tion of histone marks we used the formula: Percentage input = 2(Cpinput-CpChIP) dilution × factor × 100.

Generation of MCF7 
stable cell lines

gRNA Transfections

Detection of mRNA ex-
pression by quantitative 
real-time PCR

Methylation analysis 
by pyrosequencing

Histone modification analysis 
by Chromatin immunoprecipi-
tation and qPCR 
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Transduced A549 cells were lysed in RIPA buffer 
and proteins were analyzed by standard western 
blotting as previously described23. Then, the blots 
were incubated with an rabbit anti-human SPDEF 

antibody (Santa Cruz, sc-67022), mouse anti-FLAG (Sigma, F3165) and mouse anti-GAPDH (Santa 
Cruz, sc-47724) at 4°C, overnight, followed by incubation with an horseradish peroxidase (HRP)-con-
jugated secondary goat anti-rabbit and rabbit anti-mouse antibody (Dako, Glostrup, Denmark). Pro-
tein expression was visualized using the Pierce ECL2 chemoluminescence detection kit (Thermo Fi-
sher Scientific) and Gel Doc™ XR+ imaging systems (Bio-Rad Laboratories). Data were analyzed with 

Gel Doc™ XR+ Image Lab™ Software. Cells, grown on coverslips (Menzel-Glä-
ser, 12 mm in diameter), were washed 
with PBS and fixed with 2% (w/v) Pa-
raformaldehyde for 20 min. Cells were 
stained with primary antibody against 
MUC5AC (abcam, ab3649), followed 
by HRP-conjugated secondary anti-

body.  The peroxidase was visualized by staining with AEC (3-amino-9 ethylcarbazole), followed by 
hematoxylin counterstaining. The cover glasses were mounted with Kaiser's glycerol-gelatin (37°C) 
and scanned into digital whole slides images using the NanoZoomer series scanning devices. The 
assessment of immunochemistry staining intensity was performed semiquantitatively in a blinded fas-
hion. MUC5AC staining cells were categorized as follows: negative, weak-positive and strong-positive.

All transduction experiments were performed three times independently. Data were 
analyzed using Student’s t-test (one-tailed). Data were considered to be statistically 
significant if P<0.05. Data were expressed as mean ± SEM and calculated using 

Prism v5.0 (GraphPad software).

Results
SPDEF down regulation by ATFs and subsequent 
repression of mucus-related genes
To select a suitable model to study SPDEF 
down regulation, SPDEF expression was 
determined in four different human epithe-
lial cell lines: A549, H292, BEAS-2B and 
16HBE.  A549 cells demonstrated the hi-
ghest expression of SPDEF, both at mRNA 
level (Fig. 1A) and at protein level (Fig. 1B). 
The high expression of SPDEF in A549 and 
H292 cells was accompanied by a low de-
gree of DNA methylation at the CpG sites 
surrounding the transcription start site (TSS) 
(A549: CpG sites #13: 2.7%,  CpG sites #14: 
4.6%, CpG sites #15: 3.1%; H292: CpG si-
tes #13: 1.9%,  CpG sites #14: 4.2%, CpG 
sites #15: 3.2%), whereas the undetectable 
transcription levels of SPDEF in BEAS-2B 
and 16HBE were accompanied by a high le-
vel of DNA methylation (BEAS-2B: CpG sites 
#13: 34.9%,  CpG sites #14: 40.6%, CpG 
sites #15: 26.4%; 16HBE: CpG sites #13: 
75.9%,  CpG sites #14: 68.5%, CpG sites 
#15: 41.0%) (Fig. 1D). Differential expression 
of MUC5AC was consistent with the obser-
ved SPDEF expression, with the highest MU-
C5AC expression in A549 cells (Fig. 1C). T

Figure 1 Expression of SPDEF (mRNA and protein) is as-
sociated with DNA methylation and MUC5AC expression. 
Quantification of the mRNA levels of SPDEF (A) and MU-
C5AC (C) in a panel of human epithelial cell lines (A549, 
H292, BEAS-2B, and 16HBE) by qRT-PCR. Bars repre-
sent the average (±SEM) of three independent experi-
ments. (B) Representative visualization of SPDEF protein 
expression (left) and quantification relative to β-ACTIN 
(right), as conducted by western blot. An anti-β-ACTIN 
antibody was used as a loading control. (D) Quantitati-
ve analysis of the methylation levels of three CpG sites 
surrounding transcription start site (TSS) by pyrosequen-
cing. Scatter plots show two independent experiments. 

Detection of protein 
expression by western blot

Detection of MUC5AC protein
expression by immunocytoche-
mistry staining

Statistics
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To explore effective SPDEF down regulation, we 
chose the highest SPDEF and MUC5AC expressing 
cell line (A549) as a model.

In order to down regulate SPDEF expression, four 
ZFs were designed to bind 18-base pair regions in 
the SPDEF promoter (SPDEF1, SPDEF2, SPDEF3, 
SPDEF4) and were sub-cloned into lentiviral cons-
tructs containing SKD (Fig. 2A). A549 cells were 
transduced to express the ATF using these lentiviral 
constructs. To enrich for cells expressing the ATF, 
the lentiviral transduced cells were positively selec-
ted based on puromycin resistance. Correct size of 
ATFs was confirmed by western blot (Fig. 2C) and 
their nuclear location by immunochemistry staining 
(Fig. 3C).

Next, we examined the ability of the four ATFs to 
down regulate SPDEF mRNA expression in A549 
cells. As shown in Fig. 2B, all four ATFs significantly 
down regulated SPDEF expression, demonstrating 
70, 97, 93, and 96% respectively down regulation re-
lative to empty vector control, which was confirmed 
at the protein level (Fig. 2C).

As SPDEF regulates a network of genes associa-
ted with mucus production7,8,11, we investigated 
whether the down regulation of SPDEF expression 
mediated by ATFs indeed results in reduced mucus 
production.

 Therefore, the expression level of two downs-
tream mucus-related genes was investigated in the 
ATF-expressing A549 cells. We found that expres-
sion of AGR2 was significantly down regulated by 
SKD-SPDEF2 (90.9%±35.4% repression), SKD-SP-
DEF3 (79.3%±35.9% repression) and SKD-SPDEF4 
(86.2%±35.4% repression) (Fig. 3A). MUC5AC was 
consistently, yet not significantly, down regulated in 
response to SPDEF repression (Fig. 3B). However, 
MUC5AC immunochemistry staining on ATF-trans-
duced A549 cells supports successful inhibition at 
the protein level (Fig. 3C and 3D).

Figure 2 SPDEF-targeted silencing by ATFs in 
A549 cells. (A) Schematic representations of the 
promoter region of the SPDEF gene, outlining 
the putative binding sites for transcription factors 
(STAT6, NKX2-1/NKX3-1, GFI, FOXA2/FOXA1, 
SMAD) (MatInspector) and the target sequences 
of zinc fingers: SPDEF1, SPDEF2, SPDEF3, 
and SPDEF4. Arrows show the orientation of 
the 18-bp binding site in the promoter. Location 
of ZF was shown relative to the TSS (+1). The 
translation start site was shown as ATG (+286). 
CpGs are indicated as vertical bars. DNA me-
thylation status of 15 CpGs was analyzed using 
pyrosequencing for the indicated areas. Histone 
modification of H3K9me2 was assessed for the 
ChIP regions (gray boxs). (B) Relative SPDEF 
mRNA expression, normalized to the empty vec-
tor, assessed by qRT-PCR in transduced A549 
cells. Data are presented as mean (±SEM) of 
three independent experiments. Statistical signi-
ficance was analyzed using t test (*P<0.05). (C) 
SPDEF protein expression in transduced A549 
cells, as conducted by western blot. An anti- Gly-
ceraldehyde 3-phosphate dehydrogenase (GA-
PDH) antibody was used as a loading control. 
An anti-FLAG antibody was used to detect the 
ATFs, which were designed with a C-terminal 
3×FLAG tag. Blot pictures shown are represen-
tative of two independent experiments. 

SPDEF silencing by targeted
epigenetic editing 
In order to achieve the stable gene silencing, we set out to direct DNA methylation onto the SPDEF 
promoter. As DNA methylation levels of CpG sites #13 (-3 bp), #14 (-1 bp) and #15 (+40 bp) around the 
TSS negatively correlated with SPDEF expression, ZF SPDEF3 targeting location -131 to -114 bp was 
coupled to the catalytic domain of DNMT3A. To investigate the induced DNA methylation in the promoter 
region of SPDEF, 15 CpG sites were screened with pyrosequencing (Fig. 4). We found that DNA me-
thylation was induced on CpGs sites #14 and 15, and not on CpG sites #1-13.
In further experiments, CpG sites #13-15 were analyzed. SPDEF3-DNMT3A consistently deposited 
DNA methylation onto two CpG sites (CpG #14: 6.6 ± 0.8%; CpG #15: 10.5 ± 1.3%), compared with 
SPDEF3-NOED (CpG #site 14: 3.9 ± 0.3%; CpG #15: 5.2 ± 0.8%) (Fig. 5B). 
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Figure 3 Changes in downstream mucus-related genes af-
ter ATFs induced silencing of SPDEF. (A) MUC5AC and (B) 
AGR2 mRNA expression were investigated by quantitative 
RT-PCR. (C)Quantification of MUC5AC negative, weak- and 
strong-positive A549 cells after ATF treatment. Counting of 
cells was performed in a blinded fashion. Solid bars, strong 
positive; shaded bars, weak positive; open bars, negative. 
Results represent the average of two independent experi-
ments. (D) Representative photographs (original magnifica-
tion, ×200) from immunochemistry staining for MUC5AC in 
ATFs treated A549 cells. Red-stained cells are MUC5AC-po-
sitive. Nuclei were counterstained with hematoxylin. Scale 
bar: 100 μm.

Figure 4 Screening of the DNA methylation changes 
after targeting DNMT3A to SPDEF promoter. Quanti-
tative analys is the percentage of methylation for 14 
CpG sites in SPDEF promoter by pyrosequencing 
in A549 cells treated with mock, empty vector, SP-
DEF3-NOED and SPDEF3-DNMT3A in one experi-
ment. (A) CpG sites #1, #3, and #4; (B) CpG sites 
#5-8; (C) CpG sites #9-12; (D) CpG sites #13-15.

To determine whether the observed increase in DNA methylation was directly caused by the catalytic 
activity of the DNMT3A enzyme, a catalytic mutant of DNMT3A (DNMT3A E74A) was constructed and 
compared to DNMT3A in a separate set of experiments. No increase in DNA methylation was ob-
served for CpG sites #13-15 in SPDEF3-DNMT3A E74A treated cells (Fig. 5C). To investigate whe-
ther the ZF directed DNMT3A was able to reduce target gene transcription, SPDEF mRNA expression 
was investigated (Fig. 7A, left panel). SPDEF3-DNMT3A was able to down regulate SPDEF expres-
sion (73.7%±29.6% repression), which was equally efficient as repression induced by the positive 
control SKD-SPDEF3 (77.1%±25.7% repression). Interestingly, the construct that lacked the effec-
tor domain, SPDEF3-NOED, also reduced SPDEF expression significantly (74.7%±26.2% repres-
sion). Upon ZFs fused with the histone methyltransferase G9A, no further decrease of SPDEF ex-
pression was observed compared to SPDEF3-NOED (Fig. 7A, right panel), and no H3K9me2 marks 
were detected in the examined region (Fig. 6). To determine the influence of location, another ZF (SP-
DEF4: target sequence +112 to +129) was tested to target DNMT3A or G9A to the SPDEF promoter 
(Fig. 5A and 6A). Again, fusion of either epigenetic editor did not hamper the repressive activity of 
ZF SPDEF4 itself (Fig. 7A), but again no further repression was obtained in the tested time frame. 
The expression of the fusion proteins was confirmed by the mRNA expression the FLAG-tag (Fig. 8).

Down regulation of SPDEF by SPDEF3-DNMT3A, SPDEF4-DNMT3A and SPDEF4-G9A was confirmed 
at the protein level by western blot (Fig. 9). Importantly, expression of downstream mucus related genes 
AGR2 and MUC5AC was also down regulated by these constructs (Fig. 7B and 7C). 

The effect of SPDEF inhibition on mucus production was determined by quantification of the number of 
MUC5AC positive cells. Transduced A549 cells were seeded on cover slips and examined by immuno-
chemistry staining. Cells treated with SPDEF3-DNMT3A had significantly lower numbers of MUC5AC 
positive cells compared to empty vector treated cells (Fig. 10A), as expected from the mRNA data. 
Interestingly, SPDEF silencing was most effective within the MUC5AC strong positive cell population. 
Within this population, both SPDEF3-DNMT3A and SPDEF4-G9a treatment resulted in lower numbers 
of MUC5AC strong positive (Fig. 10B).

Lower number of MUC5AC positive cells after 
targeted silencing SPDEF by epigenetic editing
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Figure 5 DNA methylation changes after targeting DNMT3A to 
SPDEF promoter. (A) Schematic presentation of SPDEF3-DN-
MT3A and SPDEF4-DNMT3A, and their binding location relative 
to TSS. (B) Quantitative analysis the percentage of methylation 
for target CpG sites (#13, #14 and #15) by pyrosequencing in 
A549 cells treated with mock, empty vector, SPDEF3-NOED and 
SPDEF3-DNMT3A. (C) Relative DNA methylation level of A549 
cells after treatment with SPDEF3-NOED, SPDEF3-DNMT3A 
and SPDEF3-DNMT3A E74A normalized to SPDEF3-NOED. (D) 
Relative DNA methylation level of A549 cells after treatment with 
SPDEF4-NOED, SPDEF4-DNMT3A and SPDEF4-DNMT3A E74A 
normalized to SPDEF4-NOED. All bars represent the mean of at 
least three independent experiments ±SEM. Statistical significan-
ce was analyzed using t test (#P<0.05, ##P<0.01, compared be-
tween two indicated columns).

Figure 6 Changes in histone mark H3K9me2 
after targeting G9a to SPDEF promoter. (A) 
Schematic presentation of SPDEF3-G9a and 
SPDEF4-G9a, and their binding location relative 
to TSS. (B) Induction of H3K9me2 was asses-
sed by quantitative ChIP for three regions of the 
SPDEF promoter in the transduced A549 cells. 
Data are presented as percentage of input. The 
bars represent the average (±SEM) of three in-
dependent experiments. IgG was used as nega-
tive control for immunoprecipitation.

Sustained epigenetic repression 
of SPDEF by epigenetic editing 
To fully address the effectiveness and sustainability of 
gene repression by epigenetic editing we decided to 
use the CRISPR-dCas9 system. We engineered stable 
MCF7 cell lines, each one expressing dCas9 fusions 
with the transcriptional repressor SKD, several epige-
netic editors or their mutants: G9a and SUV39h1 (for 
H3K9me), a fusion of DNMT3a and DNMT3L (for DNA 
methylation) and the SET domain of EZH2 (for H3K-
27me). We designed three gRNAs to bind around the 
promoter of SPDEF. By transiently transfecting a mix 
of the three gRNAs into the stable cell lines we were 
able to address the maintenance of gene repression 
(Fig. 11A). Gene repression was achieved to similar de-
grees two days after transfecting the mix of gRNAs in all 
stable cell lines. As observed for ZF-fusions, repression 
was also observed when using the mutant effector do-
mains (Figs. 11 B-E). This was also the case when tar-
geting dCas9 alone (data not shown). While repression 
by the transcriptional repressor SKD and most of the 
epigenetic editors was not maintained, the repression 
of SPDEF was sustained when using the G9a effector 
domain, while the mutant fusion regained activation. 

Figure 7 SPDEF and downstream mucus related genes 
expression changes after targeting DNMT3A and G9a to 
SPDEF promoter. A549 cells were treated with ZFs fused 
with different effector domains (SKD, DNMT3A, G9a, and 
the respective mutants DNMT3A E74A and G9a W1050A). 
mRNA level of (A) SPDEF, (B) AGR2 and (C) MUC5AC were 
determined by quantitative RT-PCR on treated A549 cells. 
The expression of SPDEF was relative to GAPDH and nor-
malized to mock treated cells (left panel), or normalized to 
ZF-NOED (middle and right panels). The bars represent the 
mean of three independent experiments ±SEM. Statistical 
significance was analyzed using t test (*P<0.05, **P<0.01, 
***P<0.001, compared to empty vector; #P<0.05, ##P<0.01, 
###P<0.001, compared between two indicated columns).
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Figure 8 Expression of ZF-ED after A549 
cells treated with ZF fused to different 
effector domain (SKD, DNMT3A, G9a, 
and respective mutant DNMT3A E74A 
and G9a W1050A). The expression of 
ZF-ED was represented as the FLAG-
tag expression relative to GAPDH (A), 
and normalized to ZF-NOED (B and C). 
The bars represent the mean of three 
independent experiments ±SEM. Sta-
tistical significance was analyzed using 
t test (#P<0.05, ###P<0.001, compared 
between two indicated columns). 

Figure 9 Quantification of the changes of SPDEF 
protein levels in A549 cells treated with SPDEF 
targeted DNMT3A and G9a. A549 cells were trea-
ted with ZF fused with different effector domains 
(SKD, DNMT3A, G9a, and respective mutant DN-
MT3A E74A and G9a W1050A). (A) Protein ex-
pression of SPDEF was assessed by Western blot. 
An anti-GAPDH antibody was used as a loading 
control. Blot pictures shown are representative of 
three independent experiments. (B) Densitometric 
values of SPDEF were normalized against the 
loading control, GAPDH. The relative level (% of 
mock) of SPDEF was shown with the average of 
three independent experiments ±SEM. Statistical 
significance was analyzed using t test (*P<0.05, 
**P<0.01, compared to empty vector;  ##P<0.01, 
compared between two indicated columns).

Figure 10 Quantification of MUC5AC positive 
A549 cells after treatment with SPDEF targeted 
DNMT3A and G9a. A549 cells were treated with 
ZFs fused with different effector domains (SKD, 
DNMT3A, G9a, and respective mutant DNMT3A 
E74A and G9a W1050A) and grown on coverslips. 
Immunochemistry staining for MUC5AC was quan-
tified to negative, weak-positive and strong-posi-
tive in a blinded fashion. (A) Percentage of MU-
C5AC positive cells in the total cell populations. 
(B) Percentage of MUC5AC strong-positive cells in 
the total cell populations. Results are represented 
as average (±SEM) of three independent experi-
ments. Statistical significance was analyzed using 
t test (*P<0.05, **P<0.01, compared to empty vec-
tor; #P<0.05, compared between two indicated 
columns). 

Figure 11 Sustained gene repression by means 
of epigenetic editing using the CRISPR-dCas9 
system. (A) Schematic representation of the 
experimental setup with the stable MCF7 cells. 
mRNA level of SPDEF determined by quantita-
tive RT-PCR on MCF7 stable cells with dCas9- 
(B) SKD, (C) G9a and its mutant and Suv39h1 
(D) SET and its mutant and (E) DNMT3a3L and 
its mutant. Results are represented as average 
(±SEM) of three independent experiments.
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Discussion
Based on its important role in goblet cell differentiation and mucus production8,11, we reasoned that SP-
DEF could be a suitable therapeutic target against mucus hypersecretion. In this study, we were able 
to silence SPDEF expression in the human alveolar epithelial cell line A549, using a novel strategy: 
engineered SPDEF targeting ZF proteins directing transcriptional repressor (SKD) as well as epige-
netic enzymes (DNMT3A and G9A). The repression of SPDEF was accompanied by lower expression 
of mucus-related genes MUC5AC and AGR2, as well as lower numbers of MUC5AC positive cells.

Our data provides an original proof-of-concept study supporting SPDEF as a promising therapeutic 
target for inhibiting mucus production. As previously reported, knockdown of SPDEF using siRNA was 
able to reduce the IL-13-induced expression of MUC5AC and AGR2 in human airway epithelial 16HBE 
cells12. The principle of siRNA is to target and degrade mRNA. Because of the constant production 
of mRNA, the silencing effect of siRNA is generally transient and it has to be delivered repeatedly 
in clinical application. Epigenetic editing would be a superior strategy because the effect would be 
sustained after clearance of the drug (hit and run approach)13. In order to down-regulate SPDEF ex-
pression directly at the transcriptional level, four sequence-specific ZFs were generated. ZFs were first 
linked to SKD to test the functionality of the DNA binding domain because SKD can cause transient 
gene silencing by indirectly recruiting chromatin remodelers and histone-modifying enzymes15,25. The-
se four ATFs (ZF-SKD) strongly reduced SPDEF expression and nearly abolished all expression of 
SPDEF in A549 cells. More importantly, SPDEF silencing resulted in the additional down regulation of 
MUC5AC mRNA and protein expression as well, indicating successful inhibition of mucin synthesis.

Next, ZFs were fused to catalytic domains of epigenetic enzymes (DNMT3A and G9A), aiming for 
longer term gene silencing by changing the epigenetic state of the targeted gene. ZF-targeted DNA 
methylation was recently successfully used for silencing several cancer-associated genes, including 
VEGF-A, SOXA2, and EpCAM15,16,26,27. Here, we took advantage of this approach by using two di-
fferent ZFs engineered close to the TSS (SPDEF3 and SPDEF4), to down regulate SPDEF expres-
sion. In this area, high expression of SPDEF was accompanied by lower DNA methylation of CpG 
sites, particularly those surrounding the TSS, where DNA methylation is tightly linked to transcriptional 
silencing28. The occlusion binding of TF also explains our observation that ZFs without effector do-
mains effectively silenced SPDEF expression. However, as the DNA binding domain by itself is not 
expected to induce any long-term effects, we next set out to test different epigenetic enzymes (DN-
MT3A and G9A). Fusion of epigenetic effector domains with ZFs resulted in the same magnitude of 
silencing as the ZF-SKD fusions, indicating that our approach worked as we aimed for. Furthermore, 
targeted DNA methylation or histone methylation has the advantage that its effect has the potential 
to be permanent15,16, albeit the stability and heritability of epigenetic editing is still controversial29,30. 

In an elegant experiment, Bintu and colleagues used an artificial system to compare four repressive 
chromatin regulators with distinct chromatin modifications31. The EED protein of Polycomb repressive 
complex 2, which indirectly catalyzes H3K27 methylation, the KRAB domain, that indirectly promo-
tes H3K9 methylation, the DNMT3B, that catalyzes DNA methylation and the histone deacetylase 4 
(HDAC4) enzyme. By transiently recruiting each protein, they demonstrate that different types of repres-
sed chromatin are generally associated with distinct time scales of repression. For this artificial context, 
DNA methylation was the modification of choice to achieve long lasting repression, while histone dea-
cetylation was not sustained. We provide proof of principle that targeting epigenetic effector domains 
has the ability to promote sustained gene expression reprogramming. We observed the same effect of 
targeting a Zinc Finger Protein without any effector domain as when targeting with CRiSPR-dCas9 alone 
with sgRNAs. Many factors can explain the repressive effects of the binding of the gene targeting cons-
tructs, like competition with endogenous transcription factors. Importantly, we demonstrated that such 
repressive effects are transient: only upon targeting G9A, and not its mutant, indication of maintenance 
was obtained. Here we provide indications that targeting G9A to induce methylation of H3K9 might be 
effective in achieving sustained SPDEF gene repression, but not DNA methylation or H3K27me. These 
differences in maintenance require more thorough investigations, but likely are due to the particular local 
chromatin context of the targeted locus, that could influence the potency and longevity of the repression. 

7
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This would also explain the failure of maintenance of G9A effects when studying VEGF-A repression30. 
Combining different effector domains, as we did previousy for re-activation of gene expression, might 
further improve the degree of repression and/or increase sustainability22.
 
One limitation of our study is that functional experiments were conducted in the alveolar cell line A549. 
Since we already showed convincing MUC5AC and AGR2 silencing in A549 cells, it will be interesting 
to investigate whether this effect is also observed within the more relevant models of mucus hyperse-
cretion in the future, such as using the air-liquid interface culture of the primary airway epithelial cells 
from patients with COPD. In addition, before use in the clinical setting, it is necessary to evaluate the 
off-target effects, such as the ZFs or CRISPR/dCas binding specificity and target cell specificity.

In summary, we successfully reduced mucus-related gene expression by targeted silencing of SPDEF. 
This new approach (epigenetic editing) has the potential to induce a permanent anti-mucus effect, which 
has implications for development of novel therapeutic strategies to treat patients with chronic mucus 
hypersecretion in the future.
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CHAPTER 8

Abstract

Writing of H3K4Me3 overcomes epigenetic silencing in a sustained but context-dependent 
manner

Nature Communications, 2016

David Cano-Rodriguez, Rutger A.F. Gjaltema, Laura J. Jilderda, Pytrick Jellema, Jelleke Dok-
ter-Fokkens, Marcel H.J. Ruiters and Marianne G. Rots

Epigenetic Editing Research Group, Department of Pathology and Medical Biology, University Medical Centre 
Groningen, University of Groningen, Hanzeplein 1, 9713 GZ Groningen, the Netherlands.

Histone modifications reflect gene activity, but the relationship between cause and consequence of 
transcriptional control is heavily debated. Recent developments in rewriting local histone codes of en-
dogenous genes elucidated instructiveness of certain marks in regulating gene expression. Mainte-
nance of such repressive epigenome editing is controversial, while stable re-activation is still largely 
unexplored. Here we demonstrate sustained gene re-expression using two types of engineered DNA 
binding domains fused to a H3K4 methyltransferase. Local induction of H3K4me3 is sufficient to allow 
re-expression of silenced target genes in various cell types. Maintenance of the re-expression is achie-
ved, but strongly depends on the chromatin microenvironment (i.e. DNA methylation status). We further 
identify H3K79me to be essential in allowing stable gene re-expression, confirming its role in epigenetic 
crosstalk for stable reactivation. Our approach uncovers potent epigenetic modifications to be directly 
written onto genomic loci in order to stably activate any given gene.

Introduction
Epigenetics controls gene expression patterns in a cell-specific and mitotically stable manner. Geno-
me-wide analysis and gene expression profiling studies identified specific combinations of modifications 
of DNA and histones, as well as transcriptional regulators, to correlate with chromatin accessibility and 
expression1-3. For example, methylation of lysine residue 4 or 79 on histone H3 (H3K4me3, H3K79me2-3) 
or monoubiquitination of histone H2B (H2Bub1) situated at transcription start sites (TSS) are associa-
ted with transcriptionally active euchromatin4-10.  On the other hand, DNA methylation in core promoter 
regions is mainly involved in gene silencing. Elucidating the distinction between the mere associative 
presence versus the actual causality of transcription by chromatin marks is an important area of investi-
gation11, 12. Current approaches to studying chromatin function often make use of small molecule inhibi-
tors and RNA interference to unravel the role of epigenetic enzymes in transcription regulation. Although 
these studies have yielded basic insights into epigenetic regulation, they are hampered by genome-wi-
de effects 13, 14. Identifying the conditions that drive transcriptional changes is critical to understanding 
how cell identity is established and how genes become permanently dysregulated in human diseases.

An innovative approach to study transcriptional changes is by synthetic modulation of gene expression. 
Gene expression modulation can be achieved using artificial transcription factors by coupling transcrip-
tional activators or repressors to DNA-targeting platforms such as zinc finger (ZF) domains, transcription 
activator like effector (TALE) domains and the clustered regularly interspaced palindromic repeats (CRIS-
PR-Cas) 15-29. Even though changes in gene expression have been successful, the sustainability of such 
induced transcriptional reprogramming is still under debate. Indeed, these artificial systems merely act as 
scaffolds to recruit multiple transcriptional components and have no enzymatic activity on the chromatin 
state directly. Therefore, methods for directly linking transcriptional function with the presence or absence 
of epigenetic marks are needed to establish general principles for (sustained) cell reprogramming. One 
elegant method to establish those general rules is epigenome editing30-33. Since the dynamic remodeling 
of the chromatin landscape is tightly regulated by a conglomerate of enzymes and macromolecules, 
there is an extensive array of epigenetic effector domains suitable for gene expression modulation34-36. 
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Several studies have already shown the potency of epigenome editing in inducing 37-42 or repressing41-49 
gene expression. Despite the fact that gene expression could be modulated, little is known about the 
stability of the acquired epigenetic states. In this respect, gene repression by DNA methylation has been 
shown to be stable and heritable using engineered ZFs fused to DNA methyltransferases to target the SOX2 
gene46, while the repressive effect was not achieved in another context for the VEGF-A gene49. In contrast, 
sustained gene re-activation remains largely unexplored. Studies so far have been focusing on activating 
gene expression by VP64-based artificial transcription factors and, in a few cases, epigenetic enzymes 
(TET, p300)37-39. Although gene induction has been achieved, the sustainability of this overexpression has 
not been documented yet. To fully exploit the potentials of epigenome editing it is necessary to understand 
how the chromatin microenvironment affects mitotic stability of reprogrammed gene expression patterns.

Trimethylation of H3K4 is a hallmark of gene expression and the presence of this mark at promoters of 
protein coding genes serves as a transcriptional on-off switch50. H3K4me3 is found in approximately 75% 
of all human active gene promoters in several cell types, suggesting that it plays a key role in mammalian 
gene expression2. Here we have employed epigenome editing to investigate the role and stability of H3K-
4me3 in transcriptional activation. In light of the fact that H3K4me3 at transcription start sites is frequently 
associated with active transcription, we aimed to achieve targeted gene re-expression of epigenetically 
silenced genes by local induction of this mark. Using the histone methyltransferase PRDM951-53 fused to 
either dCas9 or ZF proteins, we examined the role of H3K4me3 in upregulating the expression of seve-
ral model genes in different chromatin contexts. We also identified potential reinforcing marks in order to 
achieve stable gene activation. As such, our study identified H3K4me3 and H3K79me as well as absen-
ce of DNA methylation to be critical in allowing sustained re-expression of epigenetically silenced genes. 

Materials and methods

Plasmid construction
Plasmids containing a mammalian codon-optimized 
dCas9-VP64 activator (pMLM3705) and the single-chain 
guide RNA encoding plasmid (pMLM3636) were bought 
from Addgene. An additional multiple cloning site was ad-

ded by replacing the VP64 activator in the dCas9-VP64 with a sequence containing a PacI restriction 
site (new plasmid referred to as dCas9-Empty). The catalytic domain of human histone methyltransfe-
rase PRDM9 was amplified from total cDNA of a testicular cancer cell line, and the ubiquitin conjuga-
ting enzyme UBE2A and histone methyltransferase DOT1L catalytic domains from human fibroblasts 
using Pfu DNA polymerase (Thermo Scientific, Leon-Rot, Germany) using forward and reverse primers 
introducing MluI and PacI restriction sites at the 5’ and 3’ ends, respectively (Supplementary Table 1 
and Supplementary Note 1). These catalytic domains were introduced into dCas9-Empty by using stic-
ky-end ligation after digestion with AscI and PacI digestion with T4 ligase (Thermo Scientific). Cloning of 
gRNAs was achieved as previously described19. Briefly, pairs of DNA oligonucleotides encoding 20 nu-
cleotide gRNA targeting sequences were annealed together to create double-stranded DNA fragments 
with 4-bp overhangs (Supplementary Table 2). These fragments were ligated into BsmBI-digested plas-
mid pMLM3636. Irrelevant gRNAs were designed to bind regions of the mouse genome. Epithelial cell 
adhesion molecule (EpCAM) targeting ZF protein (ZFA and ZFB)28, intercellular adhesion molecule 1 
(ICAM) targeting ZF protein (ZFC, kindly provided by C.F. Barbas III, the Scripps Institute, La Jolla, CA, 
USA)25, Ras association domain-containing protein 1 (RASSF1a) targeting ZF proteins (ZFX and ZFZ)
(self-engineered) and procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) targeting 6 ZF pro-
teins (ZF2 and ZF8)62 were used for epigenetic editing of the respective gene promoter (Supplementary 
Table 3). In order to replace VP64 with the catalytic domains we used sticky-end ligation after digestion 
with fast-digest restriction enzymes MluI and PacI (Thermo Scientific). Each zinc finger-effector domain 
(ZF-ED) construct contains a nuclear localization signal (NLS) and a terminal hemagglutinin (HA) deca-
peptide tag. We verified all PCR cloned constructs by DNA Sanger sequencing (Baseclear, Leiden, The 
Netherlands). The enzymatically inactive pMX-ZFA-MutPRDM9 mutant (G278 to A278) was obtained by si-
te-directed mutagenesis on wild-type pMX-ZFA-PRDM9. The enzymatically inactive dCas9-MutDOT1L 
mutant (NN241-242 to AD241-242) was obtained by site-directed mutagenesis on wild-type dCas9-DOT1L.
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Cell culture
Human embryonic kidney cells HEK-293T (ATCC: CRL-3216), A549 lung 
cancer cells (ATCC: CCL-185), A2780 ovarian cancer cells, and HeLa (ATCC: 
CCL-2) and C33a (ATCC: HTB-31) cervical cancer cells were cultured in 
DMEM (BioWhittaker, Walkersville, MD, USA) supplemented with 10% fetal 

bovine serum (FBS), 2 mM L-glutamine and 50 µg/ml gentamycine sulfate. Cells were cultured in a 
humidified atmosphere at 37° C supplemented with 5% CO2. All cell lines have been tested for myco-
plasma contamination and authenticated using STR profiling. 

Transfections and 
retroviral transductions

HEK293T cells were co-transfected with the retroviral 
vector pMX-IRES-GFP along with VSV-G viral envelo-
pe (pMD2.G) and the gag/pol proteins (pMDLg/pRRE) 
using CaPO4. 48 and 72 hours after transfection, the 
viral supernatant was used to transduce host cells su-
pplemented with FBS and 5 µg/ml polybrene (Sigma, 

St. Louis, MO, USA). Cells were harvested for further experiments three days after the last transduction. 
Transfections were performed in triplicate using Lipofectamine LTX (Life Technologies). 500,000 cells 
were seeded into 6-well plates the day before transfection. For all experiments, a total of 1 μg of a 
combination of gRNA plasmids and 1 ug of the plasmid encoding either dCas9-VP64, dCas9-Empty (no 
effector domain) or (a combination of dCas9-epi-editor(s), were cotransfected using 2 μl PLUS reagent 
and 4 μl Lipofectamine LTX.. GFP positivity of cells was assessed on a Calibur Flow Cytometer (Beck-
ton Dickenson Biosciences).

Generation of HeLa and 
C33a stable cell lines

Retroviral particles from pRetroX-Tet-On-Advanced 
(pTet-On) (CloneTech, Mountain View, CA) were 
generated using conventional CaPO4 transfection 
of HEK-293T. Virus-containing supernatant was har-
vested 48 and 72 hours post-transfection, supple-
mented with FBS and 5 µg/ml polybrene, and used to 

transduce HeLa and C33a cells. Two days after transduction, cells were selected with 1 µg/ml geneticin 
(Gibco/Invitrogen) for 5 days and individual clones were subcultured for testing using the pRetroX-Tight-
Luc-Pur. The clone with the highest expression of luciferase after induction was chosen for subsequent 
use. The coding region of the fusion proteins of ZFA-, ZFB-, ZF2- and ZF8- with VP64, PRDM9 and mut-
PRDM9 were subcloned into the expression vector pRetroX-Tight-Pur (CloneTech, Mountain View, CA) 
using the BamHI/NotI restriction sites. Retroviral transduction of the plasmids was carried out as described 
previously using the stable pTet-On HeLa and C33a cells. Two days after transduction cells were selec-
ted with 1 µg/ml geneticin (Gibco/Invitrogen) for 10 days.  Expression of the fusion proteins was induced 
using Doxycycline (Dox, 100 µg/ml) for 72 hours. Cells were then harvested and divided for RNA, DNA, 
protein and chromatin immunoprecipitation, subcultured for 7 days without Dox, and harvested again.

Quantitative reverse-transcription 
polymerase chain reaction (qRT-PCR)

Total RNA was isolated using 
the GeneJET RNA Purifica-
tion Kit (Thermo Scientific, 
Leon-Rot, Germany) accor-
ding to protocol. Subsequent-

ly, cDNA was synthesized with random hexamer primers using the Revertaid cDNA synthesis kit (Thermo 
Scientific). qRT-PCR was executed using 10 ng of cDNA and Rox enzyme mix (Thermo Scientific) for 
ICAM-1 or EpCAM expression (Taqman gene expression assay Hs00164932_m1 or Hs00158980_m1, 
respectively; Applied Biosystems, Carlsbad, CA, USA) and for GAPDH, RASSF1a and PLOD2 (Supple-
mentary Table 4) using an ABI ViiA7™ real-time PCR system (Applied Biosystems). Expression of the 
RASSF1A and PLOD2 genes was assessed using ABsolute qPCR SYBR Green (Thermoscientific). All 
reactions were done in triplicate. In order to achieve a signal with the qRT-PCR, we run the PCR for 45 
cycles. CT values were acquired for all samples, allowing quantitative analysis. Fold change in mRNA 
expression above control untreated cells was calculated based on the cycle threshold (ΔΔCt) method 
after normalization to GAPDH expression. 

8
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Chromatin 
immunoprecipitation qPCR

Chromatin Immunoprecipitation (ChIP) was 
performed as described previously43. Brie-
fly, fixation of cells was done with formalde-
hyde and DNA was subsequently sheared by 
sonification with a Bioruptor (High, 15 cycles: 

30’’on 30’’off) (Diagenode, Liège, Belgium). For immunoprecipitation, Dynabeads (Invitrogen) were 
incubated 15 minutes with 5 µg of specific antibodies H3K4me3 (07-473; Merck-Millipore, the Ne-
therlands), H3K79me2 (ab3594; abcam), H3K79me3 (ab2621; abcam), normal rabbit IgG (ab46540; 
abcam), normal mouse IgG (12-371; Merck-Millipore, the Netherlands), anti-FLAG (f1804; sigma-al-
drich) and anti-HA (101P-200; Covance, the Netherlands)] in 0.02% PBS-Tween-20, then unbound 
antibodies were washed off, and diluted sheared chromatin was added to the complex of mag-
netic Dynabeads-antibody (rotating overnight at 4° C). After washing and elution with 2% SDS and 
50 mmol/L NaHCO3, samples were treated with RNase and Proteinase K (Roche). DNA was puri-
fied using the Qiaquick DNA spin columns (Qiagen, Venlo, Netherlands) according to protocol. Sub-
sequently, RT-PCR was performed with AbsoluteQPCR SYBRGreenROXMix (Thermo Scientific) 
using specific primers (Supplementary Table 5). The % input was expressed as AE (Ct input-Ct ChIP) 
x Fd x 100%, where Fd is a dilution compensatory factor and AE represents the primer efficiency.

Western Blotting
Cells were lysed in RIPA buffer (25 mM TrisHCl pH 7.6, 150 mM NaCl, 
1% NP-40, 1% sodium deoxycholate, 0.1% SDS; ThermoScientific) 
supplemented with Protease Inhibitor Cocktail (Sigma). 50 µg of total 

protein was prepared in 5x loading buffer supplemented with 10% β-mercaptoethanol and heated for 10 
min at 95° C. Proteins were subjected to SDS-PAGE using 10% polyacrylamide gels. Transfer onto ni-
trocellulose membranes was followed by probing with mouse anti-HA antibody (Abcam) at a 1:5000 dilu-
tion. Detection of effector domains was performed with HRP-conjugated anti-mouse secondary antibody 
at a dilution of 1:5000, followed by incubation with enhanced chemiluminescence (ECL, Amersham).

Methylation analysis by bisulfite 
sequencing and pyrosequencing

For DNA methylation analysis of the 
target regions, genomic DNA was ex-
tracted with Quick-gDNA™ MiniPrep 
kit (D3007, Zymo Research via Ba-
seclear) and bisulfite converted using 

EZ DNA Methylation-Gold Kit (Zymo Research) following the manufacturer’s protocol (alternative 2). 
Bisulfite converted DNA (20 ng) was amplified by PCR in a 25 μl reaction using the Pyromark PCR kit 
(Qiagen). Pyrosequencing was performed according to the manufacturer’s guidelines with a specific 
sequencing primer on the Pyromark Q24 MD pyrosequencer (Qiagen). Analysis of the percentage of 
methylation at each CpG was determined using Pyromark Q24 Software (Qiagen). Bisulfite specific 
primers and the pyrosequencing primer information are presented in Supplementary Table 6.

Statistical analysis
Statistical tests were performed with Graphpad Prism 5 softwa-
re (GraphPad Software). All experiments were performed at least 
three times, unless stated otherwise. Relevant comparisons were 

evaluated by unpaired, two-tailed t-test. A P-value of <0.05 was considered statistically significant. All 
data are presented as the mean ± SD.

Data availability statement The authors declare that all data supporting the 
findings of this study are available within the ar-
ticle and its Supplementary Information files. 

Results
PRDM9 induces H3K4me3 but has little 
effect on gene expression
To investigate the potency of H3K4me3 in inducing gene expression we fused the SET domain of the 
human PRDM9 to dCas9. We transiently co-transfected HEK293T and A549 cells to express the pro-
teins (dCas9-empty, the transcriptional activator dCas9-VP64 and dCas9-PRDM9) with a combination 
of guide RNAs (gRNAs) to activate the endogenous promoters of ICAM1, RASSF1a or EpCAM (Fig. 
1a,b). We used a combination of gRNAs to target each promoter based on previous reports indica
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ting that multiple gRNAs at a single promoter 
are more effective for gene activation15, 16, 18, 
19, 21, 22. dCas9-VP64 was able to induce Ep-
CAM gene expression in both cell lines, whereas 
gRNA directed dCas-PRDM9 and dCas-VP64 
were ineffective in activating ICAM1 and RASS-
F1a (Fig. 1c). There were no clear beneficial 
effects when changing the binding orientation of 
the gRNAs. Analysis of ENCODE data depicted 
that the target regions of ICAM1 and RASSF1a in 
both HEK293T and A549 were hypermethylated, 
not associated with H3K4me3 marks and lacked 
DNAse hypersensitive sites, whereas the promo-
ters of EpCAM were unmethylated and contai-
ned H3K4me3 peaks (Supplementary Fig. 1a). 
We confirmed these differential DNA methylation 
levels of our three model genes around the pro-
moter area in both cell lines (Supplementary Fig. 
1b). This suggested that the dCas9 is not able 
to access the promoters of hypermethylated ge-
nes, explaining the lack of effect of VP64 and 
the PRDM9 catalytic domain. To further confirm 
this, we choose to target PLOD2 in C33a cells, 
which is transcriptionally repressed although its 
promoter has low DNA methylation levels (Su-
pplementary Fig. 1b). Indeed dCas9-VP64 was 
able to induce high levels of gene transcription 
from the endogenous PLOD2 promoter (≈2,000-
fold) (Fig. 1d). Additionally, dCas9-PRDM9 was 
able to moderately but significantly upregulate 
PLOD2 expression up to 1.7-fold compared to 
its catalytically inactive mutant (MutPRDM9) 
(P < 0.05, two sided unpaired t-test), which did 
not change the target gene expression. To test 
whether the actual binding of dCas9 was indeed

Figure 1 Local induction of H3K4me3 activates transcription of en-
dogenous genes from promoter regions using CRISPR-dCas9. (a) 
Schematic representation of the targeted genes and the (overlapping) 
locations where the ZFs and gRNAs bind (the letter or number of each 
region refers to the name of the ZF or gRNA, for the regions marked 
with * a ZF as well as a gRNA were designed). The yellow bars repre-
sent the location of the CpG islands. (b) Schematic of dCas9-VP64 tar-
geting sense and antisense strands of DNA, and dCas9 and ZF fused 
to the epigenetic editor PRDM9 to locally induce H3K4me3. (c) Relati-
ve mRNA expression of ICAM1, RASSF1a, EpCAM in HEK293T and 
A549 cells and (d) PLOD2 in C33a cells, by the indicated dCas9 fusion 
protein co-transfected with a combination gRNAs targeted to each 
promoter region. (n = 3 independent experiments; error bars ± s.d.). 

impaired by DNA hypermethylation we performed anti-FLAG ChIP using cells transfected with dCas9-
3XFLAG and a combination of gRNAs for the different cell lines and genes (Supplementary Fig. 1c). 
dCas9 is not able to efficiently bind regions located in CpG islands (CGIs) where DNA hypermethylation 
is present (ICAM1 and RASSF1a) as compared to regions outside of CGIs or without DNA hyperme-
thylation (EpCAM and PLOD2). Taken together, our data suggests that DNA hypermethylation of CpG 
islands severely hampers the binding or effect of dCas9-fusions. Importantly, for a susceptible silenced 
locus, H3K4me3 could directly induce gene expression.

To further confirm the effects of H3K4Me3, we analyzed the targeting of ICAM1, RASSF1a and EpCAM 
using the smaller zinc finger proteins targeting the same regions as the gRNAs. In the two cell lines 
(HEK293T, A549) and an additional cell line with hypermethylation in the three genes (A2780) (Supple-
mentary Fig. 1d), individual ZF-VP64 fusions were able to upregulate EpCAM, ICAM1 and RASSF1a 
gene expression, but the effect of PRDM9 was at the most subtle, reaching significance compared to 
the mutant for ICAM1 in HEK293 and both ZFA and ZFB (EpCAM) in A549 (Fig. 2a). We thus assessed 
the capability of the ZF-PRDM9 fusions to induce H3K4me3 editing in these cells (Fig. 2b); PRDM9 
was able to efficiently increase H3K4 trimethylation on EpCAM and RASSF1a promoters (up to 60%) 
compared to the mutant, despite the DNA hypermethylation. This editing could not be achieved when 
H3K4me3 was already enriched at the TSS (i.e. for EpCAM in HEK293T).
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Figure 2 Local induction of H3K4me3 activates transcription 
of endogenous genes from promoter regions using Zinc Finger 
Proteins (a) Relative mRNA expression of ICAM1, RASSF1a 
and EpCAM in HEK293T, A549 and A2780 cells determined 
by qRT-PCR, induced by the indicated ZF fusion protein af-
ter retroviral transduction, the letter of each ZF corresponds 
to the same region where a gRNA binds at the promoter  (b) 
H3K4me3 ChIP-qPCR enrichment at the promoter region of 
EpCAM and RASSF1a in HEK293T, A549 and A2780 after 
retroviral transduction with ZF-PRDM9 and ZF-MutPRDM9 
(two-sided unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001). 
(n = 3 independent experiments; error bars ± s.d.).

Figure 3 Stability and maintenance of gene reactivation after induction of 
H3K4me3 in the hypermethylated EPCAM gene in HeLa cells. (a) Sche-
matic representation of the stable doxycycline inducible system and the ex-
perimental timeline setup. (b) Relative EpCAM mRNA expression, at each 
specific time point using two different ZFs targeting the promoter region. 
(c) H3K4me3 ChIP-qPCR enrichment at the promoter region of EpCAM at 
each specific time point. (n = 3 independent experiments; error bars ±, s.d.).

Sustained reactivation by 
H3K4me3 induction is de-
pendent on DNA methyla-
tion levels
To fully address effectivity and sustainability of gene 
activation, we engineered a stable inducible system 
to target the hypermethylated EpCAM gene in HeLa 
cells (Fig. 3a). Again two different regions of the Ep-
CAM promoter were targeted (ZFA and ZFB) outside 
of the CGI. Doxycycline (Dox) treatment to express 
ZFA-fusions for three days resulted in EpCAM re-ex-
pression using both the transcriptional activator VP64 
(≈5-fold) and PRDM9 (≈8-fold) (Fig. 3b). However, 
EpCAM expression decayed to background levels 
after Dox removal and subculturing for seven addi-
tional days. For ZFB similar patterns were obtained. 
To confirm active epigenome editing, we determined 
the presence of H3K4me3 using ChIP-qPCR (Fig. 
3c). Background levels of approximately 18% were 
present as seen for ZFA only, mutPRDM9 and the no 
Dox controls. High levels of H3K4me3 (up to 75%) 
were achieved when the ZFA-PRDM9 was expres-
sed for three days (P < 0.05 compared to no Dox, 
two sided unpaired t-test). In contrast, three days 
expression of ZFA-VP64 was not able to induce the 
active histone mark. So, although active transcription 
is thought to drive trimethylation of H3K4, we instead 
show that local writing of this mark is able to direct-
ly initiate gene expression. Remarkably, we were not 
able to achieve sustained gene re-expression under 
this chromatin context for both treatments after seven 
days of subculturing (day 10).   
Since previous data suggests that H3K4me3 and DNA 
methylation are mutually exclusive54, we hypothesi-
zed that the presence of DNA methylation in highly 
dense CpG islands interfered with sustained gene 
re-expression induced by PRDM9. To examine this, 
we used the repressed but non hypermethylated 
PLOD2 gene in C33a cells as our model, and addres-
sed the sustainability of gene expression. Using the 
Dox-inducible system, we targeted two transcription 
start sites in the PLOD2 gene (Fig. 4a). When targe-
ting the region of the first transcription start site (ZF2), 
we were able to induce PLOD2 expression using 
VP64 and PRDM9 upon three days exposure to Dox 
(≈20-fold and ≈6-fold, respectively) (Fig. 4b). Remar-
kably, gene reactivation was sustained and even rein-
forced (≈30-fold) after Dox removal and subculturing 
the cells for seven days, when using PRDM9. For 
VP64, gene expression levels returned to background 
after subculturing. Targeting the second transcription 
start site (ZF8) using PRDM9 had no effect on gene 
expression, although ZF8-VP64 induced expression 
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which was maintained for seven days. We analyzed 
the efficacy of H3K4me3 editing after targeting 
the two locations over time (Fig. 4c): Trimethyla-
tion of H3K4 was locally induced when targeting 
PRDM9 to region 2 (60-80%, P < 0.01 compared 
to no Dox, two sided unpaired t-test), but no fur-
ther increase was achieved for region 8, where 
background levels were as high as 35-40%. After 
subculturing, the H3K4me3 was sustained and 
reinforced for the ZF targeting region 2 (reflec-
ting gene expression levels), while no clear diffe-
rence was observed for region 8. The H3K4me3 
enrichment was evaluated at a region 750 bps 
upstream of TSS to test for the spreading of the 
mark (Supplementary Fig. 3a). H3K4me3 seems 
to spread after subculturing the cells without dox.

Figure 4 Stability and maintenance of gene reactivation after induction of H3K-
4me3 in the repressed non-methylated PLOD2 gene in C33a cells. (a) Sche-
matic representation of the stable doxycycline inducible system and the two 
regions targeted by the ZF protein fusions. (b) Relative PLOD2 mRNA expres-
sion, at each specific time point using two different ZFs targeting the promoter 
region. (c) H3K4me3 ChIP-qPCR enrichment at the promoter region of PLOD2 
at each specific time point. (n = 3 independent experiments; error bars ± s.d.).

Figure 5 Stability and maintenance of H3K4me3 after DNA demethylation. (a) 
Relative EpCAM mRNA expression, at each specific time point after using the 
inhibitor of DNA demethyltransferases 5’aza for 3 days. (b) H3K4me3 ChIP-qP-
CR enrichment at the promoter region of EpCAM ten days after demethylation 
and ZF fusion protein expression. (c) DNA methylation levels at the EpCAM 
promoter determined by pyrosequencing, black-dot line represents mean me-
thylation levels of untreated cells. (d) H3K79me2 ChIP-qPCR enrichment at 
the promoter region of EpCAM three and ten days after demethylation and ZF 
fusion protein expression. (e) H3K79me2 ChIP-qPCR enrichment at the pro-
moter region of PLOD2 three and ten days after ZF fusion protein expression. 
(n = 3 independent experiments; error bars ± s.d.).

H3K79me is involved in 
sustained re-expression 
after demethylating DNA
H3K4me3 can prevent DNA methyltransferase 
binding54. To test whether DNA methylation also 
has inhibitory effects on the sustainability of loca-
lly enforced H3K4me3, we treated our inducible 
EpCAM-HeLa cell lines with an inhibitor of DNA 
methyltranferase activity  5-Aza-2′-deoxycytidine 
(5’aza). The induced DNA demethylation resulted 
in higher levels of expression after three days of 
expression for all fusions, also for ZFA-only and 
ZFA-MutPRDM9 (Fig. 5a). Surprisingly, only ZFA-
VP64 was able to achieve sustained EpCAM re-ex-
pression, which lasted at least 20 days, while cells 
targeted with the ZFA alone, PRDM9 or the inac-
tive mutant returned to the repressed state. The 
same effect was observed when depleting UHRF1, 
involved in maintenance of DNA methylation after 
DNA synthesis (Supplementary Fig. 2a and 2b). 

To address whether the presence of H3K4me3 
was sustained after DNA demethylation, we per-
formed ChIP-qPCR at day 10 after Dox and 5’aza 
treatment. After DNA demethylation, cells expres-
sing ZFA-VP64 showed high levels of H3K4me3, 
in comparison to the other cells (Fig. 5b). DNA 
demethylation was not completely effective as de-
termined by pyrosequencing (20-40% less than 
untreated cells, which demonstrated DNA me-
thylation levels of around 80%). Interestingly, the 
levels of methylation increased after 10 days for 
PRDM9 but were maintained low for VP64 (Fig. 
5c). It has been previously shown that the lack of 
H3K79me resulted in incomplete reactivation of 
tumor suppressor genes after treating with inhi-
bitors of DNA methyltransferases 55. For this re-
ason we checked the presence of H3K79me2 in 
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the cells treated with 5’aza. The presence of H3K79me2 at day 3 was increased upon targeting of 
the transcriptional activator VP64, but not for the PRDM9-expressing cells (Fig 5d).  This supports 
the indication that H3K79me is required for stability and maintenance of H3K4me3. We deter-
mined the presence of H3K79me2 in the stable C33a cells targeting PLOD2 around the first TSS, 
where targeting of PRDM9 achieved sustained re-expression. We indeed observed the presence of 
the mark (Fig. 5e), which urged us to address the role of H3K79me in allowing stability of H3K4me. 

Co-editing of H3K4 and H3K79 
methylation to maintain re-expression

To confirm gene expression modulation via epigenetic editing 
using the dCas9 platform, we first targeted the PLOD2 pro-
moter in C33a cells with the three different enzymes: PRMD9 
(or its mutant), UBE2A or DOT1L (or its mutant). Upon 
co-transfection of a dCas-fusion plasmid with a combination 
of gRNA plasmids, dCas9-PRDM9 and dCas9-DOT1L were 
capable of achieving PLOD2 gene re-expression, in contrast 
to mutPRDM9 or mutDOT1L (P < 0.01, P < 0.05, respectively, 
two sided unpaired t-test). Both mutants resulted in similar 
gene expression as obtained upon targeting of dCas9 alone 
or in fusion with UBE2A (Fig. 6b). PRDM9 and DOT1L effec-
tively deposited their intended histone mark around the TSS 
(16% enrichment of H3K4Me3 by dCas-PRDM9 and 18% 
enrichment of H3K79Me3 by dCas-DOT1L) (Fig. 6c). This 
enrichment was evaluated at two different regions (close to 
TSS and 750 bps upstream). While H3K4me3 preferentially 
associated close to the TSS, H3K79me3 was also enriched 
at the upstream region.

Next, we validated our observation using ZF targeting for the 
hypermethylated gene EpCAM (Fig. 2) with a combination 
of gRNAs and the dCas-fusions. We confirmed the expres-
sion upregulation at day 2, and sudden drop to background 
levels after 10 days (Fig. 6d). Similar to the ZF experiments, 
treatment with 5’aza resulted in prolonged re-expression 
until day 10, after which the expression level declined simi-
lar to 5-aza-only expression levels for dCas-PRDM9 fusion 
construct (Fig. 6e). Targeting of DOT1L to EpCAM induced 
expression levels with similar kinetics as targeting PRDM1. 
Interestingly, when we used 5’aza in combination with a mix 
of dCas9-PRDM9 and dCas9-DOT1L (MIX), an effective Ep-
CAM re-expression was obtained and the onset of repression 
of was delayed.

To further address the role of DNA methylation and the re-en-
forcing effects by H3K79Me, we targeted the PLOD2 promoter 

Figure 6 Achieving sustained gene re-expression using di-
fferent epigenetic editors. (a) Graphical representation of the 
process of gene transcription with the main epigenetic pla-
yers, RNA polymerase II recruits the ubiquitin conjugating 
and ligating enzyme via PAF to monoubiquitinate H2B, this 
ubiquitination is required for H3K4me3 and H3K79me. (b) 
Relative PLOD2 mRNA expression, after co-transfection of 
dCas9 fusions and a combination of gRNAs. (c) H3K4me3 
and H3K79me3 ChIP-qPCR enrichment at the promoter re-
gion of PLOD2 (around TSS and 750bps upstream.  (d) Re-
lative EpCAM mRNA, after co-transfection in HeLa cells of 
dCas9 fusions and a combination of gRNAs. (e) Relative 
EpCAM mRNA, after co-transfection in HeLa cells of dCas9 
fusions and a combination of gRNAs and 5’aza treatment. (f) 
Relative PLOD2 mRNA, after co-transfection in C33a cells of 
dCas9 fusions and a combination of gRNAs. (g) H3K4me3 and 
H3K79me3 ChIP-qPCR enrichment at the promoter region of 
PLOD2 20 days after seeding cells around TSS and 750bps 
upstream (two-sided unpaired t-test, *P < 0.05, **P < 0.01, ***P 
< 0.001). (n = 3 independent experiments; error bars ± s.d.).

To address our hypothesis that H3K79Me facilitates maintenance of H3K4Me3 induced gene expres-
sion, we took advantage of the CRISPR-dCas9 system to co-recruit various key transcriptional acti-
vating epigenetic candidates (Fig. 6a). The mechanism of H3K4me3 deposition has been well docu-
mented and requires cis and trans histone posttranslational modification crosstalk. For example, H2B 
monoubiquitination is required for H3K4me3 and H3K79me formation9, 10. This process requires the E2 
ubiquitin-conjugating enzyme (UBE2A) in association with the E3 ubiquitin-ligating enzymes RNF20 or 
RNF40. Monoubiquitination is then recognized by the transcriptional machinery and recruits H3K4 me-
thyltransferases as well as DOT1L (H3K79 methyltransferase). 

in C33a cells with our panel of effectors. The dCas9-PRDM9 or dCas9-DOT1L fusion was capable of 
achieving PLOD2 gene re-expression, in contrast to their respective mutants (Fig. 6f). Despite halving 
the amount of plasmid per construct in the MIX experiments, the combination of dCas9-PRDM9 and 
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dCas9-DOT1L effectively induced PLOD2 gene expression and the effect was even further improved 
20 days after transfection (P < 0.01, compared to MutMIX control, two sided unpaired t-test) . A control 
containing a mix of irrelevant gRNAs did not show any effect on gene expression when targeting a mix 
of PRDM9 and DOT1L. dCas9-VP64 expressing cells overexpressed PLOD2 after 2 days, but the effect 
was transient (Supplementary Fig. 4c) as obtained before for the ZF-VP64. Finally, we demonstrated 
that the epigenetic reprogramming was still present 20 days after induction in cells treated to express 
the combination of PRDM9 and DOT1L, and not in cells transfected to express the mutant combination 
(Fig. 6g).

Discussion
Recent advances in engineered DNA binding domains have opened new avenues to assist scree-
ning of various writers or erasers and to study their effect in transcription regulation. Even though se-
veral genes have been targeted for reactivation using epigenetic editors, inducing gene expression 
in a mitotically stable manner has not been addressed36-41. Given the tight association of H3K4me3 
and promoter activity, we set out to induce permanent gene re-expression by local enrichment of this 
mark. We clearly established a causative role of H3K4me3 in instructing gene transcription, a notable 
finding of our study. Moreover, our results suggest that gene re-expression achieved by epigenome 
editing can be maintained in DNA hypomethylated loci, in contrast to hypermethylated loci. Thus, we 
neatly indicate that the chromatin microenvironment affects long-term effects of epigenome editing. 

Targeted trimethylation of H3K4 was sufficient to activate endogenous gene expression indica-
ting that this mark is instructive in the transcriptional process. This finding fuels the debate of cause-con-
sequence of gene expression and supports recent studies that show the role of H3K4me3 to facilitate 
the transcriptional pre-initiation complex formation by recruiting the transcription factor machinery via 
the TAF3 subunit of TFIIH56, 57. Fusion of the catalytic core domain of PRDM9 to dCas9 and ZFs resulted 
in transactivation of target genes when compared to the DNA binding domain alone or the catalytically 
inactive mutant. Importantly, only PRDM9, and not VP64, was capable of both transcriptional activa-
tion and enrichment of the mark at promoters targeted. By using the catalytic domain of PRDM9, a 
protein involved only in H3K4me3 events during meiosis, we minimized chances of inducing the mark 
by recruiting other factors. The effect of PRDM9 was more subtle than the transcriptional activator 
VP64, which may be due to differences in size, as size effects are also observed when comparing 
ZFs and dCas9. Alternatively, H3K4me3 by itself might have a low capacity to actively induce gene 
expression when is not accompanied by other factors. VP64 for example, is able to recruit co-fac-
tors, including p30037 and chromatin remodelers, which in turn allows for higher levels of transcription.
The indication that DNA hypermethylation in promoters with highly dense CpG islands is impairing 
the capacity of transactivation by dCas9 is an important finding in our study and warrants systema-
tic research. Epigenetic features such as CpG methylation and chromatin accessibility are reported 
to have little effect on targeting. These studies claimed to achieve gene upregulation using dCas9 in 
repressed genes, however, did not target the loci within hypermethylated CpG islands21, 22, 58. Howe-
ver, although these studies indeed achieved gene upregulation using dCas9 for repressed genes, no 
target loci within CGIs were included. Here, we provide indications that the targeting of regions embe-
dded in hypermethylated CGIs does not allow for binding of dCas9. Indeed, targeting the hyperme-
thylated EpCAM gene in HeLa cells by dCas-fusions could successfully induce gene expression, as 
the gRNAs were designed to bind outside of the dense CGI. Our data are in line with findings from 
genome-wide screenings demonstrating that next to DNAse hypersensitivity, the frequency of CG or 
GC dinucleotides reflect aspects involved in dCas9 binding59. Also a more recent study proved that 
Cas9 binding is impaired by nucleosome density in vivo and in vitro60. Indeed CGI promoters when 
methylated are often nucleosome occupied61. Altogether, methylation status should be taken into ac-
count when targeting CpG-rich hypermethylated regions using the dCas platform. In this respect, ZF 
proteins seem to have the capacity to fully bind and exert an effect in the local chromatin regardless 
of the chromatin microenvironment, as also extensively reported for by us23, 26, 28, 38 and others25, 29, 40.

The technology of epigenome editing allows addressing the dynamics of histone crosstalk and 
sustainability of endogenous gene re-expression. Using a combination of effector domains and epige-
netic drugs, we were able to unravel key events necessary to induce stable gene re-expression. We 
further confirmed post-translational modification crosstalk between histones, demonstrating synergy 
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by the complementary effect of H3K4me3 and H3K79me. The model that we propose underlines the 
importance of knowing the local chromatin microenvironments at the targeted loci based on these 
outcomes (Fig. 7): if there is no/low DNA methylation present, targeting H3K4 methyltransferases is 
enough to achieve stable gene re-expression when H3K79me is present at the promoter. In contrast, 
when DNA methylation is present at the promoter area, writing of H3K4me3 does results in re-ex-
pression but transiently, while co-targeting of multiple effector domains is able to achieve stable gene 
reactivation by using H3K4 and K79 methyltransferases in combination with DNA demethylation.
 

Figure 7 Model of epigenome editing to achieve stable gene reactivation depending on the 
chromatin microenvironment (a) Stable gene reactivation is achieved by targeting H3K4 
methyltransferases to a non hypermethylated locus. (b) Gene reactivation is not achieved 
by targeting H3K4 methyltransferases to a hypermethylated locus. (c) co-targeting different 
epigenetic editors to achieve sustained reactivation at hypermethylated locus.

Understanding the dynamics of the chromatin microenvironment is important to unravel the mechanis-
ms underlying stable gene reactivation. Here we show different outcomes for gene re-expression that 
are dependent on the local chromatin landscape. Targeting of H3K4me3 in a hypermethylated locus is 
capable of achieving only transient reactivation, while targeting a non hypermethylated locus is enough 
to achieve stable reactivation. With our system we exploited histone reinforcing crosstalks to achieve 
long lasting gene reactivation. Even after DNA demethylation, H3K4me3 was not maintained, which 
can be explained by the low levels of demethylation in our experimental system using 5’aza. The re-
maining methylated DNA could be sufficient to establish secondary gene repression. We also show the 
requirement of H3K79me for the stability of H3K4me3. This finding is in concordance with a previous 
study that showed the reactivation of tumor suppressor genes after 5’aza treatment allowed transient 
H3K4me3, but the expression was not sustained due to the absence of H3K79me55. Histone crosstalk 
is an important mechanism required for gene transcription as described above. Here we demonstrate 
the crosstalk between H3K4me and H3K79me to play a role in stability and maintenance of gene trans-
cription. By targeting epigenetic effector domains to promoters, we provide for the first time functional 
evidence supporting the intrinsic roles of H3K4me3 and/or H3K79me marks in causing transcription.

Elucidating the mechanisms whereby histone modifications might be involved in cellular regulation is of 
fundamental importance in biology. However, due to the complexity of chromatin and the lack of knowled-
ge in understanding the dynamic process of transcription many interrogations are still unsolved. We used 
targeted epigenome editing to unravel the epigenetic mechanisms important for gene transcription. Our 
system establishes  minimal epigenetic requirements to achieve long-term gene re-expression. Several 
technologies make use of gene expression modulation in order to change transcription. Manipulating gene 
expression at will is critical to achieve cellular reprogramming, which can be catalyst to improve different 
molecular biology and therapeutic applications. Sustained gene reprogramming of diseases with abe-
rrant gene expression patterns can fulfill the promise of the curable genome. Finally, our study presents 
another epigenetic effector domain, to be added to the available tool set for effective epigenome editing.
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Supplementary information

Supplementary  Figure 1 Epigenetic landscape of target genes in the studied cell lines (a) ENCODE data depicting 
the promoter and first exon of the three genes in question. Dark green bars represent the CpG island; light green 
(unmehtylated), yellow (partially methylated or red (hypermethylated) bars represent DNA methylation profiles; black 
represent the H3K4me3  peaks of HEK293 and A549; in orange the region targeted with gRNAs (b) DNA methylation 
levels determined by pyrosequencing of the promoter area. Bars represent the mean methylation of 7-10 CpGs (c) 
FLAG ChIP-qPCR enrichment at the promoter region of 4 genes compared to levels of DNA methylation in three 
different cell lines (d) DNA methylation levels determined by pyrosequencing of the promoter area of A2780 (all ge-
nes) and HeLA (EpCAM). Bars represent the mean methylation of 7-10 CpGs (e) Protein expression of ZF-fusions in 
A2780 cells. (n = 3 independent experiments; error bars ± s.d.)

Supplementary Figure 2 Downregulation of key regulator of epigenetic memory through maintenance of DNA me-
thylation after replication (a) Relative EpCAM mRNA expression, at each specific time point after Dox and downre-
gulation of UHRF1 for 3 days (b) DNA methylation levels determined by pyrosequencing of the promoter area. Bars 
represent the mean methylation of 7-10 CpGs (c) Relative UHRF1 expression after siRNA treatment in all the stable 
cell lines and treatments. (n = 3 independent experiments; error bars ± s.d.) 
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Supplementary Figure 3 Spreading of H3K-
4me3 750 bps upstream of targeting region 
(a) H3K4me3 ChIP-qPCR enrichment at the 
region 750 bps upstream of the PLOD2 pro-
moter. (n = 3 independent experiments; error 
bars ± s.d.)

Supplementary Figure 4 (a) Transfection efficiency and transi-
tion after subculturing for C33a cells measured as GFP using a 
CMV-GFP plasmid. (b) Relative expression of PRMD9 in Hela cells 
treated with 5aza and transfected with the dCas9-effector domains 
shows the loss of PRDM9 expression (c) Relative PLOD2 mRNA, 
after co-transfection in C33a cells of dCas9 –VP64 and a combina-
tion of gRNAs. (n = 3 independent experiments; error bars ± s.d.)
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CHAPTER 9

General Discussion and Future Perspectives
In this thesis we investigated mechanisms to achieve long-term epigenetic reprogramming of endoge-
nous promoters by targeted Epigenetic Editing. We modulated the expression of several genes using 
artificial transcription factors (ATFs) and we also successfully induced epigenetic modifications in a 
gene-targeted manner to set the stage to permanently modulate expression. Epigenetic modifications 
are aberrantly altered in several diseases, including cancer. We have been successful in altering the 
epigenetic modifications on different loci, to show their involvement in disease progression or as thera-
peutic targets (Chapters 5-8). The potentials of Epigenetic Editing are yet to be fully discovered, but with 
the CRISPR/dCas revolution, we now can strive to understand the complexity of chromatin changes.

Although feasibility of Epigenetic Editing is shown in this thesis and by other studies, it requires 
further investigation to become a straightforward approach. The efficacy of the two main components of 
Epigenetic Editing (epigenetic effector domains and DNA binding domains) is very important to achieve 
the ultimate outcome: sustained gene expression reprogramming. The dominant functionality of the 
epigenetic marks that are written or erased in different microchromatin contexts determines the repro-
gramming capacity. There are various known and unknown factors influencing the function of epige-
netic modifications such as the genomic loci (target site: promoter, enhancer, CpG island Chapter 4), 
the crosstalk between epigenetic modifications (e.g. K4Me3 is not maintained in the presence of DNA 
methylation, Chapter 8), and the higher order chromatin context of cells (nucleosomal density, laminar 
associated domains). We used the Epigenetic Editing approach as a research tool to interrogate epige-
netic regulation mechanisms (Chapter 7, Chapter 8). Depending on the microchromatin environment, 
different effector domains might be effective. For example, the writing of H3K4me3 at gene promoters 
is able to induce gene re-expression, but the sustainability of such effect is only achieved when other 
factors are evaluated. Chromatin crosstalk plays an important role in this respect. In order to fully ex-
ploit this promising approach as a therapeutic option, the factors that influence the effect of epigenetic 
modifications need to be addressed first. In addition, to the epigenetic marks, the efficiency and spe-
cificity of DNA binding domains (ZFPs, TALEs and CRISPR-Cas) are factors to be taken into account 
for designing the Epigenetic Editing tools and ATFs. Here we briefly discuss some of these factors. 

Gene expression is regulated in several levels. At the transcriptional level, the regulation of 
gene expression is a result of complex interactions between the DNA sequence and the transcription 
machinery, as well as epigenetic modifications such as DNA methylation and histone modifications1,2. 
The position of epigenetic marks has been correlated with gene expression3. In order to exploit Epige-
netic Editing, it is necessary to write or erase modifications at the most suitable and relevant position 
of the target gene. In general, enhancers, and regions around the transcription start sites (TSSs) play 
essential roles in gene expression regulation. It has been shown that epigenetic modifications of the pro-
moter region are correlated with gene transcription. This correlation has been intensively investigated 
and in this regard the international ENCODE and the Epigenome Roadmap projects has provided the 
field of epigenetics and genetics with massive amount of data supporting this hypothesis4,5. Indeed, it 
has been demonstrated that epigenetic modifications can be used to predict gene expression. Ongoing 
debates are centered around the question whether the epigenetic marks are able to drive transcrip-
tional activation/repression or whether they are a mere consequence of the transcriptional activity6.

The most studied epigenetic marks are DNA methylation and histone post-translational mo-
difications. DNA methylation occurs mainly at CpG dinucleotides in the genome and is mediated by 
DNA methyltransferases (DNMTs). DNMTs are enzymes that catalyze the transfer of methyl groups 
from S-adenosyl-L-methionine to the 5’ position of cytosine, resulting in 5-methylcytosine (5mC)7. Se-
veral regions in our genome contain highly dense CpG dinucleotides and are called CpG islands8. 
Methylation of DNA in this CpG islands and other regions has been correlated with gene repression. 
For instance, DNA methylation of the promoter of imprinted genes is responsible for the allele-spe-
cific expression9. Additionally, It is commonly known that several silent (tumor suppressor) genes in 
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different types of cancer are aberrantly hypermethylated (Chapter 5, Chapter 8)10. Although it is not 
completely clear whether DNA methylation directly causes the gene silencing, induction of DNA me-
thylation on target genes by means of Epigenetic Editing was associated with their repression11-16. 
We have also showed in this thesis, that DNA methylation plays an important role in the memory of 
epigenetic repression (Chapter 8). This factor seems to be a key player in maintenance of gene re-
pression, since activation of the silenced EpCAM gene was only achieved after DNA demethylation 
of the promoter and the induction of H3K4me3. However, again, this is not a general rule, as other 
authors have conflicting results regarding the epigenetic memory of induced DNA methylation15,17. 

The N-terminal tails of the histone proteins can be modified (acetylation, methylation, ubiqui-
tination, phosphorylation and others) at different residues. The pattern of these modifications form 
a so-called histone code that can be deciphered by other proteins that can alter the structure of hi-
gher-order chromatin and recruit effector molecules18. Histone marks are reversible and can be as-
sociated with either euchromatin or heterochromatin and therefore can control gene expression. 
These histone modifications are classified as active or repressive marks; some of them like ace-
tylation of histones H3/H4 and methylation of histone H3 lysine 4 (H3K4me3), are classified as eu-
chromatin-related marks and are commonly associated with active transcription; whereas modi-
fications like methylation of lysine 9 or lysine 27 of histone H3 (H3K9me2/3 or H3K27me3), are 
considered as heterochromatin-related marks which are often related to gene repression1,18-21.

It is under debate whether histone modifications are causative in gene expression regulation. 
However, modulation of the target gene by induction of histone marks in the chromatin context was 
demonstrated first in 2002, by inducing H3K9 methylation and causing gene repression22. The last 
decade has seen the advancement of Epigenetic Editing as a tool to understand the causative role 
of epigenetic marks. It has been show that induction of DNA methylation at gene promoters was also 
able to induce repression, DNA demethylation could induce gene expression, histone modification such 
as demethylation of H3K9 at enhancers23 could induce expression as well as histone acetylation24. 
These studies have yielded an unprecedented and important amount of data to fire the debate be-
tween cause and consequence, and is now widely accepted that epigenetic marks can cause gene 
expression changes. Here we are able to reinforce this hypothesis by showing that induction of H3K9 
methylation can repress gene expression and that induction of H3K4me3 at promoters can induce 
expression. Furthermore we show that sustained gene reprogramming is a possibility depending on 
the epigenetic context. To understand how chromatin microenvironment can influence the sustaina-
bility, it is important to know how chromatin is regulated and how chromatin crosstalk takes place.

 Epigenetic crosstalk
Epigenetic modifications such as DNA methylation and histone marks interact and influence each 
other25,26. Such interactions or crosstalk include the co-localization of epigenetic modifications, recruit-
ment of binding-proteins by epigenetic marks, and the recruitment of epigenetic enzymes by other enzy-
mes seem to be necessary for maintaining the gene expression status27. DNA methylation and chroma-
tin modifications are thought to influence each other and, accordingly, molecular links between the two 
have been identified. Furthermore, the genome and the epigenome can also influence each other: CpG 
islands, for example are hotspots for histone modifications and there are non-coding RNA transcripts 
such as microRNAs, that regulate epigenetic modifiers8. Thus, both the genome and the epigenome 
and epigenetic modifications among themselves are thought to be closely interconnected. Deregula-
tions of these delicate balances are frequently observed in diseases such as cancer and are thought 
to drive tumorigenesis. Additionally, the pattern of de novo DNA methylation in early development may 
be dependent on the presence of histone modifications. For instance, (mono-, di-, or tri-) methylation 
of H3K4 is involved in the targeted repression of CpG island methylation in vitro and therefore plays a 
role in active transcription28,29. Furthermore, the methylation profile of progenitor cells is also believed 
to be important for maintenance of histone marks during cell division. Hypomethylated DNA regions are 
associated with a rather loosely packed open euchromatin that contains acetylated histones for mainte-
nance of transcription. In contrast, methylated DNA shows a hypoacetylated nucleosome configuration 
that is resembled by a tightly closed, repressive heterochromatin state. These facts support the notion 
of a bidirectional crosstalk between posttranslational modifications of histones and methylation of CpG 
dinucleotides during development.

9
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There is convincing evidence that the presence of H3K4me3 prevents DNA methylation occurrence29. 
H3K4me3 is found on the nucleosomes which are flanking the nucleosome-free region of transcription 
start sites (TSSs) of actively transcribed genes, and it is of interest to know that de novo DNA methyla-
tion (using DNMT3L) require nucleosomes that contain unmethylated H3 lysine 4 to recruit the related 
DNMT enzymes28,30. So both presence of H3K4me3 as well as absence of nucleosomes around TSS 
can cause absence of DNA methylation. Here we were able to show that in the presence of DNA 
methylation, the induction of H3K4me3 is not enough for sustained re-expression of silenced genes. 
Moreover, the crosstalk between histone marks such as H2B ubiquitilation, H3K4me3 and H3K79me 
are synergistic in the regulation of gene transcription27,31,32. We have also demonstrated the importance 
of the presence of these two marks in order to successfully and sustainably induce gene expression.

DNA methylation and repressive histone marks at promoters and TSSs were found to co-localize 
as well. For instance, in inactive genes, DNA methylation of the promoter is accompanied with H3K9me3 
mark on nucleosomes at the TSS33-35. Alternatively, methylated DNA binding domain proteins were found 
to recruit histone deacetylases which, altogether, stabilize the repressive state of chromatin. Moreover, 
DNA methylation was found to direct H3K9me3 or H3K9me2 by recruiting epigenetic writers. Such cross-
talk can also occur through the direct interaction between epigenetic enzymes, such as co-recrutiment of 
DNMTs and H3K9 methylating enzymes. Indeed, such interactions are involved in spreading of epigenetic 
modifications along the genome. For example H3K9me3 is able to recruit HP1, heterochromatin binding 
protein, which interacts with SUV39H1 (H3K9 methylating enzyme), and is involved in spreading hete-
rochromatin marks36-38. HP1 can also interact with HDACs which further enhance the repressive state of 
chromatin. Here we show that induction of H3K9me is able to achieve sustained gene repression (Chap-
ter 7), which can be due to the recruitment of DNA methylation, but this requires additional experiments. 

Chromatin microenvironment
The expression of a single gene often varies in different cell types as well as in distinct levels of di-
fferentiation. The main reason is because although cells share identical genomes they have different 
epigenetic patterns39,40. Cells inherit their epigenetic patterns during cell divisions, thereby maintaining 
their gene-specific expression profiles. For instance, human embryonic and differentiated cells have 
distinguishable epigenomes. Embryonic cells have a high rate of bivalent promoters that have both 
active (H3K4me3) and inactive histone marks (H3K27me3)41, while differentiated cell types have their 
own distinct epigenetic patterns. DNA methylation patterns were found to be different among human in-
dividuals, and large scale studies showed that the inter-individual variation of DNA methylation patterns 
are more apparent in CpG poor regions than in CpG rich regions42,43. Additionally, assessing differentially 
methylated regions of imprinted genes in same tissue samples but between different individuals revea-
led a high degree of variability and patterns43.

We observed different efficiency of gene expression reprogramming when targeting two different 
genes that have different chromatin microenvironments. On one hand, while genes that lack DNA me-
thylation but are repressed by other epigenetic marks are easily to be efficiently re-expressed by addition 
of H3K4me3 (PLOD2 on C33a cells), genes that are hypermethylated lack show some level of upregula-
tion, but very minimal compared to VP64 (EpCAM on HeLa cells) (Chapter 8). Moreover the levels of gene 
upregulation or downregulation observed in the same gene but different cell lines also differ, as seen for 
RASSF1A, ICAM1, EpCAM and TCTN2 (Chapters 6 and 8). Also the differences seen in the context de-
pendent repression or upregulation of the two transcripts of RASSF1 in two cell lines where one has active 
transcript A and C (HeLa), and the other has silenced A and active C (MCF7) (Chapter 5). When targeting 
the RASSF1c promoter with several effector domains we observed upregulation in HeLa, independent of 
the effector domain. This difference might be due to different epigenome contexts. Our observations and 
studies investigating epigenetic context variations suggest that the function of epigenetic modifications 
is dependent on the microchromatin context they are located in. Understanding epigenetic features/sig-
natures of different cell types in normal situation is required and helpful for unraveling epigenetic modi-
fications underling diseases including cancer and for restoring the normal epigenetic feature/signature.

9
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DNA binding proteins, advanta-
ges and disadvantages
The DNA binding domain plays a critical role in the specificity of the Epigenetic Editing approach. In 
this thesis we have used both Zinc Finger Proteins (ZFPs) and the CRISPR-Cas9 system to achieve 
gene expression modulation. Both systems have their advantages and disadvantages, as we have 
discussed in Chapter 2 and 4 of this thesis. These chapters dealt with the main impairments to tar-
get these specific domains in the context of chromatin. We reviewed the recent developments in the 
Epigenetic Editing field and listed the most important factors currently known to affect their efficiency 
at transcriptional modulation. Despite extensive characterization, the nature of their variability is sti-
ll a pressing problem for their development into therapies and use in large scale unbiased screens. 

The most studied platform has been the ZFPs, which where the first to be developed and stan-
dardized. Various studies have shown that the specificity of ZFPs is less than expected. Mapping the 
binding sites of different ZFPs and comparing them has revealed insightful data and provides useful in-
formation for designing more specific ZFPs44-47. On the positive side, ZFPs are less immunogenic and 
smaller, which has advantages for delivering. Additionally, we have showed that, in contrast to CRIS-
PR-Cas9, ZFPs have fewer limitations when targeting dense chromatin or hypermethylated regions.

Cas9 has fundamentally different binding characteristics to other platforms that may make it 
uniquely susceptible to certain epigenetic modifications of DNA. Recent insights indicate that nucleoso-
mes are strong suppressors of binding, but fail to transfer effectively to in vivo prediction48-51. The role of 
methylation has been the best investigated in Cas9 nuclease application and does not seem to affect 
cleavage efficiency52,53. Effective transcriptional modulation of hypermethylated genes has also been 
reported54-59. Furthermore, CpG islands do not prevent functional binding of Cas9 nuclease and Cas9 
transcription factors, but may reduce binding of Cas9 when combined with hypermethylation (Chapter 4).

Transcriptional activation likely requires persistent binding by dCas9 to continually act on the 
nearby promotor, in contrast, for nuclease applications where Cas9 only needs to access the DNA 
once to succeed in cleaving its target. It could be that the role of nucleosomes are underestimated be-
cause Cas9 can take advantage of relatively brief nucleosome turnover during replication. In contrast, 
dCas-based ATFs would need to have persistent presence and could therefore be more susceptible to 
nucleosomes and other DNA binding proteins. If the effects of CpG Island hypermethylation are media-
ted in a similar method this could explain why, in the limited amount of research published on this topic 
to date, no convincing functional ATF binding is generally found for sgRNAs targeting hypermethylated 
CpG islands although effective cleavage is frequently reported for such regions.  It is clear that many 
factors influence ATFs and nuclease uses of Cas9, and has different results even when targeting the 
same locus in different cell lines. Without direct investigation of this topic it is not possible to conclude 
from the current literature if CpG islands are an important factor in determining Cas9 ATF efficiency.

Conclusion and Future 
Perspectives
Epigenetic Editing is a powerful research tool to modulate the expression of genes and to increase 
our understanding of the role of epigenetic modifications in gene regulation. Nevetherless, there are 
important factors which should be addressed and evaluated in order to develop this robust technique to 
be used as a therapeutic option. Factors such as microchromatin environment and epigenetic crosstalk 
have to be further investigated since they influence functions of epigenetic modifications. Although, the 
never ending debate whether epigenetic modifications are a cause or consequence of transcription is 
still unclear, in this thesis we could show that epigenetic modifications are causative of gene expression/
repression. Understanding how the epigenetic modifications interact with each other and the microchro-
matin environment is key in order to achieve a sustained effect in gene expression modulation, allowing 
epigenetic inheritance and memory.

9
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Our studies and other Epigenetic Editing studies have demonstrated the efficacy of the technique in 
modifying the local epigenetic marks. In this thesis we took the technique a step forward, trying to un-
derstand how sustainability and heritability of these marks can be achieved. The inducible expression 
system was successful for studying gene expression regulation [Chapter 8]. We were able to further 
identify crosstalk between epigenetic modifications that made it possible to achieve long-term re-ex-
pression. Moreover, we distinguished how microchromatin environment can affect the outcome of gene 
induction/repression.  There is still a lot of unanswered questions that requires further study. It is getting 
more apparent that epigenetic marks interact, and their interactions are essential for their sustained 
effect on gene expression modulation11. It seems that efficiency of the Epigenetic Editing approach on 
gene expression can be improved via co-targeting multiple key epigenetic modifications (Chapter 8). Im-
proving the targeting platforms is also important to achieve efficient and specific targeting. It is important 
to understand where to target each DNA binding domain, depending on local properties of the regulatory 
regions in the genome (Chapter 4). When the technique is standardized, the promise of the curable ge-
nome will be a step closer. Due to the genome-wide side effects of current epigenetic drugs, Epigenetic 
Editing, in future, will be a good candidate as an alternative or in combination with other treatments for 
cancer and other epigenetic-related diseases.

9
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CHAPTER 10

Summary

Epigenetic marks such as histone modifications and DNA methylation have been correlated with gene 
expression. Besides genetic mutations, aberrant epigenetic modifications (epigenetic mutations) are 
linked to several diseases such as cancer. Since epigenetic factors are reversible, they provide attracti-
ve targets for novel therapeutic approaches. Moreover, these reversible epigenetic marks are stable and 
will be inherited to daughter cells. Many initiatives have been launched to inhibit epigenetic enzymes, 
but these approaches encounter different limitations, including their genome-wide effect. The concern of 
modulating the expression of unintended genes prompted us to develop gene-specific targeting approa-
ches to modulate gene expression. The aim of this thesis was to re-write epigenetic modifications on 
target genes using Epigenetic Editing in order to permanently modulate their expression.

After a general introduction in chapter 1, the first part of the thesis deals with the general tools to use 
Epigenetic Editing. First, we reviewed in chapter 2 the most recent advances in targeting epigenetic 
effector domains to different regions in the genome, in order to alter gene expression. Indeed, several 
researchers have been able to show that targeted Epigenetic Editing is a powerful tool to address se-
veral questions in the field of epigenetics. Several targeting domains have been developed In order to 
direct epigenetic enzymes to several loci. The first domains used were Zinc Finger Proteins, derived 
from mammalian transcription factors. Then, the discovery of Transcription Activators-Like Effectors or 
TALEs, increased the possibilities of targeting. Finally, with the leverage of the innovative CRISPR-Cas 
system, the field has grown to be one of the most promising in the last decade. In chapter 3 we show 
the general protocol to use Zinc Finger targeted DNA demethylation using the TET2 enzyme. Finally in 
chapter 4, we reviewed the limitations in targeted activation of endogenous genes with different platfor-
ms, due to the complexity of the epigenome. Indeed, one of the limitations in targeting seems to be the 
chromatin microenvironment, with nucleosomes as the main player.

The second part of this thesis shows the uses of Epigenetic Editing in modulating gene expression in 
diseases. Chapter 5 we focus on the RASSF1 gene to show the possibilities of addressing Epigenetic 
Editing in two different regions. We constructed tools to address the dual role of this gene in cancer 
by targeting the two promoters that render two transcripts (A and C) with contrasting features. On one 
hand, overexpression of the first promoter generates the RASSF1A transcripts that exhibits a tumor 
suppressive activity. On the other hand, the inner promoter creates a smaller transcript (RASSF1C), 
which seems to be involved in stemness. In chapter 6, we describe the identification of a novel gene 
overexpressed in several types of cancers. By using Epigenetic Editing we were able to show that this 
gene has oncogenic features (TCTN2), and that this provides a novel therapeutic target

Finally, the last part of this thesis deals with the possibility of achieving sustained gene expression 
modulation by using Epigenetic Editing.  In chapter 7, we use this technique to accomplish sustained 
transcriptional repression of a candidate gene dysregulated in Chronic Obstructive Pulmonary Disorder 
(COPD) by means of comparison between the transcriptional repressor Super Krab Domain (SKD) and 
epigenetic enzymes. We showed that by using H3K9 methylating enzymes, the effect of repression 
is sustained over cell passages. Chapter 8 demonstrates the capability of H3K4me3 to induce gene 
expression depending on the effect of the chromatin microenvironment that is targeted. We showed 
some of the requirements that need to be achieved in order to stably activate gene expression from 
hypermethylated genes.

In chapter 9, a general discussion on the research in this thesis is provided and we also describe some 
important factors, which influence the efficacy of Epigenetic Editing technology.
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APPENDICES

Nederlandse Samenvatting

Epigenetische modificaties zoals histon-modificaties en DNA-methylering zijn gecorreleerd met genex-
pressie. Naast genetische mutaties zijn afwijkende epigenetische modificaties (zogenaamde epigene-
tische mutaties) vaak geassocieerd met aandoeningen, zoals kanker. Aangezien epigenetische factoren 
omkeerbaar zijn, bieden ze aantrekkelijke doelstellingen voor nieuwe therapeutische benaderingen. 
Bovendien zijn deze epigenetische markeringen na omzetting mogelijk stabiel en kunnen ze worden 
doorgegeven aan dochtercellen. Er zijn veel initiatieven gelanceerd om epigenetische enzymen te rem-
men, maar deze aanpak kent verschillende beperkingen, met inbegrip van hun genoom-breed effect. De 
bezorgdheid om de modulatie van expressie van onbedoelde genen, heeft ons ertoe gebracht gen-spe-
cifieke targeting te ontwikkelen om genexpressie te moduleren. Het doel van dit proefschrift was om 
epigenetische modificaties op doelgenen te herschrijven met behulp van zogenaamde Epigenetische 
Editing en zo hun expressie permanent te moduleren.

Na een algemene inleiding in hoofdstuk 1, behandelt het eerste deel van het proefschrift de algemene 
instrumenten om Epigenetische Editing te gebruiken. In hoofdstuk 2 hebben we vervolgens de meest 
recente vooruitgang beschreven die geboekt is bij het targeten van epigenetische effectordomeinen 
naar verschillende regio's in het genoom, om de genexpressie te veranderen. Inderdaad, verschillende 
onderzoekers hebben kunnen aantonen dat gen-gerichte Epigenetische Editing een krachtig instrument 
is om verschillende vragen op het gebied van epigenetica aan te pakken. Er zijn verschillende targeting 
domeinen ontwikkeld om epigenetische enzymen naar verschillende gebieden in het genoom te leiden. 
De eerste domeinen die werden gebruikt waren zink vinger eiwitten, afgeleid van zoogdiertranscriptie-
factoren. Vervolgens vergrootte de ontdekking van Transcriptie Activator-achtige Effectors (TALEs) de 
mogelijkheden van targeting. Ten slotte, met de introductie van het innovatieve CRISPR-Cas-systeem, 
is het veld gegroeid tot een van de meest veelbelovende in het afgelopen decennium. In hoofdstuk 3 
beschrijven we een laboratorium-protocol om met behulp van een TET2-enzyme gefuseerd aan een 
zink vinger gen-gericht DNA-demethylering te induceren. Tenslotte in hoofdstuk 4 hebben we de beper-
kingen in gerichte activatie van epigenetisch geinactiveerde endogene genen met verschillende platfor-
ms beoordeeld door de complexiteit van het epigenoom in acht te nemen. Inderdaad lijkt de chromatin 
micro-omgeving een van de beperkingen in targeting, met de nucleosomen als de hoofdspeler.

Het tweede deel van dit proefschrift toont de kracht van Epigenetische Editing om genexpressie bij ziek-
ten te moduleren. In hoofdstuk 5 willen wij de dubbele rol van het RASSF1 gen in kanker onderzoeken. 
Het gen heeft namelijk twee promoters die twee verschillende transcripten (A en C) produceren. De 
eerste promoter produceert RASSF1A transcripten die een tumoronderdrukkende activiteit vertonen. 
De tweede promotor produceert een kleinere transcript (RASSF1C), die lijkt te zijn betrokken bij ongedi-
fferentieerdheid. Door een van beide promoters aan- of uit te zetten kunnen we de genregulatie en zijn 
functies onderzoeken. In hoofdstuk 6 beschrijven we de identificatie van een nieuw gen dat overactief 
is in verschillende soorten kankers. Met behulp van Epigenetische Editing kunnen we aantonen dat dit 
gen oncogene eigenschappen heeft, en dat dit een nieuw therapeutisch doelwit biedt.

Ten slotte behandelt het laatste deel van dit proefschrift de mogelijkheid van Epigenetische Editing om 
duurzame genexpressie-modulatie te bereiken. In hoofdstuk 7 gebruiken we deze techniek om langdu-
ringe remming van een kandidaatgen dat een rol speelt bij chronische obstructieve longaandoeningen 
(COPD) te bereiken. We hebben hiertoe de expressie-remmer Super Krab Domain (SKD) en verschi-
llende epigenetische enzymen getest. We hebben aangetoond dat een H3K9 methyleringsenzyme zijn  
effect van repressie kan doorgeven over celdelingen. Hoofdstuk 8 toont de mogelijkheid van het schri-
jven van H3K4me3 op een inactief gen om genexpressie te induceren. Dit effect is echter afhankelijk 
van de chromatine micro-omgeving. We hebben enkele voorwaarden beschreven die moeten worden 
bereikt om stabiele genexpressie van gehypermethyleerde genen te bewerkstelligen.

In hoofdstuk 9 wordt een algemene discussie gegeven over het onderzoek in dit proefschrift en we bes-
chrijven ook enkele belangrijke factoren die de effectiviteit van de technologie beïnvloeden.
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