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It is undeniably one of the greatest findings in biology that (with some very

minor exceptions) every cell in the body possesses the whole genetic infor-

mation needed to generate a complete individual. Today, this concept has

been so thoroughly assimilated that we struggle to still see how surprising

this finding actually was: all cellular phenotypes naturally occurring in one

person are generated from genetic uniformity, and thus are per definition

epigenetic. Transcriptional mechanisms are clearly critical for developing

and protecting cell identities, because a mis-expression of few or even single

genes can efficiently induce inappropriate cellular programmes. However,

how transcriptional activities are molecularly controlled and which of the

many known epigenomic features have causal roles remains unclear. Today,

clarification of this issue is more pressing than ever because profiling efforts

and epigenome-wide association studies (EWAS) continuously provide

comprehensive datasets depicting epigenomic differences between tissues

and disease states. In this commentary, we propagate the idea of a widespread

follow-up use of epigenome editing technology in EWAS studies. This would

enable them to address the questions of which features, where in the genome,

and which circumstances are essential to shape development and trigger

disease states.
1. Definitions
Our body consists of around 1013 individual cells [1], which have been grouped

into 411 cell types [2], although this number might be revised soon through the

comprehensive utilization of single-cell approaches [3]. Each differentiated cell

develops by progressing through one of several cellular lineages while simul-

taneously decreasing cellular potency. Each cell type possesses its own

characteristic transcriptome defined by a small subset of active genes, whereas

those genes specific for other cell identities are silenced. Indeed, keeping inap-

propriate cell identity genes inactive is crucial for the integrity of the body

[4–6]. In humans, only two cell types require the complete genome: the totipo-

tent zygote, which is the progenitor of all cells in the body, and the cells of the

germ line, which pass the genome on to the next generation. Nevertheless, only

a few cell types dispose unneeded but potentially dangerous genetic material

(e.g. red blood cells, which lose their nucleus entirely once terminally differen-

tiated [7]). Despite most differentiated cell types are carrying the complete

genetic information, they naturally never breach their lineage barrier. Thus,

multicellular organisms critically depend on mechanisms able to silence a

majority of their genetic information, some of it for a lifetime.

Which processes are causally inducing or protecting epigenetic phenotypes,
although studied for decades now, is still avidly debated. In the centre of attention
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lie epigenomic processes, reversible marks, modifications and fea-

tures of chromatin, a macromolecular structure consisting of

unmodified and chemically modified nucleic and amino acids

found in the nucleus. Chromatin consists first and foremost of

DNA itself, whose bases—primarily cytosine residues—can be

chemically modified adding information to the DNA sequence

[8]. Chromatin also has a protein component, of which histones

are the most prominent members. Owing to the variety of pos-

sible amino acid residue modifications, and histone variants

expressed, histones are the main source of complexity in mam-

malian epigenomes. Although at least 100 epigenomic features

exist, experimental studies usually concentrate on a handful of

marks. Commonly profiled marks in respect to gene silencing

include methylation of DNA, lysine 9 and 27 of histone H3, as

well as the lack of histone acetylation.

However, with respect to their contribution to gene silen-

cing, we face a paradoxical situation. On the one hand, these

marks correlate with inactive loci, the enzymes setting these

marks are usually necessary for normal animal development,

and well-studied model systems exist proving their functional-

ity in some cases [9]: genomic imprinting for DNA methylation

[10], Hox gene regulation for H3K27 methylation [11] and

repetitive DNA for H3K9 methylation [12]. On the other

hand, chromatin modifying enzymes are rarely specific for

chromatin marks. They also usually modify large numbers of

other proteins [13,14]. Moreover, global changes of canonical

chromatin features when comprehensively analysed have

often shown to result in surprisingly little consequences for

transcriptomes [15–18], disease or even animal development

[19–21]. Thus, as far as we know, epigenomic marks possess

all the prerequisites to control epigenetic phenotypes, but

probably only a small fraction of those found in the nucleus

might indeed possess this regulative power.
2. Marks and profiles
Over the last decades, a plethora of methods has been devel-

oped to facilitate epigenomic profiling. In principle, these

approaches can be subdivided into two categories by the geno-

mic resolution they offer. Single-base resolution approaches are

commonly used to map and quantify DNA modifications.

Cytosine methylation (mC) can be detected by bisulfite conver-

sion resulting in the chemical deamination of unmethylated

cytosine to uracil while methylated cytosine is protected.

After PCR amplification, DNA methylation can be mapped

and quantified at single-base resolution by massive parallel

sequencing or array hybridization [22]. Profiling oxidized

derivatives of mC such as hydroxymethylcytosine (hmC),

formylcytosine (fC) and carboxylcytosine (caC) is technically

more challenging as during bisulfite conversion hmC or fC/

caC cannot be distinguished from mC or C, respectively.

However, several methods have been developed that circum-

vent this problem by additional enzymatic conversion steps

prior to bisulfite treatment [23–25]. In contrast to the single-

base resolution approaches for DNA modifications, chromatin

immunoprecipitation sequencing (ChIP-seq) is used to quan-

tify the relative abundance of histone modifications at a

genome-wide level. ChIP-seq relies on antibodies to purify

cross-linked and sheared chromatin harbouring-specific his-

tone modifications. This step is followed by massive parallel

sequencing of the bound DNA. After mapping the individual

sequencing reads back to the genome, histone modification
occupancy can be determined by scoring the relative abun-

dance of reads mapped to a specific genomic region [26].

Taken together, the above-mentioned techniques made it pos-

sible to gain comprehensive insights into the genome-wide

localization of epigenetic marks, their relationship with

transcription and their cross-correlation.

While being rather cost-intensive in the beginning, recent

technological advances in array technology and sequencing

have made large epigenome profiling projects feasible. Large

consortia such as ENCODE (Encyclopedia of DNA Elements),

REMC (Roadmap Epigenomics Mapping Consortium) and

IHEC (International Human Epigenome Consortium) are gen-

erating comprehensive epigenomic datasets establishing

important references relevant to human health and disease

[27–30]. Spanning diverse cell and tissue types, these datasets

compile information about histone marks, DNA methylation,

DNA accessibility and RNA expression that can be used to

define regulatory elements and investigate epigenomic differ-

ences arising during lineage specification. Additionally, these

consortia have established guidelines and protocols for the gen-

eration and analysis of epigenomic data vital for reproducibility

and comparability among studies (http://www.roadmapepi-

genomics.org/protocols).
3. Epigenome-wide association studies
Sequencing of the human genome 15 years ago triggered a

global effort to uncover genetic causes of human disease.

Since then, many genome-wide association studies (GWASs)

have been conducted to identify disease-causing variants

hidden in the human population. Although these efforts have

been highly successful in detecting disease-associated variants,

these genetic aberrations often lacked meaningful predictive

value [31,32]. While this observation initially came as a surprise,

it also highlights that most human conditions are strongly influ-

enced by environmental factors. Indeed, lifestyle, physical

activity, diet and exposure to environmental hazards might

often be more relevant than genetics. Moreover, even mono-

genetic diseases can be radically influenced by the environment

as demonstrated by the analysis of the hereditary cystatin C

amyloid angiopathy in the Icelandic population [33]. How

environmental effects manifest themselves molecularly remains

unclear; however, environmental imprints are detectable in

chromatin and thought to have functional relevance [34].

Technological advances have facilitated the genome-

wide examination of epigenetic modifications in the context

of disease phenotypes. Akin to GWASs, these epigenome-

wide association studies (EWASs) make use of comprehensive

cohorts of patients and control groups for large-scale associ-

ation analysis of epigenomic marks in the context of disease

phenotypes. EWAS publications have soared in recent years,

primarily focusing on multifactorial disorders including

cancer, neurodegenerative and autoimmune diseases

(figure 1a). Most of these studies have concentrated on DNA

methylation largely due to the low amount of tissue required

and the cost-effectiveness of detection methods such as Illumi-

na’s 450 K array [35]. More recently, the first EWASs examining

histone modifications [36], which are considered to be much

more dynamic than DNA methylation, have been published.

Additionally, disease-associated changes of histone modifi-

cations offer the hope of effective treatments due to the

variety of inhibitors available, many of which are already in
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Figure 1. (a) Publications on EWAS studies per year (source: PubMed) and (b) schematic of dCas9-based epigenome editing approaches.
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clinical use. Interestingly, while the majority of GWAS hits

have been mapped to non-coding and enhancer elements

[37], systemic (meta-) analysis for genomic feature association

of EWAS hits is still lacking. One reason for this might be

that the majority of EWAS data has been produced using

Illumina’s 450 K arrays, which are inherently biased for promo-

ter and coding regions. Nevertheless, several studies have

reported significant association of differentially methylated

regions with intergenic regions and DNase I hypersensitive

sites [38,39]. With increasing evidence that changes in enhancer

signatures are associated with diseases such as cancer [40], a

thorough reevaluation of EWAS hits in relation to enhancer

sequences would be very informative.

Taken together, EWASs have yielded thousands of epige-

nomic markers associated with human diseases, but causes of

the disease-associated epigenomic changes remain largely

unclear, a challenge that has long been also recognized for

GWASs [41]. Whereas GWAS hits are being validated using in
vivo and in vitro models of genetic variants, techniques for testing

the relevance of individual epigenomic marks have been com-

pletely lacking. However, Cas9-based approaches developed

in recent years now offer the unique chance to functionally test

EWAS hits and to start dissecting cause and effect of epigenomic

changes associated with human disease.
4. Epigenome editing
First observed in Escherichia coli, approximately half of all bac-

teria (approx. 40%) and nearly all archaea (approx. 90%) are

equipped with a sophisticated adaptive defence mechanism

called clustered regularly interspaced short palindromic repeats

(CRISPR) or CRISPR-associated (Cas) [42]. These systems rely

on small CRISPR-RNAs (crRNAs) guiding nucleases to invad-

ing nucleic acids. All CRISPR/Cas systems comprise a set of cas
genes, organized in operons, and a CRISPR-locus harbouring

an array of genome-targeting sequences (termed spacers),

which are derived from invading foreign DNA and flanked

by identical direct repeats. CRISPR/Cas systems are classified

into four different types with class II being the best studied

and most widely adopted system as a molecular tool [43]. In

type II CRISPR/Cas systems, the monomeric protein Cas9 is

targeted to DNA by a duplex RNA consisting of the locus-

specific crRNA and an invariable trans-activating RNA

(tracrRNA). By fusing the crRNA and tracrRNA into a single-

guide RNA (sgRNA) [44], the RNA-guided endonuclease

Cas9 has been adapted as a tool for genome engineering in a

great variety of cell types and organisms including human,
mouse, fly, worm and zebrafish [45–49]. However, the seem-

ingly limitless potential of CRISPR/Cas does not stop with its

utilization as a site-directed nuclease. A universal recruitment

platform that, besides other exciting applications, can be used

to manipulate epigenetic modifications at defined genomic

loci has been generated through inactivation of its endonuclease

domain (dCas9).

The principle is as simple as it is elegant. A chromatin

modifier is fused to dCas9 and recruited to a chosen genomic

site by a specific sgRNA (figure 1b). Once the modifier

is bound to the target site immediate consequences of the

change in epigenomic marks can be monitored. Direct fusions

of dCas9 with effectors have already been successfully

employed to shed light on the causal relationship between epi-

genomic marks and levels of transcription. For instance,

recruitment of the catalytic core of the human acetyltransferase

p300 to promoters or enhancers leads to robust transcriptional

activation [50]. Additionally, targeted DNA demethylation

within promoter regions, mediated by dCas9-TET1 fusions,

results in gene reactivation [48,51]. By contrast, dCas9-

mediated recruitment of DNA de novo methyltransferases or

histone demethylases to specific gene regulatory regions

results in a local repressive epigenetic state and gene silencing

[52–55]. These examples highlight the power and feasibility of

epigenome editing approaches in elucidating the causality of

epigenomic marks. More and more tools are being developed

to further exploit the full potential of this novel technique.

Besides engineering the dCas9 protein directly, several studies

have already demonstrated that the sgRNA can be modified to

indirectly recruit effector proteins to a desired genomic locus.

MS2 aptamers can be inserted at the tetraloop and stem-loop

2 of the sgRNA which in turn recruit effector proteins fused

to MS2-coat proteins [56]. This approach not only allows the

recruitment of different epigenetic modifiers to the same

locus without mutual interference but it also increases the

number of modifiers that can be recruited per Cas9:sgRNA

complex [57,58]. An extension of this system using additio-

nal motifs for RNA binding proteins (e.g. PP7:PCB

or PBS:PUF-domains) has already been shown for dCas9-

driven transcriptional activation and genomic visualization

approaches [59,60]. Translation of this method to epigenome

editing will greatly simplify the simultaneous targeting of mul-

tiple genomic loci with different activities. Other challenges,

such as defining the correct positioning and the number of

sgRNAs required for the desired effects, are currently being

assessed in a locus-to-locus manner. Here, systematic studies

addressing the principles of efficient sgRNA placement for

epigenome editing will be invaluable.
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5. A blueprint for action
Despite the growing amount of profiles and EWAS data avail-

able, the functional value of associated hits remains elusive.

At least for DNA methylation, a large number of high-quality

profiles with disease-associated changes and a CRISPR toolbox

to manipulate those have been reported. We propose to enter

the post-epigenomic stage by choosing a number of candidate

features from the high-quality epigenomic data generated to

date and test their relevance by epigenome editing (figure 2).

For some researchers, this progression from global analysis

to single candidate sites might seem like a step backwards;

however, this strategy would also be linked to a progression

from descriptive and correlative analysis to functional tests

of causality.

Several reviews have already suggested the use of epigen-

ome engineering to validate or screen EWAS hits or profile

peaks [9,61]. Testing of causality should not be seen as a separ-

ate approach but rather included into the primary study

design. Besides high technical standards, uniformity in cell-

type composition of the tissue used in the respective study is

of utter importance. Most tissues consist of a mixture of cell

types, which, when analysed in bulk, yield a mixture of epi-

genomic profiles resulting in a loss of sensitivity caused by

the dilution of disease and cell type-associated signals. More-

over, because epigenomic profiles of the underlying (pure)

cell populations are rarely known, slight shifts in their pro-

portions might be mistaken for epigenomic changes. The

emerging applications of single-cell epigenomics might resolve

these issues to some degree in the future [62]. Today, input het-

erogeneity is mostly addressed by isolating target populations

via (e.g. flow cytometry or laser capture microdissection from

donor tissues, as exemplified by recent studies using purified

cells of human post-mortem brains to study the association

between DNA methylation, ageing and Alzheimer’s disease

in neurons and glia [63,64]). Performing epigenome profiling

on purified cell populations has the added benefit that hits

can be directly attributed to specific cell types. A functional

EWAS blueprint would not come to an end with the generation

of a candidate list of highly significant disease-associated chro-

matin marks. Instead, an assessment whether the detected

alterations are functional drivers of the disease or merely mar-

kers would be included. Once disease-associated epigenomic

profiles have been determined, a series of epigenome editing

tools (e.g. dCas9-TET1, dCas9-DNMT3A) can be employed

to remove or establish candidate marks in vitro. Essential for

this is an experimental system that allows manipulation of
the epigenomic mark and modelling of the human disease or

phenotype (figure 2). Manipulated cells would then be

scored in vitro for a disease-associated phenotype. Depending

on the phenotype, this approach might be complex, but

could also be as straightforward as measuring gene expression

changes by qPCR. Candidate epigenomic features could either

be tested one by one, several together (using gRNA

multiplexing tools) or together in a follow-up epigenomic

screen using specially designed libraries of gRNAs. Although

a perfect model system might rarely exist—diseases are trans-

formations of organs not cells—certain aspects can often be

reproduced in vitro. Moreover, the first attempts to transfer epi-

genome editing into the living animal have already been

reported [65,66]. It is possible that some relevant chromatin

features might withstand functional analysis in vitro, for

example, if their effects depend on a very specific genetic back-

ground. We think, however, likely incidences of false negative

results for some should not discourage from producing causal

evidence for many other EWAS hits or profiling peaks.

Although the suggested procedure has not yet been

adopted and the functional relevance of thousands of published

EWAS hits remains unclear, several publications support the

feasibility of editing DNA methylation as well as the function-

ality for some tested marks [67,68]. Moreover, epigenome

editing enables epigenomic manipulation far beyond DNA

methylation, while many epigenomic marks remain still to be

profiled during development and disease. As such, very few

studies have aimed to characterize the alterations of other

chromatin marks beside DNA methylation in disease states,

the most prominent example being the recently published his-

tone acetylome-wide association study (HAWAS) in autism

spectrum disorder [36]. It is currently unknown which

epigenomic features will eventually represent a new class of

potential targets with the largest impact on gene expression,

development and disease. Taken together, epigenome editing

offers the best chance of harnessing the immense wealth of

information generated by EWASs and a unique opportunity

to progress from disease-associated to disease-causing—thus,

from epigenomics back to epigenetics.
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Bartoschek, Christopher Mulholland and Andrea Neuner for helpful
comments on the manuscript.



5
References
rsob.royalsocietypublishing.org
Open

Biol.8:180013
1. Bianconi E et al. 2013 An estimation of the number
of cells in the human body. Ann. Hum. Biol. 40,
463 – 471. (doi:10.3109/03014460.2013.807878)

2. Vickaryous MK, Hall BK. 2006 Human cell type
diversity, evolution, development, and classification
with special reference to cells derived from the
neural crest. Biol. Rev. Camb. Phil. Soc. 81,
425 – 455. (doi:10.1017/S1464793106007068)

3. Regev A et al. 2017 The human cell atlas. Elife 6.
(doi:10.7554/eLife.27041)

4. Abad M et al. 2013 Reprogramming in vivo produces
teratomas and iPS cells with totipotency features.
Nature 502, 340 – 345. (doi:10.1038/nature12586)

5. Hobert O. 2011 Regulation of terminal
differentiation programs in the nervous system.
Annu. Rev. Cell. Dev. Biol. 27, 681 – 696. (doi:10.
1146/annurev-cellbio-092910-154226)

6. Iwafuchi-Doi M, Zaret KS. 2014 Pioneer transcription
factors in cell reprogramming. Genes Dev. 28,
2679 – 2692. (doi:10.1101/gad.253443.114)

7. Ji P, Murata-Hori M, Lodish HF. 2011 Formation of
mammalian erythrocytes: chromatin condensation
and enucleation. Trends Cell Biol. 21, 409 – 415.
(doi:10.1016/j.tcb.2011.04.003)

8. Stricker SH, Gotz M. 2018 DNA-methylation: master
or slave of neural fate decisions? Front. Neurosci. 12,
5. (doi:10.3389/fnins.2018.00005)

9. Stricker SH, Koferle A, Beck S. 2017 From profiles
to function in epigenomics. Nat. Rev. Genet. 18,
51 – 66. (doi:10.1038/nrg.2016.138)

10. Barlow DP, Bartolomei MS. 2006 Genomic
imprinting in mammals. In Epigenetics (eds CD Allis
et al.), pp. 357 – 377. Cold Spring Harbor, NY:
Cold Spring Harbor Labroratory Press.

11. Soshnikova N, Duboule D. 2009 Epigenetic regulation
of vertebrate Hox genes: a dynamic equilibrium.
Epigenetics 4, 537 – 540. (doi:10.4161/epi.4.8.10132)

12. Slotkin RK, Martienssen R. 2007 Transposable
elements and the epigenetic regulation of the
genome. Nat. Rev. Genet. 8, 272 – 285. (doi:10.
1038/nrg2072)

13. Glozak MA, Sengupta N, Zhang X, Seto, E. 2005
Acetylation and deacetylation of non-histone
proteins. Gene 363, 15 – 23. (doi:10.1016/j.gene.
2005.09.010)

14. Zhang X, Wen H, Shi X. 2012 Lysine methylation:
beyond histones. Acta Biochim. Biophys. Sin.
(Shanghai) 44, 14 – 27. (doi:10.1093/abbs/gmr100)

15. Domcke S, Bardet AF, Adrian Ginno P, Hartl D,
Burger L, Schubeler D. 2015 Competition between
DNA methylation and transcription factors
determines binding of NRF1. Nature 528, 575 – 579.
(doi:10.1038/nature16462)

16. Riising EM, Comet I, Leblanc B, Wu X, Johansen JV,
Helin K. 2014 Gene silencing triggers polycomb
repressive complex 2 recruitment to CpG islands
genome wide. Mol. Cell 55, 347 – 360. (doi:10.
1016/j.molcel.2014.06.005)

17. Schmitz SU, Albert M, Malatesta M, Morey L,
Johansen JV, Bak M, Tommerup N, Abarrategui I,
Helin K. 2011 Jarid1b targets genes regulating
development and is involved in neural
differentiation. Embo J. 30, 4586 – 4600. (doi:10.
1038/emboj.2011.383)

18. Sofueva S et al. 2013 Cohesin-mediated
interactions organize chromosomal domain
architecture. Embo J. 32, 3119 – 3129. (doi:10.1038/
emboj.2013.237)

19. Penke TJ, McKay DJ, Strahl BD, Matera AG, Duronio
RJ. 2016 Direct interrogation of the role of H3K9 in
metazoan heterochromatin function. Genes Dev. 30,
1866 – 1880. (doi:10.1101/gad.286278.116)

20. Stricker SH et al. 2013 Widespread resetting of DNA
methylation in glioblastoma-initiating cells
suppresses malignant cellular behavior in a lineage-
dependent manner. Genes Dev. 27, 654 – 669.
(doi:10.1101/gad.212662.112)

21. Zeller P, Padeken J, van Schendel R, Kalck V,
Tijsterman M, Gasser SM. 2016 Histone H3K9
methylation is dispensable for Caenorhabditis
elegans development but suppresses RNA:DNA
hybrid-associated repeat instability. Nat. Genet. 48,
1385 – 1395. (doi:10.1038/ng.3672)

22. Fouse SD, Nagarajan RO, Costello JF. 2010 Genome-
scale DNA methylation analysis. Epigenomics 2,
105 – 117. (doi:10.2217/epi.09.35)

23. Wu H, Wu X, Shen L, Zhang, Y. 2014 Single-base
resolution analysis of active DNA demethylation
using methylase-assisted bisulfite sequencing. Nat.
Biotechnol. 32, 1231 – 1240. (doi:10.1038/nbt.3073)

24. Yu M, Hon GC, Szulwach KE, Song CX, Jin P, Ren B,
He C. 2012 Tet-assisted bisulfite sequencing of
5-hydroxymethylcytosine. Nat. Protoc. 7,
2159 – 2170. (doi:10.1038/nprot.2012.137)

25. Yu M et al. 2012 Base-resolution analysis of
5-hydroxymethylcytosine in the mammalian
genome. Cell 149, 1368 – 1380. (doi:10.1016/j.cell.
2012.04.027)

26. Blecher-Gonen R, Barnett-Itzhaki Z, Jaitin D,
Amann-Zalcenstein D, Lara-Astiaso D, Amit I. 2013
High-throughput chromatin immunoprecipitation for
genome-wide mapping of in vivo protein-DNA
interactions and epigenomic states. Nat. Protoc. 8,
539 – 554. (doi:10.1038/nprot.2013.023)

27. Bujold D et al. 2016 The international human
epigenome consortium data portal. Cell Syst. 3,
496 – 499 e2. (doi:10.1016/j.cels.2016.10.019)

28. Consortium EP. 2012 An integrated encyclopedia of
DNA elements in the human genome. Nature 489,
57 – 74. (doi:10.1038/nature11247)

29. Ernst J et al. 2011 Mapping and analysis of
chromatin state dynamics in nine human cell types.
Nature 473, 43 – 49. (doi:10.1038/nature09906)

30. Roadmap Epigenomics CR et al. 2015 Integrative
analysis of 111 reference human epigenomes.
Nature 518, 317 – 330. (doi:10.1038/nature14248)

31. Janssens AC, van Duijn CM. 2008 Genome-based
prediction of common diseases: advances and
prospects. Hum. Mol. Genet. 17, R166 – R173.
(doi:10.1093/hmg/ddn250)
32. Manolio TA, Brooks LD, Collins FS. 2008 A HapMap
harvest of insights into the genetics of common
disease. J. Clin. Invest. 118, 1590 – 1605. (doi:10.
1172/JCI34772)

33. Palsdottir A, Helgason A, Palsson S, Bjornsson HT,
Bragason BT, Gretarsdottir S, Thorsteinsdottir U,
Olafsson E, Stefansson K. 2008 A drastic reduction in
the life span of cystatin C L68Q carriers due to life-style
changes during the last two centuries. PLoS Genet. 4,
e1000099. (doi:10.1371/journal.pgen.1000099)

34. Feil R, Fraga MF. 2012 Epigenetics and the
environment: emerging patterns and implications.
Nat. Rev. Genet. 13, 97 – 109. (doi:10.1038/nrg3142)

35. Flanagan JM. 2015 Epigenome-wide association
studies (EWAS): past, present, and future. Methods
Mol. Biol. 1238, 51 – 63. (doi:10.1007/978-1-4939-
1804-1_3)

36. Sun W et al. 2016 Histone acetylome-wide
association study of autism spectrum disorder.
Cell 167, 1385 – 1397 e11. (doi:10.1016/j.cell.2016.
10.031)

37. Smith E, Shilatifard A. 2014 Enhancer biology
and enhanceropathies. Nat. Struct. Mol. Biol. 21,
210 – 219. (doi:10.1038/nsmb.2784)

38. Gerring ZF, McRae AF, Montgomery GW, Nyholt DR.
2018 Genome-wide DNA methylation profiling in
whole blood reveals epigenetic signatures
associated with migraine. BMC Genomics 19, 69.
(doi:10.1186/s12864-018-4450-2)

39. van Veldhoven K et al. 2015 Epigenome-wide
association study reveals decreased average
methylation levels years before breast cancer
diagnosis. Clin. Epigenetics 7, 67. (doi:10.1186/
s13148-015-0104-2)

40. Akhtar-Zaidi B et al. 2012 Epigenomic enhancer
profiling defines a signature of colon cancer. Science
336, 736 – 739. (doi:10.1126/science.1217277)

41. Freedman ML et al. 2011 Principles for the post-
GWAS functional characterization of cancer risk loci.
Nat. Genet. 43, 513 – 518. (doi:10.1038/ng.840)

42. Wiedenheft B, Sternberg SH, Doudna JA. 2012 RNA-
guided genetic silencing systems in bacteria and
archaea. Nature 482, 331 – 338. (doi:10.1038/
nature10886)

43. Barrangou R. 2015 Diversity of CRISPR-Cas immune
systems and molecular machines. Genome Biol. 16,
247. (doi:10.1186/s13059-015-0816-9)

44. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. 2012 A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial
immunity. Science 337, 816 – 821. (doi:10.1126/
science.1225829)

45. Dickinson, DJ, Goldstein, B. 2016 CRISPR-based
methods for Caenorhabditis elegans genome
engineering. Genetics 202, 885 – 901. (doi:10.1534/
genetics.115.182162)

46. Housden BE, Perrimon N. 2016 Cas9-mediated
genome engineering in Drosophila melanogaster.
Cold Spring Harb. Protoc. 2016, pdb top086843.
(doi:10.1101/pdb.top086843)

http://dx.doi.org/10.3109/03014460.2013.807878
http://dx.doi.org/10.1017/S1464793106007068
http://dx.doi.org/10.7554/eLife.27041
http://dx.doi.org/10.1038/nature12586
http://dx.doi.org/10.1146/annurev-cellbio-092910-154226
http://dx.doi.org/10.1146/annurev-cellbio-092910-154226
http://dx.doi.org/10.1101/gad.253443.114
http://dx.doi.org/10.1016/j.tcb.2011.04.003
http://dx.doi.org/10.3389/fnins.2018.00005
http://dx.doi.org/10.1038/nrg.2016.138
http://dx.doi.org/10.4161/epi.4.8.10132
http://dx.doi.org/10.1038/nrg2072
http://dx.doi.org/10.1038/nrg2072
http://dx.doi.org/10.1016/j.gene.2005.09.010
http://dx.doi.org/10.1016/j.gene.2005.09.010
http://dx.doi.org/10.1093/abbs/gmr100
http://dx.doi.org/10.1038/nature16462
http://dx.doi.org/10.1016/j.molcel.2014.06.005
http://dx.doi.org/10.1016/j.molcel.2014.06.005
http://dx.doi.org/10.1038/emboj.2011.383
http://dx.doi.org/10.1038/emboj.2011.383
http://dx.doi.org/10.1038/emboj.2013.237
http://dx.doi.org/10.1038/emboj.2013.237
http://dx.doi.org/10.1101/gad.286278.116
http://dx.doi.org/10.1101/gad.212662.112
http://dx.doi.org/10.1038/ng.3672
http://dx.doi.org/10.2217/epi.09.35
http://dx.doi.org/10.1038/nbt.3073
http://dx.doi.org/10.1038/nprot.2012.137
http://dx.doi.org/10.1016/j.cell.2012.04.027
http://dx.doi.org/10.1016/j.cell.2012.04.027
http://dx.doi.org/10.1038/nprot.2013.023
http://dx.doi.org/10.1016/j.cels.2016.10.019
http://dx.doi.org/10.1038/nature11247
http://dx.doi.org/10.1038/nature09906
http://dx.doi.org/10.1038/nature14248
http://dx.doi.org/10.1093/hmg/ddn250
http://dx.doi.org/10.1172/JCI34772
http://dx.doi.org/10.1172/JCI34772
http://dx.doi.org/10.1371/journal.pgen.1000099
http://dx.doi.org/10.1038/nrg3142
http://dx.doi.org/10.1007/978-1-4939-1804-1_3
http://dx.doi.org/10.1007/978-1-4939-1804-1_3
http://dx.doi.org/10.1016/j.cell.2016.10.031
http://dx.doi.org/10.1016/j.cell.2016.10.031
http://dx.doi.org/10.1038/nsmb.2784
http://dx.doi.org/10.1186/s12864-018-4450-2
http://dx.doi.org/10.1186/s13148-015-0104-2
http://dx.doi.org/10.1186/s13148-015-0104-2
http://dx.doi.org/10.1126/science.1217277
http://dx.doi.org/10.1038/ng.840
http://dx.doi.org/10.1038/nature10886
http://dx.doi.org/10.1038/nature10886
http://dx.doi.org/10.1186/s13059-015-0816-9
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1534/genetics.115.182162
http://dx.doi.org/10.1534/genetics.115.182162
http://dx.doi.org/10.1101/pdb.top086843


rsob.royalsocietypublishing.org
Open

Biol.8:180013

6
47. Jao LE, Wente SR, Chen, W. 2013 Efficient multiplex
biallelic zebrafish genome editing using a CRISPR
nuclease system. Proc. Natl Acad. Sci. USA 110,
13 904 – 13 909. (doi:10.1073/pnas.1308335110)

48. Liu XS et al. 2016 Editing DNA methylation in the
mammalian genome. Cell 167, 233 – 247 e17.
(doi:10.1016/j.cell.2016.08.056)

49. Zhang X et al. 2016 Efficient production of gene-
modified mice using Staphylococcus aureus Cas9.
Sci. Rep. 6, 32565. (doi:10.1038/srep32565)

50. Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI,
Crawford GE, Reddy TE, Gersbach CA. 2015
Epigenome editing by a CRISPR-Cas9-based
acetyltransferase activates genes from promoters
and enhancers. Nat. Biotechnol. 33, 510 – 517.
(doi:10.1038/nbt.3199)

51. Choudhury SR, Cui Y, Lubecka K, Stefanska B,
Irudayaraj J. 2016 CRISPR-dCas9 mediated TET1
targeting for selective DNA demethylation at BRCA1
promoter. Oncotarget 7, 46 545 – 46 556. (doi:10.
18632/oncotarget.10234)

52. Kearns NA, Pham H, Tabak B, Genga RM, Silverstein
NJ, Garber M, Maehr R. 2015 Functional annotation
of native enhancers with a Cas9-histone
demethylase fusion. Nat. Methods 12, 401 – 403.
(doi:10.1038/nmeth.3325)

53. McDonald JI et al. 2016 Reprogrammable CRISPR/
Cas9-based system for inducing site-specific DNA
methylation. Biol. Open 5, 866 – 874. (doi:10.1242/
bio.019067)

54. Mendenhall EM, Williamson KE, Reyon D, Zou JY,
Ram O, Joung JK, Bernstein BE. 2013 Locus-specific
editing of histone modifications at endogenous
enhancers. Nat. Biotechnol. 31, 1133 – 1136.
(doi:10.1038/nbt.2701)

55. Vojta A, Dobrinic P, Tadic V, Bockor L, Korac P, Julg
B, Klasic M, Zoldos V. 2016 Repurposing the
CRISPR-Cas9 system for targeted DNA methylation.
Nucleic Acids Res. 44, 5615 – 5628. (doi:10.1093/
nar/gkw159)

56. Konermann S et al. 2014 Genome-scale
transcriptional activation by an engineered CRISPR-
Cas9 complex. Nature 517, 583 – 588. (doi:10.1038/
nature14136)

57. Braun SMG, Kirkland JG, Chory EJ, Husmann D,
Calarco JP, Crabtree GR. 2017 Rapid and reversible
epigenome editing by endogenous chromatin
regulators. Nat. Commun. 8, 560. (doi:10.1038/
s41467-017-00644-y)

58. Xu X et al. 2016 A CRISPR-based approach for
targeted DNA demethylation. Cell Discov. 2, 16009.
(doi:10.1038/celldisc.2016.9)

59. Cheng AW, Jillette N, Lee P, Plaskon D, Fujiwara Y,
Wang W, Taghbalout A, Wang H. 2016 Casilio: a
versatile CRISPR-Cas9-Pumilio hybrid for gene
regulation and genomic labeling. Cell Res. 26,
254 – 257. (doi:10.1038/cr.2016.3)

60. Fu Y, Rocha PP, Luo VM, Raviram R, Deng Y, Mazzoni
EO, Skok JA. 2016 CRISPR-dCas9 and sgRNA scaffolds
enable dual-colour live imaging of satellite sequences
and repeat-enriched individual loci. Nat. Commun. 7,
11707. (doi:10.1038/ncomms11707)

61. Ahmad G, Amiji M. 2018 Use of CRISPR/Cas9 gene-
editing tools for developing models in drug
discovery. Drug Discov. Today 23, 519 – 533. (doi:10.
1016/j.drudis.2018.01.014)

62. Kelsey G, Stegle O, Reik W. 2017 Single-cell
epigenomics: Recording the past and predicting the
future. Science 358, 69 – 75. (doi:10.1126/science.
aan6826)

63. Guintivano J, Aryee MJ, Kaminsky ZA. 2013 A cell
epigenotype specific model for the correction of
brain cellular heterogeneity bias and its
application to age, brain region and major
depression. Epigenetics 8, 290 – 302. (doi:10.4161/
epi.23924)

64. Lord J, Cruchaga C. 2014 The epigenetic landscape
of Alzheimer’s disease. Nat. Neurosci. 17,
1138 – 1140. (doi:10.1038/nn.3792)

65. Albert M, Kalebic N, Florio M, Lakshmanaperumal
N, Haffner C, Brandl H, Henry I, Huttner WB. 2017
Epigenome profiling and editing of neocortical
progenitor cells during development. Embo J. 36,
2642 – 2658. (doi:10.15252/embj.201796764)

66. Heller EA et al. 2014 Locus-specific epigenetic
remodeling controls addiction- and depression-
related behaviors. Nat. Neurosci. 17, 1720 – 1727.
(doi:10.1038/nn.3871)

67. Pulecio J, Verma N, Mejia-Ramirez E, Huangfu D,
Raya A. 2017 CRISPR/Cas9-based engineering of the
epigenome. Cell Stem Cell 21, 431 – 447. (doi:10.
1016/j.stem.2017.09.006)

68. Saunderson EA et al. 2017 Hit-and-run epigenetic
editing prevents senescence entry in primary breast
cells from healthy donors. Nat. Commun. 8, 1450.
(doi:10.1038/s41467-017-01078-2)

http://dx.doi.org/10.1073/pnas.1308335110
http://dx.doi.org/10.1016/j.cell.2016.08.056
http://dx.doi.org/10.1038/srep32565
http://dx.doi.org/10.1038/nbt.3199
http://dx.doi.org/10.18632/oncotarget.10234
http://dx.doi.org/10.18632/oncotarget.10234
http://dx.doi.org/10.1038/nmeth.3325
http://dx.doi.org/10.1242/bio.019067
http://dx.doi.org/10.1242/bio.019067
http://dx.doi.org/10.1038/nbt.2701
http://dx.doi.org/10.1093/nar/gkw159
http://dx.doi.org/10.1093/nar/gkw159
http://dx.doi.org/10.1038/nature14136
http://dx.doi.org/10.1038/nature14136
http://dx.doi.org/10.1038/s41467-017-00644-y
http://dx.doi.org/10.1038/s41467-017-00644-y
http://dx.doi.org/10.1038/celldisc.2016.9
http://dx.doi.org/10.1038/cr.2016.3
http://dx.doi.org/10.1038/ncomms11707
http://dx.doi.org/10.1016/j.drudis.2018.01.014
http://dx.doi.org/10.1016/j.drudis.2018.01.014
http://dx.doi.org/10.1126/science.aan6826
http://dx.doi.org/10.1126/science.aan6826
http://dx.doi.org/10.4161/epi.23924
http://dx.doi.org/10.4161/epi.23924
http://dx.doi.org/10.1038/nn.3792
http://dx.doi.org/10.15252/embj.201796764
http://dx.doi.org/10.1038/nn.3871
http://dx.doi.org/10.1016/j.stem.2017.09.006
http://dx.doi.org/10.1016/j.stem.2017.09.006
http://dx.doi.org/10.1038/s41467-017-01078-2

	Entering the post-epigenomic age: back to epigenetics
	Definitions
	Marks and profiles
	Epigenome-wide association studies
	Epigenome editing
	A blueprint for action
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


