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A global map for dissecting phenotypic variants in
human lincRNAs

Shangwei Ning1,2, Peng Wang1,2, Jingrun Ye1,2, Xiang Li1,2, Ronghong Li1, Zuxianglan Zhao1, Xiao Huo1,
Li Wang1, Feng Li1 and Xia Li*1

Large intergenic noncoding RNAs (lincRNAs) are emerging as key factors of multiple cellular processes. Cumulative evidence

has linked lincRNA polymorphisms to diverse diseases. However, the global properties of lincRNA polymorphisms and their

implications for human disease remain largely unknown. Here we performed a systematic analysis of naturally occurring variants

in human lincRNAs, with a particular focus on lincRNA polymorphism as novel risk factor of disease etiology. We found that

lincRNAs exhibited a relatively low level of polymorphisms, and low single-nucleotide polymorphism (SNP) density lincRNAs

might have a broad range of functions. We also found that some polymorphisms in evolutionarily conserved regions of lincRNAs

had significant effects on predicted RNA secondary structures, indicating their potential contribution to diseases. We mapped

currently available phenotype-associated SNPs to lincRNAs and found that lincRNAs were associated with a wide range of

human diseases. Some lincRNAs could be responsible for particular diseases. Our results provided not only a global perspective

on genetic variants in human lincRNAs but also novel insights into the function and etiology of lincRNA. All the data in this

study can be accessed and retrieved freely via a web server at http://bioinfo.hrbmu.edu.cn/lincPoly.
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INTRODUCTION

Recently, the rapid explosion of knowledge on noncoding RNAs
(ncRNAs), particularly large intergenic ncRNAs (lincRNAs), has
brought these previously neglected and undervalued functional
molecules to the forefront.1,2 The lincRNAs are a class of
extensively transcribed ncRNA molecules in the mammalian
genome, which are usually greater than 200 nt in length, and do
not overlap with protein-coding regions.3 Recent studies have shown
that lincRNAs are involved in diverse biological functions, such as
epigenetic regulation,4 cell-cycle control and apoptosis,5

reprogramming and pluripotency6 and gene expression regulation.7

Moreover, emerging studies have revealed that significant numbers of
lincRNAs are associated with human diseases, including breast
cancer,8 prostate cancer,9 leukemias and carcinomas10 and nervous
system diseases.11

Although the importance of lincRNAs in human diseases has been
recognized, the specific elements with functional significance in the
lincRNA sequences remain largely unidentified. Their discovery may
depend on the identification of key genetic variants, which occur
within lincRNAs and have conclusive relationships to diseases.12

Currently, several lincRNA polymorphisms have been found to be
associated with human diseases. For example, single-nucleotide
polymorphisms (SNPs) in ANRIL have been associated with an
increased risk of atherosclerosis, type 2 diabetes and coronary heart
disease.13 Thus, lincRNA polymorphisms are possible candidates for
causal variants of human disease, and have important implications for
biology and biomedical studies. Moreover, genome-wide association

studies (GWASs) have identified a large number of phenotype-
associated SNPs in intergenic regions of the human genome; it is
difficult to explain the pathogenesis of these SNPs, because they
cannot be directly linked to changes in protein content or function.
Recent studies are beginning to link these risk SNPs to lincRNAs. For
example, a meta-analysis of two existing GWAS found prostate
cancer-associated SNPs in lincRNA regions.14 Therefore, linking
phenotype-associated SNPs to lincRNAs will provide independent
support for functional implications and lead to a greater
understanding of disease pathogenesis.
Here we systematically analyzed naturally occurring variants in

human lincRNAs and found a relatively low level of lincRNA
polymorphisms. We also conducted a genome-wide evaluation of
lincRNA polymorphisms affecting predicted RNA secondary struc-
tures, and found that some variants had large effects and might have
potential significance in disease development. Using phenotype-
associated SNPs from integrated GWAS data, we found that some
lincRNAs were involved in specific diseases; we also identified
candidate-causal SNPs and corresponding lincRNAs. These findings
will help us to elucidate underlying molecular mechanisms of
lincRNAs in human diseases.

MATERIALS AND METHODS

Human lincRNA data
Human lincRNA data were downloaded from the human body map (HBM),2

which used an integrative approach to define a reference catalog of human

lincRNAs. We obtained the genomic coordinate data of 4662 stringent
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lincRNAs from HBM, which defined each lincRNA region as the isoform with

maximal exons (including exon and intron regions).

Protein-coding gene and pre-miRNA data
Genomic locations of 38 605 human RefSeq protein-coding genes were

retrieved from the UCSC genome browser,15 and the genomic coordinates of

1523 human pre-miRNAs (precursors) were downloaded from miRBase.16

SNP data
Human SNP data were downloaded from the UCSC genome browser (dbSNP

build 132).15 We discarded the SNPs with only one allele or more than two

alleles, insertion and deletion mutations, and SNPs having different positions

in the human genome (hg19/GRCh37). Then, we identified SNPs in each

lincRNA (pre-miRNA or protein-coding gene) and calculated the SNP density

based on the number of SNPs divided by the total length of this lincRNA (pre-

miRNA or protein-coding gene). For comparison, we also calculated the SNP

density of upstream and downstream nearest neighboring protein-coding

genes (and flanking regions with the same length) of each lincRNA.

Evolutionarily conserved regions
Genome-wide MultiZ multiple alignments of 46 species to the human genome

(hg19/GRCh37) were downloaded from the UCSC genome browser.15 We

chose evolutionarily conserved regions (ECRs) Z100 bp long with Z70%

identity and mapped these ECRs to lincRNAs (including exon and intron

regions), which resulted in identification of 6663 ECRs in human lincRNAs.

These threshold criteria are informative for discriminating important

functional elements.17,18

Phenotype-associated SNP data
Phenotype-associated SNPs reported by GWAS were downloaded from

NHGRI GWAS Catalog.19 Considering that additional SNPs in linkage

disequilibrium (LD) with phenotype-associated SNPs might also be mapped

to lincRNAs, we extracted the LD SNPs with phenotype-associated SNPs using

the the CEU HapMap data (r240.5). We classified phenotypes into 22

different disease classes using a classification scheme based on the physiological

system affected by the disease.20

Functional enrichment analysis
Based on the idea that some lincRNAs would most likely be involved in the

regulation of their nearest neighboring protein-coding genes,1 we associated

the lincRNAs with their nearest RefSeq protein-coding genes, and used these

genes to evaluate the potentially functional coverage of lincRNAs. The similar

strategy has been applied in several previous studies.21,22 The enrichment

analysis was done with DAVID23 by analyzing enrichment of the Gene

Ontology (GO) Biological Process terms. For comparison, we used the same

gene lists as those used with DAVID for functional enrichment analysis with

GOstat24 and Ontologizer.25

RNA secondary structure prediction and significance calculation
To evaluate the RNA structural changes caused by each lincRNA polymorph-

ism’s mutant and wild-type alleles quantitatively, we extracted the 200-bp

flanking transcript sequences on both sides of the SNP, which took into

account both accuracy and computational efficiency.26 Then, we predicted the

minimum free energy (MFE, DG) based on the 401-bp transcript sequences

using the RNAFold program.27 RNA structural changes (DDG) were calculated
by the MFE differences using DDG¼ |DGmut�DGwt|, where DGmut was the

MFE of the mutant-type allele, and DGwt was the MFE of the wild-type allele.

Furthermore, we used a significance calculation to search for the large

structural changes caused by SNPs.28 We computed a P-value for each

lincRNA polymorphism, which was based on the total number of SNPs in a

lincRNA divided by the rank of the SNP’s MFE change in this lincRNA.

RESULTS

Human lincRNA has a relatively low level of polymorphism
We mapped 712 394 SNPs to 4662 human lincRNA sequences. The
average SNP density for lincRNA regions was 8.602 SNPs/kb, which
was significantly lower than pre-miRNA regions (9.268 SNPs/kb;
P-value o0.05, independent samples t-test) and protein-coding gene
regions (9.818 SNPs/kb; P-value o2.2e�14, independent samples
t-test). SNP density in lincRNA regions was also significantly lower
than in the flanking regions and in neighboring protein-coding gene
regions (Figure 1a). Furthermore, we compared the SNP densities of
exon and intron regions of all lincRNAs. We found that the exon
regions had a significantly lower SNP density than the intron regions
(7.265 SNPs/kb vs 9.728 SNPs/kb; P-value o2.3e�41, independent
samples t-test), and the number of annotated exons per lincRNA did
not affect the SNP density (Supplementary Figure S1a). In addition,
we identified 6663 ECRs from 1554 lincRNAs, and 10 440 SNPs were
mapped to ECRs (Supplementary Figure S1b). Although ECRs had
different length distributions, the average SNP density in ECRs (6.605
SNPs/kb) was significantly lower than that in the lincRNA regions
(Figure 1b; P-value o1.9e–39, independent samples t-test).
Because the SNP density evaluation had potential functional

significance, the above results indicated that lincRNAs had a low
level of polymorphisms, which was likely due to their stringent
functional constraint. Thus, some variants in low SNP density
lincRNAs might have important functional and disease implications.
For example, we found 17 SNPs in a 2943-bp lincRNA on chromo-
some 4, thus presenting a SNP density of 5.78 SNPs/kb, which was
lower than its flanking regions and neighboring protein-coding gene
regions (Supplementary Figure S2). We found a SNP of these 17
lincRNA polymorphisms, rs6843082 (located in exon 2), that was
associated with atrial fibrillation.29 This SNP also had a

Figure 1 SNPs in human lincRNAs. (a) The average SNP density in lincRNA, gene and flanking regions. Flanking regions represent adjacent regions with

the same length of lincRNAs, and gene regions represent nearest neighboring protein-coding genes of lincRNAs. Error bars are mean±SEM. The t-test

P-values comparing lincRNA regions are shown. (b) The SNP density distribution of ECRs with different lengths. Error bars are mean±SEM.
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LD(r2¼ 0.763) relationship with another disease-risk SNP for atrial
fibrillation, rs2634073.30 Moreover, we found a novel candidate
disease-risk lincRNA polymorphism, rs12644625 (located in an
intron), which had a very high LD relationship with several known
atrial fibrillation risk SNPs, including rs2634073 (r2¼ 0.572),
rs2200733 (r2¼ 0.952), rs2220427 (r2¼ 0.952)30 and rs17042171
(r2¼ 0.952).31

In addition, ECRs were used to identify functional noncoding
regions in previous studies.32 Because the functions of the vast
majority of lincRNA sequences were unknown, we believed that
ECRs in human lincRNAs might be more likely to harbor variants
with functional consequences. For example, we found that a
attention-deficit/hyperactivity disorder (ADHD)-associated SNP
(rs2823819, located in an intron) identified previously was located
within a 293-bp ECR with 77% identity.33 Furthermore, we found
that two other SNPs were located in the same ECR, rs17241719
(located in an intron) and rs76313674 (located in an intron),
suggesting that they were novel candidate risk SNPs for ADHD.

Functional prediction of lincRNAs with different SNP densities
To provide further insight into the SNP density analysis supporting
functional significance, we undertook functional enrichment analysis
of the top 5% low and high SNP density lincRNAs using DAVID23

(Supplementary Figure S3a). It is worth noting that there are some
important differences in significantly enriched GO terms. For
example, low SNP density lincRNAs were enriched in some more
general terms or biological processes, such as development, structure,
transcription and metabolic regulation, indicating that these lincR-
NAs might cover a broad range of functions. In contrast, the high
SNP density lincRNAs were enriched in more specific terms
(Supplementary Figure S3b).
In addition, we also observed a slight enrichment of ECRs in the

low SNP density lincRNAs (P-value¼ 0.063, w2-test). There were
11 614 out of a total of 17 839 ECRs (65.1%) located in lincRNAs with
below average level of SNP density. We found that some lincRNAs
contained multiple ECRs and computed the percent of ECR length of
the total sequence length for each lincRNA. Then, we compared the
significantly enriched GO terms of the top 5% highly and poorly
conserved lincRNAs (Supplementary Figure S3c). Compared with
poorly conserved lincRNAs, these highly conserved lincRNAs were
enriched in more general terms, such as regulation of transcription,
biosynthesis, gene expression and metabolic processes
(Supplementary Figure S3d). The DAVID results were consistent with
our previous observations and those obtained with GOStat24 and
Ontologizer25 (Supplementary Table S1). We also computed function
enrichment for the nearest genes of the top 100 high/low SNP density
and conserved lincRNAs, which showed similar results
(Supplementary Figure S4).

Many lincRNA polymorphisms have significant effects on predicted
RNA secondary structures
In some cases, SNPs may cause disease by modifying RNA secondary
structures.28 To investigate the effects of lincRNA polymorphisms on
RNA secondary structures, we predicted the MFE (DG) changes
caused by SNPs in human lincRNAs. The MFE change (DDG)
distribution of all lincRNA polymorphisms is shown in Figure 2a.
We observed that most lincRNA polymorphisms had only small
effects on predicted RNA secondary structures. A small number of
SNPs, however, had a large effect, suggesting that these SNPs might
have important roles on lincRNA function and disease. Therefore, we
next identified significant structural changes through quantitative

calculations (Materials and methods). Based on the P-value of 0.1, we
identified the top 10% of lincRNA polymorphisms that had large
effects on predicted RNA secondary structures. A notable increase of
DDG values was observed in these SNPs (Figure 2b), in particular in
the DDG values 43 kcal/mol. We further investigated whether these
significant SNPs had an enrichment trend in ECRs. For all SNPs in
lincRNAs, there were 1.99% of SNPs located in ECRs, but for
significant SNPs, this fraction rose to 2.08% (P-value¼ 0.154,
w2-test); especially, in these SNPs that had particularly large effects
on predicted RNA secondary structures (6rDDG r7), the fraction
rose to 2.53%, and this enrichment was significant (Figure 2c;
P-value¼ 0.029, w2-test).
The consequence of RNA structural changes of lincRNA might

exhibit their functional effects, even leading to disease. For example, we
found a SNP, rs9858061 (located in an intron), located in an ECR of a
low SNP density lincRNA region (6.87 SNPs/kb) on chromosome 3.
We predicted that the MFE change (DDG) between G and U allele was
6 kcal/mol (Supplementary Figure S5). This SNP had a very high LD
relationship with a disease-risk SNP for type 2 diabetes (rs9290240,
r2¼ 0.969) in the same lincRNA,34 suggesting that rs9858061 might be
candidate disease-risk SNP for type 2 diabetes.

A global map of phenotype-associated variants in human lincRNAs
We investigated whether previously published phenotype-associated
SNPs could take part in lincRNA-mediated regulation. We found 217
phenotype-associated SNPs located in 162 lincRNAs, which were
associated with 116 phenotypes. These phenotypes were classified into
17 different disease classes based on the physiological system affected
by the disease. Notably, 28 and 16 phenotype-associated lincRNA
polymorphisms were assigned to ‘Psychiatric’ class and ‘Neurological’
class, respectively. This finding was consistent with previous studies,
which revealed that lincRNAs had important roles in brain35 and
neuropsychiatric disorders.11 We also observed a relatively large
number of phenotype-associated lincRNA polymorphisms assigned
to ‘Endocrine’ class (27 SNPs), ‘Cardiovascular’ class (26 SNPs) and

Figure 2 Structural effects of lincRNA polymorphisms. (a) The predicted

MFE change (DDG) distribution for all lincRNA polymorphisms. (b) The

predicted MFE change (DDG) distribution for significant lincRNA polymor-

phisms. (c) The fraction of SNPs in ECRs to all lincRNA polymorphisms,

significant lincRNA polymorphisms and lincRNA polymorphisms with larger

effects (6rDDG r7). P-values were from w2-tests.
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‘Cancer’ class (18 SNPs). These results were also consistent with
previous studies.12

We constructed a circular map to gain a global view of the
phenotype-associated SNPs in each human lincRNA (Figure 3), and
other informations, including MFE change, SNP density and the
percent of ECR length, were also shown in the map. We found
that some lincRNAs contained multiple SNPs that were associated
with particular diseases, suggesting that these lincRNAs might
have key poles in these diseases (Supplementary Table S2). For
example, we found a lincRNA on chromosome 1 with four bipolar
disorder risk SNPs. Both the SNP density and ECR length of this
lincRNA supported its functional importance. In particular, one of
the disease-associated SNPs, rs472913,36 had a large effect on the
lincRNA’s secondary structure. We found four type 2 diabetes risk
SNPs in a lincRNA on chromosome 5, and the SNP density of this
lincRNA was below the average level. Although the lincRNA had a
relatively low degree of conservation, two SNPs in this lincRNA,
rs17590866 and rs980229,37 had large effects on RNA secondary
structures. In addition, we found that three of the five type 1 diabetes
risk SNPs in a lincRNA on chromosome 12, rs2106406, rs2106407
and rs12425190,38 had large effects on RNA secondary structures. We
also found that several SNPs in human lincRNAs were associated with
breast and prostate cancer. These SNPs were located in low SNP
density and evolutionarily conserved lincRNAs, and several of them
could significantly affect RNA secondary structures. Therefore, we
believed that more SNPs located in lincRNAs would be potential
functional and etiological variants.
Furthermore, we found that a large number of lincRNA polymorph-

isms had high LD relationships with known phenotype-associated

SNPs, which might be candidate-causal SNPs for diseases. In total, we
found 1191 candidate-causal SNPs located in 318 lincRNAs, which
were associated with 18 different disease classes and more than 150
phenotypes.

DISCUSSION

In this study, using the huge wealth of SNP data in current publicly
databases, especially a large number of phenotype-associated SNPs
identified by GWAS, we provided a systematic analysis of SNPs in
human lincRNAs. Our results indicated that the SNP density in
lincRNA regions was relatively low. Because SNP density analysis
providing functional implications was supported by the findings from
both the protein-coding genes and the miRNAs,39,40 we believed that
some low SNP density lincRNAs might have important roles in key
cellular processes. Furthermore, because the lincRNAs had differences
in length distribution, we examined the relationship between lincRNA
length and SNP density. We found that the lincRNA length was not
correlated with the SNP density (P-value¼ 0.054, Pearson’s
correlation); the SNP distribution of lincRNA had a length-
independent manner. In addition, we found that ECRs had
lower SNP density and were thus more likely to harbor functional
variants. ECR length was also not correlated with SNP density
(P-value¼ 0.224, Pearson’s correlation). Previous studies have
revealed that small ECRs in ncRNAs could be functional domains
such as binding sites for miRNAs, proteins or DNA,41 ECRs were
overall small variants and contained functional variants.42 However, it
is very difficult to determine the window size for ECR; small windows
make it very hard to discriminate between conserved and non-
conserved elements, whereas large windows could miss some

Figure 3 The global map of the phenotype-associated SNPs in human lincRNAs. The gray bands in the outer circle of the map represent the phenotype-

associated lincRNAs on each chromosome. The dots in the map represent the phenotype-associated SNPs, with the positions of �log10 (P-values), and

different colors of dots represent different diseases. Only diseases with at least six SNPs are colored, whereas other diseases are shown in gray. The name

of the diseases and the number of SNPs are shown on the bottom right. The bar plots in the inner circles of the map represent the distribution of MFE

change (dark orange), SNP density (dark green) and the percent of ECR length (dark blue). We indicated the name of diseases with at least three

phenotype-associated SNPs in the lincRNA, as well as those mentioned in the text.
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important elements (Supplementary Figure S1b). For example, we
found a SNP in a short ECR (32 bp) with 74% identity, rs6941421
(located in an intron), that was associated with multiple sclerosis.43

This disease-risk SNP also had a very high LD relationship with two
other SNPs located in the same lincRNA, rs7755465 (r2¼ 0.910,
located in an intron) and rs4712249 (r2¼ 0.977, located in an intron),
suggesting that they might be novel candidate risk SNPs.
In addition, we evaluated the effects of lincRNA polymorphisms on

predicted RNA secondary structures. Because the precise functions of
the majority of lincRNA sequences remain unknown, it is difficult to
identify the molecular cause of disease-associated SNPs located in
lincRNAs. Previous studies have shown that functional noncoding
regions in the human genome had conserved RNA secondary
structures,44 and certain human diseases could be caused by
variants inducing structural changes,28 suggesting RNA structural
change as a potential molecular cause of the disease. Our results
found that some known disease-associated SNPs located in lincRNAs
had significant effects on predicted RNA secondary structures, which
might have causal effects on disease risk.
Notably, lincRNA polymorphisms were associated with a broad

range of human diseases, suggesting their causal roles in these
diseases. Currently, despite aberrant expression of many lincRNAs
observed in human diseases, there is still little understanding of
their contribution to etiology. Recent studies have begun to link
variants in human lincRNAs with disease risk. For example, SNPs
identified as susceptibility loci for myocardial infarction have been
mapped to a long ncRNA, MIAT.45 Although the precise pathogenic
mechanisms remain unclear, our results suggested that there
were important links between lincRNA polymorphisms and human
diseases. In the future, we will continue to deeply interpret the
effects of variants on lincRNA function and their direct connection
to diseases.
In summary, this study dissected the properties of lincRNA

polymorphisms from the perspective of human disease. All data in
our study can be queried and downloaded from a user-friendly web
server, called lincPoly (freely accessed at http://bioinfo.hrbmu.edu.cn/
lincPoly). We hope that this study will continue to improve our
knowledge and understanding of lincRNAs and their potential
implications in disease.
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