
Trends
Many studies assess epigenetic signa-
tures in bodily fluids and make conclu-
sions about epigenetic patterns in
inaccessible tissues of interest such
as brain, thus neglecting the tissue
specificity of epigenetic marks.

There is a growing lag between the
forefront of epigenetics and the meth-
ods routinely applied in epigenetic stu-
dies. For instance, while techniques to
detect the functionally relevant methyl-
cytosine derivate 5-hydroxymethylcy-
tosine were described years ago, only
a few studies use such detection
methods.
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The Complexity of Epigenetic Analyses
Fueled by the vast amount of genomic data generated in many population-scale human
sequencing projects, many current research interests and efforts focus on the role of heritable
genetic factors in disease and therapy. However, non-genetic factors such as environmental
stimuli, age, diseases, diet, lifestyle, and exposure to xenobiotics also contribute substantially
to disease susceptibility, etiology, progression, and remission; for example, via epigenetic
mechanisms [1]. Accordingly, much research is now devoted to finding epigenetic alterations
as diagnostic or prognostic biomarkers to identify at-risk individuals and predict the success of
drug therapy. In addition, drugs targeting the epigenetic machinery can increase the success of
conventional standard-of-care treatment and are gaining momentum particularly in the area of
oncology [2].

Epigenetic marks are reversible, tissue specific, and highly dynamic modifications, which
requires the consideration of specific caveats regarding the planning, design, and execution
of epigenetic analyses [3,4]. However, as our knowledge and methods for the study of
epigenetic regulation are relatively novel, epigenetic marks are in some studies inadvertently
considered as stable and tissue invariant, similar to genetic variations. Neglecting these
considerations when designing an epigenetic analysis plan results in a significant risk of false
conclusions. Consequently, results obtained from easily accessible surrogate samples, such as
blood, require stringent validations to draw mechanistic conclusions, and great caution is
advised in extrapolating results to tissues of interest. In addition, it is by now clear that
epigenetic regulation is orchestrated by the interplay of a plethora of different DNA and histone
modifications and is far more complex than initially thought [5–8]. There is thus a need for
scientists and clinicians to be updated regarding the rapid developments in the epigenetic field
as well as to be aware of the limitations and advantages of the different methods for the
determination of cytosine derivates (Figure 1).

Outcomes of Epigenetic Regulation
Epigenetic regulation has been demonstrated to be of importance for fundamental biological
processes such as embryonic development, cell differentiation, and transdifferentiation as well
as for tissue-specific gene expression. It is also involved in many clinically relevant phenomena,
including epigenetic memory of drug exposure (which in some cases can even be inherited
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Figure 1. Important Considerations Regarding Epigenetic Biomarkers and Analysis Methods. In cancer patients, liquid biopsies from blood contain cell-free
DNA and circulating tumor cells, which can inform about the epigenetic signatures in the tumor of origin. These epigenetic biomarkers can be used for patient
stratification and to monitor therapy response, thus providing powerful tools that aid the personalization of treatment. By contrast, epigenetic patterns identified in
blood-based liquid biopsies in healthy individuals inform only about leukocytes, and extrapolations to the epigenetic state of other tissues have to be made with great
caution. Thus, while difficult to obtain, tissue biopsies provide the only means to obtain reliable data about epigenetic regulation in non-diseased tissues. In addition to
these considerations regarding sampling, methods should be chosen for epigenetic analyses that allow the distinction between silencing 5-methylcytosine (5mC) and
activating 5-hydroxymethylcytosine (5hmC) marks. This latter issue is especially important in 5hmC-rich tissues such as liver and brain, to arrive at correct biological
interpretations of the obtained epigenetic data. Abbreviations: TAB, Tet-assisted bisulfite; EniGMA, enzyme-assisted identification of genome modification assay; C,
cytosine.
transgenerationally) and the acquisition of drug resistance. Multiple convincing studies
described the importance of epigenetic regulation during organ development and transdiffer-
entiation by demonstrating, for example, the dynamic modulation of specific transcriptional
programs by 5-hydroxymethylcytosine (5hmC) signatures during heart development and the
remodeling of methylation signatures during stellate cell transdifferentiation into myofibroblasts
in liver fibrosis [9,10]. Epigenetic factors also result in parent-specific imprinting; the most
prominent examples include IGF2 and the long noncoding RNA H19, which are exclusively
transcribed from the paternal or maternal allele, respectively [11]. In the liver, the expression of
more than 60 genes with importance for drug absorption, distribution, metabolism, and
excretion (ADME) has been shown to be modulated by epigenetic mechanisms, with important
implications for liver function and drug response [12]. Furthermore, environment- or drug-
induced epigenetic alterations can have persistent effects, as shown, for example, by transient
induction of the nuclear receptor CAR by its ligand TCPOBOP in neonatal mice, which induces
elevated expression of the CAR-target genes Cyp2b10 and Cyp2c37 that persists throughout
the adult life of the exposed animals and reduces their sensitivity to zoxazolamine [13]. This
‘memory effect’, mediated by stable alterations of histone methylation patterns, can be
explained by reinforcement of the current transcriptional state of the gene with activating or
repressing epigenetic signatures. In addition, during prolonged drug treatment resistance can
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occur, for example, by specific induction of enzymes or transporters, events that can be
counteracted by the use of so-called epidrugs that intervene in the epigenetic cellular machin-
ery [14,15].

Technical Considerations for Epigenomic Profiling
The toolbox for epigenetic analyses has been drastically expanded in recent years [16].
Critically, however, bisulfite sequencing (BS), the conventional technique used to decode
the epigenetic modification state of DNA, can only binarily distinguish between demethylation
states, flagging both 5-methylcytosine (5mC) and 5hmC as methylation marks and other
demethylation intermediates, such as 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC),
as demethylated residues [17]. Hence, BS results in a composite signal comprising a mixture of
inactivating mC marks and hmC modifications that are typically associated with actively
transcribed genes [18–20]. This inability to resolve mC and hmC marks is especially important
in hmC-rich tissues such as liver and brain, in which up to 0.5–1% of all cytosines (i.e., 10–20%
of cytosines in the CpG context) can be hydroxymethylated [7,8].

To overcome this limitation, a variety of techniques has been developed. However, results
obtained with different methods are not always concordant, especially when protocols are used
that rely on antibody-based quantifications, [21]. Such approaches rely on high antibody quality
and the meticulous standardization of protocols to be comparable across experiments and
laboratories. Therefore, the current generation of protocols is based on enzymatic protection
[Tet-assisted bisulfite (TAB)-based platforms] of 5hmC or chemical conversion [oxidative
bisulfite (oxBS) methods; also known as TrueMethyl] and both can be combined with down-
stream sequencing or array-based methods to allow the separation of 5mC and 5hmC signals
with single-base resolution [22,23]. Importantly, however, extensive cross-validation of the two
methodologies revealed that oxBS-based platforms exhibited increased technical variability
compared with TAB-based methods and in their current state are prone to underestimating
absolute 5hmC values at a fraction of CpG sites, probably due to incomplete oxidation [24]. A
novel enzyme-assisted identification of genome modification assay (EniGMA) based on DNMT1
and hairpin BS was recently presented that revealed, for example, notable differences in the
genomic localization of most hydroxymethylated loci between different brain regions and
between individuals [25]. However, while this technique appears promising for the interrogation
of candidate genes of interest, it is currently not suitable for whole-genome analyses. In
addition, various LC/MS-based and nano-fluorescent techniques are being developed that
may hold promise for the future development of the field [26,27]. In conclusion, despite
important progress there remains a great need for novel, adaptable, high-resolution techniques
compatible with global profiling for the true determination of 5mC and 5hmC in tissues, cells,
and circulating DNA fragments.

Important Considerations for Epigenetic Sampling and Analyses
Epigenetic profiling of clinical samples is a challenging and technically complicated task that
critically relies on well-defined experimental setups. Epigenetic modifications are quantitative
and reversible in nature, whereas genetic variations are either present or not in a given
individual. Thus, much higher sequencing coverage is required in NGS applications to quantify
epigenetic signatures compared with regular genotyping [28,29]. In addition, the existing
epigenetic profiling methodologies are often more complex than techniques for genetic
analyses. For example, histone modification profiles are studied by ChIP followed by targeted
or genome-wide analyses of enriched DNA (ChIP-chip, ChIP-seq), which have their own
experimental and computational caveats and pitfalls [30–32]. In particular, ChIP results are
highly sensitive to the quality of the input sample and the antibody used and the choice of
analysis methods has to be tailored to the experimental conditions and biological question.
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Most importantly, it has to be emphasized that an individual has only one genome (when not
considering somatic mutations in, e.g., cancer) but myriad different epigenomes, which are
driven by and reinforce tissue-specific differences in gene expression [33,34]. Moreover,
epigenetic signatures differ between cells even within the same tissue with an epivariation
frequency exceeding the genetic variation frequency in liver by more than 100-fold [35]. Hence,
the analyzed material has to be derived from the relevant tissue and not just from the most easily
available source such as peripheral blood, as demonstrated by the lack of correlation between,
for example, epigenetic alterations in blood and those in liver or different parts of the central
nervous system like the prefrontal cortex, entorhinal cortex, superior temporal gyrus, and
cerebellum [36–38]. For instance, based on a comparison between four different tissues
originating from the same individuals (n = 75), it was concluded that only up to 4% of the
3238 significant methylation–expression associations found in one tissue were also detectable
with an identical effect direction in another tissue [37]. However, a multitude of studies have
measured and correlated epigenetic signatures in bodily fluids with multifactorial and highly
complex end points such as smoking behavior [39], childhood asthma due to traffic-related air
pollution [40], socioeconomic status [41], and panic disorder [42]. Importantly, without mech-
anistic links and stringent validations these correlations are hard to interpret biologically and
warrant high caution if attempts are made to translate the findings into the clinic as biomarkers
or therapeutic targets.

Pharmacoepigenetic Developments towards the Clinic
Epigenetic aberrations have been implicated in a range of human diseases, including autoim-
mune disorders, neurodegenerative diseases, and, most importantly, cancer. Epigenetic
profiling provides a powerful means to predict the origin of cancer of unknown primary,
allowing more targeted therapy with significant benefits for patient survival [43]. Furthermore,
targeted analyses of the epigenetic profile of specific candidate genes can indicate therapeutic
targets as well as diagnostic or prognostic biomarkers [44,45].

For monitoring treatment efficacy and development of drug resistance, liquid biopsy samples
are analyzed for the methylation status of various circulating DNA fragments presumably
originating from the tumor. However, for such applications one has to be aware that DNA
from the target tissue, such as a tumor, represents only a fraction of all cell-free DNA in human
serum and specific signals of interest might be heavily diluted, depending on comorbidities and
tumor stage. Importantly, however, recent methodological developments in DNA haplotype
mapping and nucleosomal footprinting hold promise in providing information about the tissue of
origin of identified DNA fragments in bodily fluids and thus potentially allowing conclusions
about epigenetic signatures in tissues of interest from liquid biopsy data [46–48]. Furthermore,
while 5hmC levels regularly decrease in tumors compared with normal tissues [49,50], the
relative distribution of 5mC and 5hmC changes in different genomic regions during tumor
development. However, 5mC and 5hmC levels are not resolved in the vast majority of studies
that aim to identify circulating disease biomarkers. Thus, knowledge about to what extent the
relative 5mC/5hmC distribution is predictive of tumor phenotype or the extent of, for example,
drug resistance is in many cases incomplete.

Epigenetic mechanisms are further of importance for the acquisition of drug resistance,
particularly in cancer therapy. During chemotherapy, demethylation and concomitant elevated
expression of major drug export transporters such as ABCB1 and ABCG2 can occur within
minutes [51–53]. Furthermore, reduced cellular uptake of oxaliplatin by epigenetic silencing of
the transporter gene SLC22A2 encoding the responsible transporter OCT2 contributes to
oxaliplatin resistance [54]. Importantly, mounting preclinical evidence has demonstrated that
epigenetically acquired drug resistance is reversible [14,54,55]. Furthermore, convincing
clinical data have already resulted in the regulatory approval of six drugs targeting the
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Outstanding Questions
Can novel epigenetic footprinting
methods facilitate identification of the
tissue of origin of circulating DNA frag-
ments and increase the specificity of
epigenetic liquid biopsy data in clinical
practice?

Can such biomarkers contribute to
disease diagnosis or the personaliza-
tion of drug treatment? Will the decon-
volution of mC and hmC markedly
improve our understanding of epige-
netic gene regulation and establish
novel, high-accuracy biomarkers?

Will epigenetic therapy be established
in routine treatment regimens for can-
cer and other diseases?
epigenetic machinery (azacitidine, decitabine, belinostat, panobinostat, romidepsin, and vor-
inostat) and many clinical trials are currently investigating the effects of including epidrugs as (re)
sensitizers in the standard-of-care treatment regimen with promising results [56,57]. Overall,
however, reliable conclusions about biological mechanisms and circulating biomarkers for drug
resistance cannot be made without reliable resolution of DNA methylation and
hydroxymethylation.

Concluding Remarks
Much effort must be made to refine and develop the methods for epigenomic analyses to
identify actionable biomarkers and drug targets for clinical use (see Outstanding Questions).
Currently, severe problems are evident in sampling and epigenetic analysis methodologies.
Thus, there is a need for cost-effective and high-throughput-compatible novel epigenetic
technologies. Furthermore, extending knowledge about the pitfalls and opportunities of epi-
genomic analyses among scientists is necessary to facilitate the discovery of novel biomarkers
for the efficacy of disease treatment.
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