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Genetic and Epigenetic Regulation
of Human lincRNA Gene Expression

Konstantin Popadin,®2:3.6 Maria Gutierrez-Arcelus,!24¢ Emmanouil T. Dermitzakis,!2.4.5*
and Stylianos E. Antonarakis!.2*

Large intergenic noncoding RNAs (lincRNAs) are still poorly functionally characterized. We analyzed the genetic and epigenetic regula-
tion of human lincRNA expression in the GenCord collection by using three cell types from 195 unrelated European individuals. We
detected a considerable number of cis expression quantitative trait loci (cis-eQTLs) and demonstrated that the genetic regulation of
lincRNA expression is independent of the regulation of neighboring protein-coding genes. lincRNAs have relatively more cis-eQTLs
than do equally expressed protein-coding genes with the same exon number. lincRNA cis-eQTLs are located closer to transcription
start sites (TSSs) and their effect sizes are higher than cis-eQTLs found for protein-coding genes, suggesting that lincRNA expression
levels are less constrained than that of protein-coding genes. Additionally, lincRNA cis-eQTLs can influence the expression level of
nearby protein-coding genes and thus could be considered as QTLs for enhancer activity. Enrichment of expressed lincRNA promoters
in enhancer marks provides an additional argument for the involvement of lincRNAs in the regulation of transcription in cis. By
investigating the epigenetic regulation of lincRNAs, we observed both positive and negative correlations between DNA methylation
and gene expression (expression quantitative trait methylation [eQTMs]), as expected, and found that the landscapes of passive and
active roles of DNA methylation in gene regulation are similar to protein-coding genes. However, lincRNA eQTMs are located closer
to TSSs than are protein-coding gene eQTMs. These similarities and differences in genetic and epigenetic regulation between lincRNAs

and protein-coding genes contribute to the elucidation of potential functions of lincRNAs.

Introduction

The human genome encodes many thousands of long
intergenic noncoding RNAs (lincRNAs), which have been
annotated via transcript evidence and chromatin signa-
tures of actively transcribed genes without protein-coding
potential (6,020 lincRNA genes; Gencode version 17). The
functional information on lincRNAs remains limited and,
based on a small number of well-studied cases, are involved
in X chromosome inactivation, genomic imprinting, cell-
cycle regulation, apoptosis, and establishment of cell iden-
tity.'© Despite the fact that the number of functionally
annotated lincRNAs is rapidly growing, the question of
whether the majority of the lincRNAs per se has a biolog-
ical role is still unanswered.

lincRNAs can physically associate with chromatin regu-
latory proteins’ and their promoters are considered to
be target sites for key transcriptional factors.® Recent
systematic loss-of-function experiments on all expressed
lincRNAs in mouse embryonic stem cells’ have shown
that the knockdown of the vast majority of lincRNAs
has a strong effect on gene expression patterns, similar to
the effect of knocking down the expression of well-known
regulatory proteins. The prevalent effect is in trans and
the majority of lincRNAs maintains the pluripotent
status of ESCs or represses lineage-specific gene expression
programs. It has been suggested that lincRNAs could

make cell-type-specific “flexible scaffolds” where distinct
sets of transcribed lincRNAs interact with regulatory
protein complexes and modify cell-type-specific gene
expression programs.’ Additionally, it has been proposed
that 1lincRNAs could act as enhancers, regulating gene
expression in cis.'"""!

Although experimental analyses of individual lincRNAs
provide direct evidence of functionality, studies of the
entire gene class can provide global conclusions about
function. For example, lincRNAs are more evolutionary
conserved than are introns® and are subject to purifying
selection.'”> Moreover, there is a positive correlation
between the conservation and expression level of
lincRNAs,™® implying that highly expressed lincRNAs
are subject to a more effective purifying selection as a
result of the deleterious effects of mutations falling at their
genic sequence. Gene expression studies demonstrate
temporal- and spatial-specific expression of lincRNAs'*~'°
and a transcript stability study revealed that lincRNA
half-lives vary over a wide range, suggestive of their
complex metabolism.'’

Genetic variation can strongly affect gene expression in
cis (cis expression quantitative trait loci [cis-eQTLs]).'® %
Many of these variants act by modifying chromatin acces-
sibility and transcription factor binding.”* Initial studies
have assessed the epigenetics of gene expression in a
population context by studying associations between
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DNA methylation and gene expression (expression
quantitative trait methylation [eQTMs]) and their causal
relationships.”® Furthermore, adaptive changes in gene
regulation are important determinants of gene expression
variation between and within species.”® Indeed, eQTLs are
frequently found in regions of the human genome that
have undergone recent positive selection.”” Hence, inves-
tigating the patterns of variation of the genetic and
epigenetic regulation of lincRNAs may provide additional
evidence regarding their functionality.

Here we analyze the natural variation of lincRNA gene
expression by using the GenCord collection®”*® of three
cell-types (primary fibroblast cells, immortalized lympho-
blastoid cell lines, and primary T cells) from 195 unrelated
European individuals for which transcriptome, genotype,
and DNA methylation data are available. By comparing
the genetic and epigenetic regulation between lincRNAs
and protein-coding genes and by utilizing the advantages
offered by this multilayered, multiple-cell-type data set,
we have discovered several interesting properties of
lincRNAs. Compared to protein-coding genes, we find
that lincRNAs have an excess of cis-eQTLs, which are
located closer to the TSS and have higher effect sizes,
implying that lincRNA expression levels could be less con-
strained than those of protein-coding genes. We discover
an influence of lincRNA cis-eQTLs on expression level
of nearby protein-coding genes and an enrichment of
expressed lincRNA promoters in enhancer marks that
together suggest an involvement of lincRNAs in the regula-
tion of transcription in cis. Finally, comparing epigenetic
regulatory patterns between lincRNAs and protein-coding
genes reveals mainly similarities, but analogous to eQTLs,
DNA methylation sites associated with expression are
closer to the TSS of lincRNAs than are protein-coding genes.

Material And Methods

Data Used

Genotype, RNA-seq, and DNA methylation data were used, pro-
cessed, and analyzed as described previously.” In brief, umbilical
cord and cord blood samples of 204 newborn individuals of
European descent were collected in order to derive three cell types:
primary fibroblasts, primary T cells, and lymphoblastoid cell lines
(LCLs). Individuals were genotyped with Illumina 2.5M Omni
chip. Filtered genotypes were imputed into the 1000 Genomes
European panel SNPs of the Phase 1 release with Beagle.”® This
yielded 5,209,348-5,278,330 SNPs with minor allele frequencies
>5%. Expression levels for all cell types and samples were
measured with RNA-seq. Libraries were selected for polyadeny-
lated transcripts and were sequenced as 49 bp paired-end reads
in either HiSeq2000 or Genome Analyzer II machines. A median
of 16 million reads was mapped to merged exons from the
Gencode v.10 annotation.'’ Scaled exon counts were further
normalized by correcting the effects of GC content, run date,
primer index, and insert size mode by linear regression. We con-
sidered expressed exons as those for which there is at least one
mapped read in at least 90% of individuals. This yielded sets of
70,800-76,870 exons belonging to 12,265-12,863 genes. DNA

methylation levels were measured for all cell types for a subset of
samples by using the 450K Illumina Infinium HD Methylation
Assay. Probes containing SNPs were removed, yielding 416,118
CpG sites to analyze. Data were quantile normalized and the
B-value®” was used for DNA methylation levels, which represents
the percentage of methylation per site.

Association analyses were performed by Spearman rank correla-
tion and multiple testing corrections via permutations methods.
At 10% FDR, the following discoveries were made: 2,115-3,372
eQTLs found in 183-186 samples (1 Mb window to either side of
the TSS), 14,189-32,318 mQTLs found in 66-111 samples (5 kb
window to either side of the CpG site), and 596-3,838 eQTM genes
involving 970-6,846 CpG sites in 66-118 samples (50 kb window
to either side of the TSS).

The causative model analysis was performed by using Bayesian
Network construction and relative likelihood to determine which
of the following models is the most likely given the data. We tested
the SME model, in which the SNP affects methylation and methyl-
ation affects expression; the SEM model, in which the SNP affects
expression and expression affects methylation; and the INDEP
model, in which the SNP independently affects both methylation
and expression. The R package bnlearn®” was used to calculate the
maximum likelihood of each network and the Akaike Information
Criterion (AIC) score. This score was then used to determine the
relative likelihood of each network with respect to the others.
This approach was tested for all SNP-exon-CpG triplets, with at
least two out of the three pairwise correlations being significant
at 10% FDR. For the particular case of the lincRNA genes, results
from all three cell types were merged given the small number of
cases that we were able to test.

lincRNA Genes

We used the following criteria to select lincRNA exons from the
Gencode annotation:'**! gene_type = ‘lincRNA’ and transcript_
type = ‘lincRNA’, which resulted in 4,746 lincRNA genes with exons
satisfying these criteria. lincRNAs are, by definition, intergenic
genes. Our analysis of Gencode 10 annotation of these 4,746 genes
has revealed that the vast majority of lincRNAs (4,259 out of 4,746)
do not overlap with protein-coding genes, though some lincRNAs
overlap protein-coding genes on the opposite (n = 407), the same
(n = 63), or both (n = 17) strands. We therefore eliminated these
overlapping genes and performed all our analyses on the subset of
lincRNAs that do not overlap with protein-coding genes.

Estimation of Expression Level

RPKM data for each exon were obtained as the median number of
reads mapped to an exon and normalized to exon length. Only
exons expressed in at least 40 samples (~20% of samples) were
taken into account. RPKM values for each gene were obtained as
the median value of RPKM data for exons.

Normal-Transformation of Exon Expression Level
The expression level of exons was transformed via the rntransform
function in the GenABEL R package.

Generation of the Matched Data Set

To compare lincRNAs with protein-coding genes, for each cell type
we identified a subset of protein-coding genes matched to lincRNA
genes based on the number of exons and expression level. For each
lincRNA, we selected up to 15 protein-coding genes with the same
number of exons and expression level that did not deviate more
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Table 1. Number of lincRNA and Protein-Coding Genes Expressed
in Each Cell Type
Cell Types
Lymphoblastoid

Gene Type Fibroblasts Cell Lines T Cells
Number of Genes, Expressed in at least 20% of Samples
lincRNA 562 666 743
Protein-coding 15,501 15,386 15,963
Number of Genes, Expressed in at least 90% of Samples
lincRNA 153 210 206
Protein-coding 12,785 12,357 12,938
Number of Genes with cis-eQTLs
lincRNA 30 50 40
Protein-coding 2,386 3,300 2,057
Number of Positive/Negative eQTMs
lincRNA 5/4 40/59 19/55
Protein-coding 755/776 6,278/8,154 5,349/

11,802

Only genes expressed at least in 90% of samples were used for cis-eQTL
and eQTM calls.

than 1% from that of the lincRNA. All selected protein-coding
genes were then combined and duplicates were removed.

Enhancer Enrichment Analysis

Enhancer mark coordinates were downloaded from the UCSC
genome browser tables.”® These coordinates were obtained from
ChIP-seq experiments of the ENCODE project and particular
groups.””** ChlIP-seq data from the NHLF lung fibroblast cell
line was used for our fibroblast analyses, and the GM12878 lym-
phoblastoid cell line was used for LCLs and for T cells given that
it was the closest cell line with available data. We defined the pro-
moter as the region spanning —1 kb to +2 kb of the transcription
start site.

All statistical analyses were performed in R.

Results

Patterns of lincRNA Expression and Location

We identified 562, 666, and 743 lincRNA genes expressed
in at least 20% of samples in fibroblasts (F), lymphoblas-
toid cell lines (L), and T cells (T), respectively (Table 1;
Figure S1 available online). With these genes we sought
to assess the general patterns of lincRNA expression,
conservation, and location. In line with previous
works, #1935 we have shown that lincRNAs are less
frequently expressed, are expressed at lower levels, and
are more tissue specific than are protein-coding genes (Fig-
ures S1-S3). We confirm the recently described positive
correlation between the expression level and conservation
score of lincRNAs,*® and we have demonstrated that the
conservation score is associated with the level of tissue
specificity of lincRNAs and gradually increases from non-

expressed lincRNAs to those expressed in one, two, and
three investigated tissues (Figure S4). Similarly with the
observation made in mouse and zebrafish genomes,*®*°
we observed a nonrandom localization of expressed
lincRNAs in the human genome. The lincRNAs expressed
in our study colocalize with genes involved in zinc ion
binding (Table S1 and Figures S5 and S6), suggesting an
involvement in transcriptional control, given that 40%
of zinc binding proteins in the human proteome are
transcription factors.’® Overall, these results confirm
lincRNA properties previously described in other species
and cell types.

Genetic Regulation of lincRNA Expression Variation
To assess the patterns of genetic regulation of lincRNAs, we
analyzed exons expressed in at least 90% of samples: 153,
210, and 206 lincRNA genes in F, L, and T, respectively
(Table 1). We defined a cis-eQTL as the most significant
SNP located within a 1 Mb window around the transcrip-
tion start site (TSS) that is associated with the expression
of at least one exon (see Material and Methods). We found
cis-eQTLs for 30, 50, and 40 lincRNA genes in F, L, and T,
respectively (Table 1). We then compared cis-eQTLs of
lincRNAs with cis-eQTLs of protein-coding genes in terms
of their abundance, location, and effect size.

lincRNA cis-eQTL Abundance

We found that 19%-24% of the tested lincRNA genes have
cis-eQTLs, which is similar to that of protein-coding genes
(16%-27%) (Table 1). However, the small number of
expressed exons found in lincRNA genes and their low
expression level can introduce a bias into the comparison
at the gene level. Because the majority of lincRNAs express
only one exon (70% of the expressed lincRNAs in our
study), we compared fractions of cis-eQTLs between sin-
gle-expressed-exon lincRNA genes and single-expressed-
exon protein-coding genes. We have observed 1.5-, 1.2-,
and 1.9-fold excess of cis-eQTLs for lincRNAs versus
protein-coding genes in F L, and T, respectively. The
fraction of cis-eQTLs in lincRNAs is higher, irrespective
of the set p value thresholds (all p values < 0.004, Mann-
Whitney paired U-test; Figure 1A) and the expression level
of genes (all p values < 0.002, Mann-Whitney paired
U-test; Figure 1B). We further confirmed this trend by
creating a matched data set of protein-coding genes that
have both a similar number of expressed exons and similar
expression levels as do lincRNA genes (see Material and
Methods). Comparison of lincRNAs with the matched
data set of protein-coding genes confirms excess of cis-
eQTLs among lincRNAs (p values = 0.043, 0.077, and
0.032; odds ratios = 1.50, 1.30, and 1.45; one-sided Fisher
test). The combined analysis from all cell types also
confirmed an excess of cis-eQTLs among lincRNAs versus
matched protein-coding genes (odds ratio = 1.41, p value
= 0.001; one-sided Fisher test). The excess of lincRNA cis-
eQTLs that we observed is opposite to the findings re-
ported recently in a study using microarray expression
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Figure 1. lincRNAs Have a Larger Abundance of cis-eQTLs than Do Protein-Coding Genes
(A) Fraction of single-expressed-exon genes with cis-eQTLs (y axis) for protein-coding genes (PCG, gray) and lincRNA genes (red), called
at different p value thresholds (x axis). We observe a larger fraction of single-expressed-exon genes with cis-eQTLs in lincRNAs versus

PCGs for all p value thresholds.

(B) Fraction of single-expressed-exon genes with cis-eQTLs (y axis) for protein-coding genes (PCG, gray) and lincRNA genes (red), at
different expression levels based on deciles of the expression level distribution of protein-coding genes (x axis). From the distribution
of expression levels of PCGs, we have split the genes into ten deciles. By using the decile breakpoints, we have determined ten lincRNA
subsets, corresponding to ten PCG deciles. For each decile we have calculated a fraction of cis-eQTL-associated genes. We observe a larger
fraction of single-expressed-exon genes with cis-eQTLs in lincRNAs versus PCGs irrespective of expression level.

levels.”” We believe our findings are robust because our
study is based on high-resolution RNA-seq data and takes
advantage of the wider dynamic range of expression af-
forded by this technology, and also because we observed
this trend in three different cell types. Overall, the high
abundance of DNA polymorphisms influencing lincRNA

expression levels could suggest that lincRNA expression
is less constrained than protein-coding gene expression.

lincRNA cis-eQTL Effect Size
If lincRNA genes indeed allow more changes in their
expression levels, we expect eQTL effect sizes to be higher
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cis-eQTL Effect Sizes are Larger in lincRNAs than in Protein-Coding Genes

(A) cis-eQTL effect size comparison between lincRNA genes and protein-coding genes (PCGs). In fibroblasts and lymphoblastoid cell
lines, lincRNA cis-eQTLs have significantly higher effect sizes than do PCG cis-eQTLs. Star indicates statistical significant difference

with p < 0.021, one-sided Mann-Whitney U-test.

(B) Effect sizes of cis-eQTLs of lincRNAs are higher than cis-eQTLs of protein-coding genes, integral analysis. Star indicates statistical
significant difference with p = 0.014, one-sided Mann-Whitney U-test. For each gene with cis-eQTL at least in one tissue, we have esti-
mated average (among tissues) effect size of its cis-eQTLs. Only protein-coding genes, matched to lincRNAs in respect to their number
of expressed exons and expression level, have been used for this analysis.

Effect size was calculated as the difference in median scaled expression levels between heterozygous individuals and individuals
homozygous for the major allele. To get scaled expression levels, we subtracted the mean from expression values and divided by the

standard deviation.

for lincRNAs than for protein-coding genes. In order to
test this, we estimated the effect size of each cis-eQTL as
the difference in median scaled expression levels between
heterozygous individuals and individuals homozygous
for the most frequent allele. By using scaled expression
levels (subtracting the mean and dividing by the standard
deviation), the effect size is measured as the number of
standard deviations affected by an allele change. Our
data show that the absolute magnitude of cis-eQTL effect
sizes is higher for lincRNAs than for protein-coding genes
(median cis-eQTL effect sizes for lincRNAs are 0.70, 0.69,
and 0.62 for F, L, and T; median values for protein-coding
genes are 0.56, 0.60, and 0.59 for F, L, and T), with statisti-
cal significance found in two of the three cell types
(p values = 0.001, 0.021, and 0.149 for F, L, and T, one-
sided Mann-Whitney U-test; Figure 2A). By analyzing all
cell types together (averaging effect sizes when more
than one cis-eQTL was found per gene), we have confirmed
a significantly higher average effect size in lincRNAs
compared to the matched set of protein-coding genes
(p value = 0.014, one-sided Mann-Whitney U-test;
Figure 2B). Together, these results further support the
conclusion that lincRNA genes tolerate more gene expres-
sion changes than do protein-coding genes.

lincRNA cis-eQTL Location

It has been previously demonstrated that highly signifi-
cant cis-eQTLs of protein-coding genes are located proxi-
mally to the TSS of the gene, whereas less significant
cis-eQTLs are distributed more distantly.”® For lincRNA

cis-eQTLs, we have observed a similar pattern
(Figure 3A). However, we noted that the majority of
lincRNA cis-eQTLs are located preferentially closer to the
TSS than those of protein-coding genes. Indeed, the me-
dian distances for lincRNA cis-eQTLs are 2.5-4.5 times
lower than the distances for protein-coding gene cis-eQTLs
P=15x10%p=32x%x10*%p=29x103forFL,
and T; Mann-Whitney U-test; Figure 3B). Analysis of the
protein-coding genes matched to lincRNA genes by the
number of exons and expression level confirmed this
trend (p values = 0.016, 0.065, and 0.027 for F, L, and T,
one-sided Mann-Whitney U test), as did integrating the
data from all cell types (taking average distance when
more than one cis-eQTL is found per gene; p value =
0.030, one-sided Mann-Whitney U-test). Overall, these re-
sults show that lincRNA cis-eQTLs, compared to those
found for protein-coding genes, are closer to TSSs, suggest-
ing a deficit of distant regulatory elements for lincRNA
genes.

cis-eQTLs Common for lincRNA and Protein-Coding
Exons

cis-eQTLs significantly associated with expression levels
of both protein-coding and lincRNA exons can be used
to test whether there is an independent regulation of
lincRNA expression by the cis-eQTL or whether lincRNAs
are likely to be a byproduct of protein-coding gene ex-
pression. We identified 15, 48, and 30 pairs of genetically
coregulated lincRNA-protein-coding exon pairs in F L,
and T. In order to distinguish the influence of each
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Figure 3.

lincRNA cis-eQTLs Are Located Closer to the Transcription Start Site than Are Protein-Coding Gene cis-eQTLs

(A) The location of cis-eQTLs of protein-coding genes (PCGs, gray) and cis-eQTLs of lincRNAs (red) relative to the transcription start
site (TSS, x axis), by their level of significance based on -log(p value) (y axis). The most significant cis-eQTLs are located closer to the
TSS for both lincRNA and protein-coding genes, in a symmetric manner.

(B) Comparison of location of cis-eQTLs of protein-coding genes (PCGs, gray) and cis-eQTLs of lincRNAs (red). cis-eQTLs of lincRNAs are
located significantly closer to transcription start site (TSS) than are cis-eQTLs of protein-coding genes. Star indicates statistical significant

difference with p < 2.9 x 1073, Mann-Whitney U-test.

cis-eQTL on the expression levels of lincRNA and protein-
coding exons, we performed multiple linear regression
analysis as follows: the cis-eQTL genotype is treated as
the dependent variable and the normal-transformed
exon expression levels of the associated lincRNA and pro-
tein-coding genes as two independent variables
(see Material and Methods). If an association between a
cis-eQTL and the expression level of a lincRNA is a
byproduct of regulation of a protein-coding gene by the
cis-eQTL, the p value obtained for lincRNA in this model
should not be significant. We found that the predominant
influence of cis-eQTLs on lincRNA or protein-coding exons
changes between cell types (Figures 4A and 4B). cis-eQTLs
have a stronger influence on protein-coding exons in
fibroblasts (p value < 2.2 x 10~'®, Mann-Whitney paired
U-test), but the influence of cis-eQTLs is stronger on
lincRNA exons in LCL and T cells (p values < 2.2 x 10~ '¢,
Mann-Whitney paired U-test). Interestingly, when we
perform an integrative analysis by combining information
from all cell types, we have observed a slightly higher
influence of cis-eQTLs on lincRNAs versus protein-coding
genes (median —log10(p values) for lincRNA is 4.58 versus

3.37 for protein-coding genes; p value < 2.2 x 107 '¢,
Mann-Whitney paired U-test). Overall, these results
suggest independent regulation of many lincRNA genes
and reject the model that lincRNA expression is mainly a
regulatory byproduct of protein-coding genes.

Distal Effects of cis-eQTLs

The expression level of lincRNAs, when not independent,
can be affected by the transcription level of protein-coding
genes located upstream. To analyze the influence of up-
stream genes on the transcription level of genes located
downstream, we used cis-eQTLs associated with the up-
stream gene (hereafter referred to as proximal cis-eQTL
effect) and have estimated the effect of this cis-eQTL on
the expression level of the downstream gene (hereafter
referred to as distal cis-eQTL effect) (see Figure 5A). First,
we extracted all pairs of annotated genes that are the
immediate neighbors located on the same strand. Second,
we included in the analysis only the nonoverlapping
gene pairs, where both genes are expressed in the investi-
gated cell type. Third, we selected those pairs for which
there is a cis-eQTL for the first gene and further required
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Figure 4. Effect of cis-eQTLs Shared between lincRNA and Protein-Coding Genes

(A) p values depicting the effects whether a SNP associated to both lincRNA and protein-coding genes is really reflecting an independent
effect on one or the other gene or whether it is significantly affecting both independently. To evaluate independence of effects for
cis-eQTLs shared between protein-coding and lincRNA genes, we used a multiple linear model where the cis-eQTL genotype (SNP)
was taken as the dependent variable and the lincRNA expression (lincRNA) and protein-coding gene expression (PCG) were taken as
independent variables: SNP ~lincRNA + PCG. Under this scenario, the —log(p value) for each independent variable, lincRNA (x axis)
and PCG (y axis), are plotted. Given that we observe cases where the lincRNA p value remains significant despite having the PCG as
covariate, we can conclude that for many of the cis-eQTLs shared between protein-coding and lincRNA genes, we are capturing a real
effect on the lincRNA expression. This is contrary to the hypothesis that lincRNA expression could be just a by-product of protein-coding
gene expression.

(B) Box plots depicting the distribution of —log(p values) of lincRNA expression (lincRNA, red) and protein-coding gene expression
(PCG, gray) in the context of the multiple linear model used for assessing independent effects of cis-eQTLs significant in both classes
of genes: SNP ~lincRNA + PCG. Star depicts a significant difference with p < 2.2 x 10~'®, Mann-Whitney paired U-test. In fibroblasts
most of the shared eQTLs between protein-coding and lincRNA genes probably reflect dominant effects on protein-coding genes.
However, in lymphoblastoid cell lines and T cells, effects on lincRNA expression seem stronger.

that this association is more significant for the first than for
the second (downstream) gene (see Figure 5A). Next, we
split all gene pairs into three groups: P-P pairs (protein-pro-
tein), P-L pairs (protein-lincRNA), and L-P pairs (lincRNA-
protein). We then compared the distal cis-eQTL effects
among these three groups (Figure 5A) and found that distal
cis-eQTL p values are higher (less significant) in P-L pairs
compared to P-P pairs (p values 3.3 x 1075, 2.2 x 1077,
0.1 x 10 3forF L,and T, Mann-Whitney U-test), suggest-
ing that lincRNAs are less influenced by upstream genes
than are protein-coding genes (Figures 5B and 5C). We
also observed that L-P pairs in L and T cell types have
more significant distal cis-eQTL p values than do P-L pairs
(p values = 0.52, 3.0 x 10~°, 0.006 for F, L, and T, Mann-
Whitney U-test), suggesting that lincRNAs exert a stronger
influence on the downstream gene compared to protein-
coding genes (Figures 5B and 5C). We noted that distal
cis-eQTL effects in L and T tissues depend on the distance

from the cis-eQTL to the TSS of the downstream gene
(Spearman’s tho = 0.013, —0.090, and —0.066 with p =
0.44,2.4 x 108, and 4.6 x 107° for F, L, and T): the longer
the distance, the less significant the distal cis-eQTL effect.
To control for the effect of distance, we estimated median
p values for each of the four quartiles of the distance
distribution for the different pairs and we observe the
same trends. Our data show that lincRNAs are less affected
by upstream protein-coding genes and that lincRNAs exert
greater influence upon the downstream gene than do pro-
tein-coding genes, irrespective of the distance (Figure 5D).
Overall, our results demonstrate that lincRNAs are inde-
pendent units of transcription from the neighboring pro-
tein-coding genes and also suggest that lincRNAs may act
as common cis regulatory elements of downstream pro-
tein-coding genes. This further suggests that a considerable
fraction of lincRNA cis-eQTLs is likely to be enhancer
QTLs.
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Figure 5. lincRNA cis-eQTLs often Influence Expression of Nearby Protein-Coding Genes

(A) A scheme of the analysis of independent transcription of lincRNA genes. The next pairs of expressed neighbor genes are considered:
protein-coding-protein-coding (P-P pairs, gray), protein-coding-lincRNA (P-L pairs, green), and lincRNA-protein-coding (L-P pairs, red).
The distal cis-eQTL effect (effect of cis-eQTL on the expression level of the second gene) is estimated and compared between the three
types of gene pairs. Only gene pairs that satisfy the following criteria have been analyzed: genes are immediate neighbors located on the
same strand; genes are nonoverlapping; both genes are expressed in the investigated cell type; and there is a cis-eQTL for the first gene
that is more significantly associated with the first than with the second (downstream) gene.

(B) p values, representing distal cis-eQTL effect in P-P pairs (gray), P-L pairs (green), and L-P pairs (red) are plotted as a function of distance
between SNP and transcription start site (TSS) of the distal (second) gene.

(C) Comparison of distal cis-eQTL effects between different pairs of neighbor genes: P-P pairs (gray), P-L pairs (green), and L-P pairs (red).
Star depicts a significant difference with p < 0.006, Mann-Whitney U-test. Box plots depicting the distribution of —log10(p values) for
P-P, P-L, and L-P pairs demonstrate that P-L pairs tend to have less significant p values than do P-P and L-P pairs, meaning that lincRNAs
are less influenced by distal cis-eQTLs than are protein-coding genes. This suggests that lincRNAs are very often not a by-product of
protein-coding gene expression.

(D) Distal cis-eQTL effects between different pairs of neighbor genes: P-P pairs (gray), P-L pairs (green), and L-P pairs (red) demonstrate
less significant p values for P-L pairs irrespective of distance from cis-eQTL to the transcription start site (TSS) of the distal gene. Four
dots connected by line correspond to median values of —1og10(p values) for P-P (gray), P-L (green), and L-P (red) pairs for four quartiles
of distance distribution.

lincRNAs as Enhancers

The regulation of downstream protein-coding genes by
lincRNAs is compatible with a hypothesis that lincRNAs
could act as enhancers.''*® To test this hypothesis, we as-
sessed the enrichment of frequently expressed lincRNAs in
enhancer regions defined by chromatin marks
(see Material and Methods). Specifically, we counted the
overlaps between enhancer marks and the promoter
regions of expressed lincRNAs and compared these to
the overlaps between enhancer marks and the promoter
regions of the matched data set of protein-coding

genes. We found a significant enrichment of expressed
lincRNA promoters in enhancers (Figure 6A) (Fisher’s
odds ratio = 2.01, 2.39, and 1.67 for F, L, and T; all Fisher’s
p values < 1.1 x 10~°). Furthermore, because lincRNA
expression is highly tissue specific, we asked whether
tissue-specific protein-coding gene cis-eQTLs could be
enriched in expressed lincRNA genes. Despite the low
number of data points available, we found a significant
enrichment (with respect to a null, see Material and
Methods) of tissue-specific protein-coding cis-eQTLs in
expressed lincRNA genes in LCLs (p = 0.004, Fisher’s odd
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Figure 6. Epigenetic Regulatory Patterns of lincRNAs

(A) Enrichment of expressed lincRNA promoters in enhancer marks. Mosaic plots depict the relative frequency of lincRNA promoters
(red) and protein-coding gene promoters matched for number of exons and expression levels (matched PCG, gray; x axis), by the relative
frequency of cases overlapping (enhancer) or not overlapping (nonenhancer) enhancer marks (y axis). Enhancer marks are based on
ENCODE chromatin marks data (see Material and Methods). Data specific for fibroblasts and LCLs were used for each corresponding
cell type. No data for T cells were available at the time of analysis so the data for LCLs were used instead for this cell type. Enrichment
of expressed lincRNA promoters on enhancer marks is significant with p < 1.1 x 107 for all cell types; Fisher’s exact test.

(B) Location of methylation sites associated to gene expression, relative to the transcription start site (TSS). Box plots depict the distance
from methylation sites associated to gene expression (expression quantitative trait methylation [eQTMs]) to transcription start sites
(TSSs) of lincRNA and protein-coding genes (PCGs). For both PCGs and lincRNAs, negative eQTMs are located closer to TSS than are
positive eQTMs. Stars indicate p < 0.035, Mann-Whitney U-test.

(C) Inference of mechanistic relationships among genetic variation, DNA methylation, and lincRNA expression. Schemes on the right
depict the three causative models tested by constructing Bayesian networks and determining the most likely model given our data with
relative likelihood (see Material and Methods). The SME model depicts a scenario in which the SNP affects methylation and methylation
affects expression. The SEM model shows a scenario in which the SNP affects expression and expression affects methylation. The INDEP
model illustrates a case in which the SNP is independently affecting gene expression and DNA methylation. Mosaic plots depict the
relative frequency of each model (x axis), by the relative frequency of cases involving positive (yellow) or negative (blue) associations
between DNA methylation and gene expression. Triplets of SNP, DNA methylation site, and lincRNA exon were tested if at least two
out of the three pairwise correlations were significant. The mechanistic landscape inferred for lincRNAs looks very similar to that inferred
for protein-coding genes.
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ratio = 6.98). Overall, these results suggest that many
lincRNAs transcripts could be enhancer RNAs (eRNAs)
and may contribute to, or mark, the tissue-specific regula-
tion of protein-coding genes in cis.

Epigenetic Regulation of lincRNA Gene Expression
Little is known about the patterns of epigenetic regulation
of lincRNA expression. Recent studies have begun to
explore the correlations between DNA methylation and
gene expression in a population context in different cell
types.>*~* It has been observed that DNA methylation in
CpG sites located within 50 kb of TSSs can be both posi-
tively and negatively associated with gene expression
levels (expression quantitative trait methylation [eQTMs)),
with negative eQTMs being significantly enriched in pro-
moter regions compared to positive eQTMs.>® Here we
compared epigenetic patterns of gene expression regula-
tion between protein-coding genes and lincRNAs. We
found similar proportions of positive and negative eQTMs
for lincRNAs and protein-coding genes (Table 1; Fisher’s
exact p values > 0.3). Furthermore, in both lincRNA and
protein-coding genes, negative eQTMs are significantly
closer to the TSS than positive eQTMs (Figure 6B, all p
values < 0.035 and all p values < 3 x 10~'? in lincRNA
and protein-coding genes, respectively; Mann-Whitney
U-test). Interestingly, overall eQTMs are closer to the TSS
in lincRNAs compared to protein-coding genes in LCLs
and T cells (p = 8.11 x 1077 and p = 8.72 x 10*, respec-
tively), this being maintained for negative eQTMs (p =
9.86 x 10~ *and p = 8.23 x 10~*, respectively) and for pos-
itive eQTMs only in LCLs (p = 4.25 x 10~ %). It is possible
that we did not observe the same signal in fibroblasts
because of the reduced number of eQTMs we were able to
analyze (n =9 and n = 1,531 for lincRNA and protein-cod-
ing genes, respectively). Overall, these results indicate that
lincRNAs are subject to a similar epigenetic regulation as
are protein-coding genes. However, in a manner similar
to what is observed for genetic regulation, the epigenetic
correlations with lincRNA gene expression tend to mani-
fest themselves in a smaller distance around the TSS.

By correlating DNA methylation and gene expression
levels, it is impossible to know the causal direction of ef-
fects, i.e., whether DNA methylation changes alter gene
expression, whether gene expression changes alter DNA
methylation, or whether gene expression and DNA
methylation are correlated given that they are indepen-
dently affected by a common factor. By utilizing genetic
variation as an anchor, the relative likelihoods of the three
above-mentioned scenarios can be inferred by Bayesian
Networks construction.”® This methodology has allowed
the inference of the proportion of passive and active partic-
ipation of DNA methylation in gene regulation. The IN-
DEP model (see scheme Figure 6C) depicts a scenario in
which a SNP independently affects gene expression and
DNA methylation (passive role for DNA methylation).
The SME model occurs when the SNP affects methylation
and methylation affects expression (active role). Finally,

in the SEM model the SNP affects expression and expres-
sion affects methylation (passive role). It has been
observed in protein-coding genes that in general the IN-
DEP model tends to be the more likely model, followed
by the SME and SEM models. In addition, by examining
the proportion of positive and negative correlations be-
tween DNA methylation and gene expression found in
each of the three models, it was observed that the SEM
model presents a higher proportion of positive correlations
compared to the SME model. In order to assess whether the
same proportion of epigenetic regulatory patterns
observed in protein-coding genes would be found in
lincRNA genes, we inferred the most likely model for
SNP-methylation-exon triplets in which at least two out
of the three pair-wise correlations were significant, as pre-
viously described.?® Because of the small number of test-
able lincRNAs, we merged the results of the three cell types.
As expected, lincRNAs displayed similar proportions for
the three different models compared to the pattern gener-
ally observed in protein-coding genes (Figure 6C). In our
data, the INDEP model is the most frequent pattern, fol-
lowed by the SME model and the SEM model. Furthermore,
there is a higher proportion of positive eQTMs in the SEM
model compared to the SME. Together, these results
further support the observation that the epigenetic regula-
tory mechanisms present in lincRNAs are similar to those
participating in protein-coding genes.

Discussion

In this study we uncovered interesting properties con-
cerning the genetic regulation of lincRNAs and com-
pared the epigenetic (DNA methylation) regulatory
mechanistic landscape between lincRNAs and protein-
coding genes. These findings provide insights into lincRNA
functionality.

From a mechanistic point of view, we observed that
lincRNA cis-eQTLs tend to influence neighbor downstream
protein-coding genes that, in combination with the excess
of enhancer marks in lincRNA promoter regions, may sug-
gest an involvement of lincRNAs as enhancer-like cis regu-
lators of transcription. This hypothesis is supported by the
tissue-specific expression patterns of lincRNAs (as we and
others observe), because enhancers often drive tissue-spe-
cific expression. Interestingly, the observations we report
on eQTLs and eQTMs being closer to the TSS of lincRNAs
also support the enhancer hypothesis. Under this scenario,
we can speculate that lincRNAs may present a lack of
distant associations because they are the distant regulators
themselves, and hence they would be subject only to local,
enhancer-like promoter regulation. Alternatively, another
potential explanation for a lack of distant lincRNA cis-
eQTLs is their young age, according to which we may
expect that lincRNAs haven’t had sufficient time to acquire
long-distance regulatory elements. However, future studies
will need to address these aspects in more detail.
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From an evolutionary perspective, we found that
lincRNAs are more tolerant to changes in gene expression
levels than are protein-coding genes. It has been shown
that the primary mode of selection acting on expression
level of genes is stabilizing selection.** Thus, we interpret
the excess of cis-eQTLs in lincRNAs, together with their
larger effect sizes and closer proximity to TSSs, mainly as a
signature of relaxed purifying selection acting on regulatory
regions of lincRNAs. Indeed, because the expression level of
lincRNAs can frequently be affected by DNA polymor-
phism, it is possible that the function of lincRNAs is not
asessential and/or s less sensitive to expression levels. How-
ever, taking into account thatlincRNAs are young genes and
thus have an increased rate of evolution and variable selec-
tion pressure compared to old genes,*>*” we hypothesize
thatasignificant fraction of lincRNA cis-eQTLs can be under
positive selection. Additional studies are needed to resolve
the question of whether this excess of lincRNA cis-eQTLs
is explained by relaxed purifying selection or by positive se-
lection acting on lincRNA expression levels.

Supplemental Data

Supplemental Data include six figures and one table and can be
found with this article online at http://www.cell.com/AJHG/.
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