CpG traffic lights are markers of regulatory regions in humans
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Epigenetic regulation of gene expression attracts a lot of research attention with
cytosine methylation being the most well-investigated mechanism. Contemporary methods
based on bisulfite sequencing allow one to study DNA methylation with single cytosine
resolution. However, at the step of downstream bioinformatic analysis, methylation levels of
several dozens of cytosines are usually averaged with the aim to increase statistical power.
Yet, experimental evidence show that the methylation levels of single CpG dinucleotides can
affect the expression, for example in case of ESR1 gene. [1] Recently, we have shown that
methylation levels of particular single CpGs are tightly linked to expression for specific
cases. [2] We have called such positions CpG traffic lights (CpG TL).
Consider a specific locus containing one gene and promoter area for 6 cell lines
(Fig.1). For each CpG in this region and the gene we have methylation and expression
vectors, respectively. CpG positions are represented by dark blue lollipops (filled: methylated
CpG, empty: unmethylated CpG). First three CpGs are located within the promoter region,
while the last three are located in gene body. Gene expression or lack of it is represented by

green arrows. A yellow column on the left panel shows methylation of a random CpG (used
as a background), methylation vector of this CpG demonstrates low correlation with gene
expression (green box on the right, in RPKM). Correlation between an average
promoter/gene body methylation (shown in light blue and light purple columns, respectively)
and the corresponding gene expression is also low. However, for CpG TL (shown in red),
methylation level significantly correlates with gene expression.

Fig. 1 CpG traffic lights determination.
In our analysis we used 40 different human cell types for which whole genome
bisulfite sequencing (WGBS) and RNA-seq were available. We define CpG traffic lights as
CpG dinucleotides with significant Spearman correlation coefficient between DNA
methylation and expression levels of a neighbouring gene (multiplicity testing correction was
performed by Benjamini-Hochberg procedure for the total number of position-gene pairs).
We also calculated a causality score between methylation and expression profiles to
computationally assess the pairwise causal direction between these two variables.Moreover,
we aimed to explore enrichment with CpG TL inside various genomic regions. For every
CpG TL position we selected a random background CpG position (CpG BG) with not more
than 5% difference for both GC- and CpG contents, as some genomic annotations are

sensitive to these contents. We annotated all CpG positions with genomic features. For each
feature we calculated the number of CpG TL and background positions located within the
annotation. To test the significance of the overrepresentation we used the exact Fisher test.
We show that the average methylation level of promoter/gene body less frequently
demonstrate a significant correlation with expression compared to the methylation level of
CpG TL, even after a proper multiplicity correction.
We find that the CpG TL are intermediately methylated in many cell types and the
analysis of hydroxymethylcytosine (5hmC) levels supports the idea of dynamic methylation
of CpG TL.
The causality analysis show that those CpG TL where expression determines
methylation are enriched with 5hmC, suggesting a positive feedback loop of the active
transcription that activates DNA demethylation.
To address functionality of CpG TL, we investigate their evolutionary conservation.
CpG TL are enriched with conserved positions both in mammals and in primates. To specify
the functional role of CpG TL we tested different genomic markups for the
overrepresentation. CpG TL are enriched in all known promoters types and in corresponding
chromatin states, spiking at exact transcription start site, measured by CAGE. Among all
promoter types, bivalent/poised promoters are especially enriched for CG TL. Our data also
show that CpG TL are over-represented in regulatory regions, yet the strongest enrichment is
observed in enhancers, determined both by CAGE and by chromatin modifications.
In this work we demonstrate that CpG Traffic Lights are enriched in regulatory
regions, including poised/bivalent promoters and enhancers.The mechanism of CpG traffic
lights provide a promising insight into enhancer activity and gene regulation linking
methylation of single CpG to expression.
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