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SUMMARY

Intergenic long noncoding RNAs (lincRNAs) are the
largest class of transcripts in the human genome.
Although many have recently been linked to complex
human traits, the underlying mechanisms for most
of these transcripts remain undetermined. We inves-
tigated the regulatory roles of a high-confidence
and reproducible set of 69 trait-relevant lincRNAs
(TR-lincRNAs) in human lymphoblastoid cells whose
biological relevance is supported by their evolu-
tionary conservation during recent human history
and genetic interactions with other trait-associated
loci. Their enrichment in enhancer-like chromatin
signatures, interactions with nearby trait-relevant
protein-coding loci, and preferential location at
topologically associated domain (TAD) boundaries
provide evidence that TR-lincRNAs likely regulate
proximal trait-relevant gene expression in cis by
modulating local chromosomal architecture. This is
consistent with the positive and significant correla-
tion found between TR-lincRNA abundance and
intra-TAD DNA-DNA contacts. Our results provide in-
sights into the molecular mode of action by which
TR-lincRNAs contribute to complex human traits.

INTRODUCTION

An increasing number of reports suggest that long intergenic
noncoding RNAs (lincRNAs), which were previously regarded
as “junk RNA” (Huttenhofer et al., 2005), can contribute to
normal and disease phenotypes in humans (Esteller, 2011). For
example, candidate screens followed by detailed functional
characterization of a few individual trait-associated lincRNAs
illustrate how genetic variants affecting the lincRNA sequence
can underlie human complex traits (Ishii et al., 2006; Zheng
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et al., 2016). Recently, RNA capture followed by sequencing in
multiple disease-associated protein-coding gene deserts led to
the identification of lowly and tissue-specifically expressed
lincRNA loci (Mercer et al., 2014). Detailed experimental analysis
of these lincRNA candidates is now required to establish whether
and how these loci contribute to disease.

Although thousands of common genetic variants have been
associated with complex human traits through genome-wide as-
sociation studies (GWASs), only a small proportion fall within
exonic coding sequences (Hindorff et al., 2009; Maurano et al.,
2012). Instead, most GWAS variants map within noncoding reg-
ulatory regions that are enriched in population and tissue-specific
expression quantitative trait loci (€QTLs) (Edwards et al., 2013).
eQTL analysis has previously led to the identification of protein-
coding genes and pathways that are disrupted in human complex
traits (for example, Emilsson et al., 2008; Fairfax etal., 2012; Gilad
etal., 2008). Recently, incRNAs whose expression correlate with
GWAS variants were also identified using this approach (Kumar
et al., 2013; Lappalainen et al., 2013; McDowell et al., 2016; Po-
padin et al., 2013), suggesting that the transcription or the tran-
scripts arising from lincRNA loci in eQTLs with GWAS variants
may similarly contribute to phenotypes. Although a handful of
studies have investigated the relationship between individual
lincRNAs with risk-variant-associated expression and their
linked traits (for example, Ishii et al., 2006; Jendrzejewski et al.,
2012), the underlying mechanism of action for most remains
undetermined.

So far, functionally characterized lincRNAs have been impli-
cated in both transcriptional and post-transcriptional regulation
of local or distal genes (Vance and Ponting, 2014). We have
previously shown that chromatin signatures at lincRNA tran-
scriptional start sites allow the distinction between these
two regulatory classes (Marques et al., 2013). Specifically, the
expression of lincRNAs arising from regulatory elements that
carry enhancer-like chromatin signatures correlates with neigh-
boring protein-coding gene abundance, suggesting that tran-
scription at these loci contributes to local regulation of expres-
sion (Marques et al., 2013). Interestingly, eQTL GWAS variants
are enriched within enhancer regions (Ernst et al., 2011; Schaub
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and protein-coding genes identified through
GWAS cis-eQTL analysis. Our results demon-
strate that most human complex-trait-associ-
ated lincRNAs arise from enhancer-like re-
gions and are frequently located at the
boundaries of topologically associated do-
mains (TADs), which have been previously
shown to contribute to chromosomal archi-
tecture and gene transcription regulation
(Rao et al., 2014). Together, these findings
support that the transcription of trait-relevant
lincRNAs contributes to chromosomal archi-
______________ 1t -B- - tecture and thereby the regulation of nearby
trait-associated protein-coding gene expres-
sion levels.
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RESULTS

Identification of Trait-Relevant
lincRNAs and Protein-Coding Genes
We considered all lymphoblastoid cell line
(LCL)-expressed de novo (Experimental
Procedures) and GENCODE-annotated loci
with at least one genome-wide significant
(p <5 x 1078 GWAS SNP (7,451 GWAS
SNPs) (Welter et al., 2014) in their vicinity
(Experimental Procedures). We calculated
the Pearson’s correlation between the
expression of these coding and noncoding
loci and the corresponding genotype of their
neighboring GWAS SNPs in a panel of 373
LCLs derived from individuals of European
descent (Lappalainen et al., 2013). This led
to the identification of 111 and 1,479 GWAS
et al., 2012), suggesting a link between enhancer-associated cis-eQTLs significantly correlated (false discovery rate [FDR] <
lincRNAs and complex human traits. 5%; Experimental Procedures) with the expression levels of 73
Here, we used functional, evolutionary, and population geno-  lincRNAs and 756 protein-coding genes, respectively (Figure 1A).
mics to extensively characterize the regulatory interactions We asked whether differences in length and expression level
between a high-confidence set of trait-associated lincRNAs (Figure S1) between lincRNAs and mRNAs would account for
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the relatively lower number of eQTL-lincRNAs. After restricting
our analysis to length- and expression-matched mRNAs, we
found that the proportion of eQTL-lincRNAs (2.9%) is statis-
tically indistinguishable from that of eQTL-mRNAs (3.2% of
size- and expression level-matched mRNAs; p = 0.68, two-tailed
2 test), suggesting that lincRNA properties indeed limit the
power to identify lincRNA-eQTLs. Despite the restricted power
in lincRNA cis-eQTL detection, most of the identified GWAS
lincRNA cis-eQTLs (68%; Table S1) could be replicated using
data from an independent set of LCLs, derived from 555 individ-
uals of European descent from the Lausanne population (Co-
horte Lausannoise [ColLaus]; Firmann et al., 2008). The propor-
tion of replicated lincRNA associations is similar to what was
found for mRNA cis-eQTLs (71%, p = 0.69, two-tailed Fisher’s
exact test), corroborating the robustness of our cis-eQTL
findings.

Evidence that these GWAS cis-eQTLs are enriched in immune/
inflammatory response and blood-related traits, including metab-
olite levels (Figure 1B), suggests that despite known limitations
(Choy etal., 2008), lymphoblastoid cells are suitable to investigate
the contributions of lincRNA loci to human complex traits.

Genetic variants do not segregate randomly in the human pop-
ulation and SNPs found within the same linkage disequilibrium
(LD) block are likely to correlate, to some extent, with the expres-
sion levels of all gene loci within the same LD block, leading
to false-positive cis-eQTL associations between GWAS SNPs
and gene expression (Stranger et al., 2007). To address this
issue, we used regulatory trait concordance (RTC), an empirical
method that accounts for local LD structure (Nica et al., 2010).
We estimated the rank of the identified GWAS cis-eQTL among
all nearby common SNPs based on decreasing absolute correla-
tion with gene expression, thus assessing the likelihood that the
identified cis-eQTL is most likely driven by the complex-trait-
associated genetic variant and not due to local LD with another
SNP. This approach does not exclude, however, that the expres-
sion of the coding or noncoding loci could be under the influence
of an unknown variant in linkage with the GWAS cis-eQTL. After
applying a previously tested RTC threshold (0.9) to identify high-
confidence eQTL associations (Nica et al., 2010), we obtained 69
lincRNAs that are likely true trait-relevant gene candidates (trait-
relevant lincRNAs [TR-lincRNAs]), as well as 723 protein-coding
genes (TR-pcgenes; Table S1). Importantly, 73% of the GWAS
cis-eQTLs associated with TR-lincRNAs and TR-pcgenes were
validated in ColLaus, a significant 11% increase in replication
rate from all identified cis-eQTLs (p < 0.05, two-tailed Fisher’s
exact test), reinforcing the reliability of this set.

TR-lincRNAs are likely involved in pathways relevant to their
associated traits. Specifically, we asked whether the expression
levels of trait-relevant loci are correlated with those of other
genes associated with the same trait, as would be expected if
they contribute to the same phenotype. For each trait-relevant
loci, we used the pathway scoring algorithm “Pascal” (Lampar-
ter et al., 2016) to identify all loci located within LD blocks con-
taining other significant GWAS (p < 5 x 10~%) variants for that
trait, and we tested for their co-expression with the cis-eQTL
loci candidates, a surrogate for genetic interaction. We found
that 83% of TR-lincRNAs (57/69) are significantly co-expressed
(p < 0.05, permutation test; Experimental Procedures) with
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genes associated with the same trait, a proportion similar to
that found for TR-pcgenes (89% [642/723], p = 0.17, two-tailed
Fisher’s exact test; Table S2).

Trait-Relevant lincRNAs Are Conserved in Humans

The biological relevance of lincRNA transcription is generally
unclear, and there is ongoing debate as to whether it is the
transcript or the act of transcription that underlies the function
of most noncoding loci (Wilusz et al., 2009). Evolutionary ana-
lyses can provide initial insights into this question, as selective
constraint at exons would not be required if it is the act of tran-
scription and not the transcript sequence that underlies function.

We investigated the evolution of TR-lincRNAs’ exons in hu-
mans and found that they exhibit a significantly higher proportion
of low-frequency alleles (derived allele frequency [DAF] < 0.1)
compared to local neutrally evolving sequences (ancestral re-
peats [ARs]), TR-lincRNA intronic regions, and other LCL-ex-
pressed lincRNA exons (p < 0.05, two-tailed Fisher’s exact
test; Figure 2A). The proportion of SNPs with DAF < 0.1 found
within TR-lincRNA and protein-coding gene exons is statistically
indistinguishable (p = 0.56, two-tailed Fisher’'s exact test;
Figure 2A). This is in contrast to exons of all LCL-expressed
lincRNAs, which have a similar proportion of low derived allele
frequency polymorphic sites as local ARs (p = 0.15, two-tailed
Fisher's exact test; Figure S2A), consistent with previous
analyses (Haerty and Ponting, 2013). No statistically significant
difference in derived allele frequency was observed between in-
trons and exons of all LCL-expressed lincRNAs (p = 0.89, two-
tailed Fisher’s exact test; Figure S2A). Our results indicate that
purifying selection has acted to remove deleterious mutations
within TR-lincRNA exons during recent human evolution, which
reinforces the functional relevance of these noncoding tran-
scripts in humans. Surprisingly, analysis of putative promoters
of TR-lincRNAs suggests that these regions evolved neutrally
or nearly neutrally (Figure S2B). The difference in evolutionary
constraint between the promoter and exon sequences can likely
be explained by inaccurate prediction of proximal promoter re-
gions, which would result in reduced power to infer their
constraint. Despite limitations, our analysis of exonic sequence
evolution supports that TR-lincRNA transcripts were preserved
during recent human evolution.

Unexpectedly, the higher selective constraint observed for TR-
lincRNAs relative to other LCL-expressed lincRNAs appears to be
an evolutionary signature specific to recent human evolution, as
we found no significant differences in their sequence conservation
during either mammalian or primate evolution, estimated using
phastCons scores, a measure of nucleotide conservation (Siepel
et al., 2005) (Figures 2B and S3). Specifically, relative to other
LCL-expressed lincRNAs, TR-lincRNA exons, introns, and pro-
moters exhibit statistically indistinguishable median phastCons
scores (Figure S3). This observation could be the result of rapidly
evolving repetitive elements within TR-lincRNAs (Kapusta et al.,
2013; Kelley and Rinn, 2012). Indeed, we found that TR-lincRNA
exons and promoters are enriched in long terminal repeat (LTR)-
derived transposable elements relative to other LCL-expressed
lincRNAs (3.8- to 7.9-fold enrichment, p < 0.05). In particular,
TR-lincRNAs exons and promoters are enriched in human endog-
enous retrovirus K (ERVK) LTRs (1.6- to 2.2-fold enrichment,
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Figure 2. TR-lincRNAs Evolved under Pur-
ifying Selection during Recent Human His-
tory
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p < 0.05; Table S3; Experimental Procedures), whose transcrip-
tion was previously shown to be elevated upon immune system
stimulation (Manghera and Douville, 2013).

Trait-Relevant lincRNA Transcription Is Associated with
cis Regulation

lincRNAs can regulate the expression levels of local and distal
targets (Vance and Ponting, 2014). To gain insights into the mo-
lecular mode of action of TR-lincRNAs, we examined their rela-
tionship with TR-pcgenes. For each protein-coding gene, we
defined its territory as the genomic region containing all nucleo-
tides that are closer to the gene than they are to its most proximal
up- and downstream protein-coding genes. We found that TR-
lincRNAs are significantly more likely than expected to reside
within TR-protein-coding gene territories (fold enrichment =
24,p<1x 10’3; Experimental Procedures).

Next, we estimated the median co-expression (Pearson’s cor-
relation) in LCLs between pairs of TR-lincRNAs and protein-cod-
ing genes in their vicinity (within <20 kb, 20-100 kb, 100-500 kb,
and >500 kb of each other). Consistent with their proposed regu-
latory interactions, we found TR-lincRNAs to be significantly more
highly correlated in expression with nearby protein-coding genes

genes are depicted in the insert. Asterisks indicate
levels of significance in the comparison (*p < 0.05;
NS, not significant [p > 0.05]; two-tailed Fisher’s
exact test).

(B) Distribution of sequence conservation, as esti-
mated using phastCons scores across placental
mammals (y axis), within the exonic sequence of
TR-lincRNAs (red), other LCL-expressed lincRNAs
(light gray), protein-coding genes (green), and
ancestral repeats (dark gray). Differences between
groups were tested using a two-tailed Mann-
Whitney U test, and p values are indicated.

See also Figures S2 and S3 and Table S3.

0.8-0.9 0.9-1.0

than other LCL-expressed lincRNAs (Fig-
ure 3A). Furthermore, TR-lincRNAs are
over 2.5 times more likely to share an
eQTL with at least one nearby protein-
coding gene (43/69 [62.3%]) compared
to other LCL-expressed lincRNAs (592/
2441 [24.3%)]), a significantly higher pro-
portion (p < 1 x 1073, two-tailed Fisher's
exact test; Experimental Procedures),
suggesting that TR-lincRNAs are more
likely than other transcripts to affect the
expression of nearby loci.

To dissect the regulatory interaction
between TR-lincRNAs and their nearby
co-expressed TR-pcgenes, we focused on the 30 trait-relevant
lincRNAs with nearby TR-pcgenes that share the same GWAS
cis-eQTL (Table S4; Experimental Procedures), hereafter
referred to as cisTR-lincRNAs. We tested, using hierarchical
linear regression, whether adding the expression levels of the
cisTR-lincRNA strengthens the cis-eQTL association of its
linked TR-pcgene (Experimental Procedures). 87% (26/30) of
cisTR-lincRNAs significantly improves the association between
the expression levels of the nearby TR-pcgenes and their trait-
associated variants (Table S5). Furthermore, cisTR-lincRNA
associations with GWAS cis-eQTLs relative to common SNPs
in the region (median RTC = 0.97) are significantly higher
than those for TR-pcgene associations (median RTC = 0.95,

p < 0.05, two-tailed Mann-Whitney paired U-test; Table S6).
To assess how changes in cisTR-lincRNA or TR-pcgene
copies impact the expression levels of their nearby associated
loci, we identified copy-number variants (CNVs; 1000 Genomes
Project Consortium et al., 2012) that uniquely encompass either
cisTR-lincRNAs or TR-pcgenes (Table S7). CNVs that overlap
the shared GWAS cis-eQTL or those that contain both the linked
cisTR-lincRNA and TR-pcgene were excluded. We estimated
the absolute fold difference in cisTR-lincRNA or TR-pcgene
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Figure 3. TR-lincRNAs Are Enriched at TAD
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expression between individuals with or without CNVs and found
that variations in cisTR-lincRNA copy number are associated
with significant changes in the levels of TR-pcgenes (p < 0.05,
two-tailed Mann-Whitney U test; Figure 3B). In contrast, no sig-
nificant difference in the levels of cisTR-lincRNAs was observed
when CNVs encompassed TR-pcgenes (p = 0.14, two-tailed
Mann-Whitney U test; Figure 3C). Together, these observations
provide preliminary evidence that cisTR-lincRNAs contribute to
the regulation of the levels of TR-pcgenes in their vicinities.

Trait-Relevant lincRNAs Are Associated with Local
Chromosomal Architecture

TADs are genomic regions where DNA-DNA interactions are
frequent (Dixon et al.,, 2012). These genomic structures
have been proposed to modulate gene transcription through
increased accessibility to shared local regulatory elements
(Nora et al., 2013). This hypothesis is supported by evidence of
frequent co-expression between genes within the same TAD
(Le Dily etal.,2014; Neems et al., 2016). We investigated whether
frequent localization within the same TAD would explain the co-
expression between pairs of trait-relevant coding and noncoding

2284 Cell Reports 18, 2280-2288, February 28, 2017

location was found when we analyzed
the distribution of other LCL-expressed
lincRNAs. To assess the relevance of cisTR-lincRNAs to local
chromosomal architecture, we investigated the correlation be-
tween their expression levels and intra-TAD DNA-DNA contact
density (Experimental Procedures). We found that the density
of chromosomal contacts is significantly higher for TADs contain-
ing cisTR-IINcRNAs (9.1 times, p < 5 x 107, two-tailed Mann-
Whitney U test; Figure 4B) relative to those containing other
LCL-expressed lincRNAs. Interestingly, this difference appears
to be specific to LCLs, supporting cell-type-specific functions
of cisTR-lincRNAs (p > 0.05, two-tailed Mann-Whitney U test;
Figure S4A). Strikingly, we found a significant positive correlation
between the levels of cisTR-lincRNAs and DNA-DNA contacts
within their associated TADs relative to other LCL-expressed
lincRNAs (r = 0.163, Spearman’s correlation, p < 0.05; Figure 4C).
Importantly, this association is also cell-type-specific and
restricted to TR-lincRNAs (Figures S4B-S4D), strongly support-
ing the role of these loci in the modulation of chromosomal
architecture.
Previous studies have demonstrated that active enhancer-
like regulatory elements are enriched at the boundaries of
TADs (Huang et al., 2015). Interestingly, transcription at these
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enhancers is widespread in humans (Andersson et al., 2014), and
a large fraction of lincRNA transcription has been previously
shown to originate at enhancers (Marques et al., 2013). We
investigated whether TR-lincRNAs were enhancer associated.
We found that relative to other LCL-expressed lincRNAs, the
promoters of cisTR-lincRNAs are enriched in mono- versus tri-
methylation of histone H3K4, a well-established signature of
enhancer elements (p < 0.05, two-tailed Mann-Whitney U test;
Figures 5, S5A, and S5B), indicating their likely enhancer origin.
Interestingly, we found that the syntenic regions in mouse of our
cisTR-lincRNA putative promoters are also significantly enriched
in enhancer-associated chromatin marks (murine LCLs [CH12
cells]; Mouse ENCODE Consortium et al., 2012) relative to other
LCL-expressed lincRNAs (p < 0.05, two-tailed Mann-Whitney
U test; Figure S5C), suggesting their associated enhancer
activity is conserved between species at some of these loci.
These cisTR-lincRNAs are also more enriched in the nucleus
versus the cytoplasm relative to other LCL-expressed lincRNAs
(p < 0.05, two-tailed Mann-Whitney U test; Figure S5D), which is
as expected and consistent with their role in transcriptional
regulation.

The cohesin protein complex, known to be enriched at active
enhancer elements and TAD boundaries, has been previously
shown to be important for intra-TAD gene regulation in a cell-
type-specific manner (Merkenschlager and Odom, 2013). For
example, cohesin depletion is associated with disrupted pro-
moter-enhancer interactions within TADs (Kagey et al., 2010;
Seitan et al., 2011). Another central player in the regulation of
chromatin architecture and gene expression is the CTCF tran-
scription factor (reviewed in Merkenschlager and Odom, 2013).
Unlike cohesin, which is involved in cell-specific intra-TAD inter-

and SD is shown with error bars (p < 0.05, per-
mutation test).

nonTR- (B) Average chromosomal contacts within TAD
lincRNA that contain cisTR-lincRNAs (red), other LCL-ex-
pressed lincRNAs (gray), and pcgenes (green) in
LCLs (GM12878; ENCODE Project Consortium,
2012). Differences between groups were tested
using a two-tailed Mann-Whitney U test, and
p values are indicated.

(C) Correlation (Spearman’s) between expression
levels of cisTR-IiNcRNAs (r=0.163,p=7.3 x 1074,
red) and other LCL-expressed lincRNAs (r=0.105,
p = 0.53, gray) with the average chromosomal
contacts within their residing TADs in LCLs
(GM12878; ENCODE Project Consortium, 2012).

See also Figure S4 and Tables S3, S4, S5, and S6.

pcgene

actions, CTCF is important for the spatial segregation of topolog-
ical domains (Zuin et al., 2014) with binding sites that are
often conserved and shared across different species and cell
types (Kim et al., 2007). We observed that cohesin binding sites
are significantly enriched at cisTR-lincRNAs loci (fold enrich-
ment = 1.43, p < 0.05). In contrast, CTCF binding sites are
depleted at these noncoding RNA loci (fold depletion = —0.86,
p < 0.05; Experimental Procedures) relative to intergenic regions
of the human genome. These observations suggest that rather
than acting to establish TAD architecture, TR-lincRNAs are
more likely to be involved in cell-type-specific regulation of
enhancer-promoter interactions within TADs.

Taken together, (1) the positive co-expression of a large
proportion of trait-relevant lincRNAs with their proximal TR-
pcgenes, (2) the contribution to their nearby TR-pcgene GWAS
cis-eQTL, (3) enrichment at TAD boundaries and cohesin binding
sites, and (4) enrichment in enhancer-like RNA properties are all
compatible with enhancer origins and local regulatory roles of
TR-lincRNAs.

DISCUSSION

Since the discovery of pervasive lincRNA transcription in hu-
mans (Carninci et al., 2005), extensive research efforts have
strived to establish what might be their contribution, if any, to
organismal phenotypes (Marx, 2014). Previous studies (Kumar
et al., 2013; Lappalainen et al., 2013; McDowell et al., 2016; Po-
padin et al., 2013) have led to the identification of lincRNAs asso-
ciated with complex human traits and diseases, often through
cis-eQTL analysis. This wealth of information comes with a
new and challenging question: what might be the functions of
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Figure 5. TR-lincRNA Promoter Regions Are Enriched in Enhancer-Associated Chromatin Marks

(A) Ratio of the number of H3K4me1 to H3K4me3 sequencing reads mapped to the putative promoter regions (1 kb upstream and downstream of the TSS) in LCLs
(GM12878; ENCODE Project Consortium, 2012) for cisTR-lincRNAs (red), other LCL-expressed lincRNAs (gray), and protein-coding genes (green). Differences
between groups were tested using a two-tailed Mann-Whitney U test, and p values are indicated.

(B) UCSC genome browser view of one cisTR-lincRNA, CTD-2196E14.9 (ENSG00000260482, chr16: 23,681,332-23,684,448, red), and a neighboring TR-
pcgene, DCTN5 (ENSG00000166847, green), which is associated with the same GWAS cis-eQTL (rs420259, blue). Non-trait-associated protein-coding genes
between CTD-2196E14.9 and COG?7 are colored in gray. Arrows within introns indicate direction of transcription. CTD-2196E14.9 overlaps predicted enhancer
elements in a lymphoblastoid cell line (GM12878, vertical black bars; ENCODE Project Consortium, 2012) at the boundary of a TAD (GM12878, horizontal dark
gray bar; Rao et al., 2014), and its transcription start site has a high H3K4me1 (red track) over H3K4me3 (yellow track) ratio.

See also Figure S5 and Tables S3, S4, S5, and S6.

these candidates, and how might they contribute to phenotype?
Given the heterogeneity of the known molecular mechanisms
underlying lincRNA functions and the current lack of approaches
to predict them, genetic dissection of these trait-associated can-
didates is challenging and has only been achieved for a handful
of transcripts thus far (for example, Ishii et al., 2006; Jendrzejew-
ski et al., 2012).

Our genome-wide analysis of a stringent set of TR-lincRNAs
suggests that these loci often associate with cis regulation of
nearby trait-associated protein-coding genes and provides a
working hypothesis for how lincRNAs can contribute to human
complex traits. While co-expression between loci in close
genomic proximity is common (McDowell et al., 2016), we
show this phenomenon is stronger between TR-lincRNAs and
protein-coding genes in their vicinity than between pairs of
non-trait-associated loci. Furthermore, we provide evidence
that changes in TR-lincRNA copy number are specifically asso-
ciated with changes in the levels of nearby TR-pcgenes, consis-
tent with the roles of these lincRNAs in the regulation of proximal
TR-pcgene expression levels. Recent studies have shown that
boundary elements are key to maintaining TAD organization
and that mutations in these boundary elements disrupt regula-
tory interactions and influence phenotypes, specifically during
development (Guo et al., 2015; Lupiafez et al., 2015). The pref-
erential location of TR-lincRNAs at TAD boundaries and their
frequent and evolutionarily conserved enhancer origin suggest
that TR-lincRNA transcription affects the levels of trait-relevant
genes in their vicinity, likely by modulating local chromosomal or-
ganization, thus impacting complex normal and disease pheno-
types in humans. The correlation observed between TR-lincRNA
expression and intra-TAD DNA-DNA interactions in LCLs pro-
vides genome-wide support for this hypothesis.
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Our results suggest that lincRNAs are generally lowly ex-
pressed (Cabili et al., 2011), which is likely to limit their ability
to regulate the expression of mMRNAs in trans. In contrast, regu-
lation of gene expression in cis through the modulation of chro-
mosomal architecture is likely to require fewer transcript copies
or merely the act of transcription. Therefore, we propose that
this mechanism of enhancer-associated lincRNA transcription
is likely not restricted to trait-relevant lincRNAs.

While further work is still required to dissect the biological role
of individual TR-lincRNAs, our genome-wide results provide the
much needed mechanistic insights into their functions, furthering
the understanding of the intricate genetic networks underlying
complex human traits and diseases.

EXPERIMENTAL PROCEDURES

cis-eQTL Analysis
Mapped RNA-sequencing reads of Epstein-Barr virus (EBV)-transformed
LCLs derived from 373 individuals of European descent (Utah Residents
with Northern and Western Ancestry [CEU], British in England and Scotland
[GBR], Finnish in Finland [FIN], and Toscani in Italy [TSI]) and the correspond-
ing processed genotypes were downloaded from EBI ArrayExpress (EBI:
E-GEUV-1) (Lappalainen et al., 2013).

eQTL analysis was performed for genome-wide significant (p < 5 x 1075,
Welter et al., 2014) trait-associated autosomal SNPs located within a 2-Mb
window centered on the predicted transcription start site (TSS) of each ex-
pressed lincRNA and protein-coding gene. We estimated Pearson’s correla-
tion (rops) between corrected and transformed gene expression levels and
trait-associated SNP genotypes. A detailed description of the cis-eQTL iden-
tification process is provided in Supplemental Experimental Procedures.

Enhancer-Associated TR-lincRNAs
Coordinates of ENCODE-predicted enhancer elements and H3K4me1 and
H3K4me3 chromatin immunoprecipitation (ChlP) sequencing reads in human



GM12878 and mouse CH12 LCLs (ENCODE Project Consortium, 2012; Mouse
ENCODE Consortium et al., 2012) were downloaded from the UCSC database
(Rosenbloom et al., 2015). We estimated the ratio of H3K4me1 to H3K4me3
reads mapping to putative promoter regions of lincRNAs (using HTseq version
0.6.1; Anders et al., 2015). Details on defining putative promoter regions of
TR-lincRNAs in human and mouse LCLs are provided in Supplemental Exper-
imental Procedures.

Spatial Chromosomal Architecture Analysis
Intra-chromosomal interactions were calculated using Hi-C contact matrices
for four ENCODE cell lines (GM12878, K562, HUVEC, and NHEK; Rao et al.,
2014). All computations were performed on 5-kb-resolution matrices with a
Mapping Quality (MAPQ) score above 30. Spearman’s correlation was esti-
mated between gene expression levels and the average density of contacts
within the TAD where the gene resides. Comparisons between Spearman’s
correlations was performed using the two-sided Fisher’s z test (1925) based
on independent groups implemented in the “cocor” R package (Diedenho-
fen and Musch, 2015). Details on data normalization and estimation of
average intra-TAD contacts are described in Supplemental Experimental
Procedures.

Additional materials and methods are described in Supplemental Experi-
mental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and seven tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2017.02.009.
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Figure S1. lincRNAs are generally shorter and more lowly expressed than protein-coding genes. Related
to Figure 1. (A) Distribution of the expression levels [logy(RPKM)] and B) transcript length (Kb) of LCL-
expressed lincRNAs (red) and protein-coding genes (green). Differences between groups were tested using a
two-tailed Mann-Whitney U test and p-values are indicated.
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Figure S2. TR-lincRNAs evolved under purifying selection during recent human history. Related to
Figure 2. Distribution of derived allele frequency (DAF) for (A) variants within exons and introns of LCL-
expressed 1lincRNAs (exon-red, intron-orange) and protein-coding genes (exon-green, intron-grey) and for (B)
variants within putative promoter regions (+/-1 Kb from TSS), exons and introns of TR-lincRNAs (promoter-
dark blue, exons-red, introns-orange) and TR-pcgenes (promoter-light green, exon-dark green, intron-grey), and
local ancestral repeats (ARs, black).
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Figure S3. No evidence of constraint during TR-lincRNA evolution across mammals and primates.
Related to Figure 2. Distribution of the average phastCons score of TR-lincRNA (red), other LCL-expressed
lincRNA (grey), and protein-coding gene (green) for A) introns in placental mammals, (B) exons and (C)
introns in primates, and putative promoter regions (+/-1 Kb, +2/-1 Kb, and +/- 500 bp from TSS) in D,F,H)
placental mammals and E,G,I) primates. Differences between groups were tested using a two-tailed Mann-
Whitney U test and p-values are indicated.
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Figure S4. TR-lincRNAs regulate proximal TR-pcgenes in cis likely by modulating chromatin
architecture. Related to Figure 4. (A) Average chromosomal contacts within TAD containing cisTR-
lincRNAs (red) and other LCL-expressed lincRNAs (grey) in GM12878, K562, HUVEC and NHEK cell lines.
Differences between groups were tested using a two-tailed Mann-Whitney U test and p-values are indicated. (B-
D) Correlations (Spearman’s) between expression levels of cisTR-lincRNAs (p>0.05, red) and other LCL-
expressed lincRNAs (p>0.05, grey) with the average chromosomal contacts within their containing TADs in
K562, HUVEC, and NHEK cell lines.
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Figure S5. TR-lincRNAs promoter regions are enriched in enhancer-associated chromatin marks.
Related to Figure 5. (A-C) Ratio of the number of H3K4mel to H3K4me3 sequencing reads mapped to the
putative promoter regions [A] 500 bp upstream and downstream of TSS and B) 2 Kb upstream and 1 Kb
downstream in human GM12878 LCLs and C) 1 Kb upstream and downstream of TSS in mouse CH12 LCLs]
and D) subcellular localization ratio (cytoplasmic/nuclear) in LCLs (GM12878) for TR-lincRNAs (red), other
LCL-expressed lincRNAs (grey), and protein-coding genes (green). Differences between groups were tested
using a two-tailed Mann-Whitney U test and p-values are indicated.



Table S1. Related to Figure 1. TR-lincRNAs and TR-pcgenes with their associated GWAS cis-eQTLs and
regulatory trait concordance (RTC) scores.

Table S2. Related to Figure 1. Co-expression of TR-lincRNAs and TR-pcgenes with trait-relevant genes, as
predicted by Pascal.

Table S3. Related to Figure 2. Fold enrichment in repeat elements within TR-lincRNA exons and putative
promoter regions relative to other LCL-expressed lincRNAs.

Table S4. Related to Figure 5. Coordinates of the genomic loci of TR-lincRNAs and their proximal TR-
pcgenes linked to the same traits.

Table S5. Related to Figure 5. Linear regression analysis results of TR-lincRNAs with proximal TR-pcgenes
that are associated with the same complex trait or disease through cis-eQTLs.

Table S6. Related to Figure 3. Regulatory trait concordance (RTC) score and correlation in expression levels
between pairs of TR-lincRNAs and their proximal TR-pcgene(s) that are associated with the same complex trait
variant, relative to randomly shuffled lincRNA expression.

Table S7. Related to Figure 3. Copy number variations (CNVs) that uniquely encompass cisTR-lincRNAs and
TR-pcgenes.



Supplemental Experimental Procedures

RNA sequencing and genotype data

Mapped RNA sequencing reads of EBV-transformed lymphoblastoid cell lines (LCLs) derived from 373
individuals of European descent (CEU, GBR, FIN and TSI) and the corresponding processed genotypes were
downloaded from EBI ArrayExpress (accession E-GEUV-1) (Lappalainen et al., 2013). Only single nucleotide
polymorphisms (SNPs) with minor allele frequency (MAF) greater than 5% were considered in the eQTL
analysis.

lincRNA and protein-coding gene expression quantification

Mapped RNA sequencing reads from the ENCODE GM 12878 cell line were assembled de novo using Cufflinks
v2.1.1. Transcripts with a) no overlap with ENSEMBL build 70 protein-coding genes, b) longer than 200
nucleotides and c¢) with no coding potential as predicted by CPC (Kong et al., 2007) were annotated as de novo
LCL-expressed lincRNAs.

The number of RNA sequencing reads overlapping lincRNAs (GENCODE version 19 and de novo LCL-
expressed lincRNAs) and protein-coding genes (GENCODE version 19) was estimated using HTSeq (version
0.6.1, default parameters) (Anders et al., 2015). We estimated the expression level of each gene in each sample
as the total number of reads per kilobase per million mapped reads (RPKM) mapping to the total number of
exonic nucleotides of the gene. Only genes quantified (RPKM>0) in more than half of LCL samples were
considered in the remainder of the analysis (14,846 protein-coding genes and 1,510 lincRNAs).

Potential technical variation across samples were regressed out using PEER (Stegle et al., 2012) as described
previously (Lappalainen et al., 2013). The PEER-corrected expression values were transformed to follow a
centered and standardized normal distribution using the rntransform function from the GenABEL R package
(Aulchenko et al., 2007) as described previously (Lappalainen et al., 2013).

To predict subcellular localization, we estimated the number of poly(A)-selected RNA sequencing reads derived
from nuclear and cytoplasmic fractions of human LCLs (GM12878) that mapped to exons of lincRNAs and
protein-coding genes, as described above (Encode Project Consortium, 2012). Only genes expressed > 0.3
RPKM in both the cytoplasmic and nuclear fractions of the cells were considered in the analysis (Ramskold et
al., 2009).

Cis-eQTL analysis

Expression quantitative trait locus (eQTL) analysis was performed for genome-wide significant (p<5x107
(Welter et al., 2014)) trait-associated autosomal SNPs located within a 2 Mb window centered on the predicted
transcription start site (TSS) of each expressed lincRNA and protein-coding gene.

We estimated Pearson's correlation (7,;,) between gene expression levels (PEER-corrected and standard normal
distribution-transformed) and trait-associated SNP genotypes. To assess the significance of the correlations
globally, we permuted the expression levels of each gene 1000 times and recorded the maximum absolute
Pearson correlation (7.,). We considered cis-eQTLs with an absolute 7, higher than 95% of r.,, values for all
possible SNP-gene pairs (FDR 5%) to be significant (Lappalainen et al., 2013). Cis-eQTLs mapped to the
human leukocyte antigen locus (chr6: 29,523,406-33,3777,701 (Shiina et al., 2009)) were excluded from the
study due to the complex genomic architecture at this locus (173 protein-coding and 17 lincRNA cis-eQTLs).

Generation of gene expression/length matched data set

To account for differences in expression levels and length between lincRNAs and protein-coding genes, we
identified a random subset of protein-coding genes with matched expression levels and length to lincRNAs. We
divided all human genes into two sets of 10 equally sized bins based on their expression levels and length,
independently. For each lincRNA, protein-coding genes were randomly drawn without replacement from the
intersection of their expression-level-matched and a length-matched gene bins.

Regulatory Trait Concordance



We calculated the regulatory trait concordance (RTC) score for each GWAS cis-eQTL. As described previously
(Nica et al., 2010), RTC is measured by identifying the ranking of the GWAS cis-eQTL correlations (absolute
Pearson’s correlation) relative to those calculated for all other SNP eQTLs (dbSNP build 142 (Rosenbloom et
al., 2015)) in the 2 Mb window centered on the gene’s TSS.

Enrichment analysis of GWAS traits

Human complex traits-associated with cis-eQTLs were obtained from the NHGRI GWAS catalogue (Welter et
al., 2014) as described above. Hypergeometric tests were performed for all individual traits, followed by
Benjamini and Hochberg multiple testing correction.

Co-expression analysis

Genes implicated in human complex traits were predicted using the Pathway scoring algorithm ‘Pascal”
(Lamparter et al., 2016) with default parameters. As input, we used all other trait-associated SNPs that reach a
genome-wide significance threshold (p<5x10™), excluding that of the GWAS cis-eQTL, deposited in the
NHGRI GWAS catalogue (Welter et al., 2014) and the LD structure of the European population (1000 Genomes
Project Consortium, 2012).

We determined the absolute pairwise Pearson’s correlation in expression in LCLs between TR-lincRNAs and all
genes associated with the same trait (according to Pascal). We compared these values to what would be
expected based on the absolute median pairwise correlation between the trait-relevant genes and 1,000 randomly
permutated lincRNA expression levels.

Median absolute Pearson’s correlation in expression was calculated between all LCL-expressed lincRNAs and
protein-coding genes, as well as pairs of protein-coding genes, located within < 20 Kb, 20 Kb-100 Kb, 100 Kb-
500 Kb, and 500 Kb-2 Mb of each other.

Impact of copy number variation on gene expression

Copy number variants (CNVs) (1000 Genomes Project Consortium, 2012) that encompass pairs of cisTR-
lincRNAs or TR-pgenes that share the same cis-eQTL were obtained to assess the impact of the changes in TR-
lincRNA or TR-pcgene copies on the expression levels of their nearby associated TR-pcgene and TR-lincRNA,
respectively. After excluding CNVs that overlap the shared GWAS cis-eQTL or those that contain both the
linked cisTR-lincRNA and TR-pcgene, we obtained 103 samples with a total of 4 CNVs that encompassed
cisTR-lincRNAs and 88 samples with 3 CNVs that overlapped 5 TR-pcgenes (Table S7).

Enhancer-associated TR-lincRNAs

Coordinates of ENCODE-predicted enhancer elements, H3K4mel and H3K4me3 ChIP sequencing reads in
human GM12878 and mouse CH12 LCLs (Encode Project Consortium, 2012; Mouse Encode Consortium,
2012) were downloaded from the UCSC database (Rosenbloom et al., 2015). We estimated the ratio of
H3K4mel to H3K4me3 reads mapping to putative promoter regions of lincRNAs (using HTseq version 0.6.1
(Anders et al., 2015)). All analyses were performed using three definitions of putative promoter regions (2 Kb
upstream to 1 Kb downstream of TSS, 1 Kb upstream and downstream of TSS, and 500 bp upstream and
downstream of TSS). Syntenic regions of lincRNA putative promoter regions (1 Kb upstream and downstream
of TSS) in mouse was obtained using liftOver (Meyer et al., 2013) with parameters: -minMatch = 0.2 -
minBlocks = 0.01. Regions within the ENCODE Data Analysis Consortium Blacklisted Regions (Hoffman et
al., 2013) were excluded from this analysis.

Linear regression analysis of enhancer-associated TR-lincRNAs

We used hierarchical regression to test whether adding the expression of the TR-lincRNA (TR-pcgeneqy,r ~
SNPGwas + TR-lincRNA.,,;) improves on the cis-eQTL regression model (TR-pcgenec,r ~ SNPgwas) by
assessing the difference in the proportion of variance explained by the models.

Genome-wide enrichment of genetic elements



Enrichment or depletion of TR-lincRNA overlaps with genetic elements, relative to the expectation, were
estimated using the Genome Association Tester (GAT) (Heger et al., 2013). GAT tests for enrichment by
comparing the observed overlap against a null distribution obtained by randomly sampling 10,000 times (with
replacement) segments of the same length and matching GC content as the tested loci within mappable
intergenic regions of the hgl9 genome (Encode Project Consortium, 2012) or the location of all LCL-expressed
lincRNA exons. To control for potential confounding variables that correlate with GC content, such as gene
density, the genome was divided into segments of 10 Kb and assigned to eight isochore bins in the enrichment
analysis. The GC content of each bin was as follows: 0-36, 36-38, 38-40, 40-42, 42-44, 44-46, 46-48, 48-100
(Heger et al., 2013).

Enrichment of repeat elements (Jurka et al., 2005) were tested across TR-lincRNA promoters and exons. To test
for preferential TR-lincRNA location relative to TR-pcgenes, we defined TR-pcgene territories (genomic
regions containing all nucleotides that are closer to the TR-pcgene of interest than they are to its most proximal
up- and downstream protein-coding genes) and tested for TR-lincRNA nucleotide enrichment in these regions.
Binding sites of cohesin (union of RAD21 and SMC3 sites) and CTCF binding sites were obtained from
ENCODE (Encode Project Consortium, 2012). Topologically associating domains (TADs) that do not
completely overlap other smaller TADs in GM12878 (Rao et al., 2014) were divided into 10 equal sized
segments and tested for enrichment of TR-lincRNAs. A TAD boundary is defined as 20% of the TAD’s length
inwards from the TAD’s border.

Spatial chromosomal architecture analysis

Intra-chromosome interactions were calculated using Hi-C contact matrices for four ENCODE cell lines,
GM12878, K562, HUVEC, and NHEK (Rao et al., 2014). All computations were performed on 5 Kb resolution
matrices with a MAPQ score above 30. The raw data were normalized using the KR normalization vectors
except for chr 9, where SQRTVC normalization was used as the KR normalization algorithm failed to converge
(Rao et al,, 2014). Average intra-chromosomal contact was estimated for each TAD that encompasses the gene
loci of interest. Spearman’s correlation was estimated between gene expression levels and the average density of
contact within the TAD where the gene resides. Comparisons between Spearman’s correlations was performed
using the two-sided Fisher’s z test (1925) based on independent groups implemented in the “cocor” R package
(Diedenhofen and Musch, 2015).

Evolutionary rate and sequence conservation analysis

The ancestral allele and the frequency of each polymorphic site in the European population were obtained from
the 1000 Genomes Project (1000 Genomes Project Consortium, 2012) and were used to determine derived allele
frequency (DAF), as previously described (Haerty and Ponting, 2013). The DAF spectrum was determined
using all human common SNPs (dbSNP build 142) mapped within lincRNA and protein-coding gene exons,
introns and putative promoter regions. As a control, we compared the estimated DAF spectrum to that of local
ancestral repeats (ARs — transposable elements shared between human and mouse) within a 2 Mb window
centered on each lincRNA’s TSS, which is used as a proxy for neutrally-evolving sequences. Human and mouse
transposable elements were downloaded from RepBase build 21 (Jurka et al., 2005). Human repeat elements
whose syntenic regions in mouse (obtained using liftOver (Meyer et al., 2013) with parameters: -minMatch =
0.2 -minBlocks = 0.01) also overlapped a murine transposable element by at least 1 bp were used as ARs.

PhastCons scores computed using the multiple alignments of 45 vertebrate genomes to the human genome
(hgl19) were downloaded from the UCSC database (Rosenbloom et al., 2015) for placental mammals and
primates (Siepel et al., 2005). We calculated the average phastCons score across lincRNA and protein-coding
gene exons, putative promoter regions, and local ARs.

Statistical tests

All statistical analyses were performed using the R software environment for statistical computing and graphics
(R Development Core Team, 2008).
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