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The last two decades have witnessed an explosion of
interest in adipocyte biology, coinciding with the upsurge
of obesity and metabolic syndrome. Now we have new
perspectives on the distinct developmental origins of
white, brown, and beige adipocytes and their role in
metabolic physiology and disease. Beyond fuel metab-
olism, adipocytes communicate with the immune system
and other tissues by releasing diverse paracrine and
endocrine factors to orchestrate adipose tissue remod-
eling and maintain systemic homeostasis. Significant
progress has been made in delineating the regulatory
networks that govern different aspects of adipocyte bi-
ology. Here we provide an overview on the emerging role
of long noncoding RNAs (IncRNAs) in the regulation of
adipocyte development and metabolism and discuss the
implications of the RNA-protein regulatory interface in
metabolic control.

White adipocytes are responsible for energy storage,
whereas brown and beige adipocytes are specialized in
fuel oxidation and energy expenditure. Major progress
has been made in delineating the molecular control of
lineage-specific development of white, brown, and beige
adipocytes (1-3), adipose tissue remodeling and inflam-
mation (4-6), thermogenic energy expenditure (7-9), and
more recently, the emerging endocrine functions of brown
and beige fat (10,11). Increased adipose thermogenesis is
often linked to an improved metabolic profile. Brown and
beige fat thermogenesis is mediated by uncoupling protein
1 (UCP1)-dependent and UCP1-independent mechanisms;
the latter includes the creatine substrate cycle (12-14) and
calcium futile cycle (15). Beyond thermogenesis, brown
and beige fat exert their effects on metabolic physiol-
ogy through secreting endocrine factors and microRNA-

containing exosomes that act on other tissues in the body
(10,11,16). Neuregulin 4 (Nrg4) is a brown fat-enriched
secreted factor that attenuates hepatic lipogenesis and
liver injury (17-19), whereas microRNAs encapsulated
in exosomes are released by brown adipocytes and may
serve as important messengers for intertissue cross-talk
(20,21). Adipose tissue is densely innervated by sympa-
thetic nerve fibers (22-24). Recent work also sheds light
on the mechanisms that govern adipose sympathetic in-
nervation and plasticity (25-28).

Long noncoding RNAs (IncRNAs) are emerging as im-
portant regulators of cellular signaling and gene expression
in numerous cell types. IncRNAs are long RNA transcripts
(>200 bp) that do not encode proteins. Many IncRNAs
contain a 5’ cap, multiple exons, and 3’ polyadenylation
(29). Some of these transcripts are intergenic while others
are generated from genomic regions close to or partially
overlapping with protein-coding genes. Depending on the
relative position with the nearby coding genes, IncRNAs
can be generally categorized into intergenic, antisense,
divergent, intronic, and enhancer IncRNAs (29). IncRNAs
can regulate the functions of cells through a variety of
mechanisms. For instance, they can function as scaffolds
to bring two or more proteins into a functional ribonu-
cleoprotein complex, as decoys to titrate a protein away
from its original target, as guides to recruit chromatin
modification enzymes to specific loci on chromosome, and
as microRNA sponges to buffer microRNAs’ inhibitory
functions on gene expression (29,30). It is noteworthy
that the coding potential of IncRNAs is often assessed by
computational methods based on open reading frame
length, conservation, codon usage, etc. These procedures
are not error proof and may misannotate some micropeptide-
coding transcripts as IncRNAs (31). It is therefore
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important to experimentally determine the coding poten-
tial of IncRNA candidates.

Recent years have seen a rapid increase in the number
of adipocyte IncRNA studies focusing on genome-wide
annotation of IncRNAs, molecular and functional analy-
ses in cultured adipocytes, and, more recently, in vivo
studies to delineate their role in physiology and disease.
Here, we seek to highlight the latest advances in adipose
IncRNA research, discuss new insights into the emerging
IncRNA-protein regulatory interface, and provide perspec-
tives on the current challenges and future directions of this
field. Readers are also referred to a few other excellent
IncRNA reviews that cover additional metabolic tissues
(32-35).

ANNOTATION OF ADIPOSE TISSUE IncRNAs

A key feature of IncRNAs is that they tend to be expressed
in a cell type—specific manner (36), so the generic gene
annotation database may not cover many IncRNAs specif-
ically expressed in certain cell types. To fully explore the
function of IncRNAs in adipose tissue, there is a need to
build a comprehensive catalog of IncRNAs that are
enriched and/or highly regulated in adipose tissue.
Alvarez-Dominguez et al. (37) made the first effort to
address this challenge. They integrated genome-wide sur-
veys of transcription by RNA-seq and chromatin state by
ChIP-seq for mouse brown adipose tissue (BAT), epididy-
mal white adipose tissue (WAT), and inguinal WAT
(iWAT), developed a computational pipeline to reconstruct
adipose transcriptomes de novo, and uncovered ~1,500
multiexonic IncRNAs in adipose tissues. Among these,
127 IncRNAs were enriched in BAT, induced during brown
adipocyte differentiation and often targeted by key adipo-
genic transcription factors, such as PPARy, C/EBPq, and
C/EBP. As many as 30% of these IncRNA transcripts were
mapped outside of the annotated loci; thus, these genome-
wide IncRNA analyses present a unique opportunity for
gene discovery.

Using a similar strategy, Zhang et al. (38) conducted
RNA-seq of gluteal subcutaneous adipose tissue from
25 healthy humans and constructed a de novo noncoding
transcriptome. This study revealed 1,001 putative IncRNA
transcripts detectable in human adipose tissue, of which
144 IncRNAs have not been previously annotated. Inter-
estingly, 54 of 100 IncRNAs enriched in adipose tissue
harbored PPARy and C/EBPa binding sites near their
transcription start sites (38). Since sequence conservation
of IncRNAs may not be prerequisite for structural and
functional conservation, Zhang et al. used synteny or
relative positional conservation in the genome as the
evaluation criteria (39) and found that only ~15% of
mouse adipose IncRNAs had conserved orthologs. How-
ever, it is important to note that nonconserved IncRNAs
may play an important role in orchestrating metabolic
signaling and regulation in a species-specific manner.
Zhang et al. (38) identified linc-ADAL1 as a nonconserved
IncRNA that is required for human adipogenesis through
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its interaction with hnRNPU and IGF2BP2 at distinct
subcellular locations.

Ding et al. (40) constructed a more comprehensive
noncoding transcriptome by conducting deep RNA-seq
for human interscapular BAT, subcutaneous WAT, and
omental WAT. This study identified 3,149 IncRNAs ac-
tively transcribed in adipose tissue, of which a total of 318
IncRNAs were syntenically conserved between mouse
and human. Interestingly, the expression of these IncRNAs
and their nearest mRNAs also exhibited a positive corre-
lation in both species, supporting a potential role of
IncRNAs in regulating expression of the nearby coding
genes in cis. One of the conserved IncRNAs was di-
vergently transcribed from Prdml6, referred to as Inc-
dPRDM16. Further in vitro and in vivo knockdown studies
revealed an important role of Inc-dPRDM16 in driving
expression of BAT-selective markers and genes involved
in WAT browning (40). This work established a roadmap to
facilitate the discovery of functionally conserved IncRNAs
in adipocytes.

These annotation studies have greatly expanded the
IncRNA database in adipose tissue and provided a rich
resource for functional analysis. It is important to note,
however, that these databases are largely built with de
novo assembly programs that often suffer from trade-offs
between quality and size (41). Researchers should carefully
validate the gene sequences and structures of their IncRNA
candidates when they are using these de novo assembled
annotations. It should also be noted that the functional
predictions of IncRNAs in these studies were mainly based
on their coexpression with mRNAs, so further experimen-
tal evidence is needed to validate their biological functions.
Moreover, these studies only characterized the polyadeny-
lated transcripts and did not offer much insight into the
transcripts lacking poly (A) tails (poly A—), which repre-
sent a significant portion in the IncRNA catalog (42,43).
Further annotation work should include the poly A— class
of IncRNAs.

IncRNA REGULATION OF BROWN AND BEIGE
THERMOGENIC PROGRAMS

Brown and beige fat development and maintenance are
governed by a network of transcription factors and cofac-
tors, including PRDM16 (44-46), EBF2 (47), PGC-1a (48),
ZBTB7B (49), IRF4 (50), ZFP516 (51), and EHMT1 (52).
Several IncRNAs have emerged to regulate key aspects of
thermogenic adipocyte biology by interfacing with these
transcriptional regulators (Table 1).

Binc1

Brown fat IncRNA 1 (Blncl) was discovered in a search for
IncRNA regulators of brown and beige adipocyte differen-
tiation. Molecular and functional studies of Blncl have
revealed several characteristics of IncRNA regulation of
adipocyte biology. A prominent feature of Blncl is its
highly inducible expression during brown and beige adipo-
genesis and in response to thermogenic stimuli in vivo
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Table 1—IncRNAs regulating brown- and beige-selective programs

IncRNA Role in BAT and WAT browning Proposed mechanism of action Ref.
Blnc1 Positive Interacts with EBF2 and Zbtb7b and hnRNPU to form (49,583,54,58)
ribonucleoprotein complexes to activate thermogenic gene
expression
IncBATE1 Positive Interacts with hnRNPU to form a ribonucleoprotein complex (37)
IncBATE10 Positive Decoys Celf1 from PGC-1a, thereby protecting PGC-1a (60)
mRNA from repression by Celf1
ucC.417 Negative Inhibits phosphorylation of p38MAPK (89)
AK079912 Positive Unknown (90)
H19 Positive Recruits PEG-inactivating H19-MBD1 complexes and acts as (63)
BAT-selective PEG gatekeeper
GM13133 Negative Unknown 91)

(53). The induction of Blncl during adipocyte differenti-
ation parallels key transcriptional regulators of the ther-
mogenic gene program, including PPARy, PPARa, EBF2,
Zbtb7b, and PGC-1a (53). RNA interference knockdown of
EBF2 or Zbtb7b greatly impairs Blncl expression and
induction of thermogenic genes in response to adrenergic
stimulation. It is likely that Blncl serves to reinforce
adipocyte differentiation toward brown and beige pheno-
type once the process is initiated. Blncl regulates brown
and beige thermogenic program by interfacing with key
transcription factors and cofactors through two distinct
mechanisms: assembly into positive feedback regulatory
loops and formation of ribonucleoprotein transcriptional
complexes (Fig. 1A). In this regard, Blncl is localized
primarily in the nucleus and physically interacts with
EBF2 and Zbtb7b, transcriptional activators of thermo-
genic gene expression, which in turn stimulate the expres-
sion of Blncl itself (49,53).

Molecular analyses of the Blncl ribonucleoprotein com-
plexes revealed a prominent role for heterogeneous nu-
clear ribonucleoprotein U (hnRNPU) in interaction between

IncRNA and protein factors (54). hnRNPU is a nuclear
matrix protein that maintains 3-D genome architecture
and associates with active chromatin (55,56). hnRNPU
has been demonstrated to interact with FIRRE and
IncBATE1, two IncRNAs previously implicated in the con-
trol of adipogenesis (37,57). Notably, formation of the
Blnc1/hnRNPU ribonucleoprotein complex appears to be
conserved between mouse and human (54). The exact
mechanisms through which Blncl stimulates target gene
transcription, however, remain to be defined at the mo-
lecular level. In a separate study, hnRNPU and several
other members of the hnRNP protein family were identi-
fied as components of the Zbtb7b transcriptional complex
in differentiated brown adipocytes (49). These findings
illustrate a potentially central role of the hnRNP family of
RNA-binding proteins in integrating IncRNA and tran-
scriptional regulators in the control of chromatin structure
and gene transcription.

Elucidating the significance of IncRNAs in adipocyte
metabolism and physiology is an important and active area
of research. Adipose tissue-specific Blncl transgenic and
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Figure 1—A: BInc1 assembles ribonucleoprotein transcriptional complexes with hnRNPU to form a positive regulatory loop with EBF2 and
Zbtb7b. B: The cAMP-CREB pathway can stimulate the transcription of IncBATE10 and Pgc-1a. INcBATE10 functions as a decoy to titrate
Celf1 away from Pgc-1a mRNA. Otherwise, Celf1 will repress Celf1 mRNA and result in RNA instability or translational repression.
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knockout mouse strains have been generated to dissect its
role in thermogenesis and energy balance (58). These
in vivo studies revealed that Blncl is required for inguinal
white fat browning following chronic cold acclimation. An
unexpected discovery here is that Blncl, despite its lower
expression in white fat compared with brown fat, serves
a critical role in healthy expansion of white adipose tissue
during high-fat diet (HFD)-induced obesity. In this con-
text, Blncl was found to attenuate proinflammatory sig-
naling and obesity-associated adipose tissue inflammation
in a cell-autonomous manner. Conditional inactivation of
Blncl in the liver protects mice from nonalcoholic fatty
liver disease by serving as a checkpoint for lipogenic
activation (59). These in vivo studies provide compelling
support for the emerging IncRNA-protein interface in the
regulation of all major aspects of adipose biology.

IncBATE1 and IncBATE10

To systemically study the dynamic regulation of IncRNAs
during adipocyte lineage-specific development and cell
type conversion, Sun and colleagues conducted a series
of transcriptome studies by RNA-seq and quantified
mRNA and IncRNA changes between different fat depots
(37), during WAT browning induced by chronic cold ex-
posure, B-adrenergic agonist treatment and intense exer-
cise, BAT activation by acute cold exposure, and BAT
inactivation by thermoneutrality (60). Interrogating these
data sets led to the identification of a list of BAT-enriched
IncRNAs (IncBATEs). The expression of these IncBATEs was
highly regulated in response to energy expenditure status
in adipose tissue.

Among the most abundant IncRNAs in BAT were
IncBATE1 (37) and IncBATE10 (60), both of which were
enriched in BAT compared with other organs and induced
during iWAT browning. Knocking down IncBATE1 in pri-
mary brown adipocyte culture slightly impaired adipo-
genesis but drastically reduced the BAT-selective gene
expression. Overexpression of a mutant IncBATE1 resistant
to siRNA knockdown could rescue the impaired expression of
many BAT markers. Mechanistically, IncBATE1 physically
interacts with hnRNPU; however, whether and how this
interaction might affect the function of IncBATE1 warrant
further investigation (37).

Compared with IncBATE1, IncBATE10 exhibits a more
restricted expression pattern in BAT and more dramatic
induction during browning (~40 fold). Knockdown of
IncBATE10 in primary brown and white adipocyte culture
did not appear to affect adipogenesis, evidenced by adi-
pocyte marker gene expression and lipid accumulation.
In contrast, loss of IncBATE10 significantly reduced the
expression of many BAT-selective genes such as Ucpl
and Pgc-Ia. Adenovirus-mediated shRNA knockdown of
IncBATE10 impaired iWAT browning induced by cold ex-
posure in mice. RNA pulldown followed by mass spec-
trometry analysis identified CELF1 as a protein partner
for IncBATE10. CELF1 binds the 3’ untranslated region
of its target mRNAs, leading to mRNA degradation and
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translational repression (61,62). IncBATE10 served as
a decoy that traps CELF1 from PGC-1la, thus protecting
PGC-1a mRNA from repression by CELF1 (Fig. 1B) (60).
This study not only illustrated a mechanism used by
IncBATE10 to facilitate BAT program expression, but
also linked IncBATE10 to an existing thermogenic signal-
ing pathway. The IncBATE10 promoter contains several
CREB-responsive elements that mediate IncBATE1O ex-
pression in response to adrenergic signaling and cAMP-
CREB activation (60).

H19

Schmidt et al. (63) examined the function of a maternally
imprinted IncRNA, H19, in brown fat in the context of
diet-induced obesity. H19 expression was increased upon
cold exposure and decreased in obesity in rodent BAT. Its
expression inversely correlated with human BMI in both
subcutaneous and visceral WAT. H19 knockdown by
locked nucleic acid or siRNAs impaired adipogenesis, ox-
idative metabolism, and mitochondrial respiration in
brown but not white adipocytes. In vivo, H19 transgenic
mice were protected from diet-induced obesity and insulin
resistance, likely due to enhanced mitochondrial biogen-
esis and fuel oxidation in WAT and BAT (63). Adipose
tissue—specific inactivation of the H19 methylation-sensitive
imprinting control regions sensitized mice to HFD-
induced weight gain. Mechanistically, H19 curbs the ex-
pression of a set of paternally expressed genes such as
IGF2, PEG10, and PLAGL1 by recruiting PEG-inactivating
H19-MBD1 complexes (63). This study illustrates the
function of a monoallelic gene in regulating the BAT
gene program and metabolism, possibly by maintaining
the quiescence of imprinted genes in BAT.

However, the role of H19 in brown fat development and
thermogenesis was complicated by a recent report that
that demonstrated a negative role of H19 in adipocyte
differentiation from human bone marrow mesenchymal
stem cells (BMSCs) (64). H19 was significantly downregu-
lated during BMSC adipogenesis. Overexpression of H19
inhibited while knockdown of H19 accelerated adipogen-
esis. Concerning the molecular mechanism of H19 in this
context, the H19-derived miR-675 targeted the 3" untrans-
lated region of HDAC4-6 transcripts and repressed their
expression, thereby inhibiting adipogenesis. The discrep-
ancy between these two studies may result from different
biological processes examined in these studies: Schmidt
et al. (63) focused on the differentiation from preadipo-
cytes to mature adipocytes while the latter study examined
the differentiation from the stem cell stage. It is also
possible that although H19 was considered as a conserved
gene, its biological functions are not necessarily conserved
between mouse and human.

IncRNA REGULATION OF WHITE ADIPOCYTE
DIFFERENTIATION AND FUNCTION

Adipogenesis is a fundamental aspect of adipose tissue
biology. The core transcriptional circuitry that governs
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preadipocyte commitment and adipocyte differentiation
has been elucidated in the last two decades along with the
cellular origins of adipocyte progenitors (1,65). Earlier
studies have revealed a long list of positive or negative
regulators, particularly PPARy and the C/EBP and KLF
families of transcription factors. In the past several years,
the scope of these regulators has been greatly expanded to
include noncoding genes such as microRNAs (66,67) and,
more recently, IncRNAs (Table 2).

SRA1

The IncRNA steroid receptor RNA activator 1 (Sral) is
among the first described functional IncRNA in adipocytes.
Knockdown of Sral inhibited 3T3-L1 differentiation (68),
and knockout of Sral in mice resulted in resistance to
HFD-induced obesity and glucose intolerance (69). How-
ever, according to current Ref-seq gene annotation, this
gene generates three isoforms, and only one of them
produces a noncoding transcript while two other isoforms
encode an SRA protein (SRAP). Indeed, an earlier study has
validated SRAP protein expression by Western blot (70).
Because both the siRNA and the knockout approaches used
in earlier studies likely impaired SRAP protein expression,
the role of the noncoding Sral transcript in adipogenesis
remains inconclusive.

Inc-RAP

To systemically study the expression and function of
IncRNAs in adipogenesis, Sun et al. (71) profiled the
transcriptome of primary brown and white adipocytes,
preadipocytes, and cultured adipocytes by RNA-seq and
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identified 175 IncRNAs that were regulated during adipo-
genesis. Many of them were enriched in adipocytes and
might be regulated by PPARy and C/EBPa. As such, these
IncRNAs were named Regulated in AdiPogenesis, Inc-RAPs.
Using RNA interference-mediated loss-of-function screen-
ing, 10 Inc-RAPs were identified to be required for adipo-
genesis in primary white adipocyte culture (71). This was
the first genome-wide profiling and functional study on
IncRNAs in adipocytes. The exact mechanisms through
which these Inc-RAPs contribute to adipogenic regulation
remain to be delineated.

Inc-RAP1 has a conserved ortholog on human X chro-
mosome and contains multiple 156-bp repeating RNA
domains. Because of this structural feature, Inc-RAP1
was later renamed as functional intergenic repeating
RNA element (FIRRE). Its subcellular localization was re-
stricted to the nucleus, distributed across a 5-Mb domain
near its transcription site, and unexpectedly, lay in prox-
imity to five other transchromosomal loci, four of which
harbored genes important for adipogenesis and lipid me-
tabolism. Biochemistry analysis showed that hnRNPU
binds to FIRRE and that disruption of this interaction
abolishes colocalization of FIRRE-contacting transchro-
mosomal loci (57). Therefore, FIRRE may facilitate adipo-
genesis by reshaping 3-D genome organization and
bringing different adipogenic loci into close proximity
within the nucleus to coordinate their regulations.

Inc-Leptin
To explore the role of IncRNAs in adipose tissue during
obesity, Lo et al. (72) examined the IncRNA expression

Table 2—IncRNAs regulating white adipocyte adipogenesis and function

Role in
IncRNA adipogenesis Proposed mechanism of action Ref.
SRA Positive Coactivates PPARy (68-70)
IncRAPs Positive Unknown (71)
FIRRE Positive Interacts with hnRNPU to organize nuclear structure (57)
PU.1 AS Positive Prevents PU.1 mRNA translation through forming mRNA/AS (92,93)
IncRNA duplex
Inc-U90926 Negative Inhibits PPARYy2 promoter transactivation (94)
Gm15290 Positive Acts as a sponge for miR-27b (95)
Parali Positive Coactivates PPARy through interaction with the paraspeckle (96)
component and hnRNP-like RNA binding protein 14 (RBM14/
NCoAA)
TCONS_00041960 Negative Acts as a sponge for miR-204-5p and miR-125a-3p 97)
Inc-Leptin Positive Mediates the distant interaction between an enhancer and (73)
leptin promoter
Malat1 No Unknown (78)
GAS5 Negative Acts as a microRNA sponage to repress miR-21a-5p and miR- (98,99)
18a
AdipoQ AS IncRNA Negative Suppresses AdipoQ mRNA translation via formation of (100)
AdipoQ AS IncRNA/AdipoQ mRNA duplex
Plnc1 Positive Reduces the methylation level of CpG region in the PPARy2 (74)

promoter and enhances the transcriptional activity of the
promoter
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changes in BAT, epididymal WAT, and iWAT with RNA-seq
and identified a set of IncRNAs regulated in all three depots
during obesity and in the fed versus fast state. One of these
IncRNAs was located ~20 kb upstream of Leptin, referred
to as Inc-Leptin. The expression of this IncRNA was down-
regulated by fasting, elevated in obesity, induced by in-
sulin, and positively correlated with Leptin expression
across a variety of pathophysiological conditions. The
Inc-Leptin locus does not appear to harbor H3K4 trime-
thylation (H3K4Me3), evidenced by ChIP-seq data, but
exhibited H3K4 monomethylation (H3K4Mel) and H3K27
acetylation (H3K27Ac), a feature of active enhancers
(73), suggesting that Inc-Leptin is likely an enhancer
IncRNA.

Knockdown of Inc-Leptin with siRNA during primary
white adipocyte differentiation inhibited adipogenesis and
in the differentiated adipocytes resulted in a reduction of
Leptin expression. The regulation of Inc-Leptin on Leptin
was confirmed in vivo by injecting gapmer oligonucleotides
targeting Inc-Leptin into iWAT. Mechanistically, chromatin
conformation capture (3C) assay demonstrated that the
Inc-Leptin enhancer region and the promoter of Leptin
formed direct physical interaction, a common mechanism
employed by enhancers to augment transcription of target
genes. This enhancer-promoter interaction was dimin-
ished upon Inc-Leptin knockdown (Fig. 2). Therefore, Inc-
Leptin regulates Leptin expression by mediating the for-
mation of enhancer—promoter interaction (72).

Plinc1

A very recent study identified another adipogenic IncRNA,
PInc1, that functions by modulating Ppary2, a key adipo-
genic transcriptional factor. Plncl is transcribed from
a position ~25 kb upstream of the Ppary2 gene, abun-
dantly expressed in adipose tissue, significantly induced
during adipogenesis, and upregulated in obese mice.
Knockdown of Plncl blocked adipogenesis in ST2 and
BMSC cell lines, while its overexpression promoted these
cells to differentiate into mature adipocytes. Mechanisti-
cally, Plncl increases the transcription of Ppary2 by re-
ducing the methylation level of CpG region in the Ppary2
promoter (74).
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Malat1

While most studies in this field focused on identifying
novel noncoding regulators, it also worth reexamining the
role of previously discovered IncRNAs in adipocytes. For
example, Malat1, a 7-kb nuclear IncRNA, was reported to
regulate cellular proliferation, was associated with cancer
cell progression (75,76), and was reported to promote lipid
accumulation in hepatocytes (77). Malatl is broadly
expressed in various cell types. Carter et al. (78) observed
a significant reduction of Malat1 in visceral WAT from the
aged men and mice. However, the significance of this
IncRNA in adipose tissue remains uncertain as the Malat1
knockout strain exhibited modest effects on adipose tissue
expansion and insulin resistance during aging and HFD-
induced obesity (78). Despite this, reexamining previously
discovered IncRNAs using mouse models could be valuable
to establish their functions in adipocyte development and
metabolism in vivo.

IncRNA REGULATION OF HUMAN ADIPOCYTE
BIOLOGY

As discussed in the IncRNA annotation section, the ma-
jority of IncRNAs are not conserved between human and
model organisms (39,40). Even for highly conserved
IncRNAs, it is not necessarily the case that they will
perform similar functions in different species with con-
served mechanisms. While using model organisms is es-
sential for researchers to understand the function and
mechanism of IncRNAs, functional studies in human cells
have the potential to reveal functional IncRNAs relevant to
human biology. Recent years have seen a significant in-
crease in the number of studies to determine the function
of IncRNAs in human adipocytes (Table 3).

ADINR

CEBPa is a key transcriptional factor in adipogenesis, but
its regulation was not fully understood. Xiao et al. (79)
identified an adipogenic differentiation-induced noncod-
ing RNA (ADINR), transcribed ~450 bp upstream of
CEBPa. Sequence analysis of the ADINR locus showed
that ADINR is highly conserved in rhesus, macaque, mouse,
dog, and elephant. ADINR knockdown severely impaired

Ny

e

mediator
transcription factor
transcription co-factor

general transcriptional machinery

Figure 2—Inc-Leptin (Lnc-Lep) mediates the interaction between the enhancer and promoter of Leptin. Inc-Leptin is transcribed from an
enhancer region ~10 kb upstream Leptin promoter. In this model, the enhancer can form a long-distance loop with the promoter to promote
a more active chromatin architecture for leptin transcription. Inc-Leptin is likely to play a role in the formation of the enhancer-promoter

interaction.
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Table 3—IncRNAs regulating human adipocyte biology
Role in human adipocyte

Sun and Lin 893

IncRNA differentiation and function Proposed mechanism of action Ref.
HOTAIR Positive Unknown (101)
ADINR Positive Binds to PA1 and recruits MLL3/4 to (79)
regulate chromatin architecture
linc-NFE2L.3-1 Negative Unknown (102)
H19 Negative Targets miR-675 and HDACs 4-6 (64)
MIR31HG Positive Unknown (103)
ASMER-1 ASMER-2 Positive Unknown (80)
HOXA11-AS1 Positive Unknown (104)
linc-ADAL Positive Interacts with hnRNPU and IGF2BP2 at (35)
distinct subcellular locations
RP11-20G13.3 Positive Unknown (105)
MEG3 Negative Regulates miR-140-5p (106)

adipogenesis in human mesenchymal stem cells (hMSC),
which could be rescued by overexpression of CEBPa. The
ADINR transcript can specifically bind to PA1 and recruits
MLL3/4 histone methyltransferase complexes to enhance
the transcription in CEBP« locus by increasing K3K4me3
methylation but decreasing H3K27me3 modification dur-
ing adipogenesis (79).

linc-ADAL

linc-ADAL was identified as a nonconserved IncRNA highly
expressed in human gluteal subcutaneous adipose tissue
(38). The expression of linc-ADAL is highly inducible
during human adipocyte differentiation and elevated in
adipose tissue from obese individuals. Using human adi-
pocyte culture, Zhang et al. (38) demonstrated that linc-
ADAL is required for activation of the adipogenic gene
program and lipid accumulation in adipocytes. Mechanis-
tically, linc-ADAL interacts with hnRNPU and IGF2BP2,
two RNA-binding proteins. The latter exerts posttranscrip-
tional regulation on a large number of cytoplasmic mRNAs,
including that of PPARa. Knockdown of linc-ADAL in-
creased PPARa protein but not mRNA expression, sug-
gesting potential negative effects of linc-ADAL on the
translation of PPARa mRNA. While cultured human adi-
pocytes provide a readily accessible model for interrogating
the function of IncRNA in adipogenesis and metabolism,
an inherent challenge in studying human-specific IncRNAs
is the lack of appropriate experimental systems to study
their role in metabolic physiology in vivo. Future work
using fat transplantation in mice and organoid culture may
help solve this conundrum.

ASMER-1 and ASMER-2

The rapid expansion of transcriptome data sets from
patient samples allows researchers to interrogate the re-
lationship between IncRNA expression and metabolic
traits in human adipose tissue. Gao et al. (80) profiled
IncRNA expression in subcutaneous WAT from lean versus
obese and insulin-resistant versus insulin-sensitive people,

during adipocyte differentiation of human adipose-derived
stem cells, and in stromal vascular fraction (SVF) cells
versus primary adipocytes (80). These analyses led to the
identification of two adipocyte-specific metabolic related
IncRNAs, ASMER-1 and ASMER-2. Knockdown of either
IncRNAs by antisense oligonucleotides inhibited adipo-
genesis, lipid mobilization, and adiponectin secretion in
human adipocyte culture (80). This study serves as an
example of functional IncRNA discovery by examining
a large number of data sets derived from a variety of
clinical conditions.

ANRIL

Several genome-wide association studies revealed that
genetic variants in the locus encoding IncRNA ANRIL
were associated with risk for type 2 diabetes (81-84). In
a later study, Lillycrop et al. (85) aimed to determine the
contribution of early-life environment to obesity risk
through epigenetic processes by examining the CpG meth-
ylation in umbilical cord DNA for children with different
fat mass at age 6 years. This study identified an interesting
association between the level of CpG methylation in the
ANRIL promoter and later childhood adiposity. This cor-
relation persists in several other cohort studies: in birth
tissues from ethnically diverse neonates, in peripheral
blood from adolescents, and in adipose from adults. More-
over, promoter CpG methylation was associated with
ANRIL expression in vivo and CpG mutagenesis could
inhibit ANRIL promoter activity in vitro. Thus, perinatal
methylation at IncRNA loci could be a marker for later
adiposity, although the function of ANRIL in adipocyte
metabolism and physiology has yet to be determined (85).

CONCLUSIONS AND PERSPECTIVES

Remarkable progress has been made in recent years on
discovering adipocyte-enriched IncRNAs, understanding
their functions in adipocyte biology and revealing the
mechanisms of how IncRNAs interface with protein reg-
ulators. These studies have identified a large number of



894 Long Noncoding RNAs in Adipocyte Biology

IncRNAs regulated in adipocytes under different patho-
physiological conditions, determined the biological func-
tion for a set of IncRNAs during adipogenesis, brown-white
cell type conversion and lineage-specific development, and
revealed how these IncRNA may exert their functions
through diverse molecular mechanisms.

However, our understanding of IncRNAs in adipocytes is
still at its infancy and several important questions remain
unanswered. First, for most IncRNAs, their mechanisms of
action remain largely undefined with regard to the protein
partners involved and their cross-talk with key nutritional
and hormonal signaling pathways. Second, most of the
published studies were limited to cell culture models of
mouse or human adipocytes; the roles of IncRNAs in adipose
tissue metabolism and physiology need to be further ex-
plored with animal genetic models. Third, despite the fact
that many single nucleotide polymorphisms (SNPs) in
IncRNA loci are associated with metabolic diseases including
type 2 diabetes (81-84), whether these SNPs have func-
tional effects on IncRNA expression and whether such
a SNP-IncRNA relationship can affect adipocyte biology
remain currently unknown.

There is little doubt that IncRNAs are a rich source of
potential new drug targets. However, given the intracel-
lular location of IncRNAs, development of IncRNAs as drug
targets for human disease may be technically challenging.
Effective IncRNA targeting molecules such as siRNA and
antisense oligonucleotides (ASO) were very unstable in
serum and do not easily cross the cell membrane. Recent
advances in the chemistry of oligonucleotide design have
significantly improved the pharmacological properties of
siRNA and ASO (86). These modified molecules now are
more resistant to RNA degradation and can enter cells
more efficiently. These technical advances have led to
several U.S. Food and Drug Administration-approved
RNA-based drugs including Spinraza and eteplirsen, two
ASO drugs that alter mRNA splicing in neurodegenerative
diseases (87,88), and the most recent siRNA drug, pati-
siran, that targets transthyretin (TTR) mRNA for the
treatment of hereditary TTR-mediated amyloidosis. Now
we are at the brink of a revolution in drug development. It is
conceivable that noncoding molecular targets will emerge
and that targeting noncoding genes will serve as a novel
therapeutic strategy for metabolic disease in the future.
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