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Figure 4 | Targeted sequencing of epivariation loci identifies a significant enrichment of rare SNVs within the CTCF
canonical binding motif. (A) Hypermethylation in NOS3 (chr7:150704999-150706354) in Proband 103 (outlier in green); In
the lower UCSC Genome Browser view, the DMR location is shown as a green bar, and a rare SNV that lies within the
CTCF binding motif (blue region within black bar) in this same individual is shown in red. (B) CTCF motif according to
ENCODE Factorbook repository. Rare SNVs overlapping this CTCF binding motif were identified in four DMR carriers: 1)
Proband 103: SNV (chr7:150705968 G>T), 2) Proband 70: SNV (chr19:295321 C>T), 3) Proband 176: 1bp deletion
(chr20:36793857 delT), 4) HapMap samples NA19239, NA19184; NA20296: rs116767319 (chr5:177707147 C>T). (C) 450k
array analysis identified a DMR in NA19239, and a rare SNV (rs116767319) within a CTCF binding motif in cis. We tested
two other carriers of rs116767319 (NA19184 and NA20296) using allele-specific bisulfite sequencing, and found that both
showed methylation on the T allele, thus confirming segregation of the epivariation with SNV. In contrast a sample

(NA20375) homozygous for the reference C allele is unmethylated.

In order to provide insight into the biology and functional consequences of epivariations'’, we
performed studies of gene expression, inheritance and tissue conservation using population datasets
of DNA methylation (Supplementary Table 8), gene expression (Supplementary Table 9) and

18-21

genotype data " “'. Using paired RNAseq and DNA methylation data in 90 samples from the 1000

Genomes Project, we verified that epivariations encompassing gene promoters were often associated
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with large changes in gene expression, with hypomethylation leading to increased expression and
hypermethylation to transcriptional repression, consistent with the known repressive effects of
promoter DNA methylation (p=9.2x10°, Wilcoxon Rank-Sum test) (Fig. 5)?*. We also observed that

many hypermethylated epivariations at promoters are associated with complete silencing of one allele

(Extended Data Fig. 6), and, thus, have an impact comparable to that of loss-of-function coding

mutations.
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Figure 5 | Epivariations are frequently associated with large changes in gene expression. We identified epivariations
in 90 lymphoblastoid cell lines studied as part of the 1000 Genomes project, and combined these with SNP genotypes and
RNAseq data from a total of 462 samples to measure quantitative and allelic effects of epivariations on gene expression. (A)
An individual with hypermethylation of the UBE2T promoter (solid green line) compared to 89 other individuals (dashed grey
lines) presented (B) the lowest gene expression (green dot on the boxplot) of the cohort. (C) Using heterozygous SNPs
within RNAseq reads we observed monoallelic expression of UBEZ2T in the epivariation carrier (outlier highlighted in green).
(D) An individual with hypomethylation of the GTSF71 promoter (solid green line) presents (E) the highest level of expression
(green dot on the boxplot). (F) Violin plots show that individuals with hypomethylated epivariations at gene promoters show
significantly increased expression of that gene, whereas individuals with hypermethylated promoter epivariations show
significantly reduced expression of that gene (p=9.2x10'5, Wilcoxon Rank-Sum test). In box plots (B and E), the center line
shows the median; box limits indicate the 25" and 75™ percentiles; whiskers extend 1.5 times the interquartile range from the

25" and 75" percentiles; outliers are shown as individual points. In the violin plot (F), the white dots show the median; box
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limits indicate the 25" and 75" percentiles; whiskers extend 1.5 times the interquartile range from the 25" and 75"

percentiles.

While epigenetic profiles can vary substantially between cell types®, it is unclear whether
similar cell-specific variability exists for epivariations. To address that, we analyzed cohorts where
methylation profiles were available from multiple different tissues?'. In samples from the GenCord
population, in which methylation data from fibroblasts, B cells and T cells are available, by first
identifying DMRs in T cells, we observed a very strong concordance for outlier methylation at the
same locus in fibroblasts derived from the same individual (Spearman rank correlation of 0.75,
p=1.2x10"%", Wilcoxon Rank-Sum test) (Fig. 6). Similar concordance for outlier methylation at

epivariations was also observed between fibroblasts and B-cells (data not shown).
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Figure 6 | Epivariations detected in blood cells are conserved in fibroblasts from the same individual. The presence
of outlier methylation changes in T cells is strongly correlated with outlier methylation in fibroblasts from the same individual
(Spearman rank correlation 0.75, p=1 .2x10%", Wilcoxon Rank-Sum test). White dots show the median; box limits indicate the

25" and 75™ percentiles; whiskers extend 1.5 times the interquartile range from the 25" and 75" percentiles.

A similar trend for conservation of epivariations across multiple different post-mortem tissues
was also observed in a second cohort®. Here, epivariations found in blood were nearly all visible in

multiple other somatic tissues sampled from the same individual (Extended Data Fig. 7). Thus, we
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conclude that the majority of epivariations are constitutive events found in multiple tissues. This
provides confidence that epivariations of relevance for ND/CA can be detected using DNA extracted
from readily available sources such as peripheral blood leukocytes.

Despite strong evidence that some of the epivariations we observed are secondary events
related to the presence of an underlying sequence change (Figs. 3 and 4), we were unable to detect
cis-linked sequence mutations associated with the majority of epivariations in our cohort, suggesting
that these might represent primary epivariations that arose sporadically. As the mammalian genome
undergoes several rounds of demethylation and remethylation during gametogenesis, embryonic and
somatic development®, theoretically there is considerable potential for primary epivariations to be
reset to the default state. We therefore assessed how often epivariations are stably transmitted
between parents and their offspring. Using a large control cohort comprising 117 nuclear families’, we
studied the heritability of epivariations between generations, identifying 47 epivariations segregating
within these pedigrees. We observed a marked deviation from the expectations of Mendelian
inheritance, with only 32 instances of parent-child transmission in 95 informative meioses; significantly
fewer than the Mendelian expectation of 47.5 transmissions, (p=0.027, two-sided Fisher’s exact test)
(Supplementary Table 2). Therefore, this apparent reduction in heritability indicates that primary
epivariations often exhibit non-Mendelian inheritance, and suggests they are frequently reset between
generations by epigenetic reprogramming®#’.

Our study shows for the first time that epivariations are a relatively common feature in the
human genome, that some are associated with changes in local gene expression, and raises the
possibility that they may be implicated in the etiology of developmental disorders. In an era when
WGS is being applied to many thousands of human genomes, epivariations represent a class of
genetic variation that remains undetectable by purely sequence-based approaches. We anticipate that
future studies exploring the relationship between sequence variation and epigenetic state will further
illuminate the regulatory architecture of the human genome, providing novel insight into the

consequences of non-coding mutations.
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