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Breaking chromatin barriers: can epigenetic context affect CRISPR-dCas9 targeting efficiency?
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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. 
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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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