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circNrxn2 Promoted WAT Browning
via Sponging miR-103 to Relieve
lts Inhibition of FGF10 in HFD Mice
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College of Animal Science and Technology, Northwest A&F University, Yangling, Shaanxi 712100, China

The accumulation of excess white adipose tissue (WAT) has
harmful consequences on metabolic health. WAT browning
confers beneficial effects on adiposity, insulin resistance, and
hyperlipidemia. In this study, it was found out that circNrxn2
sponged miR-103 and enhanced FGF10 levels in HFD mice
WAT. We discovered that circNrxn2 promoted WAT brown-
ing and mitochondria functions. Furthermore, circNrxn2
also increased M2 macrophage polarization in HFD mouse ad-
ipose tissue, and the PPARY signaling pathway participated in
these biological processes. Moreover, eliminating adipose tis-
sue macrophages (ATMs) by clodronate-crippled circNrxn2
promoted WAT browning, and the simulation co-culture of
macrophages and adipocytes results suggested that circNrxn2
promoted WAT browning through increasing M2 macrophage
polarization. Our finding revealed that circNrxn2 acted as an
endogenous miR-103 sponge, blocked miR-103 effects, and
relieved its inhibition of FGF10 expression to promote WAT
browning through increasing M2 macrophage polarization.
This study provides a good therapeutic strategy for treating
obesity and improving obesity-related metabolic disorders.

INTRODUCTION

Due to the improvement of living and the change of lifestyles, the
number of people with obesity in China has seen explosive growth
in recent years. The accumulation of excess white adipose tissue
(WAT) is the main reason of obesity. Brown adipose tissue (BAT),
which is different from WAT, can burn fat and promote energy meta-
bolism, thus providing new methods for the prevention of obesity and
associated metabolic diseases.' WAT from certain depots, in response
to appropriate stimuli, can undergo a process known as browning that
takes on characteristics of BAT—notably, the induction of uncou-
pling protein 1 (UCP1) expression and the presence of multilocular
lipid droplets and multiple mitochondria.”

Except for adipocytes, adipose tissue also contains abundant adipose
tissue macrophages (ATM:s).” There are two phenotypes of ATMs. In
obesity, a large number of pro-inflammatory M1 macrophages re-
cruited in adipose tissue release amounts of inflammation factors
and lead to chronic inflammation and metabolic disorders.* There ex-
ists a dynamic conversion in the proportion of M1 and M2 macro-
phages, which is closely related to adipose metabolism and energy

expenditure.”® It has been reported that the transformation of M1
to M2 macrophages promoted the activation of BAT and the brown-
ing of WAT.”® Because PPARY plays a key role in M2 polarization
and in the browning of white adipocytes, and in macrophage polari-
zation in association with its browning capacity, we hypothesize that
circNrxn2-miR-103-FGF10 could also affect WAT browning by
affecting macrophage polarization.

Circular RNAs (circRNAs) are a group of non-coding RNAs
(ncRNAs) characterized by the presence of a covalent bond linking
3’ and 5’ ends produced by backsplicing.”'? circRNAs are widely
spread with stable structures, conserved sequences, and cell- or tis-
sue-specific expression.'' Studies have shown that circRNAs can
function in multiple ways. They can act as a natural microRNA
(miRNA) sponge to regulate miRNA expressions or regulate gene
transcription, cell cycle, and other physiological processes through
interaction with proteins. ciRS-7/CDRlas has been identified as a
miR-7 sponge to inhibit miR-7 activity.'”> Wang and colleagues'’
found that a heart-related circRNA (HRCR), which acted as a miR-
223 sponge, was correlated with pathological hypertrophy and heart
failure. These studies are strongly supported by the idea that
circRNAs can be used as a biomarker for disease diagnosis. However,
their functions are still largely unidentified and have broad research
prospects, and whether there exist circRNAs acting as a miR-103
sponge has not been studied.

miRNAs are a class of small (18-25 nt) single-stranded ncRNAs that
function as endogenous regulators by targeting mRNAs."* miRNA
dysfunction is related to a variety of human diseases, such as obesity
and metabolic disorders, suggesting that miRNAs play vital roles in
obesity.ls’“’ Aberrant expressions of miRNAs, including miR-221,
miR-519d, miR-141, and miR-520e, are associated with human
obesity and related metabolic syndrome.'””"* Among them, miR-
103 belongs to a highly conserved family of miRNA and is abundant
in adipose tissue.””*' Dozens of miR-103 target genes, such as Dicer,
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Figure 1. circNrxn2 Acted an Endogenous miR-103 Sponge and Increased FGF10 Expression in Mice Adipose Tissue

(A) Scheme of the interaction of circNrxn2 and miR-103. (B) Scheme of the interaction of miR-103 and FGF10. (C) Double luciferase assay was performed. (D) gRT-PCR was
used to detected circNrxn2 and GAPDH levels after streptavidin capture. (E) The expression of FGF10 in WAT of HFD mice (8-week-old C57BL/6J mice fed with an HFD for
10 weeks; inguinal WAT ((\WAT) was acquired for these experiments). (F) The expression of circNrxn2, miR-103, and FGF10 in iWAT of HFD mice. (G-I) The expressions of
circNrxn2 (G), miR-103 (H), and FGF10 (1) in iWAT of HFD mice after circNrxn2, miR-103, or FGF10 treatment. Data represent the mean + SEM. *p < 0.05; *p < 0.01.n > 3.

Cavl, DAPK, KLF4, Fadd, Mef2d, and Wnt3a, have been demon-
strated to regulate adipogenesis, insulin sensitivity, cell migration,
metastasis, and apoptosis.”' >’ However, the regulation of miR-103
in ATMs and WAT browning has not been studied.

In this study, we present that circNrxn2, miR-103, and FGF10
formed a regulatory circuit in adipose tissue and that they regulated
WAT browning by ATM polarization. This study provides a molec-
ular basis for preventing obesity and obesity-associated metabolic
disorders.

RESULTS

circNrxn2 Acted as an Endogenous miR-103 Sponge and
Increased FGF10 Expression in HFD Mice Adipose Tissue

To search for circRNAs and mRNAs that bind to miR-103, bioinfor-
matics were carried out for predictive analysis. Among the numerous
molecules, there is a potential binding site for miR-103 in the
¢irc005661 sequence, which we called circNrxn2, as it was transcribed
from the Nrxn2 gene (Figure 1A), and there are two binding sites for
miR-103 in the 3’ UTR of FGF10 mRNA (Figure 1B). Therefore,
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circNrxn2 and FGF10 were selected as candidate molecules that inter-
acted with miR-103. A dual luciferase reporter assay was conducted,
and we found that overexpressing miR-103 caused a significant
decrease in the luciferase activity of the 3’ UTR FGF10 (1,637-
1,644), whereas there was no difference between the 3’ UTR FGF10
(702-708) and the control group (Figure 1C). Moreover, the mutation
of 3 UTR FGF10 (1,637-1,644) displayed no difference from the con-
trol group (Figure 1C). The data suggested that FGF10 (1,637-1,644)
may be the potential binding site for miR-103.

In addition, circNrxn2 was added to the luciferase activity assay sys-
tem. It was found that circNrxn2 addition increased the luciferase
activity compared to the relative control group (Figure 1C), mean-
ing that circNrxn2 relieved the inhibitory effect of miR-103 on
FGF10. Besides, circNrxn2 was much more enriched in the miR-
103-captured fraction compared with the corresponding mutant
group (Figure 1D). Western blot analysis also indicated that
circNrxn2 treatment upregulated the FGF10 protein level and that
the addition of miR-103 reversed it (Figure 1E). A high-fat diet
(HFD) upregulated the miR-103 level, while circNrxn2 and
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FGF10 levels were lower in the adipose tissue of HFD mice than
that in normal diet (ND) mice (Figure 1F). These results confirmed
that circNrxn2 could sponge miR-103, thus crippling the effect of
miR-103 on FGF10.

To avoid the effects of expression vectors on other tissues, we used
adipose-tissue-specific expression vectors and evaluated their expres-
sion in liver, muscle, perirenal fat, WAT, and BAT (Figures S1A-
S1C). HFD mice were injected intraperitoneally (i.p.) with the
circNrxn2 miR-103 and FGF10 viruses, respectively. It was found
that circNrxn2 significantly decreased the miR-103 level and
increased the FGF10 mRNA level (Figure 1G). miR-103 overexpres-
sion inhibited circNrxn2 and FGF10 mRNA levels (Figure 1H).
FGF10 treatment enhanced circNrxn2 and inhibited miR-103 levels
(Figure 1I). These results indicated that circNrxn2 acted as an endog-
enous miR-103 sponge and increased FGF10 expression in mouse ad-
ipose tissue.

circNrxn2 Promoted WAT Browning in HFD Mice

To investigate the roles of circNrxn2-miR103-FGF10 in WAT brown-
ing, HFD mice were housed at 4°C for 12 h. Cold stimulation led to
smaller adipocytes and less crown structure as reported previously
(Figure 2A).”® Cold stimulation upregulated circNrxn2 and FGF10
levels and downregulated the miR-103 level significantly (Figure 2B),
indicating that circNrxn2-miR-103-FGF10 had a potential role in
WAT browning. HFD mice were injected i.p. with circNrxn2 lenti-
virus, circNrxn2 lentiviruses + miR-103 adenoviruses, circNrxn2
lentiviruses + short interfering (si)FGF10 lentiviruses, or control
empty viruses. We found that the size of adipocytes was decreased af-
ter circNrxn2 treatment and that the addition of miR-103 or siFGF10
abolished the effect of circNrxn2 (Figure 2C). Also, the temperature of
mice treated with circNrxn2 was significantly increased (Figure S1D).
qRT-PCR was used to detect the effect of circNrxn2-miR-103-FGF10
on WAT browning. We found that circNrxn2 facilitated the mRNA
levels of UCP1, PPARY, PRDM16, PGCla, COX7a, and COX8b
(Figure 2D; Figures S1E, S1F, and S2) and the protein levels of
UCP1, PPARY, PGCla, and COX4 (Figure 2E), indicating that
circNrxn2 promoted WAT browning, mitochondrial synthesis, and
oxidation. In addition, miR-103 or siFGF10 addition reversed the ef-
fect of circNrxn2 (Figures 2D and 2E). Immunofluorescent staining
also showed that circNrxn2 increased the expressions of UCP1 and
COX4 (Figures 2F and 2G), and the addition of miR-103 or siFGF10
reversed it. These data suggested that FGF10 promoted WAT brown-
ing, mitochondrial synthesis, and oxidation, while miR-103 and
siFGF10 inhibited it. circNrxn2-miR-103-FGF10 had a vital role in
WAT browning.

Molecular Therapy: Nucleic Acids

To further explore the roles of circNrxn2-miR-103-FGF10 in regu-
lating white adipocytes browning, adipocytes were treated with
circNrxn2, circNrxn2 + miR-103, circNrxn2 + siFGF10, or control
empty viruses, respectively, and then incubated with CL316, 243 to
induce white adipocytes browning. Consistent with the results in vivo,
circNrxn2 treatment increased the transcriptional and post-tran-
scriptional levels of PRDM16, PPARY, and PGCla (Figure 3A). Be-
sides, circNrxn2 promoted the mRNA levels of Cox7a and Cox8b
(Figure 3A) and the protein levels of Cox4, PPARY and PGCla (Fig-
ure 3B), and these effects were reversed after the addition of miR-103
or siFGF10 (Figures 3A and 3B). Moreover, we found that circNrxn2
increased the mitochondrial number and that the addition of miR-
103 or siFGF10 decreased it (Figures 3C and 3D). Immunofluorescent
staining also showed that circNrxn2 promoted UCP1 expression and
that miR-103 or siFGF10 addition decreased it (Figure 3E). These re-
sults indicated that FGF10 could promote WAT browning and mito-
chondrial function, whereas miR-103 and siFGF10 have opposite
effects.

circNrxn2 Increased M2 Macrophage Polarization in Mice

We had found that circNrxn2 decreased crown structure in adipose
tissue (Figure 2C). ATM phenotypic conversion could regulate energy
metabolism and BAT activation, so we detected the influence of
circNrxn2 on ATM polarization. We found that circNrxn2 treatment
promoted the expression of CD206, an M2 macrophage marker, and it
was reversed after the addition of miR-103 adenoviruses or siFGF10
(Figure 4A). In addition, circNrxn2 upregulated the mRNA levels of
interleukin (IL)-4 and CD206 and decreased IL-6 and tumor necrosis
factor o (TNF-a;) mRNA levels (Figure 4B), which were abolished after
the addition of miR-103 or siFGF10 (Figure 4B). These results sug-
gested that circNrxn2 and FGF10 promoted M2 macrophage polariza-
tion and that miR-103 inhibited M2 macrophage polarization in vivo.

In order to examine the effects of circNrxn2-miR-103-FGF10 on
macrophage polarization, we isolated and cultivated macrophages
in vitro and then treated them with circNrxn2, circNrxn2 + miR-
103, circNrxn2 + siFGF10, or control empty viruses. It was found
that circNrxn2 promoted the mRNA levels of IL-4 and CD206 (Fig-
ure 4C) and the protein levels of IL-10 and CD206 (Figure 4D). In
addition, the mRNA and protein levels for M1 macrophage markers
IL-6 and TNF-o were decreased after circNrxn2 treatment (Figures
4C and 4D) and were reversed after the addition of miR-103 and
siFGF10 (Figures 4C and 4D). Immunofluorescent staining results
also showed that circNrxn2 increased CD206 expression and that
the addition of miR-103 or siFGF10 decreased it (Figure 4E). Besides,
the macrophages were mostly circular after circNrxn2 treatment and

Figure 2. circNrxn2 Promoted WAT Browning in HFD Mice

HFD mice were 8-week-old C57BL/6J mice fed with an HFD for 10 weeks. They were injected i.p. with circNrxn2 lentivirus, circNrxn2 lentiviruses + miR-103 adenoviruses,
circNrxn2 lentiviruses + siFGF10 lentiviruses, or control empty viruses. (A) H&E staining of adipose tissue section. (B) The changes of circNrxn2, miR-103, and FGF10 after
cold stimulation. (C) H&E staining of adipose tissue section after circNrxn2, circNrxn2+miR-103, circNrxn2+siFGF10, or control treatment. (D) The relative mRNA levels of
UCP1, PPARY, PRDM16, PGC1a, COX7a, and COX8b of IWAT after circNrxn2, circNrxn2+miR-103, or circNrxn2+siFGF10 treatment in HFD mice. (E) Western blot analysis
of protein levels of UCP1, PPARYy, PGC1a, and COX4 in WAT. (F and G) Immunofluorescent staining of (F) UCP1 and (G) Cox4 in adipocytes under circNrxn2, circNrxn2+miR-
1083, or circNrxn2+siFGF10 treatment. Data represent the mean + SEM. Scale bars, 100 um. *p < 0.05; *p < 0.01.n > 3.
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Figure 4. circNrxn2 Increased M2 Macrophage Polarization in HFD Mice

(A) CD206 immunofluorescent staining of HFD mice adipose tissue section. (B) The mRNA levels of IL-6, TNF-a, IL-4, and CD206 in adipose tissue. (C) The mRNA levels of
IL-6, TNF-a., IL-4, and CD206 in macrophages. (D) The protein levels of IL-6, TNF-a., IL-10, and CD206 in macrophages. (E) Immunofluorescent staining of CD206. (F) The
morphologic observation of macrophages. (G) The mRNA levels of IL-6, TNF-a, IL-4, and CD206 in plasma were detected to evaluate the systemic effects of circNmn2,
miR-103, and FGF10. Data represented the mean + SEM. Scale bars, 200 um. *p < 0.05; **p < 0.01. n > 3.

exhibited spindle type after adding miR-103 or siFGF10 (Figure 4F).  was measured (Figure 4G). These results all indicated that circNrxn2
To evaluate the systemic effects of circNrxn2, miR-103, and FGF10,  treatment induced M2 macrophage polarization, which was blocked
the expression of IL-6, TNF-a, IL-4, and CD206 in plasma of mice after the addition of miR-103 or siFGF10.

Figure 3. circNrxn2 Promoted White Adipocytes Browning In Vitro

3T3-L1 adipocytes were treated with circNrxn2, circNrxn2 + miR-103, circNrxn2 + siFGF10, or control empty viruses. (A) The relative mRNA levels of PRDM16, PPARY,
PGC1a, COX7a, and COX8b. (B) The protein levels of PRDM16, PPARy, PGC1a, and COX4. (C) The mitochondria staining with mitochondrial tracker. (D) The citrate
synthase activity was detected in adipocytes under treatment of circNrxn2, circNrxn2 + miR-103, and circNrxn2 + siFGF10. (E) Immunofluorescent staining of UCP1 in
adipocytes. Data represent the mean + SEM. Scale bars, 200 um. *p < 0.05; *p <0.01. n > 3.
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Figure 5. circNrxn2 Promoted WAT Browning and Increased M2 Macrophage Polarization by Activating the PPARy Signaling Pathway
(A and B) PPARY agonist (A) and antagonist (B) were injected in HFD mice adipose tissue combined with circNrxn2, miR-103, and FGF10 after circNrxn2, miR-103, or
FGF10 treatment. The mRNA levels of PPARy, UCP1, CD206, and IL-6 were detected. Data represented the mean + SEM. *p < 0.05; **p < 0.01. n > 3.

circNrxn2 Promoted WAT Browning and Increased the M2
Macrophage Polarization by Activating PPARY Signaling
Pathway

It has been reported that PPARY signaling is essential in regulating
WAT browning and ATM polarization.””*° We found that circNrxn2
activated PPARY expression in mouse adipose tissue, so we tried to
explore whether the PPARy signaling pathway participated in
circNrxn2 regulation of WAT browning and ATM polarization.
PPARY agonist and antagonist were used to treat mouse adipose tis-
sue. The results showed that Rosiglitazone, a PPARy agonist,
enhanced circNrxn2-induced PPARy, UCP1, and CD206 and
blocked circNrxn2-inhibited IL-6 (Figure 5A). Besides, miR-103
and siFGF10 addition suppressed the effects of circNrxn2, and Rosi-
glitazone treatment also enhanced these effects (Figure 5A). Further-
more, T0070907, a PPARY antagonist, was used to verify our results.
We found that T0070907 restrained circNrxn2-induced PPARYy,
UCP1, and CD206 and increased circNrxn2-inhibited IL-6 (Fig-
ure 5B). T0070907 treatment also enhanced the effects of the addition
of miR-103 and siFGF10 (Figure 5B). These results suggested that
circNrxn2 promoted WAT browning and increased M2 ATM polar-
ization by activating the PPARY signaling pathway.

circNrxn2 Promoted WAT Browning by Increasing M2
Macrophage Polarization in HFD Mice

To further explore the relationship between circNrxn2-miR-103-
FGF10-regulated ATM polarization and WAT browning, clodronate
was used to eliminate macrophages. As a result, it was found out that
clodronate treatment efficiently decreased F4/80 expression in WAT
of HFD mice (Figure 6A). Although circNrxn2 promoted the mRNA
levels of UCP1, DIO2, PPARYy, COX7a, COX8b, and PGCla, the addi-

tion of miR-103 or siFGF10 caused the downregulation of these factors
(Figures 6B and 6C), and clodronate treatment decreased the degree of
WAT browning regulated by circNrxn2-miR-103-FGF10 (Figures 6B
and 6C). Similar results were found in western blot analysis, which
also showed that circNrxn2 induced less upregulation of PRDM16,
UCP1, PPARY and COX4 and that the addition of miR-103 or siFGF10
also reduced gene expression after clodronate treatment (Figure 6D).
These results indicated that the circNrxn2-miR-103-FGF10-regulated
WAT browning was partially achieved by ATM polarization.

Furthermore, macrophages were treated with circNrxn2, circNrxn2 +
miR-103, circNrxn2 + siFGF10, or control empty viruses, and then
the supernatants were collected and added to culture adipocytes.
The results showed that circNrxn2 treatment resulted in an increase
in the mRNA levels of PRDM16, UCP1, PPARY, PGCla, COX70. and
COX8b, while the addition of miR-103 or siFGF10 inhibited the
expression of these genes (Figure 7A). Western blot also showed
that circNrxn2 treatment increased the protein levels of PRDM16,
UCP1, PPARY, PGCla and COX4, and that miR-103 or siFGF10
addition reversed the effects (Figure 7B), which was consistent with
UCP1 immunofluorescence results (Figures 7C). These data indicated
that circNrxn2-miR-103-FGF10 promoted WAT browning by
increasing M2 macrophage polarization.

DISCUSSION

The location of the different types of adipose tissue varies. BAT is
mainly distributed in subscapular and interscapular tissue and
around the kidneys, and beige adipose tissue and WAT mainly exist
in subcutaneous and internal organs of mice.”’ Under appropriate
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Figure 6. circNrxn2 Promoted WAT Browning by Increasing M2 Macrophage Polarization in HFD Mice
HFD mice were treated with clodronate to eliminate macrophages. (A) Immunofluorescent staining of F4/80 in HFD mouse adipose tissue after clodronate treatment.
(B and C) The mRNA levels of (B) UCP1, DIO2, and PPARY and of (C) PGC1a, COX7a, and COX8b. (D) The protein levels of PRDM16, PPARy, and COX4. Data represent the

mean + SEM. Scale bars, 200 pm. *p < 0.05; **p < 0.01.n > 3.

stimulations, such as cold exposure, -3 adrenergic receptor agonists,
and thiazolidinediones, white adipocytes can be transformed into
thermogenic adipocytes with higher UCP1 expression like BAT.
This process is called browning.>> Many studies have found that a va-
riety of stimuli and factors, such as miRNA, macrophages, and certain
drugs, can regulate WAT browning, which is more likely to occur in
the inguinal WAT (iWAT).*° Besides, PPARY is widely studied as
a classical factor regulating browning. In this paper, the work we did is
also on these bases.

circRNAs serve as endogenous miRNA sponges to influence the
expression of downstream miRNA target genes. For example, ciRS-7/
CDRI1as binds miR-7 to sequester away miR-7, resulting in high-level
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expression of target genes. ~”” miR-103 has been confirmed to play a

critical role in lipid metabolism; it was proved that miR-103 can pro-
mote 3T3-L1 cell differentiation and regulate insulin sensitivity.”"*
Furthermore, genome-wide approaches also identified that miR-103
could bind with PPAR\(.37 Consistent with these findings, our research
displays that circNrxn2 acts as a miR-103 sponge to enhance the FGF10

level, thus promoting WAT browning.

Different miRNA types and their effects have also been studied in
WAT browning and adipose tissue regulation. Various kinds of
miRNAs have been shown to regulate subcutaneous WAT browning
and BAT activation in cold exposure. A previous study has shown
that miR-32 inhibition reduces FGF21 expression to decrease
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tolerance to cold; therefore, it plays a role in cold-induced WAT
browning in mice.’”® Moreover, miR-455 can also enhance the
WAT browning response stimulated by cold and norepinephrine.*
In contrast, several miRNA types were found to be negative regulators
of WAT browning and BAT activity. miR-27 played a negative regu-
latory role in white fat browning.*” miR-155 and C/EBPP constituted
a double closed-loop negative-feedback system that regulated the adi-
pogenesis of brown or beige adipocytes.”' miR-133 restricted the
browning of adipocytes by inhibiting the transcription of the
PRDM16.** Besides, researchers found that inhibition of the miR-
327-FGF10-FGFR?2 signaling axis can induce WAT browning and in-
crease whole-body metabolic rate. They hypothesized that miRNAs
targeting FGF10 would provide an effective new approach for the
treatment of obesity and metabolic disorders.*> What’s more, it had
been reported that fat-specific knockout of dicer, a target of miR-
103, developed a loss of intra-abdominal and subcutaneous white
fat and “whitening” of interscapular brown fat,** suggesting a poten-
tial role of miR-103 in the transformation of WAT and BAT. In this
study, with bioinformatics predictive analysis, we found that

siFGF10

with ATM by transporting miRNAs through
vesicles,**
ing of white adipocytes can also be activated
by ATM.

so we wonder whether the brown-

Under normal circumstances, ATMs disperse in
adipose tissue and participate in maintaining
adipose tissue homeostasis. ATMs play a key

role in the adipose tissue-liver crosstalk in
nonalcoholic fatty liver diseases (NAFLDs).
Our previous research also found that mela-
tonin, a hormone, could divert adipose-derived
exosomes to macrophages, which promoted
M2 macrophage polarization to alleviate inflam-
mation.”” We also found that transcriptional factor Hoxa5 activated
the PPARY signaling pathway to increase M2 macrophage polariza-
tion, thereby ameliorating obesity-induced chronic fat inflammation.
In obesity, the number of ATMs in WAT increased dramatically and
mainly presented in M1 type, a coronal structure.*” M1 macrophages
were involved in the elimination of pathogens through the secretion
of proinflammatory cytokines such as IL-6 and TNF-o.. M2 macro-
phages inhibited inflammation and maintained physiological func-
tions of adipose tissue. In addition to secreting the anti-inflammatory
factor IL-10, adipose tissue M2 macrophages also played a key role in
the browning of white fat. It was found that M2 macrophages secreted
a large amount of norepinephrine (about 50% or more of the total)
and induced WAT browning, promoted lipolysis, and increased ther-
mogenesis after cold stimulation.*® Studies have shown that specific
knockout of RIP140 in monocytes and macrophages can promote
the polarization of adipose tissue M2 macrophages, promote brown-
ing of WAT, and improve insulin sensitivity."” In addition, it was
found that injection of M2 macrophages therapeutically induced
WAT browning and improved HFD-induced insulin resistance.”’
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The anti-hypertensive drug telmisartan could induce WAT browning
by PPARy-activation-mediated M2 polarization.”’ These studies
showed that ATMs play a crucial role in body adipose metabolism.
Besides, PPARY had been reported as a master regulator of WAT
browning and insulin sensitizer.”>”> Here, we confirmed that
circNrxn2 activated the PPARy signaling pathway to promote
WAT browning and increase M2 macrophage polarization.

However, there are still some limitations in our research. We find that
a new ncRNA regulatory loop, circNrxn2-miR103-FGF10, could
regulate WAT browning by affecting ATM polarization. However,
it is unclear which specific regulatory factor in macrophages has an
effect on WAT browning. Consistent with previous studies, we hy-
pothesized that, due to our treatment, certain molecules in ATM
are transported into adipocytes by exosomes and then cause brown-
ing. Based on this speculation, we next prepare to extract exosomes of
ATM after treatment with circNrxn2, miR-103, and FGF10 and then
search target molecules in ATMs that act on browning of adipocytes
through proteomics sequencing. These experimental studies will be
reflected in our future work.

Taken together, the data in our study revealed that circNrxn2 acted asan
endogenous miR-103 sponge and relieved the inhibitory effect of FGF10
to promote WAT browning via increasing M2 macrophage polariza-
tion, which involved PPARY activation (Figure 8). In vivo, we show
that the delivery of circNrxn2 effectively promotes WAT browning
and UCP1 expression in the HFD mice, demonstrating the functional
impact of the circRNA on thermogenesis. Transfection of circNrxn2
alone can significantly increase FGF10 levels and promote browning
of WAT. circNrxn2, miR-103, and FGF10 interacted with each other
to form a regulatory loop in adipose tissue to regulate its browning.
Nonetheless, this study provides a good therapeutic strategy for treating
obesity and improving obesity-related metabolic disorders.

MATERIALS AND METHODS

Animal Experiments

Mice handling protocols were conducted following the guidelines and
regulations approved by the Animal Ethics Committee of Northwest
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Figure 8. circNrxn2 Promoted WAT Browning by
Facilitating M2 Macrophage Polarization

circNrxn2 acted as an endogenous miR-103 sponge and
relieved the inhibitory effect of FGF10 to promote WAT
browning via increasing M2 ATM polarization, which
involved PPARY activation.

A&F University. C57BL/6] mice were purchased
from the Laboratory Animal Center of the
Fourth Military Medical University (Xi'an,
China). Mice were housed at 25°C = 1°C,
55% = 5% humidity, in 12-h/12-h light/dark cy-
cles and were provided with water and diet ad
libitum. 8-week-old male mice were fed with a
high fat diet (HFD; fat provides 60% of total energy) for 10 weeks
to obtain obese mice.

HFED mice were housed at 4°C for 12 h to induce WAT browning. For
in vivo studies, mice were treated with circNrxn2 lentiviruses,
circNrxn2 lentiviruses + miR-103 adenoviruses, miR-103 adenovi-
ruses, miR-103 adenoviruses + FGF10 adenoviruses, or control empty
viruses at 1 x 10° plaque-forming units (PFUs) in 0.2 mL PBS
through injection (i.p.) for 1 week, respectively. To remove macro-
phages, half of the mice received a daily injection i.p. of clodronate
(Selleck, Shanghai, China), and the other half were injected with PBS.

Primary Cell Culture

The proposal of primary preadipocyte culture and differentiation was
as described previously.””** Primary peritoneal macrophages were
obtained from 6-week-old C57BL/6] mice at 2-3 days after the injec-
tion of 2 mL 4% sterile thioglycolate solution by pelvic washing with
PBS containing 3% fetal bovine serum (FBS). Primary cultures of
macrophages were maintained in RPMI 1640 medium. All culture
media were supplemented by the addition of 10% FBS and penicillin
and streptomycin.

RNA Extraction and cDNA Synthesis

Total RNA, including miRNAs, was extracted using TRIzol Reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA). cDNA was syn-
thesized using a PrimeScript II 1st Strand cDNA Synthesis Kit
(Takara, Dalian, China).

qRT-PCR Analysis

qRT-PCR was used to detect the relative miRNA and mRNA levels
with AceQ qRT-PCR SYBR Green Master Mix (Vazyme, Nanjing,
China) as described by Cao et al.** U6 and GAPDH were used to
normalize miRNA and mRNA levels, respectively. The relative gene
expression was calculated using the 27**<" method.

Western Blot
Western blot analysis was performed by wusing standard
methods as described by Liu et al.*” Proteins were separated by
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SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) nitro-
cellulose membrane (Millipore, Boston, MA, USA), blocked with
5% fat-free milk for 2 h at room temperature, and then incubated
with primary antibodies in 5% milk overnight at 4°C. Then, sec-
ondary antibody was added and incubated at room temperature
for 2 h. Proteins were visualized using chemiluminescent peroxi-
dase substrate (Millipore, Boston, MA, USA), and then the blots
were quantified using the ChemiDoc XRS system (Bio-Rad, Hercu-
les, CA, USA).

miRNA Target Genes and circRNA Prediction

To predict the miRNA target genes, we used three different bioinfor-
matics software tools: TargetScan, miRBase, and PicTar. We chose
their intersection to improve the accuracy of the forecast. circRNA
prediction was performed in CircNet, circBase, starBase, and Circular
RNA Interactome.

Biotin-Coupled miRNA Capture

Biotin-labeled wild-type (WT) or mutant (mut) miR-103 was trans-
fected into adipocytes. 48 h after transfection, cells were collected
and treated as described previously.”'

Dual Luciferase Reporter Assay

Dual luciferase reporter assay proposal was performed as described by
1.*° For luciferase assay, renal luciferase expression plasmid
(pRL-TK) vector and pGL3 vector containing a WT fragment of
the 3’ UTRs of FGF10 or mutation fragment were transfected into
293T cells with miR-103 or circNrxn2. 48 h later, cells were harvested
to analyze the luciferase activity using the Dual Luciferase Reporter
Assay Kit (Promega, Madison, WI, USA).

Liu et al

Immunofluorescent Staining

Cells or tissue sections were fixed, permeabilized, and blocked.
After incubating overnight with primary antibodies, secondary fluo-
rescent antibodies were added, and DAPI was used for nuclear
counterstaining.

Data Analysis

All experiments were repeated at least three times. Data were ex-
pressed as mean + SEM. The statistical analysis of differences was per-
formed in GraphPad Prism 5.0 using Student’s t test. *p < 0.05 was
considered as statistical significance, and *p < 0.01 means very
significant.
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Supplemental Figure 1. (A-C) The mRNA levels of circNrxn2, miR-103, FGF10 in liver, muscle, perirenal, WAT,
BAT after ip injection of Lv-circNrxn2. (D) Body temperature of mice after ip injection of circNrxn2, miR-103

and FGF10. (E and F) The relative mRNA levels of cirNrxn2, miR-103 and FGF10 after cold stimulation in iWAT

and eWAT. (*p < 0.05; **p < 0.01. n=3)
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Supplemental Figure 2. miR-103 is not necessary as an additional control circNrxn2 + miR-103. The

MRNA level of UCP1, PPARy and PGCla under the treatment of cicrNrxn2, miR-103, CircNrxn2 +

miR-103 and circNrxn2 +siFGF10. (*p < 0.05; **p < 0.01. n=3).
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