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The network of interactions involving the epigenome (represented here by DNA
methylation) includes transcription, cell subtype proportions and DNA sequence
variability. As a further intriguing possibility, if DNA sequence variation causes
unrecognised cell subtype lineage commitment effects (as lineage quantitative
trait loci, linQTLs), it would follow that the presumed effects of DNA sequence
variability upon gene expression and DNA methylation (eQTLs and mQTLs)
may instead reflect effects upon cell subtype proportions. Credit: Greally Lab
CC BY
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The study of how genes are regulated and how their regulation affects
human disease has the potential to generate insights into mechanisms
that aren't based on variation in DNA sequence, and could even show
that temporally remote events can be "remembered" by the cell.
Currently the method used by epigeneticists to examine these regulatory
processes is an epigenome-wide-association study (EWAS). However, it
is increasingly clear that the isolated EWAS is not sustainable as a robust
means of gaining desired insights, and needs to be re-thought
substantially. The human disease epigenomics 2.0 approach is a way of
thinking about increasing the interpretability and value of these studies.

It's worth generalizing about the typical EWAS. These studies are usually
designed as cross-sectional, comparing affected cases and unaffected
controls at one time point rather than longitudinally over time. As
another general rule, the same type of tissue or cells is usually compared
in all individuals, recognizing that different cell types have different
patterns of epigenetic and transcriptional regulation [1]. DNA
methylation is the regulatory process almost universally studied in
EWASs.

Epigenetic studies are mostly focused on testing the abundant
5-methylcytosine (5mC) modification, where a methyl group is attached
to a carbon at position 5 in cytosine, but with a variable contribution of
the minor 5-hydroxymethylcytosine (5hmC) modification where a
hydroxyl group is added to the methyl group at the position 5. At
present, most assays used do not discriminate 5hmC from 5mC [2], so
'DNA methylation' studies are generally measuring a combination of
both 5mC and 5hmC. An increasingly wide range of human phenotypes
is being tested for epigenetic dysregulation [3], based on the idea that a
change in DNA methylation at the same site(s) in multiple affected cases
when compared with controls is indicative of cellular changes
characterizing the disease phenotype.
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There is, however, growing concern that EWASs are not delivering
reliable results, due to our recognition that DNA methylation is
influenced by a number of factors. While any genome-wide assay is
subject to technical and experimental variability, DNA methylation is
also influenced by a number of biological influences. If the people
studied have differences in the relative proportions of subtypes of cells
in their samples from which DNA is extracted, that can affect the overall
DNA methylation pattern generated [4, 5]. If a locus in the genome is
transcribed to form RNA in some people and not others, this also has the
potential to change DNA methylation at that locus [6, 7]. The normal
differences that exist in DNA sequence between individuals represent an
especially strong influence, accounting for between 22-80% of DNA
methylation differences between individuals [8-10]. Analytically, there
are some measures being taken to diminish the effects of cell subtype
heterogeneity in particular [11], but less progress with the other sources
of variability. If an EWAS has not tested for the contribution of major
sources of variability, we cannot interpret the reason for any observed
DNA methylation changes with any confidence.

There is not much we can do with current studies that were not designed
to address these problems. We can, however, do better in our prospective
design of new studies. A human disease epigenomics 2.0 era would
involve the concurrent testing of the epigenome, transcriptome and
genome, using cells in which the subtype composition can be
determined, generating a rich dataset in which expression and
methylation quantitative trait loci (eQTLs and mQTLs) allow insights
into the effects of DNA sequence variability.

The potential then exists to use this characterization of interactions in
control subjects as the foundation for understanding the deviations from
these patterns in individuals affected by a disease, thereby defining
epigenetic changes that are not accounted for by recognized confounding
effects. Performing DNA methylation, transcriptional and genotyping
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studies in the same cells is certainly more expensive than testing DNA
methylation alone. However, if isolated DNA methylation studies are not
generating interpretable information, these would be cheaper but
wasteful experiments. Furthermore, even the DNA methylation changes
that are due to cell subtype, transcriptional or DNA sequence differences
are potentially valuable as pathophysiological insights. A systematic
change in representation of a cell subtype is potentially mechanistically
contributory to a disease, as is a transcriptional difference between
groups, while a DNA methylation difference attributable to an mQTL
will have identified a genotypic association with the disease. These
byproducts of the integrative human disease epigenomics 2.0 approach
should be sought specifically, even if they do not test a starting
hypothesis of independent epigenetic perturbations.

The first wave of EWASs has revealed DNA methylation changes
associated with a wide range of phenotypes [3]. We now also appreciate
that the ability to interpret these studies is constrained by our lack of
information about known influences on DNA methylation. The isolated
EWAS now needs to be supplanted by the more rigorous human disease
epigenomics 2.0 approach, so that we generate fully interpretable data
and robust insights into this exceptionally interesting alternative
mechanism of human phenotypes.
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