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CLINICAL AND POPULATION STUDIES

Nonconserved Long Intergenic Noncoding RNAs 
Associate With Complex Cardiometabolic Disease 
Traits
Andrea S. Foulkes , Caitlin Selvaggi, Tingyi Cao , Marcella E. O’Reilly, Esther Cynn, Puyang Ma, Heidi Lumish,  
Chenyi Xue, Muredach P. Reilly

OBJECTIVE: Transcriptome profiling of human tissues has revealed thousands of long intergenic noncoding RNAs (lincRNAs) 
at loci identified through large-scale genome-wide studies for complex cardiometabolic traits. This raises the question of 
whether genetic variation at nonconserved lincRNAs has any systematic association with complex disease, and if so, how 
different this pattern is from conserved lincRNAs. We evaluated whether the associations between nonconserved lincRNAs 
and 8 complex cardiometabolic traits resemble or differ from the pattern of association for conserved lincRNAs.

APPROACH AND RESULTS: Our investigation of over 7000 lincRNA annotations from GENCODE Release 33–GRCh38.p13 for 
complex trait genetic associations leveraged several large, established meta-analyses genome-wide association study summary 
data resources, including GIANT (Genetic Investigation of Anthropometric Traits), UK Biobank, GLGC (Global Lipids Genetics 
Consortium), Cardiogram (Coronary Artery Disease Genome Wide Replication and Meta-Analysis), and DIAGRAM (Diabetes 
Genetics Replication and Meta-Analysis)/DIAMANTE (Diabetes Meta-Analysis of Trans-Ethnic Association Studies). These 
analyses revealed that (1) nonconserved lincRNAs associate with a range of cardiometabolic traits at a rate that is generally 
consistent with conserved lincRNAs; (2) these findings persist across different definitions of conservation; and (3) overall 
across all cardiometabolic traits, approximately one-third of genome-wide association study–associated lincRNAs are 
nonconserved, and this increases to about two-thirds using a more stringent definition of conservation.

CONCLUSIONS: These findings suggest that the traditional notion of conservation driving prioritization for functional and translational 
follow-up of complex cardiometabolic genomic discoveries may need to be revised in the context of the abundance of nonconserved 
long noncoding RNAs in the human genome and their apparent predilection to associate with complex cardiometabolic traits.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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M
ost loci identified through large-scale genome-
wide studies for complex cardiometabolic traits fall 
in intergenic regions, and many of these overlap 

genomic features that confer cell-specific regulatory func-
tions. Indeed, transcriptome profiling of human tissues has 
revealed thousands of long intergenic noncoding RNAs 
(lincRNAs), representing the majority of all long noncoding 
RNAs (lncRNAs), transcribed in a cell- and tissue-specific 
manner at many of these loci raising the question as to 
whether these lincRNAs could be causal elements for 

cardiometabolic trait associations at these intergenic loci.1 
Convention in the field suggests that genetic elements 
that are conserved across many species are more likely 
to be functional and, if disrupted by mutations or common 
variation, contribute to rare diseases and complex traits, 
respectively. Evolutionary profiling shows that the major-
ity of human lincRNAs mapped by RNA sequencing is 
not conserved outside of primate species, and it has been 
suggested that some proportion of these may not be true 
functional lncRNAs but rather byproducts of pervasive 
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transcription.2–4 Recent work, however, is revealing many 
examples of nonconserved human lincRNAs that are func-
tional and biologically important including a subset that 
may be the causal element at loci for human cardiometa-
bolic and other diseases.1,4–15

These perspectives raise important questions as to 
whether genetic variation at nonconserved lincRNAs has 
any systematic association with complex cardiometabolic 
diseases, and if so, how different is this pattern from con-
served lincRNAs. This is an important question in deter-
mining which human lincRNAs should be prioritized for 
functional and translational study. If nonconserved lin-
cRNAs warrant systematic interrogation, this requires 
a shift in mindset and application of innovative in vivo 
humanized models to address the physiological roles and 
disease impact of nonconserved lincRNAs. More broadly, 
because human genomes contain mostly nonconserved 
lincRNAs, the traditional notion of conservation driving 
functional prioritization for mechanistic studies in cardio-
metabolic model systems may need revision in context 
of our expanding knowledge of diverse, nonconserved, 
functional regulatory features.

In the current work, we evaluated the likelihood that 
nonconserved lincRNAs have association with a complex 
cardiometabolic trait and whether this resembles or differs 
from the pattern of association for conserved lincRNAs. This 
included comprehensive consideration of summary data 
from multiple large meta-analyses genome-wide associa-
tion study (GWAS) for 8 cardiometabolic disease–related 
traits: waist-to-hip ratio adjusted for body mass index 
(WHRadjBMI), body mass index (BMI),16–20 height,21 HDL 
(high-density lipoprotein) cholesterol, LDL (low-density 
lipoprotein) cholesterol (LDL-C), triglycerides,22 coronary 
artery disease (CAD),23 and type-2 diabetes.24 For lincRNA 
interrogation, we utilized a well-defined and comprehensive 

set of over 7000 multi-exon lincRNAs that have been rigor-
ously annotated (GENCODE Release 33–GRCh38.p13).25 
Conservation was defined using multiple distinct strategies, 
primarily based on the broad perspective of synteny, or posi-
tional genomic conservation,2,3,26,27 with secondary incor-
poration of additional information on expression in mouse 
tissues25 and an exploratory consideration of conserva-
tion based on base-pair sequence scoring.28 Our analyses 
revealed that (1) nonconserved lincRNAs associate with 
cardiometabolic traits at a rate that is consistent with con-
served lincRNAs; (2) these finding persist across different 
definitions of conservation; and (3) overall across all traits, 
approximately one-third of GWAS-associated lincRNAs are 
nonconserved, and this increases to about two-thirds using 
a more stringent definition of conservation.

MATERIALS AND METHODS
Anonymized data and materials are collected from existing 
publicly available repositories as indicated below.

Figure I in the Data Supplement provides a schematic illus-
tration of how synteny is defined and summarizes our analytic 
pipeline. Key aspects of data preparation and analysis are 
described here. Additional Methods description including gene 
set enrichment analyses is provided in Material and Methods in 
the Data Supplement.

Data and Code Availability
All data used in the analyses contributing to this article are 
publicly available at the sites indicated. Code is available upon 
request to the corresponding author.

Conservation Determination

Conservation Based on Synteny
LincRNAs with expression in human tissues were identified using 
the Human Gencode v33 gene annotation build hg38 25 and 
were designated as intergenic if no protein-coding gene (PCG) 
start or stop locations were contained within the lincRNA start 

Nonstandard Abbreviations and Acronyms

BMI body mass index
CAD coronary artery disease
CRISPR  clustered regularly interspaced short 

palindromic repeats
GWAS genome-wide association study
HDL high-density lipoprotein
LDL low-density lipoprotein
LDL-C low-density lipoprotein cholesterol
lincRNA long intergenic noncoding RNA
lncRNA long noncoding RNA
PCG protein-coding gene
SNP single-nucleotide polymorphism
TE transposable element
WHRadjBMI  waist-to-hip ratio adjusted for body 

mass index

Highlights

• Of 1000s of long intergenic noncoding RNAs in the 
human genome, nonconserved long intergenic non-
coding RNAs associate with cardiometabolic traits 
at a rate that is similar to that for conserved long 
intergenic noncoding RNAs.

• These findings are consistent across multiple car-
diometabolic traits and persist using different defini-
tions of conservation.

• For all cardiometabolic traits, more than one-third 
of genome-wide association study–associated 
long intergenic noncoding RNAs are nonconserved 
based on syntenic positional conservation, and this 
increases to as much as two-thirds using a more 
stringent definition of conservation.
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and stop locations. For primary analysis, an lincRNA was con-
served if it was syntenic and nonconserved if it was not syntenic. 
LincRNAs were defined as syntenic if (1) the nearest upstream 
and downstream neighboring PCGs in humans had one-to-one 
mouse homologs based on the Ensembl genome database 
release 47; and (2) the homologs were on the same chromosome 
with consistent relative orientation based on Mouse Gencode v24 
25. Neighbors were defined as within 900 kb of the start and end 
position of the lincRNA as described previously.2

A subset (18.5%) of lincRNAs without 2 neighboring 
PCGs within this region were designated as absent neigh-
bors and were not classified as either syntenic or nonsyntenic. 
Furthermore, for a small subset of lincRNAs (1.2%) that had 
upstream and downstream one-to-one mouse homologs but 
with inconsistent PCG orientation between human and mouse 
homologs, the lincRNA was designated as inconsistent ori-
entation and not included in subsequent modeling. The rela-
tive orientation of mouse homologs for 2 lincRNAs could not 
be determined as they were not present in Mouse Gencode 
v24, and therefore, these lincRNAs were designated as having 
absent neighbors. This classification approach is summarized in 
the Figure I in the Data Supplement (top).

Conservation Based on Synteny and Expression
For secondary analysis, alternative definitions of lincRNA con-
servation were applied. An lincRNA was considered conserved 
if it was both syntenic at the genomic level in mouse and was 
also expressed in mouse tissues as defined by Mouse Gencode 
v24. An lincRNA was nonconserved if it was syntenic but not 
expressed in mouse tissues or not syntenic in mouse. Syntenic 
lincRNAs were defined as expressed if an lincRNA was pres-
ent in mouse between the 2 identified PCG homologs based on 
Mouse Gencode v24. Syntenic lincRNAs with overlapping mouse 
homologs were unclassified under this definition of conservation.

Conservation Based on Sequence Scoring
Finally, as an exploratory analysis using a sequence-level 
approach to determining conservation, we calculated 7-way 
phastCons scores28 for the 200-bp region of each lincRNA 
transcript’s transcription start site. The average across the tran-
scription start site region was calculated, and the maximum 
across all transcripts of an lincRNAs was used as an alternative 
measure of conservation.

Merging of lincRNAs
For focused interrogation of lincRNAs with GWAS summary data, 
lincRNA boundaries were extended by 5 kb, to include single-
nucleotide polymorphisms (SNPs) in the canonical 5′ promoter 
and 3′ UTR (untranslated region) regulatory regions of lincRNAs. 
Resultant overlapping lincRNAs on the same strand were con-
solidated and treated as a single lincRNA. In the case that over-
lapping lincRNAs were on opposite strands, the lincRNA on the 
positive (+) strand was retained and the lincRNA on the negative 
(−) strand was removed. In merging lincRNAs, the following deci-
sion rules were applied: (1) if any of the merged lincRNAs were 
syntenic, the new merged lincRNA was classified as syntenic; 
(2) if none of the lincRNAs were syntenic but at least 1 was 
nonsyntenic, the new merged lincRNA was classified as non-
syntenic; (3) if none were syntenic or nonsyntenic but at least 1 
had inconsistent orientation, the new merged lincRNA was clas-
sified as inconsistent orientation; and (4) in all remaining cases, 

new merged lincRNAs were classified as absent neighbors. For 
the secondary definition of conservation, a similar approach was 
applied where syntenic is replaced with syntenic and expressed 
and a final category is included based on overlapping homologs. 
Merged lincRNAs are removed from the exploratory analysis 
based on phastCons. The approach to merging lincRNAs is pre-
sented in Figure I in the Data Supplement (lower left).

GWAS Data Selection and Signal Determination
Cardiometabolic trait GWAS summary datasets with large par-
ticipant numbers were selected to provide statistical power to 
evaluate the disease association of conserved versus noncon-
served lincRNAs. Height was included because it is a defining 
complex genetic trait, has large GWAS sample sizes, and in 
recent years, height has been shown to share causal pathways 
with those for atherosclerotic cardiovascular disease.29 SNPs 
were mapped from hg19 to hg38 using LiftOver (https://
genome.ucsc.edu/cgi-bin/hgLiftOver). If the minimum SNP-
level P within an lincRNA (±5 kb as outlined above) was 
less than the corresponding threshold (provided in Table 1), 
the lincRNA was classified as having a GWAS signal. For 
WHRadjBMI and BMI, the minimum P was determined across 
meta-analyses of men, women, and men and women combined. 
In all other cases, results were based on meta-analysis results 
for men and women combined. Guanine-cytosine (GC) content 
was calculated using sequence data from Human Gencode 
v33. For each lincRNA, exons were identified and merged if 
overlapping and GC content was defined as the proportion of 
Gs and Cs in the exon sequences. Transposable element (TE) 
coverage was defined as the proportion of the lincRNA exon 
sequences that overlap with TEs. For this calculation, the posi-
tions of TE types LINE (long interspersed nuclear element), 
SINE (short interspersed nuclear element), LTR (long terminal 
repeat), and DNA were identified using University of California 
Santa Cruz Genome Browser RepeatMasker.30

Statistical Analysis
The primary outcome was GWAS signal defined as an indicator 
that the minimum SNP-level P within the lincRNA (±5 kb as 
outlined above) was less than a predefined threshold (Table 1). 
Conservation was defined based on synteny for primary 
analysis and based on synteny and expression for secondary 
analysis. The proportions of conserved (·) and nonconserved 
(·) lincRNAs, respectively, with GWAS signal are reported. A 
noninferiority test given by H p p

0 1 2
: − <δ versus H p p

A 1 2
: − <δ  

is applied for each trait with δ = 0 01. . A corresponding P<0.05 
was considered statistically meaningful and suggested that 
the proportion of nonconserved lincRNAs with GWAS signal 
was not significantly less than the proportion of conserved lin-
cRNAs with GWAS signal in unadjusted analysis.

Additionally, multivariable logistic regression models were 
fitted separately for each trait and adjusted for the number of 
SNPs (natural log-transformed), GC content (natural log-trans-
formed), and TE coverage. LincRNAs were treated as the unit 
of analysis, and data were limited to lincRNAs that were classi-
fied as conserved or not conserved. Wald tests of a difference 
in the probability of GWAS signal between conserved and non-
conserved lincRNAs based on adjusted models are reported. 
Odds ratios and corresponding 95% CIs corresponding to 
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the odds of GWAS signal for conserved lincRNAs compared 
with the odds of GWAS signal for nonconserved lincRNAs are 
also provided. The estimated probabilities of GWAS signal for 
conserved and nonconserved lincRNAs and the correspond-
ing prediction interval were determined based on the multivari-
able fitted logistic model. A summary of the statistical analysis 
approach is provided in Figure I in the Data Supplement (right).

RESULTS

Descriptive Characteristics of lincRNAs

Publicly available GWAS summary data used in the 
analysis are summarized in Table 1 and included WHR-
adjBMI and BMI,18 height,21 HDL cholesterol, LDL-C, 
and triglycerides,22 CAD,23 and type-2 diabetes.24 
Table 2 illustrates the distributions of transcript length, 
GC content, exon count, and TE coverage for lincRNAs 
that are classified as conserved or nonconserved 
(defined based on synteny as described in Methods). 
Summary data are reported as medians and interquar-
tile ranges as these measures are robust to skewness 

in the data. Information on lincRNAs unclassified due 
to the absence of a PCG upstream or downstream (or 
both) or with inconsistent PCG relative orientation is 
provided in Table I in the Data Supplement.

Conserved lincRNAs tend to be longer than noncon-
served lincRNAs, and this difference is more pronounced 
when expression in mouse is considered (median length: 
syntenic lincRNAs, 159 60 bps; nonsyntenic lincRNAs, 
15 851 bps; syntenic and expressed lincRNAs, 19 120 
bps; syntenic and not expressed or nonsyntenic lin-
cRNAs, 14 721 bps). Moreover, unclassified lincRNAs 
tend to be significantly longer with a lower GC content 
and higher TE coverage (Table I in the Data Supplement). 
The number of SNPs per lincRNA (based on WHRad-
jBMI data) tracks with the length of the lincRNA, so that 
the distribution of the number of SNPs divided by lin-
cRNA length is approximately the same in all categories. 
Overall, these findings support the use of multivariable 
adjusted analyses including these variables as potential 
confounders in characterizing the relationship between 
lincRNA conservation and GWAS signal.

Table 2. Characteristics of Conserved and Nonconserved lincRNAs

Characteristic*

Conservation based on synteny Conservation based on synteny and expression

Total (n=7089)Conserved (n=4243) Nonconserved (n=1445) Conserved (n=2262) Nonconserved (n=3398)

Length 15 960 (11 918–32 571) 15 851 (11 984–29 670) 19 120 (12 510–44 262) 14 721 (11 702–26 402) 17 130 (12 093–36 922)

GC content 0.458 (0.416–0.506) 0.460 (0.415–0.504) 0.452 (0.413–0.498) 0.463 (0.418–0.509) 0.450 (0.407–0.499)

Exon count 3 (2–4) 3 (2–4) 3 (2–5) 2 (2–4) 3 (2–5)

TE coverage 0.346 (0.154–0.543) 0.329 (0.130–0.541) 0.334 (0.149–0.518) 0.347 (0.147–0.558) 0.346 (0.155–0.545)

No. of SNPs† 178 (123–354) 161 (108–293) 214 (136–484) 157 (111–272) 183 (123.5–388)

No. of SNPs/length† 0.010 (0.009–0.012) 0.010 (0.008–0.012) 0.011 (0.009–0.012) 0.010 (0.009–0.012) 0.010 (0.009–0.012)

GC indicates guanine-cytosine; GWAS, genome-wide association study; lincRNA, long intergenic noncoding RNA; SNP, single-nucleotide polymorphism; TE, transpos-
able element; and WHRadjBMI, waist-to-hip ratio adjusted for body mass index.

*Median and interquartile range (25th to 75th percentile) across lincRNAs within corresponding category.
†Summary results for the number of SNPs per lincRNA and number of SNPs divided by lincRNA length are based on a subset of n=7011 lincRNAs and GWAS 

SNPs for WHRadjBMI (Table 1).

Table 1. Summary of Genome-Wide Association Study Data Resources

 No. of SNPs Sample size Coverage*
No. of LincRNAs 
mapped to SNPs Signal threshold† Source

WHRadjBMI 27 364 379 694 649 183 (123.5–388) 7011 5×10−8 GIANT/UKBb18

BMI 27 369 701 806 834 183 (124–388.5) 7011 5×10−8 GIANT/UKBb18

Height 2 332 944 ≈700 000 16 (8–37) 6611 5×10−8 GIANT/UKBb21

HDL 2 445 954 188 577 17 (8–39) 6704 5×10−6 GLGC22

LDL 2 437 751 188 577 17 (8–39) 6698 5×10−6 GLGC22

TGs 2 439 264 188 577 17 (8–39) 6698 5×10−6 GLGC22

CAD 9 455 778 184 305 67 (40–142) 6859 5×10−6 Cardiogram23

T2D 21 635 866 898 130 146 (98–309) 6977 5×10−8 DIAGRAM24

*Median number of SNPs per lincRNA and interquartile range (25th to 75th percentile).
†Signal threshold was set to 5×10−8 for analysis of GIANT/UKBb and DIAGRAM data to correct for multiple comparisons. A less stringent but still suggestive thresh-

old of 5×10−6 was used for the analysis of GLGC and cardiogram data as the sample size, and, therefore, the power for detecting association is lower in these settings. 
BMI indicates body mass index; CAD, coronary artery disease; Cardiogram, Coronary Artery Disease Genome Wide Replication and Meta-Analysis; DIAGRAM, Diabetes 
Genetics Replication and Meta-Analysis; GIANT, Genetic Investigation of Anthropometric Traits; GLGC, Global Lipids Genetics Consortium; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; LincRNA, long intergenic noncoding RNA; SNP, single-nucleotide polymorphism; T2D, type 2 diabetes; TG, triglyceride; UKBb, UK Biobank; 
and WHRadjBMI, waist-to-hip ratio adjusted for body mass index.
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Analysis Using Primary Definition of 
Conservation Based on Synteny

The counts and percentages of lincRNAs by conserva-
tion and GWAS signal are provided in Table 3. In this 
unadjusted analysis based on the primary definition of 
conservation, the estimated proportion of lincRNAs 
with GWAS signal for nonconserved lincRNAs is less 
than the corresponding proportion for conserved lin-
cRNAs for BMI (6.2% versus 6.9%; noninferiority 
P>0.05) and height (16.8% versus 18.8%; noninferi-
ority P>0.05) while this estimated proportion is greater 

in nonconserved compared with conserved lincRNAs 
for WHRadjBMI (5.7% versus 5.0%; noninferiority 
P<0.01), HDL cholesterol (1.0% versus 0.7%; non-
inferiority P<0.001), LDL-C (1.2% versus 0.6%; non-
inferiority P<0.001), triglycerides (1.1% versus 0.7%; 
noninferiority P<0.001), CAD (0.6% versus 0.4%; non-
inferiority P<0.001), and type-2 diabetes (1.6% versus 
1.1%; noninferiority P<0.001).

Overall, these findings suggest that it is as likely for 
nonconserved lincRNAs as for conserved lincRNAs 
to include a GWAS-associated SNP. In addition, a 

Table 3. Genome-Wide Association Study Signal Counts by Trait and Conservation (Unadjusted Analysis)

 No signal
Signal (column 
percentage) Total Signal, %

Test of non- 
inferiority*

Conservation defined based on synteny

 WHRadjBMI (n=5635) Nonconserved 1315 80 (27.6%) 1395 5.7 0.00796

Conserved 4030 210 4240 5.0

 BMI (n=5635) Nonconserved 1308 87 (23.0%) 1395 6.2 0.345

Conserved 3949 291 4240 6.9

 Height (n=5319) Nonconserved 968 195 (20.0%) 1163 16.8 0.212

Conserved 3375 781 4156 18.8

 HDL (n=5395) Nonconserved 1208 12 (29.3%) 1220 1.0 <0.001

Conserved 4146 29 4175 0.7

 LDL (n=5389) Nonconserved 1203 14 (36.8%) 1217 1.2 <0.001

Conserved 4148 24 4172 0.6

 TGs (n=5389) Nonconserved 1204 13 (29.5%) 1217 1.1 <0.001

Conserved 4141 31 4172 0.7

 CAD (n=5534) Nonconserved 1301 8 (33.3%) 1309 0.6 <0.001

Conserved 4209 16 4225 0.4

 T2D (n=5616) Nonconserved 1354 22 (31.4%) 1376 1.6 <0.001

Conserved 4192 48 4240 1.1

Conservation defined based on synteny and expression

 WHRadjBMI (n=5607) Nonconserved 3173 173 (59.9%) 3346 5.2 0.0336

Conserved 2145 116 2261 5.1

 BMI (n=5607) Nonconserved 3115 231 (61.3%) 3346 6.9 0.0196

Conserved 2115 146 2261 6.5

 Height (n=5292) Nonconserved 2481 579 (59.6%) 3060 18.9 0.0160

Conserved 1840 392 2232 17.6

 HDL (n=5368) Nonconserved 3100 28 (68.3%) 3128 0.9 <0.001

Conserved 2227 13 2240 0.6

 LDL (n=5362) Nonconserved 3097 26 (68.4%) 3123 0.8 <0.001

Conserved 2227 12 2239 0.5

 TGs (n=5362) Nonconserved 3094 29 (65.9%) 3123 0.9 <0.001

Conserved 2224 15 2239 0.7

 CAD (n=5506) Nonconserved 3233 17 (70.8%) 3250 0.5 <0.001

Conserved 2249 7 2256 0.3

 T2D (n=5588) Nonconserved 3280 47 (68.1%) 3327 1.4 <0.001

Conserved 2239 22 2261 1.0

BMI indicates body mass index; CAD, coronary artery disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2D, type 2 dia-
betes; TG, triglyceride; and WHRadjBMI, waist-to-hip ratio adjusted for body mass index.

*Test of noninferiority is based on δ=0.01.
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substantial number of GWAS-associated lincRNAs are 
not conserved, as indicated by the column percentages 
in Table II in the Data Supplement. For example, 80 of 
290 (27.6%) lincRNAs with a GWAS signal for WHR-
adjBMI are nonconserved. The percentage of GWAS-
associated lincRNAs that are not conserved ranges from 
20% (for height) to 36.8% (for LDL-C).

Multivariable Models

The results of multivariable modeling (Table 4; Fig-
ure; Figures II and III in the Data Supplement) are 
consistent with findings of unadjusted analyses with 
the exception that the predicted probability of GWAS 
signal for BMI is now slightly higher for nonconserved 
compared with conserved lincRNAs. The correspond-
ing adjusted estimated odds ratio of conserved, rela-
tive to nonconserved, lincRNA association with traits 
is <1 for all traits except height (P<0.05 for LDL-C; 
P>0.05 for all other traits) and ranges from 0.451 
(95% CI, 0.231–0.878) for LDL to 1.126 (95% CI, 
0.947–1.338) for height.

Illustrative Examples

As illustrative examples, Figure IV in the Data Supplement 
presents locus plots for several examples of genetic loci 
containing nonconserved and conserved lincRNAs that 
are associated with CAD and WHRadjBMI—2 well-stud-
ied and clinically important cardiometabolic traits.

Secondary Analysis Using Alternative 
Definitions of Conservation

Using the secondary definition of conservation that 
requires lincRNA expression in mouse and human, as 
well as synteny, the predicted probability of GWAS signal 
is higher in nonconserved lincRNAs compared with con-
served lincRNAs for all traits (P<0.05 for BMI, height, 
and LDL-C; P>0.05 for all other traits; Table 4; Figure 
III in the Data Supplement). Notably, for both definitions 
of conservation, the point estimate for the probability of 
GWAS signal is consistently greater in nonconserved 
lincRNAs compared with conserved lincRNAs. Although 
this difference is not statistically significant for most 
traits considered individually, the overall trend suggests 

Table 4. Multivariable Adjusted Model Estimates for Effect of Conservation on GWAS Signal by Trait

 Estimate for syntenic* SE Z value Pr(>|z|) OR (95% CI)

Conservation defined based on synteny

 WHR-

adjBMI

−0.220 0.136 −1.613 0.107 0.803 (0.614–1.048)

 BMI −0.005 0.391 −0.040 0.968 0.995 (0.775–1.277)

 Height 0.118 0.088 1.343 0.179 1.126 (0.947–1.338)

 HDL −0.412 0.346 −1.189 0.235 0.663 (0.336–1.306)

 LDL −0.796 0.340 −2.341 0.019 0.451 (0.231–0.878)

 TG −0.442 0.334 −1.325 0.185 0.643 (0.334–1.236)

 CAD −0.546 0.436 −1.253 0.210 0.579 (0.247–1.361)

 T2D −0.415 0.262 −1.589 0.112 0.660 (0.395–1.102)

Conservation defined based on synteny and expression

Estimate for syntenic 

and expressed*

 WHR-

adjBMI

−0.085 0.127 −0.667 0.505 0.919 (0.716–1.179)

 BMI −0.276 0.114 −2.419 0.016 0.759 (0.607–0.949)

 Height −0.155 0.075 −2.077 0.038 0.856 (0.740–0.991)

 HDL −0.634 0.348 −1.820 0.069 0.530 (0.268–1.050)

 LDL −0.745 0.364 −2.047 0.041 0.475 (0.233–0.969)

 TG −0.551 0.331 −1.664 0.096 0.576 (0.301–1.103)

 CAD −0.761 0.462 −1.648 0.099 0.467 (0.189–1.155)

 T2D −0.488 0.267 −1.825 0.068 0.614 (0.363–1.037)

BMI indicates body mass index; CAD, coronary artery disease; GWAS, genome-wide association study; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; lincRNA, long intergenic noncoding RNA; OR, odds ratio; SNP, single-nucleotide polymorphism; T2D, type 2 
diabetes; TE, transposable element; TG, triglyceride; and WHRadjBMI, waist-to-hip ratio adjusted for body mass index.

*Separate multivariable models are fitted for each trait. Models are adjusted for number of SNPs (natural log-transformed), guanine-
cytosine (GC) content (natural log-transformed), and TE coverage. In the model for the WHRadjBMI signal with conservation defined based 
on synteny, the OR corresponding to a 1-unit change in natural log GC content is 3.20 ([95% CI, 1.36–7.48] P=0.007) and the OR for 1 
unit change in TE coverage is 0.837 ([95% CI, 0.522–1.35] P=0.459). This suggests that GC content is significantly associated with the 
probability of a GWAS signal for WHRadjBMI. Adjustment for these additional covariates supports the unadjusted finding that the likelihood 
for a nonconserved lincRNA to include a GWAS signal SNP is similar to that of a conserved lincRNA.
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that the notion that GWAS signal would be lower in non-
conserved regions needs to be reconsidered. Similar to 
the first definition of conservation, a substantial num-
ber of GWAS-associated lincRNAs are not conserved 
based on the secondary definition (Table II in the Data 
Supplement). In this case, 173 of 289 (59.9%) GWAS-
associated lincRNAs for WHRadjBMI are nonconserved. 
This percentage of GWAS-associated lincRNAs that are 
not conserved, based on the secondary definition, ranges 
from 59.6% (for height) to 70.8% (for CAD).

Additional Analyses

To compare the strength of lincRNA GWAS signals, we 
plotted the density of the maximum within lincRNA SNP-
level Z score among trait-associated lincRNAs for con-
served and nonconserved lincRNAs using our primary 
syntenic definition of conservation (Figure V in the Data 
Supplement). No apparent trend is observed to suggest 

that the magnitude of the association signal in conserved 
lincRNAs is greater than nonconserved lincRNAs.

To probe features of lincRNAs that were unclassi-
fied in our primary syntenic definition of conservation 
(ie, the 18.5% lincRNAs that lack 2 neighboring PCGs 
within 900 kb of their start and end positions), counts 
and associated models comparing the set of unclassi-
fied lincRNAs to lincRNAs that are classified as either 
conserved or nonconserved are provided in Tables III and 
IV in the Data Supplement. These results generally sug-
gest a lower probability of GWAS signal in more isolated 
genomic regions within which the majority of unclassified 
lincRNAs is found.

In exploratory analysis of sequence-level conserva-
tion, the distribution of lincRNA level phastCons scores 
by GWAS association for WHRadjBMI and CAD are pro-
vided in Figure VI in the Data Supplement. For lincRNAs 
associated with compared with lincRNAs not associated 
with these traits, the median phastCons score is higher in 

Figure. Predicted probabilities of genome-wide association study (GWAS) signal for conserved and nonconserved long 

intergenic noncoding RNAs (lincRNAs).

Predicted probabilities and corresponding 95% prediction intervals are calculated based on multivariable models using average of observed 

median values for guanine-cytosine content and transposable element coverage and observed trait-specific median number of single-nucleotide 

polymorphisms. The predicted probability of GWAS signal is greater for nonconserved lincRNAs than conserved lincRNAs for all traits 

considered except height based on the primary definition of conservation. The results based on the secondary definition of conservation are 

consistent though in this case, the predicted probably of GWAS signal is greater for nonconserved lincRNAs than conserved lincRNAs for all 

traits including height (results not shown). The consistently overlapping CIs suggest that the likelihood of GWAS association for conserved and 

nonconserved lincRNAs is comparable, and, therefore, the traditional metrics of conservation for prioritizing long noncoding RNAs for functional 

studies needs to be reconsidered. CAD indicates coronary artery disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; T2D, 

type-2 diabetes; and WHRadjBMI, waist-to-hip ratio adjusted for body mass index.
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lincRNAs associated with WHRadjBMI (Wilxocon rank-
sum test, P<0.001, left) but not lincRNAs associated with 
CAD (Wilxocon rank-sum test, P=0.310, right). Although 
there is a statistically significant difference in the median 
phastCons score for WHRadBMI, the distribution of 
phastCons for WHRadjBMI-associated lincRNAs ranges 
from 0 to 1 with a large proportion of relatively low scores 
and a low average phastCons score for WHRadjBMI, as 
well as for CAD-associated lincRNAs.

To explore lincRNA regulatory and functional fea-
tures, we examined whether neighboring PCGs of con-
served and nonconserved disease-associated lincRNAs 
were enriched in different pathways that might hint at 
differences in their regulatory functions in cardiometa-
bolic traits. Using WHRadjBMI as an example, we per-
formed pathway-based analysis using the Database 
for Annotation, Visualization and Integrated Discovery 
(https://david.ncifcrf.gov/)31,32 based on neighboring 
PCGs of trait-associated conserved and nonconserved 
lincRNAs. Each interrogation of the Database for Anno-
tation, Visualization and Integrated Discovery categories 
showed similar findings, so we present the results from 
UniProt Keyword (UP_Keyword) annotations in Table V 
in the Data Supplement. For WHRadjBMI-associated 
lincRNAs, biological processes were different for PGCs 
at conserved versus those at nonconserved lincRNAs—
PCG neighbors of conserved lincRNA are significantly 
enriched in transcriptional regulation and DNA bind-
ing, whereas PCG neighbors of nonconserved lincRNA 
enrich for major histocompatibility complex I, immunity, 
and cell division.

DISCUSSION
A large portion of human lncRNAs lack conservation; yet, 
emerging evidence suggests nonconserved lncRNAs 
are functional.1,4–15,26,33,34 Motivated by this, we evalu-
ated the likelihood that nonconserved lincRNA loci have 
genetic association with complex human cardiometa-
bolic traits and compared this to the pattern of associa-
tion for conserved lincRNAs. Focusing on 8 established 
cardiometabolic disease–related traits,35,36 we found 
that nonconserved lincRNAs have a similar likelihood of 
associating with cardiometabolic traits as conserved lin-
cRNAs and that this association was broadly consistent 
across different definitions of conservation and differ-
ent cardiometabolic traits. Moreover, approximately one-
third of trait-associated lincRNA loci were nonconserved 
based on a syntenic definition of conservation and closer 
to two-thirds were not conserved based on a more rig-
orous definition that included both synteny and expres-
sion in mouse. These findings suggest that the traditional 
notion of conservation driving prioritization for functional 
and translational follow-up of human cardiometabolic 
genomic discoveries may need to be revised in the con-
text of the abundance of nonconserved lincRNAs in the 

human genome and their apparent predilection to asso-
ciate with complex disease traits.

Species conservation, at DNA and protein sequence 
levels, has been considered an important feature, and 
often used for primary triage, when determining whether 
a PCG is likely to be functional. This perspective is rein-
forced by decades of using model organisms, particu-
larly mouse genetic models, relative to human or primate 
studies, to study in vivo function. However, a primary 
focus on conservation and use of mouse models may 
be to deprioritize important genetic signals for human 
diseases when considering genomic and regulatory 
features, including alternative splicing, tissue-specific 
enhancers, and lincRNAs, that are prominent features of 
primate evolution.37 Although the protein-coding genome 
is largely conserved between primates and nonprimates, 
many cell-specific regulatory features are not conserved 
outside primates. This should not be altogether surpris-
ing because the specialized cell and organ functions 
that have emerged with primate evolution cannot be 
explained by changes in numbers of PCGs. This lack of 
conservation is particularly marked for lincRNAs, and our 
work26,27 and that of others2,3 suggests that the majority 
of human lincRNAs is not conserved in mice.

An alternative measure of conservation that is applied 
to PCGs is base-pair sequence homology.4,38 However, 
human lincRNAs that are syntenic, expressed in mouse 
tissues, and functionally conserved often have limited 
nucleotide sequence homology across species.2–4 For 
this reason, we focus in this work on genomic synteny 
between human and mouse as a primary measure of 
conservation. In our exploratory analysis of sequence 
conservation, while the central tendency of phastCons 
scores is higher in WHRadjBMI-associated lincRNAs 
compared with nonassociated lincRNAs, the low average 
phastCons score for WHRadjBMI- and CAD-associated 
lincRNAs, relative to PCGs, confirms a low sequence-
level conservation for trait-associated lincRNAs. This 
suggests poor utility of sequence-level conservation 
scores in discriminating disease-associated from non–
disease-associated lincRNAs.

While it has been proposed that many nonconserved 
lncRNA molecules that are identified through RNA 
sequencing technologies may be nonfunctional, sev-
eral lines of evidence suggest that this is not the case. 
Genomic markers of function including tissue-enrich-
ment, binding of tissue-specific transcription factors at 
lncRNA enhancers and promoters, and regulation in 
response to physiological stressors do not differ signifi-
cantly between conserved and nonconserved myeloid 
and other tissue lincRNAs.26,27,39,40 Several groups have 
also published genomic criteria, not dependent simply 
on conservation, and experimental methods, including 
CRISPR (clustered regularly interspaced short palin-
dromic repeats) screens, to predict lncRNA functional-
ity and prioritize candidates.1,4,5,9 Multiple examples have 
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emerged of lincRNAs that overlap loci for human car-
diometabolic traits,1,12,15 including ANRIL, H19, MALAT1, 
MEXIS, LOC157273, and LASER.6–8,10,11,13,14 Of these, 
there are several examples of conserved (syntenic) lin-
cRNAs including MALAT1 and LOC157273 (RP11-
10A14.4). There are also examples of functionally 
characterized nonconserved lincRNAs at loci for cardio-
metabolic disease traits despite limited functional stud-
ies including H19, which also has been shown to have 
higher plasma levels of H19 in patients with CAD.34

In a recent prepublication, the GTEx (Genotype-Tissue 
Expression) consortium performed colocalization analy-
sis connecting genetic variation, gene expression, and 
traits for a set of 690 human lncRNAs by integrating 
results from GWAS for 48 traits and expression quantita-
tive trait loci for 48 tissues in the latest GTEx v8 data.1 Of 
4694 significant expression quantitative trait loci GWAS 
SNP colocalization events for these lncRNAs and traits, 
a striking 80% lacked any colocalization with PCGs.1 
Although the GTEx work did not focus on measures of 
lncRNA conservation, our current findings suggest that 
a large proportion of lncRNAs that colocalize at loci for 
complex cardiometabolic traits lacks conservation in 
mice. Further, many primate-specific lincRNAs, not found 
in rodents or other model organisms, have emerged as 
important regulators in cellular processes, such as pluri-
potency and differentiation, and as noted above, several 
have been implicated in human cardiometabolic disor-
ders.5,26,41–44 These data and our exploratory finding of 
differences in gene-pathway enrichment for neighboring 
PCGs suggest there may be utility in considering regula-
tory and functional features, as well as disease associa-
tion, rather than an initial triage using conservation, to 
identify and prioritize human lincRNAs for translational 
study.

A reluctance to study nonconserved lncRNAs also may 
hamper the development of rigorous and reproducible 
model systems to address pathophysiological functions 
of nonconserved lncRNAs and other genomic elements. 
Recent advances in tissue engineering have established 
stem cell–based organoids as near-physiological systems 
to study human physiology and diseases.45,46 Modulation 
of PCGs and microRNAs by RNAi (RNA interference) or 
transgene have been used in nonhuman primates in 
translational or preclinical studies. However, nonhuman 
primates are scarce and costly, limiting feasibility. Much 
work on functional models is needed including transgene 
approaches that can express primate-specific lincRNAs 
in nonprimate animal models—indeed, a few studies show 
that protein or RNA partners of such lincRNAs are con-
served and can interact with primate-specific lincRNAs 
in nonprimate models.41 Bacterial artificial chromosome 
transgene mouse models can include the gene body and 
large fragments of genomic regulatory DNA of noncon-
served lincRNA loci to drive human lincRNA expression 
in mouse models in vivo.47 An additional in vivo approach 

is to engraft human cells expressing primate-specific lin-
cRNAs in rodent models with immune deficiency as has 
been used to study the roles of human lincRNA in tumor 
development and metastasis.48,49

In our analyses, a substantial subset of lincRNAs 
(18.5%) were characterized as unclassified in terms of 
synteny because they lacked PCG within the published 
range of 900 kb2 that we applied to examine PCGs 
upstream or downstream of a given lincRNA. These 
unclassified lincRNAs tend to be longer with a lower 
GC content and higher TE coverage relative to classi-
fied lincRNAs (Table I in the Data Supplement). Using 
an established minimum-range cut point for gene des-
erts of absence of a PCG within 250 kb upstream and 
250 kb downstream,50–52 55.1% of unclassified com-
pared with 7.3% of classified lincRNAs reside within 
gene deserts. Gene deserts, and lincRNAs within such 
regions, are enriched in ancient duplications, have lower 
GC content and lower conservation than other parts of 
the human genome, and may have specific long-dis-
tance cis- and trans-regulatory functions related to their 
unique evolutionary and genomic characteristics.50–52 
Although unrelated to our primary focus on the role 
of lincRNA conservation in human complex diseases, 
further study of these unique unclassified lincRNAs in 
gene deserts is of interest to the field. Indeed, there 
are well-recognized loci in gene desert that associate 
with complex traits at GWAS including the 9p21 locus 
with CAD and type-2 diabetes53 and the 8q24 locus 
with several cancers .54 Our analyses, however, sug-
gest a lower probability of GWAS signal for unclassi-
fied lincRNAs that lie in more isolated genomic regions 
and gene deserts compared with classified lincRNAs 
(Tables III and IV in the Data Supplement).

Our study has several limitations. For example, there 
are no established standards in the field regarding the 
definition of lincRNA conservation, and, therefore, we 
chose somewhat arbitrary, although previously pub-
lished,2,3,26,27 definitions of synteny. For example, we 
excluded certain lincRNAs that lacked PCGs within 900 
kb of lincRNAs. We also merged overlapping lincRNAs, 
and this may not accurately reflect the precise lincRNA 
and isoform expression in individual tissues or across tis-
sues. Although GENCODE as a resource for lincRNAs is 
widely used and well cross-validated, it may lack sensitiv-
ity to many lncRNAs as expression of some functional 
lincRNAs can be highly context specific and found at low 
levels and therefore missed in the GENCODE resource. 
Indeed, our group26,27 and others55 have published such 
findings in several prior articles. Although our trait selec-
tion is comprehensive, we did not interrogate an all-
encompassing set of cardiometabolic traits. Rather, we 
focused primarily on traits with adequately powered 
GWAS datasets that provided sufficient numbers of trait-
associated SNPs in both conserved and nonconserved 
lincRNAs. In addition, our use of large SNP-based GWAS 

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

://ah
ajo

u
rn

als.o
rg

 b
y
 o

n
 F

eb
ru

ary
 2

6
, 2

0
2
1



Foulkes et al Nonconserved lincRNAs Are Disease Associated

510  January 2021 Arterioscler Thromb Vasc Biol. 2021;41:501–511. DOI: 10.1161/ATVBAHA.120.315045

C
LI

N
IC

AL
 A

N
D 

PO
PU

LA
TI

O
N

 
ST

U
D

IE
S 

- 
AL

datasets rather than whole genome data did not permit 
interrogation or rare functional variation and lincRNA 
exonic regions and did not provide the level of coverage 
required for a fine-mapping subset analysis focused on 
SNPs within exons and introns. As larger whole genome 
datasets emerge, there will be opportunities to focus on 
rare functional variations in lincRNAs, as well as analysis 
that can weight for enriched signals in 5′, 3′, exonic, and 
intronic SNPs and regions of lincRNAs.

In conclusion, we found that nonconserved lincRNAs 
have a nontrivial and consistent likelihood of associa-
tion with a broad array of complex cardiometabolic traits. 
Indeed, we found that nonconserved lincRNAs associ-
ate with cardiometabolic traits at a rate that is consistent 
with conserved lincRNAs, that these findings are robust 
across different definitions of conservation, and strikingly 
that across all traits as much as two-thirds of GWAS-
associated lincRNAs may be nonconserved depending 
on the definition applied. Given these findings, compu-
tational, high-throughput functional and human patho-
physiological approaches,1, 4, 5, 9 rather than traditional 
metrics of conservation, should be applied to prioritize 
lncRNAs for functional studies. Expansion of research 
strategies using nontraditional model systems is urgently 
required to address physiological and pathophysiological 
functions of nonconserved lncRNAs and other genomic 
elements in human cardiometabolic disorders.
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