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Abstract
Long intergenic noncoding RNAs (lincRNAs) play important roles in disease, but the vast majority of these transcripts remain
uncharacterized. We defined a set of 54 944 human lincRNAs by drawing on four publicly available lincRNA datasets, and
annotated �2.5 million single nucleotide polymorphisms (SNPs) from each of 15 cardiometabolic genome-wide association
study datasets into these lincRNAs. We identified hundreds of lincRNAs with at least one trait-associated SNP: 898 SNPs in
343 unique lincRNAs at 5% false discovery rate, and 469 SNPs in 146 unique lincRNAs meeting Bonferroni-corrected P < 0.05.
An additional 64 trait-associated lincRNAs were identified using a class-level testing strategy at Bonferroni-corrected P < 0.05.
To better understand the genomic context and prioritize trait-associated lincRNAs, we examined the pattern of linkage
disequilibrium between SNPs in the lincRNAs and SNPs that met genome-wide-significance in the region (6500 kb of
lincRNAs). A subset of the lincRNA-trait association findings was replicated in independent Genome-wide association studies
data from the Pakistan Risk of Myocardial Infarction Study study. For trait-associated lincRNAs, we also investigated synteny
and conservation relative to mouse, expression patterns in five cardiometabolic-relevant tissues, and allele-specific expres-
sion in RNA sequencing data for adipose tissue and leukocytes. Finally, we revealed a functional role in human adipocytes
for linc-NFE2L3-1, which is expressed in adipose and is associated with waist-hip ratio adjusted for BMI. This comprehensive
profile of trait-associated lincRNAs provides novel insights into disease mechanism and serves as a launching point for
interrogation of the biology of specific lincRNAs in cardiometabolic disease.
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Introduction
Genome-wide association studies (GWAS) have identified many
candidate loci for complex cardiometabolic traits, yet a large
portion of the heritability of these traits has yet to be discovered
(1,2). A substantial proportion of these GWAS findings fall in
regulatory or intergenic regions, and genome-wide regulatory
mapping (e.g. ENCODE) is annotating a remarkable extent of tis-
sue and cell-specific regulatory domains in regions that were
previously considered silent (3–5). Many novel non-coding tran-
scripts are also being annotated and described. It is thus likely
that causal variations in promoters, enhancers and non-coding
RNAs account for a substantial proportion of the regulatory and
intergenic GWAS signals for complex traits.

Recently, there has been an explosion of interest in long
non-coding RNAs (lncRNAs) and their roles in homeostasis and
disease. LncRNAs are transcripts at least 200 base pairs in
length that do not code for proteins. LncRNAs are typically ex-
pressed at lower levels than protein-coding genes, and are more
tissue-specific (6). Although some annotated lncRNAs may be
transcriptional noise (6,7), there are already many examples of
lncRNAs involved in important biological processes through a
variety of mechanisms. XIST, which is required for X-chromo-
some inactivation, uses the three-dimensional chromatin struc-
ture to identify initial binding sites, from which it spreads to
coat and inactivate the X chromosome (8). Jiang et al. recently
demonstrated that insertion of XIST into an extra copy of chro-
mosome 21 in Down’s syndrome pluripotent stem cells leads to
silencing of the extra chromosome (9). HOTAIR (10) and HOTTIP
(11) act as scaffolds, recruiting chromatin modifying complexes
to alter expression of target genes. NEAT1 (12) binds proteins to
form and maintain nuclear paraspeckles (13), and represses
transcription of several genes (12). FIRRE, located on the X chro-
mosome, interacts with hnRNPU to act in cis and trans in modu-
lating nuclear architecture across chromosomes (14).
Sauvageau et al. (15) recently demonstrated that knocking out
specific lncRNAs in mice can lead to severe developmental de-
fects and death.

In spite of the clear importance of specific lncRNAs, there
are surprisingly few examples of GWAS follow-up focused on
individual lncRNAs. This is partially due to a deliberate focus on
protein-coding genes in the initial translation of GWAS results.
To date, there have been few efforts to interrogate lncRNAs as a
group. LincPoly is a database of 712 394 single nucleotide poly-
morphisms (SNPs) in 4662 human lncRNAs, including 1408 trait-
associated SNPs (16). LincSNP is a database of 128 407
SNP-phenotype associations annotated to 5804 lncRNAs (17).
Atlhough useful, these databases are limited, because they do
not include complete GWAS SNP data, and focus on only a few
thousand lncRNAs. To date, no analysis has been performed on
a comprehensive set of lncRNAs in complete cardiometabolic
GWAS datasets.

Here we address the potential role of lncRNAs in the genetics
of several cardiometabolic phenotypes, including coronary ar-
tery disease (CAD), plasma lipoproteins, type 2 diabetes, gluco-
metabolic traits, and obesity. Since intergenic lncRNAs
(lincRNAs) make up the majority of lncRNAs and it is difficult to
study SNPs residing in lncRNAs that overlap protein-coding
genes, we focused our analyses exclusively on lincRNAs.
Specifically, we (i) define a comprehensive genome-wide set of
54 944 lincRNAs using publically available resources, (ii) investi-
gate lincRNA enrichment and association with fifteen GWAS
studies for cardiometabolic traits using SNP and class-based
approaches, (iii) use regional trait associations and linkage

disequilibrium (LD) patterns to prioritize trait-associated
lincRNAs, (iv) assess replication patterns for a subset of traits in
independent GWAS datasets, (v) examine synteny and conser-
vation for trait-associated lincRNAs, (vi) probe lincRNA tissue
expression patterns and allelic specific expression (ASE) and
(vii) perform translational and functional studies for an illustra-
tive adipocyte-expressed lincRNA.

Results
Characteristics of the combined lincRNA dataset

Human lincRNA annotations were drawn from four published
catalogs based on human RNA-seq data, version 18 of Gencode,
Hangauer et al. (18), Cabili et al. (19) and Sigova et al. (20) (details
in Materials and Methods section). The pipeline to combine
lincRNAs from all four datasets is presented in Figure 1.

Only 10% of lincRNAs in our final ‘combined dataset’ origi-
nated from more than one RNA-seq catalog, indicating the dis-
tinctiveness of each original dataset (Fig. 2A). As might be
expected based on their selection criteria (e.g. multi-exon
lincRNAs required in Cabili et al.) and sequencing strategies, the
Cabili and GENCODE datasets contained most of the very long
lincRNAs (Fig. 2B). The value of drawing on multiple human
lincRNA annotation databases is apparent also in the genome
coverage of the separate versus combined datasets (Fig. 2C). For
example, our final combined dataset contains fewer individual
lincRNAs than the original Hangauer dataset, yet it covers 2.6-
times more bases of the genome. This is because of the merging
process; often, many small lincRNAs (e.g. from the Hangauer
dataset) were combined with one larger lincRNA (e.g. from the
Cabili dataset) perhaps consistent with some smaller annotated

Figure 1. Filtering and merging pipeline to create a comprehensive human

lincRNA dataset. After pooling the four original datasets, lincRNAs were filtered

based on length and overlap with pseudogenes and protein-coding genes. After

filtering, they were merged on the basis of exon structure, to produce a final

comprehensive set of 54 944 lincRNAs that was used in all subsequent analyses.
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lincRNAs belonging to a larger lincRNAs defined by deeper RNA-
seq. Although a portion of single-exon lincRNAs that are anno-
tated in the source RNA-seq datasets may be spurious non-
functional sequences (7), we did not exclude single-exon
lincRNAs because there are several examples of such lincRNAs
having important biological actions e.g. NEAT1, MALAT1 and
PAUPAR (13,22–26). Rather, we highlight single-exon versus
multi-exon lincRNA in results so that investigators can use this
information in their prioritizations.

Hundreds of lincRNAs are associated with
cardiometabolic traits

A summary of GWAS datasets examined in discovery and repli-
cation analyses is presented in Table 1 (details in Materials and
Methods section and in Supplementary Materials).

In overview, detailed findings of all SNP and lincRNA class
association analyses are presented in Supplementary Material,
Table S1 (for every trait-associated lincRNA at 5% false discov-
ery rate (FDR) SNP level and also for GenCAT analyses). Top pri-
oritized findings are discussed below. Supplementary Material,
Table S2 summarizes lincRNAs that did not contain the stron-
gest signal in their region but did contain one or more
Bonferroni-significant SNPs, and Supplementary Material, Table
S3 presents lincRNAs that only had SNP trait associations at the
5% FDR SNP level. Enrichment analysis is shown in
Supplementary Material, Table S4.

SNP-based lincRNA trait associations
Of the �226 000 SNPs annotated to lincRNAs for each trait, 898
SNPs in 343 unique lincRNAs were significant at 5% FDR level
(total of 498 individual lincRNA-trait associations), and 469 SNPs
in 146 unique lincRNAs reached the more stringent Bonferroni-
corrected P < 0.05 threshold (uncorrected P �2.2 � 10�7) (total of
232 individual lincRNA-trait associations). Lipid trait datasets
had the greatest number of significant SNPs at both FDR and
Bonferroni thresholds (Fig. 3). The number of lincRNA SNP

associations with individual traits is likely to reflect larger sam-
ple sizes for some GWAS traits (e.g. total cholesterol and BMI)
but also a stronger genetic underpinning for specific traits (e.g.
waist-hip ratio adjusted for BMI vs. BMI despite larger sample
size for BMI, n¼ 123 865 versus 77 167) (27–29). Of the 343 unique
lincRNAs with at least one significant SNP at the 5% FDR SNP
level, 122 were associated with more than one trait and the ma-
jority of multiple associations occurred with lipid traits
(Supplementary Material, Figure S1). In resampling-based en-
richment analyses, lincRNAs were enriched for SNPs with low
P-values relative to other intergenic regions for multiple traits
including CAD, myocardial infarction (MI), waist-hip ratio
adjusted for BMI, total cholesterol, low-density lipoprotein cho-
lesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-
C) (Supplementary Material, Table S4).

Class-level lincRNA associations
GenCAT revealed an additional 79 lincRNA-trait associations (64
unique lincRNAs) for which the lincRNA did not contain any in-
dividual SNP that reach Bonferroni level of association. In total,
GenCAT identified 275 individual significant lincRNA associa-
tions for 180 unique lincRNAs, ranging from two lincRNAs for
insulin resistance to 61 lincRNAs for total cholesterol
(Supplementary Material, Table S1).

Prioritization of trait-associated lincRNAs

Of the 343 significant lincRNAs based on FDR-corrected SNP
analysis, 63 contained the strongest trait-associated SNP in
their region (Trait category 1) (Fig. 4A) and 14 of these contained
one or more SNPs meeting Bonferroni significance (Table 2).
Of these 14 lincRNAs, three are at chr. 9p21 and, as published
(30–34), overlap intergenic regions that show associations with
CAD and type 2 diabetes. One lincRNA, FPKM1_GROUP_
7090_TRANSCRIPT_1, had no candidate genes nearby and was
associated with fasting glucose levels. The 10 remaining
lincRNAs did have candidate genes nearby, although some of

Figure 2. Characteristics of the original and combined lincRNA datasets. Various features of the original lincRNA datasets and the final combined dataset are high-

lighted. (A) Overlap between lincRNA annotations: Each lincRNA in the final combined dataset is counted once in this diagram, depending on which combination of

datasets it originated from. The majority of lincRNAs in the combined dataset were lifted directly from one of the original datasets unchanged, but 10% of the lincRNAs

in the combined dataset did result from merging of overlapping annotations between datasets. The most overlap occurred between Cabili, Gencode, and Hangauer

datasets, typically with smaller Hangauer lincRNAs being engulfed by larger Cabili or Gencode lincRNAs. Fifty-three lincRNAs were found in some form in all four data-

sets. (B) Median lincRNA length: Each of the individual datasets was processed by the filtering pipeline before collecting these summary statistics, in order to make a

consistent comparison with the combined dataset. LincRNA length includes introns. The Gencode and Cabili datasets contained the greatest number of very long

lincRNAs. Many of these very long lincRNAs are still present in the Combined dataset, but the interquartile range of the combined dataset appears much smaller due

to the high number of small lincRNAs from the Hangauer dataset that are also present. Outliers are not shown. (C) The coverage calculation includes introns and exons

of lincRNAs. The entire human genome is about 3137 Mb, meaning that the combined dataset covers 7.16% of the genome
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these candidates had no proven functional relationship to the
trait (e.g. see linc-NFE2L3-1, below). For the 280 lincRNAs with
SNPs meeting the 5% FDR threshold but not containing the
strongest regional SNP signal for the trait (Fig. 4B), a large pro-
portion (141 lincRNAs) had low LD (R2 < 0.3) with the strongest
trait-associated SNP in the region (6500 kb) raising the

possibility of independent regulatory effects for these lincRNAs
at these regions.

Finally, for GenCAT analyses we filtered findings to include
trait-associated lincRNAs that had at least three SNPs in GWAS
datasets because GenCAT is designed to identify lincRNAs spe-
cifically with multiple SNP associations of moderate strength.

Table 1. Description of the 20 GWAS datasets

GWAS or consortium name Trait GWAS size (no. of subjects) Total no. of SNPs

Discovery Studies
CARDIoGRAM Consortium (Schunkert et al.66) CAD 22 233 cases 64 762 controls 2 407 380

MI 2 361 556
MI in setting of Angiographic CAD (Reilly et al.67) MI in subjects with CAD 5783 cases 3644 controls 2 503 078
GLGC: Global Lipids Genetics Consortium (Teslovich

et al.29)
Total cholesterol 100 184 2 606 897
LDL-C 95 454 2 607 046
Triglycerides (TGs) 96 598 2 607 042
HDL-C 99 900 2 606 916

DIAGRAM: Diabetes Genetics Replication and Meta-
analysis (Morris et al.65)

Type 2 diabetes (T2DM) 12 171 cases 56 862 controls 2 451 781

MAGIC: Meta-Analysis of Glucose and Insulin-re-
lated Traits Consortium (Dupuis et al.64)

Fasting glucose 46 186 2 457 436
Glycated hemoglobin 46 368 2 543 467
Fasting insulin 38 238 2 448 111
HOMA-IR, a measure of

insulin resistance
37 037 2 445 117

HOMA-B, a measure of
beta-cell function

36 466 2 444 006

GIANT: Genetic Investigation of Anthropometric
Traits Consortium (Speliotes et al.24, Heid et al.27)

Body mass index (BMI) 123 865 2 458 315
Waist-hip ratio adjusted for BMI 77 167 2,469,665

Replication Studies
PROMIS (Saleheen et al.68) HDL-C 16 674 2 530 948

LDL-C 16 995 2 530,816
Total cholesterol 17 212 2 530 769
Triglycerides (TG) 17 134 2 531 043
MI 9029 cases 2 531 273

8379 controls

Details about the fifteen discovery GWAS datasets and five replication datasets used to determine lincRNA-trait associations. The study name and relevant trait(s) are

listed. For case-control studies, the numbers of cases and controls are indicated separately. The total number of SNPs refers to the total number of SNPs remaining in

each dataset after our filtering steps.

Figure 3. Number of significant SNPs and the lincRNAs containing at least one significant SNP for 14 GWAS datasets. The bars on the right indicate the number of

lincRNA-annotated significant SNPs for the trait, while the bars on the left indicate the number of lincRNAs containing at least one of the significant SNPs. The grey

bars and the first numbers indicate results of the FDR significance threshold, while the smaller black bars and parenthetical numbers indicate results of the more strin-

gent Bonferroni significance threshold. Abbreviations: WHRadjBMI, waist-hip ratio adjusted for BMI; BMI, body mass index; CAD, coronary artery disease; HbA1C, gly-

cated hemoglobin; HOMA-IR, insulin resistance; HOMA-B, pancreatic b cell function; MI in CAD, myocardial infarction in coronary artery disease.
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Of the 64 unique lincRNAs significant in GenCAT that did not
contain any individual SNP that reached the Bonferroni thresh-
old (Supplementary Material, Table S1), 26 lincRNAs contained
three or more SNPs (Supplementary Material, Table S5); of these
lincRNAs, several had the strongest GenCAT signal of all
protein-coding genes and lincRNAs in the region (6500 kb)
(Table 3).

LincRNA-trait associations are replicated in
independent PROMIS GWAS data

For SNP-based replication in Pakistan Risk of Myocardial
Infarction Study (PROMIS) GWAS datasets, between 14% (for
LDL-C) and 81% (for MI) of SNPs that were Bonferroni-significant
in the original GWAS were also significant in PROMIS according
to replication thresholds (from 2.54 � 10�4 for total cholesterol
to 1.61 � 10�3 for MI) (Table 4). Detailed SNP-level results of rep-
lication analyses are provided in Supplementary Material, Table
S6. Also consistent with initial GWAS findings, lincRNAs were
enriched for SNPs with low P-values relative to other intergenic
regions for PROMIS traits (Supplementary Material, Table S4).
However, these replication analyses should be considered pre-
liminary because our main analyses accessed the largest con-
sortia datasets available and similarly large datasets were not
available for replication, thus limiting power (see Table 1 for
sample sizes; e.g. for LDL-C, sample sizes of 95 454 and 16 995
for discovery versus replication, respectively).

Trait-associated lincRNAs have greater synteny than
non-associated lincRNAs

Although lincRNAs in primate and human are undergoing ex-
pansion and rapid evolution (35,36), conservation with lower
species are often used to infer functional importance and to pri-
oritize for follow-up study. Notably, conserved lincRNAs have
very limited sequence similarity with their species-orthologs
but exhibit strong conservation in their genomic locations dur-
ing evolution (35,36). Of lincRNA loci with at least one
FDR-significant SNP or GenCAT trait-associations, 72.8% were
syntenic in mouse. Of the non-trait associated lincRNA loci,

55.6% were syntenic in mouse. Thus, trait-associated lincRNAs
are more likely to be syntenic than non-trait associated
lincRNAs (P¼ 1.09 � 10�11). Overall, however, only 21.6% of syn-
tenic trait-associated lincRNAs had transcripts documented at
the syntenic position in Gencode M4 mouse lincRNA annotation
and only 23.7% of trait-associated lincRNAs had sequence con-
servation at E-value threshold of < 1 � 10�10 using reciprocal
BLASTN. Thus, although trait-associated human lincRNAs are
more likely to be syntenic, a substantial subset appears to be ei-
ther non-syntenic or syntenic but not transcribed in mouse sug-
gesting that mouse models may have limited utility in
functional genomic studies of many human-trait associated
lincRNAs.

Tissue-specific expression pattern and ASE of trait-
associated lincRNAs

Interrogation of five cardiometabolic-relevant tissues in the
Human Body Map lincRNAs revealed a tissue-specific pattern
for the majority of trait-associated lincRNA (Supplementary
Material, Figure S2 and Supplementary Material, Table S7) con-
sistent with prior reports for human lincRNAs (6). We further
examined expression of lincRNAs in our own deeply sequenced
human PBMCs and adipose, blood cells and metabolic tissues of
specific relevance to cardiometabolic traits. Of trait-associated
lincRNAs, 12% were expressed in all 15 PBMC samples and
21.2% were expressed in all 25 adipose samples. Of the non-
trait-associated lincRNAs, 6.8% were expressed in all PBMCs
and 12.7% were expressed in all adipose samples. Thus, trait-
associated lincRNAs are almost 2-fold more likely to be ex-
pressed in PBMC (P¼ 1.99 � 10�4) and adipose (P¼ 4.28 � 10�6).

Next, we probed whether trait associated SNPs in lincRNAs
had evidence for ASE in our PBMC and adipose RNA-seq data.
For all trait-associated lincRNAs (i.e. SNPs significant at 5% FDR
level or GenCAT significant), there were 188 heterozygous SNPs
in 34 unique lincRNAs that had at least 10 reads in PBMC RNA-
seq data and 12 of these SNPs in nine unique lincRNAs met the
PBMC ASE Bonferroni threshold (P < 0.00027, i.e. 0.05/188 SNPs).
In adipose RNA-seq data, 686 heterozygous SNPs in 76 unique
trait-associated lincRNAs were covered by at least 10 reads and
58 of these SNPs in 28 unique lincRNAs passed the adipose ASE
Bonferroni threshold (P < 7.3 � 10�5, i.e. 0.05/686 SNPs). Table 5
presents the subset of these PBMC and adipose ASE SNPs in
trait-associated lincRNAs that also had LD R2 > 0.5 with trait-
associated SNP in the lincRNA. Haplotype analysis revealed that
multiple trait-associated lincRNAs contained ASE SNPs in which
the over-expressed allele (i.e. allelic ratio>0.5) was on the same
haplotype with the trait-increasing allele. These results support
the concept that the GWAS signal at these loci may act via mod-
ulating expression of the corresponding lincRNAs.

Linc-NFE2L3-1, an obesity associated lincRNA,
modulates adipocyte phenotypes

We selected linc-NFE2L3-1 on chromosome 7 as an example for
preliminary translational and functional studies in human adi-
pocytes. Interestingly, linc-NPVF-3 not linc-NFE2L3-1 harbors the
strongest SNP signal for central obesity (WHRadjBMI) in this re-
gion but linc-NPVF-3 is expressed only in testes in Human Body
Map data and is not expressed at all in our deeply sequenced
adipose RNA-seq data (Supplementary Material, Figure S3A). In
fact, of the seven annotated lincRNAs in this region, only linc-
NFE2L3-1 is expressed in our adipose RNA-seq data.

Figure 4. Distribution of lincRNAs across trait categories and LD categories.

Counts of lincRNAs in different Trait and LD Categories are shown. The propor-

tion of lincRNAs within each category that had no candidates in the region is in-

dicated by ‘NC’. (A) Trait category. Sixty-three lincRNAs were assigned trait

category 1, indicating that they contained the strongest SNP in their 1 MB region.

Of the 236 lincRNAs that did not contain the strongest SNP in the region and did

have candidate genes nearby, 83 still had a stronger SNP than their neighboring

candidate genes, indicated by the dark arc. (B) LD category is based on the LD be-

tween the top SNP in the lincRNA and the top SNP in the region. The 63

lincRNAs that already contained the top SNP in the region were placed in LD cat-

egory 9. The remaining lincRNAs were placed in either category 1, 2 or 3 depend-

ing on the R2 value, with about half showing low LD (R2 � 0.3) with the top SNP

in the region, suggesting that the lincRNA may contain an independent signal.
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Supplementary Material, Figure S3B summarizes additional ra-
tionale for selection of linc-NFE2L3-1. Briefly, it contains two
exons and multiple intronic SNPs that met genome-wide signifi-
cance (P < 5 � 10�8) for central obesity (WHRadjBMI). An addi-
tional 8 obesity-associated SNPs are located 50 of linc-NFE2L3-1,
including rs1055144, the leading GWAS SNP (P¼ 1.49 � 10�8) at
the locus (Fig. 5A and Supplementary Material, Figure S3A).
Furthermore, linc-NFE2L3-1 also was significant in our GenCAT
gene-based analysis (unadjusted P¼ 4.4 � 10�7, Bonferroni cor-
rected P¼0.01; Supplementary Material, Table S1). Importantly,
two neighboring protein-coding genes, NFE2L3-1 (nuclear factor,
erythroid 2-like 3) and NPVF (neuropeptide VF precursor), con-
tain no significant GWAS SNPs (Fig. 5A). NPVF is not expressed
in human adipose and NFE2L3-1 has no known biological associ-
ation with adipose biology or obesity. Furthermore, all GWAS
SNPs in the region that linc-NFE2L3-1 resides are in high LD with
each other but not with SNPs in these two nearest protein-
coding genes (R2 < 0.001) (Fig. 5A, LD heatmap). The enrichment
of GWAS SNPs in 50 upstream and intronic regions suggests
these genetic variants may regulate linc-NFE2L3-1 expression.
Indeed, our adipose RNA-seq data provide direct evidence that
obesity-associated SNPs at this locus are associated with ASE of
linc-NFE2L3-1 (Table 5) while interrogation of adipose eQTL data
from the MuTHER resource (37) revealed no evidence of associa-
tion between GWAS SNPs for WHRadjBMI and expression levels
of NPVF or NFE2L3-1 (Table S8).

Based on Human Body Map lincRNA data (18) and our own
adipose RNA-seq data (Supplementary Material, Figure S3A),
linc-NFE2L3-1 expression is almost entirely restricted to two ma-
jor metabolic and insulin-responsive tissues, adipose and skele-
tal muscle. Linc-NFE2L3-1 is barely detected in adipose stromal
cells (ASCs) pre-adipocytes, but is strongly induced during in vi-
tro ASC differentiation to mature adipocytes (Fig. 5B) and it is
not found in primary human monocytes or macrophages (Fig.
5C), suggesting that linc-NFE2L3-1 is restricted to the mature adi-
pocyte fraction of human adipose. To investigate biological ac-
tions of linc-NFE2L3-1 in human adipocytes, we utilized
lentivirus-based shRNAs and achieved over 80% knocked-down
in ASC-derived adipocytes (Fig. 5D). Knock-down had no effect
on adipocyte triglyceride accumulation (Fig. 5E), but signifi-
cantly enhanced insulin-induced phosphorylation of AKT in
mature adipocytes (Fig. 5F). In support of possible trans rather
than cis actions, shRNAs targeting linc-NFE2L3-1 did not alter ex-
pressions of NFE2L3, the nearest protein-coding gene (Fig. 5D).

Arguing against a non-specific effect on adipocyte differentia-
tion, mRNA levels of adiponectin (ADIPOQ), peroxisome
proliferator-activated receptor gamma (PPARG), fatty acid bind-
ing protein 4 (FABP4), fatty acid synthase (FASN) and sterol regu-
latory element binding transcription factor 1 (SREBF1) were not
impacted by linc-NFE2L3-1 knock-down in mature adipocytes
(Fig. 5G). Collectively, our results suggest that linc-NFE2L3-1
might be a causal element at this central obesity locus, may
play regulatory roles in insulin-mediated adipocyte metabolism
and that genetic variation affecting its expression might affect
adipocyte functions, thus contributing to cardiometabolic
phenotypes.

Discussion
This is the first systematic interrogation of human lincRNAs for
their association with cardiometabolic traits on a genome-wide
scale. A complete annotation of all human lincRNAs in all cells
and tissues has yet to be determined, but the dataset of human
lincRNAs compiled here is one of the most comprehensive cur-
rently available. In this paper, we identified hundreds of sugges-
tive lincRNA associations with multiple cardiometabolic traits,
performed replications, outlined an approach for prioritizing
lincRNAs likely to have independent and causal effects in a re-
gion, and provided an illustrative example of a trait-relevant,
adipocyte-specific functional follow-up study for a central
obesity-associated lincRNA.

Most interpretation and follow-up of GWAS results have fo-
cused on protein-coding genes, but it is apparent given the
intergenic distribution of most GWAS signals for complex traits
that it is essential to consider the regulatory, non-coding ele-
ments of the genome. This includes the rapidly evolving catalog
of non-coding RNA species such as lincRNAs. Because lincRNAs
are only partly characterized in terms of evolution, secondary
structure and functions, there is limited understanding of their
role in human physiology and disease. Despite debate regarding
the proportion of annotated lincRNAs that are truly functional
(7), most do have messenger RNA-like features (e.g. polyA tail
and exons/introns) and a rapidly-expanding list of examples il-
lustrates their critical functions in genome regulation, cell biol-
ogy, development, cancer, and disease (e.g. XIST, MALAT1,
FIRRE, LINCRNA-COX2 and LNC-DC.)

To date, there are surprisingly few data implicating
lincRNAs in complex diseases based on GWAS. One recent

Table 4. Replication of SNP-level lincRNA associations in PROMIS GWAS datasets

Trait Original GWAS Replication in PROMIS

Bonferroni
significance
threshold

Number of
SNPs
meeting
Bonferroni
significance
threshold

Number of
lincRNAs with �1
SNP meeting the
Bonferroni
significance
threshold

Number of
original
significant
SNPs also
present
in PROMIS
data

Replication
significance
threshold

Number of
PROMIS SNPs
meeting
replication
significance
threshold

Number of
PROMIS
lincRNAs
with �1 SNP
meeting
the replication-
significant SNP

Percent of
original
Bonferroni-
significant
SNPs also
significant
in PROMIS

Percent of
original
significant lincRNAs
also significant
in PROMIS

MI 2.34 � 10�7 31 10 31 1.61 � 10�3 25 8 81% 80%
HDL-C 2.12 � 10�7 163 42 162 3.09 � 10�4 37 8 23% 19%
LDL-C 2.12 � 10�7 156 39 155 3.23 � 10�4 21 7 14% 18%
Total cholesterol 2.12 � 10�7 199 44 197 2.54 � 10�4 52 9 26% 21%
Triglycerides 2.12 � 10�7 122 22 121 4.13 � 10�4 69 12 57% 55%

The replication results are shown here for five cardiometabolic traits. The number of SNPs and lincRNAs meeting the specified significance threshold are shown for the

original GWAS and the corresponding PROMIS replication dataset. The percentage of originally significant SNPs and lincRNAs significant in PROMIS are also reported.
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Figure 5. Linc-NFE2L3-1, a lincRNA harboring obesity-associated GWAS SNPs, modulates human adipocyte metabolism. (A) GWAS SNPs associated with WHRadjBMI,

and LD heat map at linc-NFE2L3-1 locus. (B) RNA abundances of linc-NFE2L3-1 were significantly increased during differentiation of primary human ASCs to adipocytes.

(C) Linc-NFE2L3-1 was detected in human primary adipocytes, but not in human primary monocytes, macrophage or polarized macrophages. *P < 0.05 compared with

differentiation Day 0; n ¼ 6/group; N.D., not detected. (D) Lentivirus based shRNA achieved efficient knockdown of linc-NFE2L3-1 in differentiated ASC-derived adipo-

cytes, but not the nearest neighbor protein-coding genes. Linc-NFE2L3-1 knockdown (E) had no effects on triglyceride accumulation in differentiated adipocytes; (F) in

mature adipocytes resulted in a significant increase in phosphorylated AKT signal induced by 15-minute insulin treatment (100 nM). **P < 0.01; *P < 0.01 compared with

control shRNAs; (G) had no impact on lipogenic gene expression in differentiated adipocytes. Data are combined from three to four independent experiments (n ¼ 3–4

replicates per group).
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study, examining the association of SNPs with lincRNAs expres-
sion in human blood, identified 112 cis-regulated lincRNAs,
many of which were regulated by disease-associated SNPs (38).
A SNP associated with papillary thyroid carcinoma lies in the
promoter of a thyroid-expressed lincRNA PTCSC3, and differen-
tially affects the expression of this lincRNA (39,40). Similarly, co-
lorectal cancer risk SNPs at 8q24.21 led to the discovery of
CCAT2, a novel lincRNA contributing to cancer pathogenesis
(41).

Even less is known of lncRNAs associated with cardiometa-
bolic traits. A multi-isoform lncRNA, ANRIL, that overlaps the
protein-coding gene CDKN2B, is proposed as the causal ‘gene’
(32,33) at chr9p21 the strongest GWAS locus for CAD and MI
(42). Despite excluding ANRIL in our analysis (because of its
overlap with CDKN2B), we identified multiple lincRNAs in this
chr9p21 region (e.g. FPKM1_GROUP_33469 _TRANSCRIPT_1,
chr9:22111740-22128078) that overlap some ANRIL isoforms, but
not CDKN2B, and these show strong associations with CAD and
MI (Supplementary Material, Figure S4A and B). We have not
performed deep genomic and transcriptomic mapping at this lo-
cus and cannot define the exact lincRNAs and isoforms with
strongest trait-signals. We do not propose that our annotated
chr9p21 lincRNAs provide an alternative explanation to ANRIL
for CAD and MI association—rather, our findings are consistent
with studies that have interrogated the locus in greater depth
and implicated the ANRIL family of lncRNAs (32,33). Of note, dis-
tinct non-coding variation at chr9p21 that does not overlap the
CAD and MI locus has been associated with type 2 diabetes
(34,43–45) (Supplementary Material, Figure S4B). Furthermore,
these CAD-associated and T2D-associated SNPs fall into distinct
LD blocks (Supplementary Material, Figure S4C). We found that
several chr9p21 lincRNAs (e.g. FPKM1_GROUP_33469 _
TRANSCRIPT_2, chr9:22126860-22135488 and FPKM1_GROUP_
33469 _TRANSCRIPT_6, chr9:22131766-22132847) have associa-
tions with type 2 diabetes (Supplementary Material, Figure S4A
and B) and these do not overlap ANRIL or the CAD-associated
SNPs. Our results of strong association of multiple lincRNAs at
chr9p21 with MI and CAD as well as with type 2 diabetes high-
light the need for additional genomic, translational and func-
tional studies to define more precisely the lincRNA structures
and the tissue-specific role of lncRNAs in both MI/CAD and type
2 diabetes associations at chr9p21.

LincRNAs are increasingly implicated in key cellular func-
tions important for cardiometabolic traits, such as cardiac line-
age commitment during heart development (46), liver
lipoprotein ApoC2 production (47), cell differentiation and pro-
liferation (e.g. T cell (48), dendritic cell (49) and endothelial cell
(50)), vascular smooth muscle contraction (51), monocyte and
macrophage immune responses (52,53). In addition, it has been
shown that hundreds of lncRNAs are induced during adipogen-
esis in mouse (54). Indeed, several lincRNAs, such as lincRNA
FIRRE (14), ADNIR (55), BLNC1 (56) and Lnc-BATE1 (57) have dem-
onstrated specific regulatory roles in white or brown adipocyte
differentiation.

Our study reveals several noteworthy findings in prioritiza-
tion of trait-associated lincRNAs. Approximately one-quarter of
all trait-associated lincRNAs we identified has no previously
proposed candidate genes in their region and thus hold a spe-
cific interest for follow-up, particularly when they contain the
strongest trait-associated SNP or GenCAT signal in the region.
Four lincRNAs without a previously proposed candidate gene
nearby contain one or more SNPs significant at the SNP
Bonferroni threshold (P < 2.2 � 10�7): U47924.27 (chr12) for
HbA1c, FPKM1_GROUP_840_TRANSCRIPT_1 (chr1) for BMI,

AC068138.1 (chr2) for HDL-C and triglyceride levels and
FPKM1_GROUP_7090_TRANSCRIPT_1 (chr12) for fasting glucose.
Although the majority of trait-associated lincRNAs do have a
candidate gene within 500 kb, few of these lincRNAs have strong
LD (R2 > 0.8) with the proposed candidate gene at the locus.
Even a well-established biological connection between a
protein-coding gene and a trait does not exclude a potential
functional role for a nearby lincRNA. For instance, the lincRNA
may regulate its neighboring protein-coding gene(s) in cis, as is
the case for HOTTIP, DBE-T and MISTRAL (58). Examples from
this study of trait-associated lincRNAs near well-known candi-
date genes include linc-CCBE1 (chr18) and linc-CDH20-2 (chr18)
near MC4R associated with BMI, triglycerides and HDL-C and
lincRNA AP000770.1 (chr11) near APOA1 and APOA5 associated
with triglycerides, HDL-C, LDL-C and total cholesterol.
Furthermore, patterns of ASE suggest that some trait-associated
SNPs at lincRNA loci may indeed act via modulating expression
of the lincRNA at that GWAS locus. Finally, �20% of trait-
associated lincRNAs harbor the strongest signal in the sur-
rounding 1MB region; thus it is imperative to investigate these
lincRNAs and not just their protein-coding neighbors when ex-
perimentally evaluating the GWAS signals.

Our work identified many lincRNAs with association signals
near putative candidate protein-coding genes that lack clear
functional relevance to the phenotype. Such genes often were
chosen as candidate genes at the locus simply because they
were the nearest protein-coding gene. For example, linc-NFE2L3-
1, an adipose-expressed lincRNA associated with central obe-
sity, contains multiple genome-wide significant SNPs spanning
the lincRNA and its 50 region. The two closest neighboring
protein-coding genes at the locus, NFE2L3 and NPVF, contain no
significant GWAS SNPs yet NFE2L3 was credited as the possible
causal gene at this GWAS locus although there is no functional
data supporting NFE2L3 in adipocyte or adipose biology.
Furthermore, NFE2L3 and NPVF SNPs have no LD with the
obesity-associated SNPs at linc-NFE2L3-1 and adipose eQTL data-
sets reveal that the obesity GWAS SNPs at this locus are not as-
sociated with adipose mRNA levels of either NFE2L3 or NPVF. In
contrast, our adipose RNA-seq data suggests ASE of linc-NFE2L3-
1 for obesity-related SNPs at this locus.

Because of our interest in adipose biology, we selected linc-
NFE2L3-1 for proof of principle functional studies. Linc-NFE2L3-
1, expressed in adipose and skeletal muscle, was absent in
pre-adipocytes but markedly induced during adipocyte differ-
entiation. It was not detected in monocytes or macrophages,
other cell constituents of adipose tissue. Knockdown of linc-
NFE2L3-1 enhanced insulin-stimulated activation of AKT
signaling, suggesting it may be a negative regulator of insulin
signaling in adipocytes and thus contribute to metabolic traits
including central obesity. By way of precedence, haploinsuffi-
ciency mutations in PTEN, a well-known negative modulator
for insulin pathways, are associated with increased obesity in
humans (59). Thus, our functional studies further support linc-
NFE2L3-1 as a possible causal element at this central obesity
locus.

There is substantial interest in gene- and class-level testing
in complex traits, e.g. focusing on classes of regulatory elements
or particular gene families. These approaches serve as a com-
plement, rather than alternative, to a SNP-focused strategy.
Several tools are available. We applied GenCAT, a novel ap-
proach we recently developed (60) that is similar to the qua-
dratic test (QT) and versatile gene-based association study
approaches (61,62), because it takes into account local SNP cor-
relation patterns so that all SNP-level P-values within an
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element (e.g. a lincRNA) are accounted for optimally. Using
GenCAT, we found trait-association with multiple lincRNAs
that also showed SNP-level trait association, but we also identi-
fied many additional lincRNAs showing a significant GenCAT
association but not individually significant SNP association.
Thus, GenCAT analyses provide substantial novel and comple-
mentary insights into the landscape of lincRNAs in cardiometa-
bolic pathophysiology.

Our study has several unique strengths but also limitations
that highlight the need for additional genomic interrogation
and experimental follow-up. We examined the SNPs between
the start and end positions of lincRNAs, but excluded the pro-
moter and 30 regulatory regions which may harbor genetic vari-
ation that regulates lincRNA expression and therefore
function. We chose this narrow focus to be conservative and
limit overlap with protein-coding genes and to enhance statis-
tical power by reducing the number of SNPs being considered.
Furthermore, we did not consider each lincRNA transcript sep-
arately, but rather we only considered the region specified by
the start and end positions of each lincRNA in our merged
dataset. These lincRNA sequences are not complete and a
more comprehensive analysis of all isoforms of lincRNAs was
not possible. Because comprehensive tissue expression
data are not yet available for all the lincRNAs included in this
study, further work is needed to leverage genomic regulatory
data resources (including the ENCODE project, the NIH
Roadmap Epigenetic project, the Genotype-Tissue Expression
Project Portal and comprehensive RNA-seq datasets) in order
to assign appropriate promoter and enhancer domains that co-
incide with the cells and tissues where the lincRNAs are
expressed.

Many recent analyses, including ours, have focused on the
subset of lncRNAs that are intergenic (lincRNAs) and do not
overlap exons of protein-coding genes. This excludes the anal-
ysis of antisense RNAs, an important class of lncRNAs that are
especially involved in regulation of their ‘sense’ protein-coding
partners. Indeed, as noted above this filter excluded the MI-
associated ANRIL, perhaps the best-known lncRNA linked to a
complex cardiometabolic trait. Unfortunately, current datasets
and bioinformatics strategies limit an independent evaluation
of association for SNPs that fall in overlapping protein-coding
genes and lncRNAs. Our analysis lacked SNP data (�50% of
lincRNAs did not harbor HAPMAP-imputed SNPs) for a substan-
tial proportion of our fully annotated set of lincRNAs, most
likely for the following reasons. First, lincRNAs are shorter
in size than protein coding genes (median size 0.6 versus
2.4 kb respectively). Second, as noted above, we restricted our
analysis to SNPs that fell within the start and end position
of lincRNAs. Third, our SNP interrogations were restricted
to publicly available HapMap-imputed datasets. As they be-
come publicly available, 1000-Genomes-imputed disease asso-
ciation datasets as well as whole genome datasets will permit
analysis of lincRNAs that could not be included here, as well as
a more comprehensive analysis of all lincRNAs and their
transcripts.

In conclusion, using SNP- and class-level testing in existing
GWAS datasets, we identified hundreds of suggestive lincRNA
associations with multiple cardiometabolic traits, performed
preliminary replications and functional studies, and outlined an
approach for prioritizing lincRNAs more likely to have indepen-
dent effects at a locus. Additional experimental follow-up of
promising trait-associated lincRNAs is warranted to identify
causal pathways and therapeutic opportunities in cardiometa-
bolic diseases.

Materials and Methods
Defining the lincRNA dataset and cardiometabolic trait
GWAS summary datasets

Human lincRNA annotations were drawn from four published
catalogs based on human RNA-seq data derived from a total of
25 human tissues and cell lines (Supplementary Material, Table
S9): 6763 lincRNAs from version 18 of Gencode, 54 776 from
Hangauer et al., 8255 from Cabili et al. and 3474 from Sigova et al.
for a total of 73 268 lincRNAs (18–21). The UCSC LiftOver tool
was used to map the hg18 annotations in the Hangauer data (S3
dataset) (20) and Sigova data (21) into human genome build 19.

The processing methods applied to the original datasets var-
ied considerably and are summarized in detail in the
Supplementary Materials. Because some lincRNA annotations
overlapped between the datasets, and because different pro-
cessing steps were applied originally to generate each dataset, a
filtering and merging pipeline was developed to clean and com-
bine lincRNAs from all four datasets in a standardized manner
(Fig. 1). LincRNA exclusion filters were applied first to remove all
2515 lincRNAs on the X chromosome, 305 lincRNAs on the Y
chromosome, 1458 lincRNAs overlapping a pseudogene (63) by
one or more bases, and 21 lincRNAs less than 200 base pairs in
length. 2769 lincRNAs were removed due to overlap or proxim-
ity to a RefSeq protein-coding gene (within 1000 bases). Briefly,
lincRNAs with strand information (�30%) were removed if they
were within 1000 bases of a protein-coding gene on the same
strand, or overlapped a protein-coding gene on the opposite
strand. LincRNAs without strand information were removed if
they were within 1000 bases of a protein-coding gene. After all
filtering steps, 66 200 lincRNAs remained.

Next, overlapping lincRNAs from the four original datasets
were merged together on the basis of location and exon struc-
ture. Two lincRNAs were merged when one lincRNA had an
exon that was overlapped 50% or more by an exon of another
lincRNA, the same merging criterion used by Hangauer et al.
(20). The newly created lincRNA was assigned an exon structure
in which any base belonging to an exon of either of its parent
lincRNAs was classified as exonic. LincRNAs with strand infor-
mation were never merged with a lincRNA known to be on the
opposite strand. When two lincRNAs with different names were
merged, for ease of reference the newly annotated lincRNA re-
ceived whichever name was shorter. After merging, there re-
mained 54 944 distinct autosomal lincRNAs, covering
224 456 248 bases (7.16%) of the genome.

In order to interrogate lincRNA associations with cardiome-
tabolic traits, fifteen HapMap-SNP-imputed GWAS summary
datasets with hg18 mapped positions (Table 1) were obtained
and processed such that all SNPs were assigned updated rs
numbers and updated chromosomal positions in hg19 (27–29,
64–68) (see Supplementary Materials).

SNP-based association of lincRNAs with traits

To pinpoint specific lincRNAs of interest, GWAS SNPs were an-
notated to lincRNAs on the basis of position. Of the 54 944
lincRNAs considered, �50% were represented by SNPs in the
HapMap-based GWAS datasets (range: 214 039 SNPs in 25 726
lincRNAs in the CARDIoGRAM myocardial infarction (MI) to
236 016 SNPs in 27,449 lincRNAs in the GLGC triglycerides). The
SNP P-values for each trait were then corrected for multiple
testing based on the total number of SNPs annotated to the full
set of lincRNAs, i.e. the total number of SNP tests under
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consideration for each trait. A Bonferroni correction (P < 0.05,
equivalent to uncorrected P < 2.2 � 10�7) as well as a Benjamini
and Hochberg 5% FDR correction were both applied separately
to unadjusted P-values. LincRNAs containing one or more SNPs
with a corrected P-value < 0.05, by either correction method,
were noted. Although Bonferroni correction for SNP testing is
conservative in this setting because many SNPs within
lincRNAs are in LD and therefore not independent, we used this
in order to prioritize lincRNAs with strong evidence for trait as-
sociation. We also present lincRNAs with SNPs reaching the 5%
FDR level, to provide a comprehensive insight into lincRNA as-
sociation patterns with cardiometabolic traits. Because we fo-
cused on a ‘candidate’ set of lincRNAs for related
cardiometabolic traits, we did not use a genome-wide correction
threshold of 5 � 10�8 or correct for the multiple correlated traits
examined. Our approach allows investigators to focus on spe-
cific lincRNAs of interest depending on the strength of associa-
tion as well as other evidence supporting the lincRNA in the
trait biology.

Finally, to determine whether lincRNAs as a group were en-
riched for trait associated SNPs relative to non lincRNA inter-
genic regions, the distributions of SNP P-values in lincRNAs
were compared with those in non lincRNA intergenic regions
using a resampling-based approach (see Supplementary
Materials).

Class-level selection of additional lincRNAs with trait
associations

The GenCAT framework (60) uses a quadratic form to test for as-
sociations between lincRNAs and traits, based on SNP-level as-
sociation test statistics within lincRNAs, and after
transformation that takes into account the local SNP correlation
structure and data redundancies. The resulting chi-square (v2)
statistic for each lincRNA has degrees of freedom equal to the
number of transformed test statistics, and thus accounts for the
number of SNPs per lincRNA. As a complement to single SNP-
based approaches, the method is particularly useful for select-
ing genomic classes (e.g. protein-coding genes or lincRNAs) that
may contain multiple SNP associations of moderate strength
that would be missed by relying solely on single-SNP tests. The
GenCAT algorithm was applied to each GWAS dataset to dis-
cover additional lincRNAs with trait associations. Because
GenCAT generates a single test statistic for each lincRNA, a
Bonferroni adjustment based on the total number of lincRNAs is
applied. This approach assumes independent signal across
lincRNAs. Although stringent, this assumption is less conserva-
tive than for SNP testing (where many SNPs within lincRNAs are
in LD). For GenCAT, we do not report less conservative FDR-
corrected P-values.

Prioritization of trait-associated lincRNAs

Some lincRNAs with trait associations may be near candidate
protein-coding genes for the trait, or near intergenic SNPs with
stronger association signals than SNPs in the lincRNAs. The
true trait effect(s) at such loci could be via (i) the lincRNA itself,
(ii) the protein-coding gene, (iii) both the lincRNA and the
protein-coding gene, e.g. cis-regulatory actions of the lincRNA
on local protein coding gene or (iv) other regulatory features at
the locus independent of the lincRNA. To explore which trait-
associated lincRNAs are most likely to have independent ef-
fects, first we characterized the patterns of SNP association

strengths for each trait at each lincRNA region using 6500 kb of
lincRNA as the regions of interest. Since lincRNAs are generally
shorter than protein coding genes, we chose 6500 kb as an ap-
propriate threshold that balances our primary focus on identify-
ing lincRNAs for further prioritizations vs. identifying the
influence of more distant regional signals and protein coding
genes. If the lincRNA contained the most significant SNP in this
500 kb region, it was assigned to ‘trait category’ 1, otherwise it
was assigned to trait category 2. If the lincRNA did not contain
the strongest SNP signal in the region for a given trait, then we
calculated the degree of LD using R2 between the most signifi-
cant SNP in the lincRNA and the most significant SNP in the re-
gion. We used the LD between the top SNP in the lincRNA and
the top SNP in the region to designate an ‘LD category’ for these
lincRNAs. For R2�0.3, the lincRNA was assigned LD category 1;
for 0.3<R2<0.8, LD category 2; for R2�0.8, LD category 3. For
each trait, we also calculated R2 between the most significant
SNP in the lincRNA and the most significant SNP in any putative
candidate protein-coding genes in the region. The software
PLINK (69) and the 1000 Genomes Phase 2 European dataset (70)
were used for all R2 calculations. Each trait was examined sepa-
rately and the complete lists of genome-wide significant SNPs
as well as proposed candidate protein-coding genes for each
trait were extracted from the original GWAS datasets and publi-
cations for the 15 cardiometabolic traits (Supplementary
Material, Table S10).

Replication in independent GWAS data

Our primary analyses accessed the largest consortia datasets
available thus limiting availability of additional large datasets
for replication. Therefore, our replication analyses, performed
in a South Asian sample, should be considered preliminary and
illustrative rather than definitive. GWAS summary data from
the PROMIS study were used for preliminary replication for sev-
eral traits, including MI and plasma lipids. A focused SNP-based
replication was conducted, in which SNPs that were Bonferroni-
significant in the ‘original’ GWAS and also present in the corre-
sponding PROMIS dataset were used to calculate a replication
significance threshold (e.g. P < 0.05/197¼ 2.54 � 10�4 for 197
SNPs for total cholesterol, to P < 0.05/31¼ 1.61 � 10�3 for 31
SNPs for MI). The PROMIS SNPs meeting this replication thresh-
old were extracted and the lincRNAs containing these SNPs
were noted. In addition, to examine the generalizability of en-
richment findings, lincRNA enrichment in trait associated SNPs
was also analyzed via resampling in PROMIS (see
Supplementary Materials).

Synteny and conservation of trait-associated lincRNAs

Synteny and sequence conservation are hallmarks of function-
ally conserved genomic elements. Synteny of lincRNA loci
across species was described by Ulitsky et al. (71), in which
many zebrafish lincRNA loci are found to have conserved geno-
mic location in mammalian genomes while only limited zebra-
fish lincRNAs are conserved at the level of primary sequence.
Additionally, two recent articles (35,36) examining lincRNA con-
servation in mammalian species demonstrate that most con-
served lincRNAs are syntenic and have poor primary sequence
conservation across species. In the absence of detailed knowl-
edge of expressed lincRNAs in all tissues across species, we ana-
lyzed genomic synteny, an important feature of conserved
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lincRNAs, as well as sequence conservation for trait-associated
human lincRNAs.

For synteny analysis, we obtained all coding genes within
500 kb of a human lincRNA and searched for homologous genes
in mouse, using HomoloGene from NCBI to determine homol-
ogy. A lincRNA was considered syntenic if its two neighboring
genes had homologs in mouse. Next, to determine conserva-
tion, the human sequences of the syntenic lincRNAs were ex-
tracted from human genome build 19 and compared with the
mouse genome build mm9 using BLASTN. A threshold of Expect
Value (E-value) � 1e-10 was applied. Conservation hits in mouse
were required to be within the syntenic mouse lincRNAs. These
mouse sequence hits were then compared with the human ge-
nome using BLASTN with the same threshold. Only the hits
that could be mapped again to the original sequences in human
were considered conserved. The proportion of syntenic trait-
associated lincRNAs was compared with the proportion of syn-
tenic non-trait-associated lincRNAs using the v2

df¼1 test.

Tissue expression patterns and ASE for trait associated
lincRNAs

LincRNAs are known to be tissue specific (18). First, we utilized
the Human Body Map dataset (18) to examine the expression of
trait-associated lincRNAs in five cardiometabolic-relevant tis-
sues: adipose, blood, brain, liver and muscle. Since the expres-
sion levels of lincRNAs are generally low, to aid visualization of
the expression of lincRNAs across tissues, we set the FPKM inter-
vals with upper limit to 0.001, 0.01, 0.1, 1 and >1 and generated a
color heat map of each expressed lincRNA for each tissue.

Next, we examined lincRNA expression in our own deeply
sequenced RNA-seq data (72) for peripheral blood mononuclear
cells (PBMCs; n¼ 15 samples; �369 million reads per sample)
and adipose tissue (n¼ 25 samples; �223 million reads per sam-
ple). In each sample, we identified lincRNAs that were ex-
pressed above 1% FPKM among all lincRNAs and RefSeq coding
genes, and considered a lincRNA as fully ‘expressed’ only when
it was present in all PBMC or all adipose tissue samples. The
proportion of trait-associated lincRNAs expressed in PBMC and
adipose was compared with the proportion of non-trait-
associated lincRNAs expressed in PBMC and adipose using the
v2

df¼1 test.
Finally, to test ASE, we first identified all heterozygous SNPs

within each lincRNA. For each SNP covered by at least 10 reads
in our human PBMC and adipose tissue RNA-seq data, we
counted the number of reads mapped for each allele. The allele
counts were then tested against a null of 1:1 ratio for each allele
by v2

df¼1 test. P-values were adjusted for the total number of het-
erozygous SNPs meeting the analysis criteria. For SNPs with
ASE, we performed haplotype analysis to examine whether the
over-expressed allele (i.e. allelic ratio > 0.5) at the ASE SNP re-
sides on the same haplotype with the risk allele or trait increas-
ing allele at the top trait-associated SNP. To obtain haplotype
information, we downloaded 1000 Genomes phase 3 data (ftp://
ftp.1000genomes.ebi.ac.uk/Vol02514/ftp/release/20130502/) for
all subjects of European ancestry, and calculated haplotype fre-
quency for each top trait-associated SNP and ASE SNP pair.

Adipocyte functional studies of linc-NFE2L3-1 an
obesity-associated lincRNAs

Because we have interest in novel genomic pathways that regu-
late adipocyte functions and cardiometabolic traits in humans,

we selected linc-NFE2L3-1, an adipose-expressed lincRNA associ-
ated with waist-hip ratio adjusted for body mass index
(‘WHRadjBMI’), as an example for preliminary functional study
in adipocytes. Detailed methods for adipocyte culture and insu-
lin stimulation, shRNA knockdown of lincRNAs, and adipocyte
lipid and metabolic assays are provided in Supplementary
Materials. Statistical analyses of adipocyte data were performed
using Graphpad Prism. Conditions were compared using un-
paired Student’s t-test (for two groups) or analysis of variance
followed by Tukey’s test for pairwise comparisons (for more
than two conditions).

Statistical power calculations

Statistical power calculations for SNP-based analyses of lincRNAs
of binary traits (CAD, MI, type 2 diabetes) and quantitative traits
(plasma lipids, plasma metabolic parameters, and anthropomet-
ric characteristics) are presented in Supplementary Material,
Table S11. Power was calculated using the Genetic Power
Calculator (http://pngu.mgh.harvard.edu/�purcell/gpc) assuming
additive genetic effect, correcting for 226 000 SNPs tested in all
lincRNAs. For each trait, we calculated power at various sample
sizes and effect sizes (genotype relative risk for a binary trait; per-
cent variation explained by a SNP for a quantitative trait).

Web resources

All computer code for defining the lincRNA dataset, annotating
SNPs to lincRNAs, applying the Bonferroni and FDR corrections
to lincRNA SNP P-values, performing resampling for enrich-
ment, and analyzing LD around each lincRNA are available on
GitHub at: https://github.com/rachellea/lincRNAs/tree/mas
ter#lincrnas, [last accessed date July 2015].

Additional software resources:

• PLINK: http://pngu.mgh.harvard.edu/�purcell/plink/, [last
accessed date August 2014]

• Human Body Map: http://www.ebi.ac.uk/arrayexpress/experi
ments/E-MTAB-513/, [last accessed date June 2015]

• GenCAT: https://cran.r-project.org/web/packages/GenCAT/in
dex.html, [last accessed date November 2014]

• BLASTN: https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_
TYPE¼BlastSearch, [last accessed date June 2015]

• GTEx: http://www.gtexportal.org/home/, [last accessed date
June 2015]

Supplementary Material
Supplementary Material is available at HMG online.
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investigators and have been downloaded from www.magicinves
tigators.org. Data on body mass index and waist-hip ratio ad-
justed for BMI have been contributed by GIANT, the Genetic
Investigation of Anthropometric Traits Consortium, and have
been downloaded from https://www.broadinstitute.org/collabora
tion/giant/index.php/Main_Page.
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