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Abstract

This chapter describes resources and technologies generated by the NITH Roadmap Epigenomics Program
that may be useful to epigenomics researchers investigating a variety of diseases including cancer. Highlights
include reference epigenome maps for a wide variety of human cells and tissues, the development of new
technologies for epigenetic assays and imaging, the identification of novel epigenetic modifications, and an
improved understanding of the role of epigenetic processes in a diversity of human diseases. We also discuss
future needs in this area including exploration of epigenomic variation between individuals, single-cell
epigenomics, environmental epigenomics, exploration of the use of surrogate tissues, and improved tech-
nologies for epigenome manipulation.
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1 Introduction: Overview and Goals of Program

Epigenomics is the study of functional, and sometimes heritable,
changes in the regulation of gene activity and expression that do
not change the underlying DNA sequence [1-3]. Although each
cell type in the human body (with some exceptions) contains the
same genetic information, the interplay between transcription
factor programs and epigenetic regulation enables pluripotent
stem cells to give rise to the diversity of differentiated cell types
(e.g., skin cells, liver cells, neurons) [4, 5]. Furthermore epigenetic
processes, from gametogenesis through embryonic and neonatal
stages, and continuing throughout adolescence, adulthood, and
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senescence, can influence both normal development and a variety
of disease processes [6-9].

Even before completion of the first human genome sequence
in 2000, a grassroots scientific effort began encouraging a large-
scale, organized project in Epigenomics [10]. Meetings were held
by a number of NIH institutes (e.g., NCI, NIDA, NIEHS) and by
other groups (e.g., American Association of Cancer Researchers)
that provided recommendations on how best to help the scientific
community accelerate discovery in epigenomics [11, 12].

In 2007, Epigenomics was selected as a trans-NIH Roadmap
(now Common Fund) project. A 2006 portfolio analysis con-
ducted by the NIH revealed that between 1998 and 2006, increas-
ing numbers of funded studies in the area of epigenetics were
supported by the NIH Institutes and Centers. Moreover, there was
a similar escalation in the number of publications associating
altered gene expression profiles and epigenetic processes with
adverse disease outcomes. Additionally in 2007, a scientific meet-
ing was hosted by NIH to garner specific reccommendations for a
large-scale, transformative project in this area. Recommendations
from this meeting and from prior scientific meetings were used to
craft the four major initiatives of the NIH Roadmap Epigenomics
Program:

1. To generate reference epigenome profiles for “normal” human
cells and tissues, including new ways to generate, visualize,
and analyze this data

2. To discover novel epigenetic marks

3. To develop revolutionary technologies with the potential to
significantly change epigenetics research (with sub-initiatives
in general epigenetic technologies, epigenetic imaging, and
epigenomic manipulation)

4. To transform our understanding of the epigenomic basis of
disease

These goals were translated into several distinct initiatives that
are illustrated in Fig. 1. These projects included the development
of reference epigenomes; the identification of novel epigenetic
marks; the development of new technologies for epigenomic assays,
imaging, and manipulation; investigations into epigenomic pro-
cesses in a variety of diseases; and the development of monoclonal
antibody tools for epigenomic research. To date a total of 78 grants
have been funded by this program, including 61 ROls, 7 R21s, 5
RC1 “challenge” grants, and 5 UO1s (http://commonfund.nih.gov/
epigenomics/fundedresearch). The following sections describe the
technologies and community resources generated from each of
these initiatives.
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Fig. 1 Roadmap Epigenomics Program Projects and Timeline. This figure shows the major components of the
program and the periods of Roadmap Epigenomics Program funding. Reference Epigenome activities are
shown in purple, novel marks in orange, technology initiatives in green, disease studies in maroon, and anti-
bodies in blue

2 Community Resources and Technologies Developed Through
the Epigenomics Program

2.1 Comprehensive As indicated above, a key scientific recommendation was to gener-
Reference Epigenome ate comprehensive reference epigenome maps for normal human
Maps cells and tissues. These epigenomic maps would provide a public

resource for the scientific community to use in investigator-initiated
investigations of epigenetic regulation in biological processes and
human disease. Specifically, these maps were intended to:

e Provide a normal baseline for investigators exploring environ-
mental or disease epigenomics

e Reveal how epigenomes change during differentiation and
development

*  Discover how epigenomic modifications “interact” or co-occur
with one another

e Reveal functional genomic elements

e Inform regenerative medicine studies by investigating the
epigenomes of stem and induced pluripotent stem (iPS) cells

*  Enable integration of epigenomic information with genetic infor-
mation to better understand genome /epigenome interactions

e Provide a foundation for the future development of biomark-
ers and therapeutics.
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Fig. 2 Reference epigenomes from a diversity of human cells and tissues. The top left shows some of the
characterized adult human cells and tissues including hematopoietic cells, gastrointestinal (Gl) tract, adipose,
muscle, heart, and several brain regions. The top right shows some of the mapped fetal cells and tissue types
including muscle, lung, heart, Gl tract, and placenta. The bottom right shows some of the fetal samples in more
detail (brain, hematopoietic, and skin). The botfom left shows some of the cell lines characterized including
human embryonic stem cells (hESCs), cell types differentiated into neural progenitor cells, trophoblast, etc.,
and induced pluripotent stem cells (iPSCs). lllustration by Rae Senarighi, University of Washington

The Roadmap Epigenome Mapping Consortium (REMC) was
established to generate reference epigenome maps for normal
human cells and tissues. The REMC consists of four mapping cen-
ters and one data coordination/analysis center to process the data
through standardized pipelines [13]. The original goal of the
REMC was to generate 25 reference epigenome maps by the end
of the project. However due to rapid improvements in technology
and cost reductions, the REMC has generated a total of 92 refer-
ence epigenome maps for a wide range of human cells and tissues
from adults and fetuses as well as from embryonic stem (ES) cells
and their derivatives (see Fig. 2). Normal cell or tissue types were
prioritized for epigenome mapping based on their availability, the
amounts of tissue available for the multiple necessary assays, to
achieve a balance between purified cell types and heterogeneous
tissues, and their anticipated relevance to human disease. Some
of the comprehensive reference epigenomes generated were
from embryonic stem (ES) cells, ES-derived cells, iPS cells, hema-
topoietic cell types, fetal tissues (adrenal, brain, spinal cord, heart,
gastrointestinal, kidney, lung, muscle, placenta, thymus), and adult
tissues (fat, breast, brain, gastrointestinal, muscle, skin, connective
tissue).
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The advent of next-generation sequencing coupled with
development of improved or novel technologies (e.g., ChIP-seq,
RNA-seq, MethylC-seq) and the requisite expansion of informatic
capabilities provided an unprecedented opportunity to generate a
catalog of reference epigenome maps for many human cells and
tissues [8]. Of course, given the large number of known chroma-
tin modifications and the likely existence of undiscovered chromatin
modifications, it is not possible to generate “complete” epigenome
maps. Thus the REMC has determined that a reference epigenome
should include assays for DNA methylation, a core set of six
posttranslational histone modifications (PTMs, H3K27me3,
H3K36me3, H3K4mel, H3K4me3, H3K27ac,and H3K9me3),
and mRNA expression analysis. Some samples were also assayed for
chromatin accessibility using the DNAse I hypersensitivity assay.

The reference epigenomes generated are categorized into four
Classes (1-4) defined by the associated epigenomic data sets (see
Table 1 for details). For example, Class 1 epigenomes have (1)
DNA methylation maps generated by whole-genome bisulfite
sequencing, (2) maps of six core histone PTMs plus up to 20 aux-
iliary histone PTMs, (3) chromatin accessibility data, and (4) tran-
script analysis by RNA-seq. As of January 1, 2014, the REMC has
generated 92 Class 14 reference epigenomes. Additional useful
data sets that do not contain all of the assays required for Class 1-4
epigenomes have also been generated by the REMC (http: //www.
roadmapepigenomics.org/). 23 of the 92 reference epigenomes
are expected to be genotyped by whole-genome sequencing to
help researchers probe the interactions between the genome and
epigenome.

The REMC has undertaken the most comprehensive and
coordinated effort to generate reference epigenome maps to date.
In addition to the generation of this diverse panel of reference
epigenomes, consortium investigators have delivered a number of
critically important contributions to the field, a few of which are
highlighted below. The consortium has developed and implemented
a set of experimental and data quality standards/guidelines for
these assay types (http: //www.roadmapepigenomics.org,/protocols).
The Roadmap Epigenomics Program has also worked with
other large projects performing epigenomic assays to develop
congruent metadata standards and ontologies to maximize the
utility and interoperability of data across these large projects
(see Subheading 3.1). Early in the mapping efforts, consortium
investigators developed the assay that produced the first complete
mammalian methylomes [14]. Other major accomplishments
include (1) identification of distinct epigenetic mechanisms regu-
lating early and late stages of differentiation in embryonic stem
cells [15]; (2) identification of epigenomic processes that transpire
as ES cells give rise to the three embryonic germ layers, ectoderm,
mesoderm, and endoderm [16]; (3) demonstration that chromatin
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Table 1
Reference epigenome classes and progress

Assay Class 1 Class 2 Class 3 Class 4
Histone PTM ChIP-seq

H3K27me3 Required Required Required Required
H3K36me3 Required Required Required Required
H3K4mel Required Required Required Required
H3K4me3 Required Required Required Required
H3K27ac or H3K9ac Required Required Required Required
H3K9me3 Required Required Required Required
Up to 24 auxiliary histone modifications Required Not req. Not req. Not req.

DNA methylation

WGBS /MethylC-seq Required Required Not req. Not req.
RRBS Not req. Not req. Any assay Any assay
MeDIP-seq/MRE-seq Not req. Not req. Any assay Any assay

Chromatin accessibility

DNase I hypersensitivity Required If possible Required Not req.
mRNA expression

mRNA-seq Required Required Not req. Not req.
Array based Not req. Not req. Any assay Any assay
Number completed 7 51 14 20

The Reference Epigenomes generated by the REMC have been classified according to the number and comprehensive-
ness of the assays performed. This table also indicates which assays are required or not required for a particular class of
epigenome. Originally H3K9ac was a core histone PTM but it was replaced by the more informative H3K27ac. “Any
assay” means that any assay of a given type (e.g., DNA methylation) was sufficient for a particular epigenome class. The
most challenging assay, DNase I hypersensitivity, was encouraged if possible for Class 2 epigenomes. A total of 92 com-
prehensive reference epigenomes have been generated as of January 1, 2014. In addition, there are many available data
sets for other tissues in which it was not possible to perform a complete set of assays (http://www.roadmapepigenomics.
org/). Abbreviations include whole-genome bisulfite sequencing (WGBS), reduced representation bisulfite sequencing
(RRBS), methylated DNA immunoprecipitation (MeDIP-seq), and methylation-sensitive restriction enzyme-sequencing
(MRE-seq)

states change in response to developmental or environmental cues
[17]; and (4) the discovery that, in addition to coding for amino
acids, approximately 15 % of human DNA codons can specify
transcription factor binding sites [18]. Consortium investigators
have also developed remarkable insights into disease susceptibility
by discovering that a large percentage of disease-associated variants
from genome-wide association studies (GWAS) occur in DNA reg-
ulatory regions defined by DNAse I hypersensitive sites [ 19]. Many
of these regulatory DNA elements are enriched for gene variants
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that have been associated with intrauterine exposure-relevant phe-
notypes and are frequently active during fetal development.

The data generated by the REMC constitute a rich resource that is
broadly available to the scientific community. Although a brief
overview is provided here, a more complete listing of different
options for accessing, viewing and analyzing epigenomic data gen-
erated from these efforts is published elsewhere [20, 21]. These
data can be classified into two major categories: data with associ-
ated human DNA sequence information and data without associ-
ated human DNA sequence information. In general, read density
maps and data that do not include human DNA sequence informa-
tion are submitted to the Gene Expression Omnibus (GEO), sup-
ported by the National Center for Biotechnology Information
(NCBI), after data cleaning and can be obtained and downloaded
for specific analyses (http: //www.ncbi.nlm.nih.gov/geo /roadmap /
epigenomics/). Data containing de-identified human DNA
sequence information are, in many cases, also publically available
through NCBI’s Sequence Read Archive (SRA). In other cases, the
precise language in the patient consent form and/or the
Institutional Review Board of one of the epigenome mapping cen-
ters necessitated that these data be deposited into the controlled-
access database of Genotypes and Phenotypes (dbGaP). Scientists
may request access to use these data by completing standard dbGaP
forms (http: //www.ncbi.nlm.nih.gov/gap).

The complex nature of epigenomic data sets has stimulated the
development of new integrative tools as well as multifaceted brows-
ers to facilitate epigenome visualization. The Genboree Workbench,
hosted by the Human Epigenome Atlas, allows investigators to
analyze their own data with REMC-generated data using and take
advantage of numerous comparative and integrative analysis tools
that have been created through the REMC (http://www.genboree.
org/epigenomeatlas/index.rhtml). Consortium data may be visu-
alized directly on the UCSC Genome Browser using the Track
Hub feature or can be browsed by cell type, mark, or a specific text
query at several websites (e.g., http: //www.roadmapepigenomics.
org/data, http: //www.genboree.org/epigenomeatlas /index.rhtml).
REMC data can also be viewed in conjunction with ENCODE
data (http://encode-roadmap.org/). Researchers interested in
novel approaches for visualizing epigenomic data, including the
ability to view long-range genomic interactions, should explore
the Human Epigenome Browser (http://epigenomegateway.wustl.
edu/info/).

These epigenomic data sets provide baselines for comparisons
with diseased cells or tissues and have also shown great promise in
elucidating the functional significance of non-coding genetic vari-
ant hits from GWAS experiments [19]. They also provide baselines
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2.3 Discovery
of Novel Epigenetic
Modifications

2.4 Improved Assays
for Monitoring
the Epigenome

for allowing comparisons with diseased cells or tissues. Researchers
may soon routinely use epigenome data sets to learn how chroma-
tin state-defined cis-regulatory elements impact transcript distribu-
tion and abundance [8, 21]. Furthermore, with epigenome maps
in hand, it may soon be possible to understand how environmental
context (e.g., influences of drugs of abuse, stress, toxins, diet che-
motherapy protocols, and other environmental exposures) alter
the epigenome [22-24].

At the time the Roadmap Epigenomics Program began, a number
of histone modifications and just one DNA modification (mC) had
been identified in eukaryotes. It was clear that our catalog of chro-
matin modifications was incomplete. Thus, an initiative was devel-
oped to discover additional epigenetic modifications in order to
move toward the completion of this catalog. By 2013, researchers
funded through this initiative generated numerous publications in
this area and have identified and /or further characterized multiple
new histone posttranslational modifications (PTMs) in yeast,
Drosophila, and mammalian cells [25-27].

In one study alone, Dr. Yingming Zhao and his colleagues
identified an additional 67 novel histone PTMs in mammalian cells
including lysine crotonylation [26]. In addition, some projects
have identified or implicated proteins in the specific deposition or
removal of these marks on chromatin. These researchers have also
discovered specific roles for the new histone PTMs, or combina-
tions of PTMs, in the control of key biological functions such as
cell cycle regulation, development, and DNA repair [28-31].
These studies move the field closer to establishing a more complete
catalog of DNA and histone modifications. However, much work
remains to be done to better characterize the biological functions
of these DNA and histone modifications as well as the enzymes
that establish, remove, or bind to these modifications.

Prior to the start of the NIH Roadmap Epigenomics Program,
there were several useful assays to monitor the epigenome includ-
ing chromatin immunoprecipitation followed by microarray or
sequencing (ChIP-chip, ChIP-seq) which detects chromatin features,
reduced representation bisufite sequencing (RRBS) which enables
characterization of DNA methylation status at single base resolu-
tion at a subset of genomic regions, and the DNase I hypersensitive
assay which detects the level of chromatin accessibility [8].
Although these assays were state of the art at the time, some were
not sufficiently facile or comprehensive. Also there were limitations
to the types of biological questions one could ask using these
approaches. To address this scientific gap, an initiative on
Technology Development in Epigenetics was initiated in 2008. In
parallel the REMC expended great effort to improve current assay
technology and develop new technologies [ 14, 32-34].
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Four of the new or improved assays that were developed by
these components of the Roadmap Epigenomics Program are
described as follows. Prior to November 2009, methods for ana-
lyzing DNA methylation at single base resolution were limited and
the largest existing methylome data set that existed was for the
model plant Arabidopsis thaliana [35]. As a part of the REMC,
researchers in the Ecker lab optimized their MethylC-Seq assay
and applied it to two different human cell types, generating the
first genome-wide single base resolution maps for any human cell
type [14]. Since then, the use of MethylC-Seq and related assays
for interrogating DNA methylation state has become widespread.

Most epigenomic assays measure a molecular phenotype from
the chromatin of a population of cells but there is great interest in
understanding how chromatin differs between individual cells.
Researchers in the Soloway lab have recently published a paper that
describes their bifurcated nanofluidic device for real-time detection
and sorting of individual molecules of methylated DNA [36]. The
DNA molecules were identified using fluorescently labeled methyl
binding domain protein 1 (MDB1) which bound specifically to
double-stranded, methylated DNA. They were also able to recover
the sorted DNA by quantitative PCR for possible post-sorting
applications. This device holds great promise for color-multiplexed
epigenetic analyses and will allow recovery of genetic material for
downstream studies.

Although the ability to monitor chromatin states across the
genome is robust, a major obstacle has been the inability to inter-
rogate the chromatin features that co-occur at a single genomic
locus. Researchers in the Tackett and Taverna labs have developed
chromatin affinity purification with mass spectrometry (ChAP-MS)
that involves isolation of a single genomic locus which can then be
subjected to mass spectrometry analysis to identify the proteins
and associated PTMs at that locus [37]. As our ability to isolate
genomic loci improves, this method may enable researchers to
identify the complement of proteins that are physically associated
with a given genomic locus in addition to pinpointing the precise
histone modifications that are present. This technology will facili-
tate a deeper understanding of how these loci change during devel-
opment or upon environmental exposure and also reveal in greater
detail the cross-communication that occurs between epigenetic
and transcriptional regulatory pathways.

Chromatin assays are frequently used to investigate a single
point in time, obscuring dynamic biological processes. To address
this limitation, researchers in the Henikoff lab developed a meta-
bolic labeling strategy that enables affinity purification of tagged
nucleosomes containing newly synthesized histones. This tech-
nique allows the measurement of histone turnover rates across
the genome providing the ability to explore temporal chomatin
changes [38].
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2.5 Technologies
for Improved
Epigenetic Imaging

Many available epigenomic assays only probe a single time point;
however it is often desirable to understand the dynamics of a bio-
logical system. Furthermore, each mammalian cell type is believed
to have a distinct epigenomic profile, which may be altered in a
disease state. As researchers understand more about how epig-
enomes are altered in specific disease states or by environmental
perturbations, and develop “epigenetic therapeutics” to treat dis-
ease, our limited ability to visualize epigenetic modifying enzymes
and modifications in vivo remains a significant scientific obstacle.
Clinical diagnosis of diseases with a significant epigenetic compo-
nent could be greatly enhanced if we improved our ability to moni-
tor epigenetic modifying enzymes, binding proteins, or epigenetic
states in specific tissues or cell types. While tissues such as blood
or skin are readily available for this type of analysis, in the case of
diseases impacting the brain, heart, bone, and other vital organs it
may be difficult or impossible to obtain the appropriate tissue or
cell type for epigenetic analysis.

Since the current technologies to determine the in vivo epi-
genetic state of tissues is extremely limited, a Roadmap Epigenomics
Program initiative was developed to enable in vivo imaging or anal-
ysis of epigenetic changes at multiple levels ranging from a single
cell to an entire organism. Several funded projects proposed a wide
array of approaches including RNA aptamers, fluorescence com-
plementation, soft X-ray tomography (SXT), magnetic resonance
imaging (MRI), and positron emission tomography (PET). Two
of these projects are described in more detail below.

Researchers in the Lomvardas and Larabell laboratories have
been developing an in vivo fluorescence complementation approach
to visualize epigenetic interactions between proteins when they
physically interact. This approach will be linked to fluorescence
microscopy-compatible SXT to analyze chromatin territories at high
resolution in vivo. SXT analysis of olfactory nuclei indicates that
downregulation of the lamin b receptor leads to the unusual
nuclear architecture of the olfactory neuron. Downregulation of
lamin b causes significant changes in epigenetic gene regulation in
certain gene families [39]. Optimization of this technology could
enable researchers to better correlate in vivo chromatin structure
with chromatin features such as epigenomic marks, transcription
factor binding, or chromatin-associated long noncoding RNAs.

In independent efforts, researchers in the Hooker and the
Gelovani laboratories have been developing and optimizing PET
radiotracers for in vivo imaging of Class I and Class III histone
deacetylases (HDAG:s), respectively [40—42]. If robust PET ligands
for these important epigenetic regulatory proteins are developed,
they will be invaluable for monitoring in vivo changes in HDAC
levels and /or activity over time and would be useful for monitoring
difficult to access tissues such as the brain. If these ligands function
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successfully in humans, they may be important for clinical diagnosis
of disease as well as for monitoring the therapeutic efficacy of
HDAC inhibitor treatment regimens.

The Reference Epigenome Maps developed by the Roadmap
Epigenomics Program illustrate the critical role the epigenome
plays in regulating cell type identity and function. One of the
overarching goals of the Roadmap Epigenomics Program is to
understand how alterations in the normal patterns of epigenetic
regulation could contribute to the onset or progression of disease.
The Epigenomics of Human Health and Disease initiative was
developed to support epigenomic investigations of diseased,
exposed, or otherwise compromised human tissues, in an effort to
identify epigenetic changes that may underlie disease states.

At the time that this initiative was developed, the concept that
epigenetic misregulation, rather than strictly genetic mutation,
might underlie disease was not new. In 1983, Feinberg and
Vogelstein published their landmark study showing that some
genes became hypomethylated in human tumors relative to adja-
cent normal tissues, providing the first evidence that diseased cells
could have different epigenetic profiles than their normal counter-
parts [43]. This initial finding sparked a long-lasting interest in
cancer epigenetics. A 2006 portfolio analysis showed that the vast
majority of NIH funding in disease epigenetics was in the area of
cancer. However, it was not clear whether epigenetic misregulation
is associated with other diseases and whether or not this misregula-
tion plays a causal role. To address this knowledge gap, a Roadmap
Epigenomics Program Disease initiative was implemented in 2008,
which resulted in the co-funding (by the Common Fund and the
relevant NIH Institutes and Centers) of 22 new grants, focused on
a wide range of conditions. A second related initiative was imple-
mented in 2010, which resulted in the funding of 11 additional
grants by specific NIH Institutes and Centers. The breadth of
disease research represented across these two initiatives is illus-
trated in Fig. 3. Below we describe the work of several investigators
that used epigenomic approaches to identify key regulatory mecha-
nisms that are altered in human disease.

The Young group used ChIP assays to define genomic regions
containing large clusters of transcriptional enhancers (super-
enhancers) highly enriched for transcription factors, the mediator
complex, and chromatin modifications such as histone H3K27
acetylation. These super-enhancers drive transcription of key regu-
latory genes, such as master transcription factors, that are impor-
tant in establishing cell type-specific gene expression programs
during development and differentiation [44]. A subsequent study
showed that a significant number of genetic variants associated
with a diverse set of diseases are enriched in super-enhancers in
disease-relevant cell types. This suggests that disruption of these
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Fig. 3 The spectrum of epigenomics and disease investigations. This figure illus-
trates the diversity of tissues and diseases being investigated through the 33
disease projects funded as a part of the program. The major topics include brain
disorders, aging, cancers, cardiovascular, pulmonary, immune research, and
pregnancy

genomic elements may be a factor in the pathogenesis of a wide
range of diseases [45].

The Huang group showed that in normal cells, estrogen medi-
ates long-range epigenetic silencing through the transient forma-
tion of chromosomal loops flanked by estrogen receptor alpha
(ESR1)-bound genomic regions [46]. However, in breast cancer,
these loops stabilize and are associated with repressive epigenetic
marks. In subsequent studies, Dr. Huang’s group showed that these
genomic regions, known as DEREs (distant estrogen response
elements), were frequently amplified in breast carcinogenesis, and
that gene expression changes associated with this phenomenon
likely contribute to some breast cancers, as well as with the develop-
ment of resistance to endocrine therapy.

One major issue that researchers contend with is sample origin:
for example the disease affects the brain, but only peripheral blood
samples are available. The Mill group took advantage of matched
postmortem blood and brain samples from non-diseased individu-
als to compare DNA methylation patterns across several brain
regions and blood [47]. As expected, they identified regions of
tissue-specific methylation that differed between the brain and
blood samples. These regions were mostly intragenic CpG islands
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and low CpG density promoters, and were generally associated
with genes that were differentially expressed across brain regions.
However they also found that although the epigenomic profiles of
blood and brain differed, a subset of the epigenetic variation
observed between individuals within a tissue (such as the type of
variation expected to contribute to phenotypic differences) was
conserved across brain and blood. This suggests that although
analysis of blood samples is unlikely to capture all of the disease-
associated epigenetic changes found in the diseased tissue, it might
have some utility as a surrogate tissue for certain human disease
investigations. Furthermore, chromatin state information from
specific blood cell types or other readily accessible cells or tissues
may also be useful for developing biomarkers for predicting disease
state or quantitating environmental exposures.

Another important resource gap at the start of the Epigenomics
Program was the limited availability of high quality antibodies for
probing epigenetic proteins or marks. Most of the available anti-
bodies were polyclonal with only a finite supply of each batch. This
limited the utility of these antibodies to the scientific community
and made experimental validation between laboratories more chal-
lenging. Furthermore, antibodies varied dramatically in both their
specificity and efficacy in ChIP experiments [48]. A minor initia-
tive in the Roadmap Epigenomics Program aimed to develop a
number of high-quality monoclonal antibodies against selected
proteins and marks, and to make these antibodies available to the
scientific community at low cost. As of 2013, 19 antibodies were
generated and have been made available including: 5hmC, 5fC,
Dicer, DNMT3L, Histone H3.3, Histone H3-pThrll, JMJD2A,
NSD1, Histone H2A.Z/V, H3K56ac, Histone H2A Z-acetyl-
Lys4/7 /11, and Histone H3-acetyl-Lys56. These antibodies are
available through NeuroMab at http://neuromab.ucdavis.edu/
catalog.cfm.

There are many challenges in evaluating the impact of a scientific
program since there is not one clear quantitative measurement that
should be used. Depending on the nature of the project one could
consider metrics such as web hits, data downloads, patent applica-
tions, or investigational new drug applications (INDs). Other less
quantitative but salient metrics might include the number and
types of spinoft projects, the extent to which the scientific com-
munity adopts protocols or reagents produced, the extent to
which new protocols or assays lead to decreased costs or increased
amounts of useful information, or how the program influenced the
development of national and international efforts in this area.
Often the effects of investment in a scientific program are not fully
understood or appreciated for many years and sometimes not until
well after the program ends.
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Fig. 4 Roadmap Epigenomics Program Publications Over Time. The Y-axis shows
the total number of publications as of January 1, 2014 attributed to the program
as a result of funding support, while the X-axis shows the year

Ultimately, scientific progress requires communication through
publications. Publications can yield several useful impact metrics
including (1) the absolute quantity of publications produced,
(2) the quality of the publications produced, and/or (3) the num-
ber of times these publications have been cited. As shown in Fig. 4,
there has been an increase in the absolute number of publica-
tions since the beginning of the Roadmap Epigenomics Program.
As of January 1, 2014 there have been 365 publications attributed
to the funded components of this program (http: //commonfund.
nih.gov/publications?pid=5). A significant number of Roadmap
Epigenomics Program projects have ongoing funding (some began
as recently as September 2013) so we expect that this number will
continue to rise. Even some of the projects that have been com-
pleted 2 years ago are still publishing data obtained during
Roadmap Epigenomics Program support.

With respect to publication quality, many of the results pro-
duced by projects within the program have been published in jour-
nals with high-impact factors. For example, as of January 1, 2014,
there have been 23 publications in Cell, 12 in Nature, and 3 in
Science. This is an indicator that many of the publications produced
by the program are of potentially high impact.

Finally, several papers produced by the program have been highly
cited suggesting they have made an important impact on the scien-
tific community. One paper has been cited a total of 970 times as
of January 1,2014 [14]. A total of 26 papers have been cited between
100 and 401 times. Fifty-five publications have been cited
between 30 and 100 times. Additionally, some of these publications
have only been publically available for a short period of time and we
anticipate that citations for these newer papers will increase over time.
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3 Future Epigenomics Needs and Directions

3.1 Expanding
Epigenomic Data Sets

3.2 Epigenomic
Analysis

The REMC will produce approximately 100 comprehensive
epigenome maps by its conclusion. Although this is a remarkable
achievement for the 5 years of this initiative, more epigenome
maps are needed for uncharacterized cell types and tissues, diseased
tissues, for cells and tissues with specific environmental exposures
(e.g., environmental toxins, drugs of abuse), and for longitudinally-
collected cells and tissues. These maps will be necessary for scien-
tists to fully understand the role of the epigenome in human
diseases. Building upon the NIH Roadmap Epigenomics Program,
the International Human Epigenome Consortium (IHEC; http: //
epigenomesportal.ca/ihec/), an international consortium of fund-
ing agencies (Canada, European Union, Germany, Japan, South
Korea, and the USA) aims to generate as many as 1000 epigenome
maps. Hopefully, this will be a sufficient number of epigenomes to
provide both a broad and comprehensive understanding of epig-
enomic regulation and epigenomic differences within and across
disease states.

A sister project cataloguing the Encyclopedia Of DNA
Elements (ENCODE; http://www.genome.gov/encode/) seeks
to identify and catalog all of the functional elements in the human
genome, along with a smaller effort to annotate the mouse genome.
Although the goal of this NHGRI-funded project is not to gener-
ate epigenome maps, many of the assays used within this project
are epigenome mapping assays. Roadmap Epigenomics Program
and ENCODE data can be viewed together through the following
web link (http: //www.encode-roadmap.org/). The Roadmap
Epigenomics Program has also worked with ENCODE and IHEC
to develop congruent metadata standards and ontologies to maximize
the utility and interoperability of data across these large projects.
REMC, IHEC, and ENCODE data can be accessed via a common
portal (http://edcc-dev2.udes.genap.ca/edcc/ihec/index.html).
As these projects move forward, it will be important to continue to
coordinate efforts such that the data from ENCODE, IHEC, the
Roadmap Epigenomics Program and other entities will be as
interoperable as possible, and ensure that there will be long-term
support for data archiving since these rich data resources are cer-
tain to have useful synergies with one another as novel biological
questions are explored.

Although there has been a great deal of data generated by the
Roadmap Epigenomics Program thus far, a deeper analysis effort is
needed in order to mine this rich resource and achieve maximum
utility for the scientific community. The key strength of these data
is that they enable investigators to carry out analyses of already
available reference epigenomic data and allow researchers to apply
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3.3 Integration
with Genome
CGonformation Assays

3.4 The Utility

of Surrogate Tissues
for Disease
Investigations

this information to specific research questions. We anticipate that
secondary analysis by the scientific community, especially through
integration with other novel data sets, will maximize the utility of
the data generated and provide models for diverse ways in which
these data can be exploited to make important discoveries about
biological processes and diseases. For example, analysis of epigenomic
data with GWAS data was an extremely valuable use of epig-
enomics program data which was not foreseen when the program
began [19]. To encourage further analysis projects in which REMC
data is analyzed in concert with public data sets (e.g., ENCODE,
TGCA, IHEC, Brainspan, dbGAP) or with investigator-generated
data sets, a new Roadmap Epigenomics Program initiative was
released that hopes to support around ten 2-year projects starting
in 2014 that will hopefully lead to similar novel discoveries (http: //
grants.nih.gov/grants /guide /rfa-files /rfa-rm-14-001.html).

Development of new genome conformation assays (e.g., Hi-C,
ChIA-PET) enables researchers to probe three dimensional
genome interactions in particular cell types [49, 50]. As these
assays improve, it will be of great interest to correlate this data with
existing epigenomic modification and transcription factor binding
data to determine if/how they relate to one another. Additionally,
emerging in vivo microscopy techniques may have the potential to
reveal how these molecular phenotypes correspond to the three-
dimensional structure of chromatin and to probe their spatial
dynamics and functions within the nucleus [39].

Studies investigating disease epigenomics typically focus on the
diseased tissue or cell type. However, for diseases involving some
organs (e.g., brain, bone), obtaining human tissue specimens can
be difficult or impossible. This challenge can be overcome by
obtaining post-mortem tissue or using in vivo epigenetic imaging
strategies, although this imaging technology is still in its infancy.
An alternative strategy could be to use readily accessible or “sur-
rogate” tissues (e.g., blood cell types, olfactory neurons, skin)
that may in part reflect epigenomic changes that have taken place
in the primary diseased tissue. Although some work has been pub-
lished in this area, the extent to which use of surrogate tissues is
appropriate for disease investigations remains unclear [47]. To
explore this issue, NIH convened a workshop in August 2012 to
obtain recommendations on the use of surrogate human cells in
disease epigenomics investigations. Fifteen scientists with expertise
in this area converged on three major scientific recommendations.
The first recommendation was to develop and explore human sam-
ples to see whether or not disease-associated epigenetic patterns
from a primary tissue could also be found in readily accessible
surrogate cell types and would provide information that was as
useful as that provided by the primary tissue involved in the disease.
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One confounding issue with human epigenetic studies is that that
one cannot readily control for genotype and environmental expo-
sures. Therefore a second recommendation was to develop and
explore model organism systems in which genotype and environ-
mental exposure can be well controlled to see how epigenetic pat-
terns associated with a disease state compare between primary and
surrogate tissues. The third recommendation was to perform a
systematic study of normal human epigenetic variability in differ-
ent tissues to provide information about the normal range of vari-
ability. This information will help researchers design informative
epigenome-wide disease association studies. The latter recom-
mendation may be addressed in respect to genotype part by the
Genotype-Tissue Expression Program (GTEx, see below).
However, the investigation of how the epigenome changes in dif-
ferent tissues over human lifespan also needs to be investigated
since age may have a significant influence on the epigenome [51, 52].

A major goal of the REMC was to explore epigenomic differences
between cell and tissue types. Although some pilot work was per-
formed investigating epigenomic differences between individuals
in a single cell or tissue type, this program was not designed or
powered to investigate this issue rigorously. However the Common
Fund-supported GTEx Program (http://www.ncbi.nlm.nih.gov/
gtex/GTEX2 /gtex.cgi) is characterizing human gene expression
in multiple post-mortem and surgical tissues and correlating this
information with human genotype. If this project were to expand
toinclude additional molecular phenotypes (e.g., DNA methylation,
histone modifications) this would enable for the first time a robust
exploration of the relationship between genomic and epigenomic
variation in specific human tissues.

Two related major challenges are to understand how the epigenome
impacts gene expression in individual cells and how cell-to-cell vari-
ation influences function at the tissue, organ, and systems level.
To date, the study of epigenetic modifications typically involves
analyzing complex tissue samples or mixed cell populations. It is
clear that distinct epigenomic signatures are associated with specific
cell or tissue types and that these epigenomic signatures likely play
a role in determining cellular phenotypes [16, 17]. In progenitor
cell populations, the epigenome has a clear connection to fate deter-
mination and cell-type specification [53]. Even cell lines cultured
in vitro are heterogeneous to varying degrees and most existing
data is the result of ensemble averaging; very little is known about
how the epigenome difters across individual cells within a particu-
lar cell type [54]. Technological limitations have hampered our
ability to evaluate epigenetic states at the resolution of a single cell.
Available evidence suggests that in certain circumstances the epig-
enome is modifiable. Therefore microenvironmental differences in
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3.7 Environmental
Epigenomics

3.8 Functional
Epigenomics Tools
and Technologies

and around individual cells could lead to epigenomic changes in
certain cells that would impact their individual cellular functions.
An intriguing example of this can be found in the field of learning
and memory where recent results suggest that neural activity
induces learning-specific changes at the level of the epigenome [55].

The ability to perform epigenomic analysis at single-cell resolu-
tion would help us to better understand these mechanisms.
Researchers in the field are improving methods that may permit the
analysis of DNA methylation states in single cells [56]. Evaluating
histone modifications and other chromatin marks at specific loci
in single cells will likely prove to be more challenging, but the tech-
nology is evolving [57]. The Common Fund Single Cell Analysis
program may help develop or improve technologies to address
some of the obstacles in this area (https://commonfund.nih.gov/
Singlecell). As new methodologies are developed and reproducibility
improves, more studies will incorporate single-cell approaches
and a clearer picture will emerge regarding epigenomic variability
within a defined cell population and, more importantly, the func-
tional implications of any observed differences.

No Roadmap Epigenomics Program initiative explicitly addressed
the effects of environmental exposures on the epigenome. Yet it has
become clear that well-controlled investigations in this area are
critical, since it is likely that environmental exposures (e.g., environ-
mental toxins, substances of abuse, psychosocial stress, diet,
exercise ) impact our epigenomes. However, the precise mechanisms
by which an environmental exposure can lead to a chromatin change
are still emerging [58—60]. Furthermore, it is not well understood
how long these epigenetic alterations perdure in somatic cells or
how these modifications are subsequently maintained or removed
[61]. Also, as is the case for many epigenetic modifications, limited
work has been done to rigorously test the functional effects of
modifications associated with environmental exposures. Explicit
investigation into these issues for a diverse set of environmental
exposures would greatly enhance our understanding of how the
environment influences the epigenome and whether or not differ-
ent environmental stressors impact common epigenomic processes
or perhaps impact a common set of genomic loci.

Over the past decade there have been dramatic improvements in
our ability to scrutinize chromatin. Despite these improvements in
our ability to monitor epigenomes, our ability to manipulate the
epigenome has remained relatively crude and largely relies on phar-
macological or genetic manipulation of epigenetic regulatory pro-
teins. Pharmacological modulators of epigenetic enzymes and
processes are of great value; however these modulators typically
have pleiotropic effects and rarely impact a specific tissue, cell type,
or locus. Genetic manipulation of epigenetic enzymes can achieve
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results similar to those obtained by pharmacological manipulation,
although gene targeting approaches can sometimes limit these
effects to selected tissues or cell types. In addition, whether or not
tissue or cell-specific epigenomic manipulation is achieved, the
technologies currently available do not have robust temporal con-
trol and typically yield changes that impact the entire genome of a
cell rather than focused etfects on one or a few key loci. The poten-
tial pleiotropic effects resulting from genome-wide epigenome
manipulation obscure our understanding of how epigenomic
changes at specific loci may influence phenotype and are an obsta-
cle to the development of future epigenomic therapeutics.

To address this scientific barrier, a Roadmap Epigenomics
Program initiative was developed to stimulate innovative research
to develop novel tools and technologies to enable one or more of
the following: (1) tissue- or cell-specific manipulation of epigenetic
modifications or their effector molecules, (2) temporal manipula-
tion of the epigenome, and (3) locus-specific manipulation of the
epigenome. As a part of this initiative, ten projects were funded
that use some of the following general strategies: (1) use of TALE,
Zn finger, CRISPR, or IncRNA strategies to target epigenetic
modifying enzymes to specific loci for manipulation of the epigenome
in a locus-specific manner; (2) development of opto-epigenetic or
chemo-epigenetic switches to enable temporal manipulation of the
epigenome using light or chemical ligands; and (3) the integration
of the above techniques with genetic resources to enable cell-type-
specific manipulation of the epigenome. We look forward to seeing
the fruits of this research in coming years.

4 Summary

We hoped to convey how some of the resources and technologies
generated by the NIH Roadmap Epigenomics Program may be
exploited for studying various human diseases including cancer
research projects. Some of the key resources and technologies
generated by the program include reference epigenome maps for
a wide variety of human cells and tissues, the development of new
technologies for epigenetic assays and imaging, the identification
of novel epigenetic modifications, and an improved understand-
ing of the role of epigenetic processes in a diversity of human
diseases. Despite the many accomplishments of the NTH Roadmap
Epigenomics Program, much future work is needed in this research
area including exploration of epigenomic variation both in difter-
ent individuals and within cells of the “same” type, environmental
epigenomics, exploration of the use of surrogate tissues, and
improved technologies for epigenome manipulation. Ultimately
our collective efforts to understand the epigenome will provide
the foundational knowledge necessary to elucidate the role of
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epigenomic mechanisms in a wide variety of human diseases and
may lead to the development of new preventative measures, diag-
nostics, and therapeutics for these diseases.
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