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Epigenetic alterations are associated with the pathogenesis of
many human diseases such as
cancers, diabetes, and neurodegenerative diseases. Chemical
treatments have been applied to
modify the epigenome as ways of
diminishing disease symptoms.
However, these approaches are
unspecific and cause various unwanted side effects. Recent developments of artificial, programmable epigenetic modifiers based
the on CRISPR-associated proteins
provide new hopes for efficient
and precise control, modification
of the epigenome, and potentially
human disease therapy.

The human epigenome is a highly
organized and complex system composed of hierarchical modifications of
DNA and histones. These modifications
are known as epigenetic marks. Tight
temporal and spatial control of these
epigenetic marks ensure the proper
gene expression and cellular functions.
Epigenetic modifications include DNA
methylation of cytosines predominantly
in CpG dinucleotides, acetylation or
methylation of the histone tails, and nucleosome positioning. The modifications
play a decisive role in the regulation of
gene expression and are linked to the
pathogenesis of many human diseases
(1).
The molecular mechanisms involved
in the dynamic regulation of epigenetic
modifications are complicated and are
associated with many regulatory proteins and enzymes. However, there are
still some so-called sole catalytic enzymes carrying out the key-processing
steps of epigenetic modifications. For
example, de novo DNA methylation
is controlled by the DNA methyltransferases (e.g. DNMT3A, DNMT3B, DNMT3L).
The ten-eleven translocation (TET)
family of proteins such as TET1 is essential for the initial activation of methylated
cytosine (5mC) demethylation. Histone
acetyltransferases (HAT) such as P300/
CBP family enzymes can acetylate lysine
at the histone tails. Histone methylation
is catalyzed by a class of enzymes called
histone methyltransferase (HMT), which
transfer one to three methyl groups to
lysine or arginine residues of histone
proteins.

Epigenetic-modifying drugs are
available, but unspecific
The fundamental correlation between
epigenetic modifications and their consequences on gene expression and/or
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the pathogenesis of human diseases are
based on association studies or the application of epigenetic modifying drugs
such DNA methyltransferase inhibitor
5-azacytidine and histone deacetylase
inhibitor valproic acid. Several of these
epigenetic-modifying drugs are making
their way into therapeutics. Valproic
acid has been used to treat epilepsy,
migraines and bipolar disease for many
years. But there are new epigenetic-modifying drugs in the pipeline as
well such as Chidamide and Belinostat
which are being approved for treatment
of peripheral T-cell lymphoma.
However, most of these drugs
generally cause a global epigenome
remodeling. For example, treatment of
cells with valproic acid results in global
histone acetylation, which might have
some unprecedented effects on cellular
functions. To investigate the biological
consequences resulting from specific
epigenetic modifications at a certain
genomic locus, great efforts have been
spent during the last decade to develop
molecular tools that can be programmed
to specifically modify user-designed
genomic loci, also known as “precision
epigenome editing tools”.

Zink-finger proteins, TALE
proteins and the CRISPR-Cas9
are precise epigenome editing
tools
To date, there are three classes of such
tools available in the precision epigenome editing toolbox. All these tools
share one fundamental molecular principle: They are made by fusing epigenome-modifying enzymatic proteins or
their catalytic domains to programmable
DNA binding proteins. These programmable DNA binding proteins include the
zinc-finger proteins (ZFs), the transcriptional activator-like effector proteins
(TALE), and the nuclease deficient clus-
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Figure 1. Schematic Illustration of Programmable Epigenetic Editing tools for targeted DNA methylation.
A) Z inc finger proteins are constructed from a number of zinc fingers bound together each recognizing 3-4 bp in the DNA
s equence. The DNA binding domain is fused to e.g. the catalytic domain of DNMT3A with a flexible linker and causes de
novo methylation of the flanking CpGs.
B) T he TALE protein consists of a center repeated domain. Each repeat contains usually 34 residues in length. Residues at the
12 th and 13 th positions are hyper-variable and define the specific binding between TALE protein and the target DNA. Fusion
of TALE protein to DNMT3A can achieve target DNA methylation of the adjacent CpGs that the TALE protein binds to.
C) T he CRISPR-dCas9 based epigenome editing tool is based on fusion of dCas9 to DNMT3A. The binding of dCas9-DNMT3A
to specific genomic loci is guided by a programmable small gRNA.

tered regularly interspaced short palindromic repeats (CRISPR)-associated
protein 9 (dCas9).
The newly developed CRISPR-Cas9
system was originally discovered as an
innate immune system in bacteria and
archaea. Through molecular engineering, the bacterial CRISPR-Cas9 system
has been successfully harnessed for
genome editing in almost all kinds of
cells and organisms (2). As illustrated
in Figure 1, both ZF- and TALE-based
epigenome editing tools are based on
the dogma of specific protein-DNA
recognition, whereas dCas9-based
epigenome editing tools include complimentary base pairing between a small,
programmable guide RNA (gRNA) and
the DNA. Thus, the same dCas9-based
fusion proteins with epigenome editing
characteristics can be programmed to almost any genomic locus simply by using
another gRNA.
On the contrary, the ZF- and TALEbased epigenome editing fusion proteins have to be re-engineered for each
specific locus, which is time-consuming,
laborious and expensive. This makes
harnessing the CRISPR-dCas9 system
for epigenome editing the most prom-

ising and attractive tool for studying
epigenetics, as well as providing a potential strategy for targeted epigenome
therapy.

A promising tool for efficient and
precise editing
Precision epigenome editing by CRISPR-dCas9 has been proven promising.
This technology provides an alternative,
robust approach to modulate gene expression and cell fate. Several studies
have shown that targeted epigenetic
modifications of specific genomic loci
can be achieved through the RNAguided dCas9-based artificial epigenetic
enzymes. For example, dCas9 fused to
the N-terminus of the catalytic core of
the human acetyltransferase p300, the
tetrameric VP16 transcription activator
domain (VP64), the krüppel-associated
box repressor domain (KRAB), the histone demethylase LSD1, or the DNA
methyltransferase domain of DNMT3A
have been used for either targeted histone acetylation, histone methylation or
DNA methylations (3-5).
All these studies have consistently
shown that programmable and tar-

geted epigenetic modifications can be
achieved in cells through co-delivery of
dCas9-based artificial enzymes and gRNAs. Subsequent effects on alteration of
gene expression and cell fate have been
achieved, if a critical epigenetic regulatory region is modified.

Still a problem with off-target
recognition
However, the applications of CRISPRdCas9-based precision epigenome
editing tools are still facing one critical
challenge: Off-targets. Off-targets can
result from a combination of dCas9-dependent, gRNA-dependent, or catalytic
enzyme-dependent factors. Epigenome
editing by dCas9-based epigenetic-modifying enzymes is simply based
on the binding of dCas9 to a specific
DNA locus. One unique feature of
dCas9 is that this protein can rapidly
interrogate with DNA through interaction with a protospacer adjacent motif
(PAM) across the genome. The PAM
sequences are unique for each Cas9 ortholog, e.g. 5’-NGG for the Cas9 protein
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en grund for flertallet til at afvise brugen
af genmodifikation på kommende mennesker. Medlemmerne frygter en glidebaneeffekt, hvor grænserne for, hvilke
ændringer, man vil acceptere, hele tiden
vil rykke sig i retning af stadigt mere
betænkelige ændringer. Derfor bør
man i udgangspunktet slet ikke bevæge
sig ned ad denne vej ved at forsøge at
fjerne sygdomsanlæg hos kommende
mennesker.
Mindretallet er enigt i, at det kan blive
en udfordring at drage den præcise
grænse mellem sygdomsfjernelse og
forbedring af normalegenskaber, og at
man ikke bør forsøge at ændre kommende børns normale egenskaber. De
er dog samtidig uenige i, at åbning for
genmodifikation til sygdomsbehandling
vil føre til den nævnte glidebaneeffekt.
Det er et vilkår for sundhedsvæsenet,
at der hele tiden skal trækkes sådanne
grænser; det skal der også i dag, men
med de rette kontrolinstanser vil det
være muligt at håndtere disse grænsedragninger, også hvor det drejer sig om
genetiske ændringer.

Risiko for uforudsete virkninger
holder udviklingen tilbage
For mange er risikoen for uforudsete
virkninger på ikke alene forsøgspersoner, men også for deres efterkommere,
altså det afgørende argument mod at
anvende genteknologi til at fjerne sygdomsanlæg fra kommende mennesker.
Derfor bliver det formentlig afgørende
for manges etiske stillingtagen, om der
kan udvikles sikre og effektive behandlinger på kønscelle- eller embryostadiet.
Det kan også få betydning, om der kan
udvikles sikre og effektive behandlinger
på somatiske celler, hvilket vil omfatte
de syge celler/organer på det fødte
individ. Hvis dette bliver tilfældet, vil
behovet for at ændre på arveanlæggene
på kønscelle- eller embryonstadiet blive
mindre.
Ved den nyligt afholdte kongres
iEuropean Society of Human Genetics
(ESHG) var der en session om ‘CRISPR
germline gene-editing’ og etik. Kelly
E. Ormond, Genetics Department,
Stanford University, USA fremlagde et

udkast til en erklæring fra American Society of Human Genetics (ASHG), at det
er for tidligt at udføre germline gen-editering med graviditet som formål, hvilket
er i overensstemmelse med udtalelsen
fra flertallet i Etisk Råd (1).
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from Streptococcus pyogenes. Thus,
if a highly active catalytic domain was
fused to dCas9, the transient interaction
between dCas9 and DNA might create
substantial un-intended modifications of
the epigenome. Furthermore, the catalytic domains of epigenetic modifying
enzymes per se could also unspecifically
modify the epigenome, simply due to
random protein-DNA interaction.
Studies based on chromatin immunoprecipitation (ChIP) with massive
parallel DNA sequencing (ChIP-seq)
have revealed that dCas9 can still
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strongly bind to DNA even with over
10 mismatches between gRNA guide
sequences and the off-target locus.
Consistent with this, we have observed
all aforementioned off-target effects in
an on-going project in which we harness
the dCas9-DNMT3A fusion protein for
targeted inhibition of oncogenes in cancer cells.
The ultimate aim of these epigenetic
tools is not merely for perturbation of
gene functions but for precision epigenetic therapy of human diseases such as
cancers. A better understanding of the

cause of these off-target effects might
enable us to further improve epigenome
editing tools with higher specificity and
efficacy.
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