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ABSTRACT

ARTICLE HISTORY

Speciﬁc conditions, such as exposure to cold, can induce the production of brown-like adipocytes in white adipose tissue. These adipocytes express high levels of uncoupling protein 1
(UCP1) and energy expended by generating heat. Thus, these are a potential target for the
prevention or treatment of obesity. The present study involved a comprehensive analysis of the
adipose tissue to understand the relationship between long non-coding RNA (lncRNA)
2310069B03Rik and UCP1. Cold exposure increased both lncRNA 2310069B03Rik and Ucp1
expression in inguinal white adipose tissue (iWAT). However, overexpression of lncRNA
2310069B03Rik suppressed the Ucp1 mRNA expression and the promoter activity of UCP1 in
the iWAT primary adipocytes. In addition, compared to the early induction of Ucp1 expression
by cold stimulation, the induction of lncRNA 2310069B03Rik expression was later. These results
suggest that lncRNA 2310069B03Rik functions as a suppression factor of Ucp1 expression.
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Adipocytes are classiﬁed generally into brown and
white adipocytes according to their function. White
adipocytes store extra energy as triglyceride (TG);
however, brown adipocytes deplete energy and produce heat via degradation of TG, and play a vital role
in regulating systemic metabolism and thermoregulation [1]. The thermogenic function of brown adipocytes is due to the high expression of uncoupling
protein 1 (UCP1) located in the inner membrane of
mitochondria [2]. Although the proton gradient generated by the electron transport chain is used for
mitochondrial ATP synthesis, UCP1 uses the proton
gradient to generate heat without ATP synthesis.
A recent report shows that thermogenesis by activated
brown adipose tissue (BAT) contributes about 4.5% to
whole-body energy expenditure in humans [3],
although the average BAT weight in young men and
adults are 151 g [4] and 34 g [5] respectively. Thus, the
energy expenditure ability of brown adipocytes
requires attention for consideration as a therapeutic
target for obesity and obesity-related metabolic disorders, such as type-2 diabetes [6].
Interestingly, in white adipocytes located in subcutaneous fat such as inguinal white adipose tissue
(iWAT), speciﬁc stimuli such as cold and adrenalin
exposure up-regulate UCP1 expression. This process
is called “browning” and further contributes to
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systemic thermoregulation and energy consumption
along with brown adipocytes. These inducible brownlike adipocytes are named “beige” or “brite” adipocytes
and have overlapping but diﬀerent gene expression
patterns compared to classical brown adipocytes. For
example, the surface markers Cd137 and Tmem26 are
expressed in beige but not in brown adipocytes [2],
whereas others (such as Zic1) are speciﬁc markers for
brown, but not beige adipocytes [7]. The above suggests diﬀerent mechanisms of metabolic regulation
between brown and beige adipocytes, an understanding of which may aid in developing novel strategies for
the prevention and treatment of obesity [8].
Non-coding RNA (ncRNA) is a general term
describing an RNA molecule not translated into
a protein. ncRNAs, including transfer RNAs, ribosomal RNAs, small RNAs, and with long ncRNAs
(lncRNA), regulate a variety of functions involving
adipogenesis [9]. Notably, lncRNA are deﬁned as transcripts longer than 200 nucleotides in length and
reported as essential regulators in X-chromatin inactivation [10], p53-mediated apoptosis [11,12], cancer
metastasis [13], and cell diﬀerentiation [14]. However,
the relationship between lncRNA and UCP1 regulation in brown and beige adipocytes is still unclear.
In this study, we studied the involvement of
lncRNA gene in browning, under cold exposure
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conditions in BAT, iWAT, and epididymal white adipose tissue (eWAT) by RNA sequencing (RNA-seq)
analysis. lncRNA 2310069B03Rik, a registered
lncRNA which could be found in the database of
both Mouse Genome Informatics (ID: 1916902) and
National Center for Biotechnology Information (ID:
69652), was identiﬁed as a possible candidate gene
involved in browning and we investigated its role in
the regulation of UCP1 expression.

Materials and methods
Reagents
CL316243 (CL) and isoproterenol (Iso) were
obtained from Sigma-Aldrich (St. Louis, MO, USA),
Rosiglitazone (Rosi) from LKT Laboratories (St. Paul,
MN, USA), and all other chemicals from Nacalai
Tesque (Kyoto, Japan), Wako Pure Chemicals
(Osaka, Japan), or Invitrogen (Carlsbad, CA, USA).

RNA sequencing

were treated with Rosi by intraperitoneal injection
(10 mg/kg/day) for ten days.
Cell culture
Primary iWAT pre-adipocytes were immortalized by
transfecting Simian Virus 40 large T antigen.
Successfully transfected clones were screened for puromycin resistance. iWAT primary cells were maintained in a humidiﬁed 5% CO2 atmosphere at 37°C
in basic medium (Dulbecco’s Modiﬁed Eagle’s
Medium-high glucose, supplemented with 10% fetal
bovine serum, 10,000 units/mL penicillin and
10,000 µg/mL streptomycin). iWAT preadipocyte
cells were diﬀerentiated with basic medium plus
2 μg/mL dexamethasone, 5 μg/mL insulin, 0.5 mM
3-isobutyl-1-methylxanthine, 125 μM indomethacin,
1 nM T3, and 0.5 μM Rosi for 48 h. The media was
replaced every two days with growth medium (basic
medium supplemented with 5 μg/mL insulin, 1 nM T3,
and 0.5 μM Rosi). After eight days of diﬀerentiation,
1 μM Iso, a nonselective β-adrenergic receptor agonist,
was added to cells for another 8 h.

After 2-, 8-, and 16-days of cold exposure, total RNA
from iWAT, eWAT, and BAT was isolated with QIAzol
lysis reagent (Qiagen, Venlo, Netherlands). RNA-Seq
libraries were constructed using the TruSeq RNA
Sample Preparation V2 kit (Illumina) according to the
Illumina library-preparation protocol. Library quality
was evaluated by using the Agilent 2100 Bioanalyzer
(Agilent Technologies). Transcriptomic sequencing was
performed on an Illumina HiSeq 1000 in paired reads
layout with approximately 45 million reads per sample
and 100 bp sequencing length. Reads were aligned with
the reference mouse genome (mm10) using the STAR
alignment program (version 2.5.3a), and mRNA quantiﬁed using the htseq-count program (version 0.9.1)
with Mus_musculus.GRCm38.94.gtf. Diﬀerential gene
expression analysis between eWAT and BAT or eWAT
and iWAT was by using DESeq2 (version 1.18.1).

For lncRNA 2310069B03Rik overexpression experiments, we used a pMX retroviral expression system
[15]. DNA was ampliﬁed using mouse genomic DNA
as a template and the primer containing a restriction
enzyme (EcoRI) recognition sequence (Table 1), and
after EcoRI digestion, the DNA fragment was inserted
into pMX-puro-vector. After transformation using
DH5-alpha competent cells, E. coli were cultured and
the plasmid was puriﬁed. The retroviral packaging cell
line, Plat-E cells were used to generate retroviruses following the manufacturer’s instructions. After 48 h, the
culture supernatants containing retroviruses were collected and used for infection to primary iWAT cells. The
stably transfected cells weres selected with puromycin.

Animals

Real-time PCR

All animal experiments and maintenance followed the
guidelines of the Kyoto University Animal Care
Committee (approval code 28–49). Eight-week-old
male C57BL/6 mice were purchased from Japan SLC
(Shizuoka, Japan). Mice were housed at 23 ± 1°C,
maintained on a 12-h light/dark cycle and given ad
libitum access to food and water. For cold exposure
experiment, mice were housed at 4°C for 16 days. For
β3-adrenergic stimulation, mice were injected intraperitoneally with a β3-adrenergic receptor agonist, CL
(1 mg/kg/day) for one week. For peroxisome proliferator-activated receptor (PPAR) γ activation, mice

Total RNA was prepared from murine tissues in
one experiment and culture cells in the other, using
Sepasol (R)-RNA I Super followingthemanufacturer’s protocol.TotalRNAwasreverse-transcribedusing the M- MLVreverse transcriptase (Promega,
Madison, WI) following the manufacturer’s instructions. To quantify mRNA expression, real-time RTPCR was performed with a LightCycler System
(Roche Diagnostics, Mannheim, Germany) using
SYBR Green ﬂuorescence signals. The oligonucleotide primers were designed using a PCR primer
selection program (the Virtual Genomic Center)

lncRNA 2310069B03Rik overexpression
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Table 1. Primers for PCR ampliﬁcation.
Uses
Cloning for OE
qPCR

Gene
lncRNA
2310069B03Rik
Adipoq
Cpt1b
Dio2
Fabp4
Fgf21
lncRNA
2310069B03Rik
Pgc1a
Ppara
Pparg
Prdm16
Ucp1
36B4

from the GenBank database. The primers used for
measuring mRNA expression levels of genes are
listed in Table 1. All mRNA expression levels
were normalized to the levels of 36B4 mRNA levels.
Luciferase reporter assays
Luciferase reporter assays were performed as previously reported [16]. Brieﬂy, reporter vector coding
UCP1 promoter region (pUCP1-pro-Luc) [16] and
pcDNA3.1 zero (+) mammalian expression vector
encoding lncRNA 2310069B03Rik were transfected
into 10T1/2 cells cultured on 60-mm tissue culture
dishes. After transfection for 4 h, the transfected cells
were cultured on 96-well tissue plates. The cells were
incubated with Iso for 8 h. The cells were lysed and
luciferase activity was determined using a DualLuciferase Reporter Gene Assay system (Promega)
following the manufacturer’s protocol.
Lipid content analysis
Oil-Red O staining was performed as previously
described [17]. For measurement of TG accumulation
levels, the samples were collected and tested by TG
E-test (Wako Pure Chemical, Osaka, Japan) as
described in an earlier study [18]. The kit was used
following the manufacturer’s protocols.
Statistical analysis
Data are presented as the mean ± standard error.
Student’s t-test or ANOVA followed by the Tukey–
Kramer test was used to evaluate statistical signiﬁcance. Diﬀerences were signiﬁcant at p < 0.05.

Sequence
5ʹ-TTTTTGAATTCCTCACTCTTCTAACCTTCAC-3’
5ʹ-TTTTTGAATTCCCAAAGACAAAACTACTCGT-3’
5ʹ-TACAACCAACCAACAGAATCATTATGACGG-3’
5ʹ-GAAAGCCAGTAAATGTAGAGTCGTTGA-3’
5ʹ-CTGTTAGGCCTCAACACCGAAC-3’
5ʹ-CTGTCATGGCTAGGCGGTACAT-3’
5ʹ-AGCCCATGTAACCAGCACCGGA-3’
5ʹ-CAGTCGCACTGGCTCAGGAC-3’
5ʹ-AAGACAGCTCCTCCTCGAAGGTT-3’
5ʹ-TGACCAAATCCCCTAAATGCG-3’
5ʹ-CACCGCAGTCCAGAAAGTCT-3’
5ʹ-ATCCTGGTTTGGGGAGTCCT-3’
5ʹ-CATAAGGCAGAGATGAGCCC-3’
5ʹ-ACAATCTTTCCCTTCGCTCT-3’
5ʹ-CCCTGCCATTGTTAAGACC-3’
5ʹ-TGCTGCTGTTCCTGTTTTC-3’
5ʹ-TCGGCGTACGGCAATGGCTTT-3’
5ʹ-CTCTTCATCCCCAAGCGTAGGAGG-3’
5ʹ-GGAGATCTCCAGTGATATCGACCA-3’
5ʹ-ACGGCTTCTACGGATCGAAACT-3’
5ʹ-CAGCACGGTGAAGCCATTC-3’
5ʹ-GCGTGCATCCGCTTGTG-3’
5ʹ-CAAAGTCCGCCTTCAGATCC-3’
5ʹ-AGCCGGCTGAGATCTTGTTT-3’
5ʹ-TGTGTGTCTGCAGATCGGGTAC-3’
5ʹ-CTTTGGCGGGATTAGTCGAAG-3’

Results
lncRNA 2310069B03Rik is a potential gene related
to Ucp1 expression
To evaluate the potential role of genes involved in Ucp1
expression in adipose tissue, mice were housed at cold
temperature, and RNA expression patterns of BAT,
iWAT, and eWAT were analyzed using RNA-seq.
Diﬀerential gene expression analysis identiﬁed the
genes commonly upregulated in the BAT and iWAT
samples and compared with eWAT samples after cold
exposure. Gene selection was done according to the
criteria: FDR < 1e-5 and log2 (Fold change) > 5. The
selected genes are labeled in Figure 1(a). Several traditional marker genes of browning, such as Ucp1, Cidea,
and Elovl3, are seen in Figure 1(a) (red), suggesting that
this method is potentially useful for selecting browningrelated genes. Interestingly, we showed that among
lncRNA, only lncRNA 2310069B03Rik showed high
expression in both BAT and iWAT compared to
eWAT (Figure 1(a), blue). As shown in Figure 1(b),
lncRNA 2310069B03Rik was found to consist of four
exons and spliced into a 1831 base RNA.
Next, we conﬁrmed the gene expression levels of
Ucp1 and lncRNA 2310069B03Rik by real-time PCR.
Compared with relatively low expression of Ucp1 and
lncRNA 2310069B03Rik in eWAT, both of these genes
were measurable and induced by cold exposure in
BAT and iWAT (Figure 1(c)). These results suggest
that lncRNA 2310069B03Rik is a potential candidate
gene involved in the regulation of Ucp1 expression in
BAT and the browning in iWAT. To further examine
the eﬀect of induced Ucp1 on the expression of
lncRNA 2310069B03Rik in BAT and iWAT, C57BL/6
mice were treated individually with a β3-adrenergic
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Figure 1. Upregulation of Ucp1 and lncRNA 2310069B03Rik expression in the adipose tissue upon cold exposure, β3-adrenergic
receptor agonist, and a PPARγ agonist treatment.
BAT, iWAT and eWAT were isolated from mice after 2-, 8-, and 16-days of cold exposure (4°C). Scatter plot of RNA-Seq data. The log2 expression fold change
of iWAT vs. eWAT shown on the y-axis and BAT vs. eWAT on the x-axis (n = 3). The gene selection was by double conditions, FDR < 1e−5, and log2 (Fold
change) > 5, and all the fulﬁlled genes were labeled (red and blue) (a). Schematic illustration of lncRNA 2310069B03Rik gene (b). The expression levels of
Ucp1 (left panel) and lncRNA 2310069B03Rik (right panel) after cold exposure (4°C, 24 h) in BAT, iWAT, and eWAT were analyzed by real-time PCR (c). C57BL/
6 mice were injected intraperitoneally with CL (1 mg/kg/day) for one week (d) or Rosi (10 mg/kg/day) for 10 days (e), and the expression levels of Ucp1 (left
panel) and lncRNA 2310069B03Rik (right panel) measured in BAT and iWAT. Data were presented as mean ± SEM (n = 4–7 per group). * p < 0.05, ** p < 0.01
compared with each room temperature (RT).

receptor agonist, CL and a PPARγ agonist, Rosi. As
shown in Figure 1(d,e), both expression of Ucp1 and
lncRNA 2310069B03Rik were enhanced or showed
a trend for enhancement in BAT and iWAT under
CL or Rosi treatment conditions. This evidence
showed that lncRNA 2310069B03Rik expression patterns were similar to those of Ucp1, suggesting that
lncRNA 2310069B03Rik might be involved in the regulation of Ucp1 expression.

lncRNA 2310069B03Rik and Ucp1 were highly
expressed in adipocytes fraction
BAT and iWAT from C57BL/6 mice were separated
into adipocyte fraction (AF) and a stromal-vascular
fraction (SVF). As shown in Figure 2(a), AF has higher
expression of Ucp1 compared to SVF in both BAT and
iWAT. Moreover, the expression of lncRNA
2310069B03Rik was about 14- and 8-fold higher in
AF compared to that in SVF from BAT and iWAT,
respectively (Figure 2(a)). These results showed that
lncRNA 2310069B03Rik, similar to Ucp1 was highly
expressed in adipocytes.
The molecular signatures of adult human brown
adipocytes resemble those of mouse beige adipocytes
rather than mouse classical brown adipocytes [19].
Therefore, we used primary preadipocytes derived

from iWAT in our studies. Both Ucp1 and lncRNA
2310069B03Rik gene expression levels were signiﬁcantly increased from 4 days after diﬀerentiation
induction (Figure 2(b)). In addition, to further examine the relationship between Ucp1 and lncRNA
2310069B03Rik, we treated diﬀerentiated primary
iWAT cells with Iso, a nonselective β adrenergic
receptor agonist, for an additional 8 h. Consistent
with the in vivo results, both Ucp1 and lncRNA
2310069B03Rik gene expression increased after treatment with Iso, and stimulating β adrenergic signaling
in primary iWAT cells (Figure 2(c)). These results
indicated the possible involvement of lncRNA
2310069B03Rik in the regulation of browning of
white adipocytes.

Downregulation of thermogenesis-related genes
in lncRNA 2310069B03Rik-overexpressing cells
To evaluate the role of lncRNA 2310069B03Rik in
browning of white adipocytes, primary iWAT cells
overexpressing lncRNA 2310069B03Rik (lncRNA
2310069B03Rik OE) were generated. After induction
of diﬀerentiation over 8 days, lncRNA
2310069B03Rik OE adipocytes were treated with Iso
for 8 h. The lncRNA 2310069B03Rik OE was successful as seen by a 50-fold upregulation in the expression
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Figure 2. Expression of Ucp1 and lncRNA 2310069B03Rik in adipocyte fraction.
BAT and iWAT were fractionated into adipocyte and a stromal-vascular fraction (SVF), and the expression levels of Ucp1 (a, left panel), and lncRNA
2310069B03Rik (a, right panel) were measured by real-time PCR. The expression levels of Ucp1 and lncRNA 2310069B03Rik during adipocyte diﬀerentiation
in primary iWAT cells were analyzed by real-time PCR (b). Diﬀerentiated primary iWAT cells were treated with 1 μM Iso for 8 h and the expression levels of
Ucp1, and lncRNA 2310069B03Rik were analyzed by real-time PCR (c). Data were presented as mean ± SEM (n = 4 per group). * p < 0.05, ** p < 0.01
compared with each SVF,day 0 or Cont.

level of lncRNA 2310069B03Rik in primary iWAT
cells (Figure 3(a)). However, surprisingly, lncRNA
2310069B03Rik OE signiﬁcantly reduced the gene
expression levels of not only Ucp1, but also the
other genes related to beige adipocytes function
(Pgc1a, Cpt1b, Dio2, Fgf21, Prdm16 and Ppara) compared to the control group (MOCK) (Figure 3(b)).
The possible mechanism involved in lncRNA
2310069B03Rik-suppressed Ucp1 gene expression
was investigated by evaluating the UCP1 promoter
activity. As shown in Figure 3(c), lncRNA
2310069B03Rik OE without Iso treatment failed to
reduce UCP1 promoter activation compared with

MOCK. However, lncRNA 2310069B03Rik OE attenuated Iso treatment-enhanced UCP1 promoter activation, suggesting that lncRNA 2310069B03Rik may
act as a novel inhibitor of β adrenergic receptormediated UCP1 induction at the transcriptional level.
In contrast, the expression of diﬀerentiation marker
genes (Fabp4, Adipoq, and Pparg) showed no statistical
diﬀerence between lncRNA 2310069B03Rik OE and
MOCK groups (Figure 4(a)). Moreover, lncRNA
2310069B03Rik OE failed to aﬀect oil red O-stained
lipid droplets and TG accumulation in primary iWAT
cells (Figure 4(b,c)). These ﬁndings suggested that
lncRNA 2310069B03Rik is a browning-inhibiting

Figure 3. Thermogenesis-related genes were downregulated in lncRNA 2310069B03Rik overexpressed primary iWAT cells
stimulated with Iso.
Diﬀerentiated lncRNA 2310069B03Rik OE primary iWAT cells were treated with 1 μM Iso for 8 h. The expression levels of lncRNA 2310069B03Rik (a) and
thermogenesis related genes (b) were measured. lncRNA 2310069B03Rik OE cells were treated with or without 1 μM Iso for 8 h, and UCP1 promoter activity
was measured (c). Data were presented as mean ± SEM (n = 3–6 per group). * p < 0.05, ** p < 0.01 compared with each MOCK. ## p < 0.01 compared with
MOCK Iso-.
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Figure 4. lncRNA 2310069B03Rik OE showed no eﬀect on the adipocyte diﬀerentiation in primary iWAT cells.
Diﬀerentiated lncRNA 2310069B03Rik OE primary iWAT cells were treated with 1 μM isoproterenol for 8 h. The expression levels of adipocyte diﬀerentiation
related genes (Fabp4, Adipoq, Pparg) were measured (a). To quantify intracellular TG content, the TG levels were measured by enxymatically (b), and
stained with Oil Red O (c) on 8 days after induction of diﬀerentiation. Scale bar: 200 μm. Data were presented as the means ± SEM (n = 3–6 per group)

lncRNA which
diﬀerentiation.

is

independent

on

adipocyte

The induction of lncRNA 2310069B03Rik by cold
exposure and β adrenergic receptor agoniststimulation occurred after Ucp1 induction
Although chronic cold exposure, CL, and Rosi treatment induced both lncRNA 2310069B03Rik and Ucp1
expression in BAT and iWAT (Figure 1(c–e)), lncRNA
2310069B03Rik OE suppressed the expression of
browning target genes including Ucp1 (Figure 3(b)).
We suspected that the increased lncRNA
2310069B03Rik might be a suppressor of excessive
overexpression of Ucp1. This hypothesis was conﬁrmed using C57BL/6 mice housed at cold temperature and analyzed over time. Both Ucp1 and lncRNA
2310069B03Rik expression were elevated consistently
in BAT and iWAT after cold exposure. However, the
peak mRNA expression of Ucp1 was at 4- and 24-h
after cold stimulation in BAT and iWAT, respectively
(Figure 5(a)). Moreover, the peak expression of
lncRNA 2310069B03Rik induction by cold exposure
was at 24 and 192 h in BAT and iWAT (Figure 5(b)),
respectively, suggesting that upregulation of lncRNA
2310069B03Rik was much later than that of Ucp1
expression during prolonged cold exposure.
Similarly, in the diﬀerentiated primary iWAT cells,
Iso-stimulated induction of Ucp1 peaked at 4 h and
then decreased, whereas lncRNA 2310069B03Rik
peaked at 8 h and remained at high expression until

24 h after induction (Figure 6(a)). The gene expression
levels of Pgc1a, Dio2, Fgf21 and Prdm16 peaked 2 h
after Iso treatment (Figure 6(b)). These results indicated that in vivo cold exposure, and in vitro Iso
treatment induced lncRNA 2310069B03Rik in adipocytes with peaks after Ucp1 induction. Moreover,
in vitro Iso treatment induced beige adipocyte function genes’ expression earlier than lncRNA
2310069B03Rik expression. These results suggested
that lncRNA 2310069B03Rik possibly plays a role in
suppression of not only Ucp1 expression but also
adipocye browning.

Discussion
lncRNAs are involved in several biological processes
and metabolism [20]. For example, recent studies
showed that one type of lncRNA, steroid receptor
RNA activator 1 (SRA1), aﬀects both adipogenesis and
adipocyte function in multiple ways, through coactivation of PPARγ, promotion of S-phase entry during
mitotic clonal expansion, and regulation of expression
of inﬂammatory genes and signal transduction in
response to insulin and tumor necrosis factor-α [21].
Moreover, brown fat lncRNA 1, known as a nuclear
lncRNA, has been reported to regulate the thermogenic
gene program which further inﬂuences brown and
beige adipocyte diﬀerentiation and function by forming
a ribonucleoprotein complex with the transcription
factor, early B cell factor-2 [22]. Remarkable progress
was achieved in understanding the role of lncRNAs in
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Figure 5. lncRNA 2310069B03Rik is upregulated after Ucp1 induction upon cold stimulation in mice.
C57BL/6 mice were housed at 4°C and the expression levels of Ucp1 (a) and lncRNA 2310069B03Rik (b) were analyzed over 16 days (384 h). The data of
0–50 h of cold exposure were shown separately below. Data were presented as mean ± SEM (n = 3–4 per group).

Figure 6. Upregulation of lncRNA 2310069B03Rik is later than that of Ucp1 and the other genes related to beige adipocytes
function in primary iWAT cells stimulated Iso.
Diﬀerentiated primary iWAT cells were treated with 1 μM Iso, and the expression levels of Ucp1 (a, left panel) and lncRNA 2310069B03Rik (a, right panel)
were analyzed over 24 h. Diﬀerentiated primary iWAT cells were treated with 1 μM Iso, and the expression levels of thermogenic genes were analyzed over
4 h (b). Data were presented as mean ± SEM (n = 3–4 per group).

adipocyte biology in recent years. In the present study,
we focused on lncRNA 2310069B03Rik, a lncRNA, with
a potential role in regulating the function of brown
adipocytes and the beige adipocytes.

In this study, RNA-seq was used to identify the
potential genes involved in Ucp1 expression in adipose
tissue. Although a previous study has reported a low
overlap between RNA-seq and microarray analyses
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with only one lncRNA among the 21 that passed the
selection ﬁlters, present in the data set from the RNAseq study [22]. However, our study showed similar
expression patterns of both Ucp1 and lncRNA
2310069B03Rik with RNA-seq and RT-PCR; thus,
the present method was valid for lncRNA
2310069B03Rik.
Although the function of lncRNA 2310069B03Rik is
presently not understood, according to Mouse ENCODE
transcriptome data, lncRNA 2310069B03Rik showed
higher expression in adipose tissue than that in the
other organs [23]. Therefore, it is suggested that
lncRNA 2310069B03Rik plays an important role in adipose tissue. Although regulating mechanism of lncRNA
2310069B03Rik was unclear, a previous report showed
a reduction in the expression levels of lncRNA
2310069B03Rik in WAT of PPARα KO mice compared
to wild-type mice [24]. In addition, recent studies have
reported that PPARα activation not only induces adipocyte diﬀerentiation and fatty acid oxidation but also regulates the expression of thermogenic genes via
modulation of PGC1α and PRDM16 function [25,26].
In this study lncRNA 2310069B03Rik OE down regulated
Ppara expression. This evidence suggests that PPARα
might play an important role in the regulation of
lncRNA 2310069B03Rik expression in adipocytes, and
lncRNA 2310069B03Rik may control the adipocyte
browning via the modulation of PPARα function.
Therefore, PPARα and lncRNA 2310069B03Rik might
form a feedback loop to regulate each function during
adipocyte browning.
In this study, the mechanism of lncRNA
2310069B03Rik was investigated in detail with the
use of lncRNA 2310069B03Rik overexpressed cells,
and measured the expression levels of thermogenic
genes. Interestingly, the expression level of Ucp1 and
UCP1 promoter transcriptional activity decreased
signiﬁcantly under lncRNA 2310069B03Rik overexpression. lncRNA 2310069B03Rik OE reduced Pgc1a
which is well known as the master regulator of
mitochondrial biogenesis [27]. In addition, the
expression levels of genes located in mitochondria
such as Ucp1 and Cpt1b were also reduced. These
results suggested that lncRNA 2310069B03Rik OE
down
regulated
mitochondrial
biogenesis.
Moreover, genes related to beige adipocytes function
gene which are not located in mitochondria (Dio2
existing in plasma membrane, Fgf21 existing in
extraceller region, and Prdm16 existing in nucleus)
also downregulated by lncRNA 2310069B03Rik OE.
These results indicate that lncRNA 2310069B03Rik
suppresses not only PGC1α-mediated mitochondria
biogenesis but also adipocyte browning. In addition,
compared to Ucp1 and the other genes related to
beige adipocytes function, whose expression levels
increased by adrenergic stimulation in a relatively
short time, upregulation of lncRNA 2310069B03Rik

expression continued during prolonged cold exposure. Based on these results, and consideration of the
example of Cidea discussed below, we concluded that
lncRNA 2310069B03Rik functions as a suppressor of
elevated expression of genes related to beige adipocyte function.
Cidea is a typical BAT marker gene, correlated with
metabolic health [28]. However, adipose-speciﬁc overexpression of human Cidea decreased UCP1 activity in
the mitochondria of brown adipocytes [29]. Though
speciﬁc mechanisms are still unclear, Cidea induced
by cold exposure behaves as an indirect inhibitor of
UCP1. Moreover, Steﬂ B. et al. have reported that mice
with fat-speciﬁc overexpression of UCP1 failed to
maintain body temperature during cold exposure
and BAT function was downregulated [30]. Thus,
lncRNA 2310069B03Rik might function as
a potential pan-inhibitor of the thermogenic gene to
prevent its excess overexpression and the resulting
disadvantages in adipocytes.
Overall, upregulated lncRNA 2310069B03Rik suppressed Ucp1 expression, and the upregulation of
lncRNA 2310069B03Rik expression was timedependent and occurred after Ucp1 induction. Thus
we propose lncRNA 2310069B03Rik as a marker of
thermogenesis-competent adipose tissues but conclude that unexpectedly, lncRNA 2310069B03Rik
functions as a suppression factor of thermogenesisrelated genes expression.
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