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Abstract

Background Long non-coding RNAs (IncRNAs) have evolved as a critical regulatory mechanism for almost all biological
processes. By dynamically interacting with their molecular partners, IncRNAs regulate gene activity at multiple levels ranging
from transcription, pre-mRNA splicing, RNA transporting, RNA decay, and translation of mRNA.

Results and Conclusions Dysregulation of IncRNAs has been associated with human diseases, including cancer, neurodegener-
ative, and cardiometabolic diseases. However, as IncRNAs are usually much less conserved than mRNAs at the sequence level,
most human IncRNAs are either primate or human specific. The pathophysiological significance of human IncRNAs is still
mostly unclear due to the persistent limitations in studying human-specific genes. This review will focus on recent discoveries
showing human IncRNAs’ roles in regulating metabolic homeostasis and the potential of targeting this unique group of genes for

treatment of cardiometabolic diseases.
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Introduction

Sensing nutrients and stress to maintain metabolic homeostasis
is the most fundamental event in all living organisms. Recent
studies have revealed that IncRNAs are dynamically regulated
by metabolic clues and constitute an essential layer of regula-
tion contributing to metabolic homeostasis in both normal and
cancer cells [1-3]. By interacting with transcription factors,
epigenetic modifiers, RNA-binding proteins involved in pre-
mRNA splicing, RNA modification and transport, and mRNA
translation and decay, IncRNAs enable cells to respond to var-
ious signaling cues by regulating the expression and activities
of genes in a temporal and spatial-sensitive manner (Fig. 1). As
such, IncRNAs are able to control the specificity of how tran-
scription factors and RNA-binding proteins recognize their
target genes. At the organism level, studies in mouse models
have revealed that IncRNAs function through these diverse
molecular mechanisms to control the expression of crucial
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genes in major metabolic pathways, including de novo lipo-
genesis, fatty acid degradation, glycolysis, gluconeogenesis,
lipid uptake and transport, and adipogenesis (Fig. 1). A more
comprehensive introduction of regulatory IncRNAs in metab-
olism can be found in other excellent reviews [3—6].

Human Data and Experimental System-Driven
Discovery of IncRNA Metabolic Regulators

Since mouse model-based studies have demonstrated that
IncRNAs perform critical regulatory roles in major metabolic
pathways, it is likely that IncRNAs do the same in humans.
Then the human IncRNA metabolic regulators could serve as
a novel group of therapeutic targets for cardiometabolic dis-
eases, including obesity, diabetes, hyperlipidemia, and fatty
liver diseases. However, compared with protein-coding genes,
IncRNAs are in general much less conserved at the sequence
level among different species [7—10], which makes applying
mouse IncRNAs knowledge to human very challenging. In
recent years, efforts have been initiated to define human
IncRNA metabolic regulators starting from human samples
followed by experimental characterization of their function in
physiologically relevant experimental systems including prima-
ry human cells, transgenic rodent models, primate models, or
humanized mouse models (Fig. 2). These strategies have dis-
covered that a group of human IncRNAs, most of which are
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Fig. 1 Illustration of nutrient
responsive IncRNAs interacting
with transcription factors (TFs)
and RNA-binding proteins
(RBPs) to regulate metabolic
pathways and homeostasis
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non-conserved, function in regulating major metabolic path-
ways (Table 1). The tight association between these human
IncRNAs and disease status suggests their potential to serve
as novel drug targets for obesity, diabetes, hyperlipidemia,
and fatty liver diseases. A detailed discussion of representative
human IncRNA metabolic regulators is included below.

cis-Regulation of APOA1 Expression by APOA1-AS

APOAI is the major protein component of high-density
lipoprotein (HDL) in plasma. Through careful scan of
the human APOA1 gene locus, Halley et al. identified
a long non-coding natural antisense transcript, APOA1-
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AS [11]. APOA1-AS shows minimal sequence conserva-
tion compared with the mouse genome, suggesting it is a
non-conserved human IncRNA. Knockdown of APOAI-
AS in cultured hepatocytes resulted in increased tran-
scription of APOA1. The regulatory effect of APOAI-
AS is mediated by its ability to recruit histone-modifying
enzymes. More importantly, targeting APOA1-AS with
short antisense oligonucleotides in African green mon-
keys resulted in increased hepatic APOA1 RNA and pro-
tein levels [11]. Given the critical role of APOAI in
reverse cholesterol transport, targeting APOA1-AS could
be an effective therapeutic strategy for cardiovascular
diseases.

Interventional study

SNP
N
@ 9
\y Q VS VS
cy 2 (e
Traits & Diseases < Gene expression Health Disease Before After
L J
Y
Discovery

Metabolic disease relevant human IncRNAs

|

Function:il analysis

Human primary cell cultures

Transgenic mouse

@D

Humanized mouse Non-human primates

Fig. 2 Strategies to identify disease-relevant human IncRNA metabolic regulators and platforms for functional analysis
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Table 1 Summary of human IncRNA metabolic regulators and their associated diseases
Name of Function Molecular mechanism Experimental system Disease association Reference
IncRNA
APOAI-AS  Regulating APOAI expression  Transcription HepG2 cells, African green monkey  Cardiovascular diseases  [11]
LINCO01018  Fatty acid degradation mRNA stability Humanized liver mouse model Obesity, NAFLD [12]
hLMRI1 Cholesterol biosynthesis Transcription Humanized liver mouse model Hyperlipidemia, [13]
NAFLD
CHROME Cholesterol efflux and miRNA sponge HepQG2 cells, primary human Coronary artery disease  [14]
nascent HDL particle hepatocytes, African green
formation monkeys
Linc-ADAL  Adipocyte differentiation Transcription, translation Human adipose stromal Obesity [15]
and lipogenesis and mRNA stability cell-derived adipocytes
LINC00473  Lipolysis and mitochondrial Mitochondria—lipid droplet ~ Thermogenic adipocytes derived Obesity, type2 diabetes  [16]
respiration interaction from mesenchymal progenitors
from the neck and stromovascular
cells from supraclavicular adipose
tissue
AK098656 Vascular smooth muscle Contractile protein Human aortic smooth muscle cells Hypertension [17]

cells synthetic phenotype degradation

and transgenic rats

Regulation of Fatty Acid Degradation by LINC01018

A recent work taking advantage of the rich resources of hu-
man genetic data, genome-wide association studies (GWAS),
and expression quantitative trait loci (¢QTL) defined human
IncRNAs whose expression in liver tissues are associated with
major metabolic traits and diseases [12]. By using a compre-
hensive IncRNA annotation, IncRNAKB [18], this GWAS-
eQTL integration strategy [19] efficiently identified 726 hu-
man IncRNAs associated with at least one cardiometabolic
trait. Conservation analysis showed that the average conser-
vation score of these trait-associated IncRNAs is meager, sug-
gesting that many of them are non-conserved and could be
primate or human specific. Further characterization of these
IncRNAs by liver tissue enrichment analysis, Hi-C and en-
hancer maker analysis, and IncRNA-mRNA co-expression
analysis supports the functional significance of these trait-
associated IncRNAs. A primate-specific and liver-enriched
IncRNA, LINCO01018, was chosen for experimental analyses
as its expression was negatively associated with body mass
index (BMI) in the human population and positively associat-
ed with mRNAs involved in the fatty acid degradation path-
way. Loss-of-function experiments were performed in a hu-
manized liver model, in which primary human hepatocytes
replaced mouse hepatocytes in immune-deficient mice [20].
Knockdown of LINCO01018 led to decreased expression of
several genes in the fatty acid degradation pathway,
supporting the role of LINC01018 in hepatic catabolism, in
line with its negative association with BMI [12]. Notably, the
observed regulatory effects of LINC01018 cannot be readily
captured in cultured primary hepatocytes, further supporting
the necessity of using the humanized mouse model for dis-
secting the physiological function of human-specific genes.
The expression of LINC01018 is dramatically downregulated

in nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH), indicating a pathophysiological role
in fatty liver diseases [12].

Transcriptional Regulation of Cholesterol Metabolism
by hLMR1

By using a stepwise transcriptome analysis using RNA se-
quencing data from human liver tissue samples and human-
ized mouse livers, another group of human IncRNA metabolic
regulators whose expressions are sensitive to nutrient and fatty
liver disease status was defined [13]. One of these IncRNAs,
hLMR1 (human IncRNA metabolic regulator 1), is exclusive-
ly expressed in human liver tissue with no mouse homolog
identified. The knockdown of hLMR1 led to decreased, while
a CRISPR activation [21] of hLMRI1 resulted in increased
expression of enzymes crucial to cholesterol biosynthesis,
supporting a pivotal role of hLMR1 in hepatic cholesterol
homeostasis. Remarkably, knockdown of hLMR1 in the hu-
manized liver mouse model resulted in a more than 40% re-
duction of human low-density lipoprotein/very low-density
lipoprotein cholesterol levels. These robust effects of
hLMRI1 are achieved by its interaction with an RNA-
binding protein, PTBP1, which positively regulates the tran-
scription of cholesterol biosynthesis genes [13]. Further ex-
periments in the liver of regular mice found that ectopic ex-
pression of hLMR1 could induce the expression of mouse
cholesterol biosynthesis genes. Chromatin immunoprecipita-
tion analysis revealed that, similar to what happened in hu-
manized livers, hLMRI1 could recruit mouse Ptbpl to the pro-
moters of cholesterol biosynthesis genes and activate their
transcription when expressed in the regular mouse liver [13].
Human genetic analyses showed that several cis eQTL of
hLMRI1 overlap with GWAS loci for total cholesterol levels.
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Indeed, this finding is further supported by a very recent large-
scale GWAS defining novel loci associated with cholesterol
levels in human populations [22]. Considering that both
hLMR1 and LINC01018 are primate specific, liver-enriched
regulators of lipid metabolism [12, 13], strategies screening
for compounds modulating their expression levels could be
very attractive for the treatment of fatty liver diseases and
dyslipidemia in humans.

Modulating of Cholesterol Efflux by CHROME

Hennessy et al. performed gene expression analysis in the
plasma and arteries of individuals with coronary artery disease
and healthy control subjects to identify heart disease-
associated human IncRNAs [14]. They found that a primate-
specific IncRNA, which they named CHROME (Cholesterol
Homeostasis Regulator of MiRNA Expression), was in-
creased in the setting of human atherosclerotic vascular dis-
ease. Functional studies revealed that CHROME is essential to
cholesterol efflux in many different cell types, including mac-
rophages and hepatocytes [14]. Mechanistic study found that
CHROME positively regulates the expression of genes in-
volved in cholesterol efflux by suppressing microRNAs’ ac-
tivity. Dietary cholesterol levels regulate the expression of
CHROME through an LXR-dependent mechanism in a pri-
mate model [14]. The role of CHROME in promoting choles-
terol efflux and HDL formation suggests a protective effect in
human atherosclerotic vascular disease. However, as most of
the functional experiments were performed in cultured cells,
the significance of CHROME in regulating cholesterol ho-
meostasis in vivo remains unclear.

Controlling of Adipogenesis by Linc-ADAL

Adipose tissues, including white adipose and thermogenic ad-
ipose tissue, are known for their roles in energy storage, se-
cretion of adipokines, and thermogenesis [23]. To explore the
role of human IncRNAs in adipose tissue, Zhang et al. per-
formed a deep RNA sequencing analysis using RNA samples
from the gluteal subcutaneous adipose tissue of 25 healthy
individuals [15]. To increase the power of identification, they
implemented de novo transcriptome assembly to determine
the expression levels of human IncRNAs in addition to those
annotated in GENCODE [24] and the Human BodyMap [25].
Tissue enrichment analysis indicates that 120 out of those
human white adipose expressed IncRNAs are highly enriched
in adipose tissue, and 53 of those 120 IncRNAs were modu-
lated by bariatric surgery, suggesting their role in energy ho-
meostasis and obesity. Sequence conservation analysis
found that 85% of these adipose-enriched and bariatric
surgery-regulated human IncRNAs are not conserved in
mice [15]. Among all the identified non-conserved human
adipose IncRNAs, Linc-ADAL was selected for further
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functional studies due to its abundant adipose-enriched
expression, markedly induced during preadipocyte differ-
entiation and differentially regulated expression between
obese and lean humans. Loss-of-function experiments
found that Linc-ADAL regulates preadipocyte differentia-
tion and de novo lipogenesis in mature adipocytes [15].
The mechanistic study suggests that Linc-ADAL regulates
the expression of genes involved in lipid metabolism at
both transcriptional and post-transcriptional levels. These
regulatory effects of Linc-ADAL were mediated by its
interaction with hnRNPU, an RNA-binding protein previ-
ously reported as a transcriptional regulator of lipogenesis
[26], and IGF2BP2, an RNA-binding protein regulating
mRNA stability [27], respectively. Further studies are
needed to determine the pathophysiological significance
of Linc-ADAL and other non-conserved human adipose
IncRNAs in obesity [15].

Regulation of Lipolysis and Mitochondrial Respiration
by LINC00473

In an attempt to study the role of human IncRNAs in adipose
tissue, Tran et al. differentiated human adipocytes using
stromovascular cells extracted from both abdominal subcuta-
neous (AbdSQ) and supraclavicular (SClav) depots,
representing mostly non-thermogenic and thermogenic adi-
pose tissue depots in human [16]. RNA sequencing was per-
formed in these two groups of adipocytes to determine the
gene response to norepinephrine treatment. Among the most
strongly induced genes in both groups of cells, LINC00473
was selected for further downstream analysis. The functional
significance of LINC00473 was evidenced by the observation
of'its higher expression in SClav than in participants-matched
AbdSQ adipose tissue, its strong co-expression pattern with
uncoupling protein 1, and its relative downregulation in
SClav samples derived from overweight and obese partici-
pants and those with type 2 diabetes mellitus [16].
Characterization of LINC00473 found that it underwent
translocation from the nucleus to the cytosol upon treatment
with norepinephrine. Antisense oligonucleotide-based RNA
pulldown uncovered that when in the cytosol, LINC00473
interacts with lipid droplet protein PLIN1 as well as many
mitochondrial proteins, indicating a role in fatty acid metab-
olism. Knockdown and CRISPR activation experiments con-
firmed that LINC00473 is critical to induce lipolysis and
mitochondrial respiration upon norepinephrine treatment
[16]. Overall, the identification of LINC00473 as a primate-
specific IncRNA controlling mitochondrial fatty acid oxida-
tion in thermogenic adipose tissue is exciting and with sig-
nificant implications in human obesity studies. As the func-
tional experiments were largely performed in cultured adipo-
cytes and relied on non-physiological treatment like norepi-
nephrine and forskolin [16], further primate or clinical studies
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are necessary to determine the physiological role of
LINCO00473 in human thermogenesis.

The Pro-Hypertensive Effect of AK098656

To identify human IncRNAs associated with hypertension, Jin
et al. performed IncRNA microarray analysis using RNA ex-
tracted from the plasma of hypertensive patients and matched
healthy controls [17]. This strategy led to the discovery that a
non-conserved human IncRNA, AK098656, is highly
expressed in the plasma of hypertensive patients, while barely
detectable in healthy controls. Further expression analysis
found that AK098656 was predominately expressed in human
vascular smooth muscle cells (hVSMCs). Overexpression and
knockdown experiments in hVSMCs demonstrated that
AK098656 promotes hVSMCs synthetic phenotype by posi-
tively regulating hVSMCs proliferation and migration [17].
To determine the molecular mechanism of AK098656, chro-
matin isolation by RNA purification assay followed by mass
spectrometry was performed. Two proteins, MYH11 (myosin
heavy chain-11), a smooth muscle cell-specific contractile
protein and a major pathogenic gene in thoracic aneurysm,
and FN1 (fibronectin-1), a necessary factor for VSMCs
growth, were found interacting with AK098656.
Downstream functional analysis found that AK098656 regu-
lates MYH11/FN1 protein degradation partly through the ly-
sosome pathway [17]. To validate the function of AK098656
in vivo, a transgenic rat model overexpressing AK098656 was
generated. Phenotype analysis revealed the development of
spontaneous hypertension in AK098656 transgenic rats asso-
ciated with narrowed resistance arteries [17]. The identifica-
tion of a human-specific IncRNAs contributing to the devel-
opment of hypertension is remarkable and could provide nov-
el drug targets for treating hypertension in the human popula-
tion. However, the lack of homology of AK098656 in non-
human primate models makes it very challenging to determine
the effects of blocking the expression of AK098656 in hyper-
tension. Further studies aimed at determining the mechanisms
controlling the expression of AK098656 would also help to
evaluate the significance of this IncRNA in human diseases.

Mouse IncRNA Metabolic Regulators
with Reported Human Homologs

Although our understanding of the evolutionary conservation
of IncRNAs is largely dependent on primary sequence align-
ment, the concepts of genomic locus conservation, secondary
structure conservation, and small functional element conser-
vation are also emerging [28]. Table 2 summarizes major
mouse IncRNA metabolic regulators with reported human ho-
mologs. Most of these reported human homologs, however,
have not been tested to address whether they perform a similar

function in humans as their mouse counterparts. Even the
human homolog of Bincl was able to rescue the effects of
knocking down of cognate Blncl in mouse adipocytes, the
function of endogenous human Blncl was not tested [26].
The only exception to this list is MeXis. Knocking down of
its human homolog in human THP-1 macrophages showed
similar effects in regulating cholesterol efflux [41], although
more evidence is needed to support its in vivo function. Taken
together, the pathophysiological significance of these con-
served mouse IncRNA metabolic regulators in humans is still
awaiting further studies.

Human IncRNAs as Drug Targets
for Cardiometabolic Diseases

The recent discovery that human IncRNAs regulate critical
metabolic processes and are differentially expressed between
healthy and disease individuals suggests that they could serve
as therapeutic targets for human diseases [11-17]. Indeed,
compared with protein-coding genes, there are unique features
making human IncRNAs attractive drug targets. First,
IncRNAs are more tissue specific when compared with
mRNAs [42]. Systemic delivery of compounds targeting
tissue-specific IncRNAs, like hLMR1, will only affect lipid
synthesis in the liver tissue without disrupting the whole-body
lipid synthesis. Second, due to the nature of IncRNAs, they
function at the RNA level. Thus the fast-growing approaches
involving oligonucleotide-based drugs, including small inter-
fering RNA (siRNA) and antisense oligonucleotide (ASO),
which induce degradation of target RNAs based on precise
complementarity of sequences, are very effective for control-
ling the activity of IncRNAs [43]. Finally, non-conserved
IncRNAs are supposed to serve as regulatory mechanisms
fine-tuning the conserved core cellular machinery [44]. Their
significance is usually more prominent in disease conditions,
making them more effective and safer to serve as targets.
Using hLMR1 as an example, Fig. 3 shows potential strategies
to target human IncRNA genes in diseases. These strategies
include screening for compounds modulating the expression
of IncRNAs, siRNA, and ASO targeting specific IncRNAs,
and small molecules regulating the interaction between
IncRNASs and their protein partners to target human IncRNA
genes.

Conclusion

With more and more IncRNAs functionally characterized in
animal models and cultured cells, it is now known that
IncRNAs are crucial regulators of gene expression and activ-
ity. The lack of sequence conservation raised the fact that most
human IncRNAs are human or primate specific. Recent
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Table2  Summary of mouse IncRNA metabolic regulators with reported human homologs
Name of Function in mouse/rat model Sequence Locus Expression Function Reference
IncRNA conservation in conservation  conservation in conservation in
human in human human human
Coverage Similarity
Blncl Cold-induced thermogenesis and browning, 75% 72% Yes, PAQR9  Yes ND [26, 29-32]
hepatic lipogenesis
Gm16551 Hepatic lipogenesis 33% 87% Yes, Yes ND [33]
ONECUT!1
H19 Adipocyte differentiation and function, hepatic 93% 71% Yes, IGF2 Yes ND [34-37]
lipogenesis, wound healing in diabetic rats,
SMC apoptosis
LeXis Hepatic cholesterol biosynthesis 10% 79% Yes, ABCAl  Yes ND [38]
MeXis Cholesterol efflux ~10% ~60% Yes, ABCA1  Yes Yes, knocking down  [39]
in human THP-1
macrophages
Inc-dPrdm16  Adipogenesis 6% 85% Yes, PRDM16 Yes ND [40]

ND not determined

advances in studying non-conserved human IncRNAs have
demonstrated that they are functional and differentially regu-
lated in pathophysiological conditions in humans. These find-
ings support the concept that evolutionary conservation
should not be the universal criterion for evaluating a gene’s
functional significance. Furthermore, human IncRNAs likely
account for a large portion of the apparent differences between
human and experimental animals like mice [45], thus creating
a substantial barrier for their experimental study. Nonetheless,
targeting human IncRNAs, especially these non-conserved
human IncRNAs, can enable the development of novel thera-
peutic strategies for treating human diseases.

Future Perspectives

The major limitation of our understanding of primate-specific
IncRNAs is still the lack of experimental systems [4].
Especially, this is critical for the study of energy metabolism,
an in vivo physiological condition involving organ-organ
crosstalk and microenvironment (Fig. 2). The humanized

[ — hLMR1 |— siRNA, ASO
=

Compounds

|— Small molecules

PTBP1

|

Hyperlipidemia
NAFLD

Fig. 3 Strategies targeting human IncRNAs for treating cardiometabolic
diseases, using hLMRI as an example

@ Springer

mouse models, which replace mouse cells, tissues, or organs
with human ones, provide an excellent tool to understand
human-specific regulatory effects [46, 47]. Human organoids
are another strategy that allows us to study human-specific
genes in a defined experimental system [48]. Of course, all
human-like experimental systems have their limitations. It is
thus always necessary to lead the functional studies using
hypotheses generated from human data.

In addition to limitations in the experimental systems, our
current identification of IncRNA metabolic regulators largely
relies on determining their expression levels. It is very likely
many IncRNAs may undergo regulation by translocation and
post-transcriptional modifications with or without obvious
changes at the expression levels. For example, the N°-
methyladenosine (m®A) methylation of mRNA has emerged
as a critical regulatory mechanism controlling the mRNA fate
[49]. Recent studies found that many human IncRNAs harbor
multiple m°A modification sites and undergo extensive meth-
ylation [50, 51]. The m®A modification and other kinds of
modifications of IncRNA likely provide another mechanism
to control the activity of IncRNA in addition to regulating their
expression levels [52—54]. As such, compounds precisely
modulating the modification of a IncRNA could be attractive
for targeting IncRNAs. Another significant challenge is to
improve our understanding of the structure-function relation-
ship of human IncRNAs. Recent studies suggest that for some
IncRNAs, only a small sequence element is sufficient to ac-
count for their function, which suggests that it is not always
necessary to determine the conservation of IncRNAs by their
full-length sequence alignment [55]. The concept of an RNA
structurome driven by transcriptome-wide RNA structure
probing coupled with next-generation RNA sequencing is also
emerging and may speed up the progress in unveiling the
IncRNAs biology [56]. With a more accurate understanding
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of the structure-function relationship of human IncRNAs, ef-
fective screening of small-molecules that modulate the specif-
ic interaction between a given IncRNA and its specific protein
partners will be a powerful strategy to target IncRNAs for
treating human diseases [57]. Recent evidence suggests that
human IncRNAs show more variations at both the expression
and sequence level among individuals [58, 59]. Each individ-
ual may have their unique group of IncRNAs, which contrib-
ute to a given individual’s disease susceptibility. Further un-
derstanding of the variations of functional IncRNAs in the
human population could directly contribute to precision
medicine.
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