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Abstract

Adipose tissue, an organ critical for systemic energy homeostasis, is influenced by type 2 immunity in its development
and function. The type 2 cytokine interleukin (IL)-4 induces the proliferation of bipotential adipocyte precursors (APs)
in white fat tissue and primes these cells for differentiation into beige adipocytes, which are specialized for thermo-
genesis. However, the underlying mechanisms have not yet been comprehensively examined. Here, we identified six
microRNA (miRNA) genes upregulated upon IL-4 stimulation in APs, miR-322, miR-503, miR-351, miR-542, miR-450a,
and miR-450b; these are encoded in the H19X locus of the genome. Their expression is positively regulated by the
transcription factor KiIf4, whose expression also increases upon IL-4 stimulation. These miRNAs shared a large set of tar-
get genes, of which 381 genes were downregulated in mRNA expression upon IL-4 stimulation and enriched in Wnt
signaling pathways. Two genes with downregulated expression, Ccnd1 and Fzd6, were repressed by H19X-encoded
miRNAs. Additionally, the Wnt signaling activator LiCl downregulated the expression of this group of miRNAs in APs,
indicating that Wnt signaling-related genes and these miRNAs form a double-negative feedback regulatory loop. This
miRNA/Wnt feedback regulation modulated the elevated proliferation of APs induced by IL-4 stimulation and contrib-
uted to priming them for beige adipocyte differentiation. Moreover, the aberrant expression of these miRNAs attenu-
ates the differentiation of APs into beige adipocytes. Collectively, our results suggest that H19X-encoded miRNAs
facilitate the transition of APs from proliferation to differentiation in the IL-4-mediated regulation.
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Introduction
Adipose tissue functions as a central organ for metabolic
communication and control, thermoregulation, buffer-
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and elevated uncoupling protein 1 (UCP1) expression
[12, 13]. It dissipates chemical energy as heat by UCP1-
mediated uncoupling of respiration from ATP synthesis,
termed non-shivering thermogenesis [14, 15]. The devel-
opment and function of these different types of adipose
tissue are critical for metabolic homeostasis, and their
dysregulation underlies negative metabolic and health
consequences [16]. Beige fat is another population of
adipocytes with thermogenic capacity found in the
subcutaneous WAT (scWAT) depot [17, 18]. Adrener-
gic stimulation promotes scWAT to gain brown fat-like
features, such as elevated UCP1 levels and an increased
number of mitochondria, upon external cues such as cold
exposure [19, 20]. Thermogenic adipose tissue plays a
protective role in metabolism through energy consump-
tion, which has attracted interest in the browning of
adipose tissue as a therapeutic strategy [21, 22]. Type 2
immunity is known to mediate metabolic adaptation in
response to environmental cold temperatures [23, 24]. In
particular, the type 2 cytokines IL-4 and IL-13 promote
an increase in adipocyte precursors (APs) and their com-
mitment to the beige adipocyte lineage, leading to the
growth of beige fat [25]. However, the molecular mecha-
nisms by which type 2 cytokines regulate APs during cold
acclimatization are unclear.

MicroRNAs (miRNAs) are small non-coding RNAs
(~22 nucleotides) that regulate gene expression at the
post-transcriptional level [26, 27]. Mature miRNA is gen-
erated from the long primary transcript (pri-miRNA)
through sequential cleavage by two RNase III enzymes,
Drosha and Dicer [28-30]. The cleavage product, a small
RNA duplex, is loaded onto Argonaute (Ago) protein,
which preferentially retains one strand of the duplex [31,
32]. Mature miRNA binds the target mRNA through
base-pairing and induces translational repression and
degradation [33]. miRNAs are estimated to target more
than 60% of the human protein-coding genes, indicating
their regulatory involvement in diverse physiological and
pathological contexts [34]. The binding sites of miRNA
are predominantly located in the 3’ untranslated region
(UTR) of target mRNAs and are recognized by the seed
region that spans 2—7 nt at the 5’ end of a given miRNA
[35, 36]. This binding, through partial complementarity,
allows an individual miRNA to regulate hundreds of
different mRNAs and consequently leads to the down-
regulation of large target cohorts. Although miRNAs
modulate the expression levels of specific target genes,
they exert systemic effects on the regulatory network,
which is essential for a variety of cellular processes [37].
Additionally, miRNAs can provide robustness by accel-
erating changes in gene expression, particularly through
the formation of feedback loops with their target genes
[38, 39]. miRNAs also establish adaptability by balancing
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the dynamic expression ranges [40].miRNAs are critical
regulators of adipose tissue development and function.
The fat-specific knockout of Dicer and DGCRS, both of
which are essential for the production of mature miR-
NAs, results in dramatic defects in adipose tissue for-
mation and maintenance [41-43]. In addition, altered
miRNA expression has been reported in different types
of adipose tissues, during adipocyte differentiation, and
under pathological conditions [44, 44, 45]. Multiple stud-
ies have shown that miRNAs constitute a regulatory
network of gene expression that governs adipogenesis,
including cell fate determination and adipocyte differen-
tiation [46—50]. Accordingly, defects in miRNA-mediated
regulation are involved in adipose tissue dysfunction and
metabolic complications [51-53].

In this study, we investigated miRNA-mediated gene
expression control in IL-4-induced priming of APs. Inter-
leukin (IL)-4 stimulation leads to AP expansion, which
then activates miRNA-mediated regulation of Wnt path-
way genes. H19X-encoded miRNAs reinforce the sup-
pression of the Wnt pathway through a double-negative
feedback loop, which lowers the proliferation of APs and
contributes to beige adipocyte commitment.

Results

Differential gene expression following IL-4 stimulation

in APs

The type 2 cytokine IL-4 has been identified as one of the
key factors that regulate the number and fate of bipoten-
tial APs in white fat tissue [25]. However, the underlying
gene expression changes have not been thoroughly exam-
ined, restricting further understanding of IL-4 signaling-
mediated cellular processes in APs. We performed global
analysis of gene expression altered by IL-4 stimulation in
APs (Fig. 1A). We used APs isolated from the scWAT of
C57BL/6 ] mice and confirmed that IL-4 stimulation pro-
moted cell proliferation and primed the precursors for
beige adipocyte differentiation, consistent with previous
in vivo results (Fig. 1A-C) [25, 54, 55]. The expression
levels of beige adipogenic markers Pgcl-a, Pparg, Ear2,
and Tmem?26 were markedly increased when APs were
incubated with IL-4 (Fig. 1C). However, the expression
levels of white or brown specific adipogenic markers did
not significantly increase upon IL4 stimulation (Fig. 1D).
To verify the effects of IL-4 on differentiation toward
beige adipocytes, the differentiation was induced in IL-
4-pretreated APs with an adipogenic cocktail. Notably,
mature beige adipocytes were examined using Ap2 and
Ucpl expression levels, while the commitment of pre-
cursors to the beige lineage was analyzed using Pgcl-a,
Pparg, Ear2 and Tmem26 expression levels, due to their
different sensitivities in each context. The expression
of adipogenic marker Ap2 and beige adipocyte marker



Munkhzul et al. Biology Direct (2023) 18:32

Ucp1 was induced upon differentiation, with significantly
higher levels in IL-4 pretreated cells than in control cells
(Fig. 1E). Consistent with the upregulation at the mRNA
level, UCP1 protein expression was also upregulated by
IL-4 pretreatment (Fig. 1F). These results indicate that
IL-4 leads to adaptive differentiation of APs to beige adi-
pocytes by inducing the expressions of genes related to
both cell proliferation and adipogenesis.

High-throughput RNA sequencing revealed that APs
incubated with IL-4 for four days showed prominent
commitment to beige adipocyte differentiation (Fig. 2A,
Additional file 1: Fig. S1, and Additional file 2: Table S1).
At the transcriptomic level, the expressions of 861 genes
were upregulated, and those of 733 genes were downreg-
ulated upon IL-4 stimulation (log2 fold change>1 or<-1,
p.adj <0.05); these genes are commonly enriched in sev-
eral signaling pathways, including JAK-STAT, NF-kappa
B, phospholipase D, and calcium signaling. However,
downregulated genes were specifically enriched in the
Hippo and Wnt signaling pathways, which are critical for
the regulation of cell proliferation (Fig. 2B). Through gene
expression analysis at the transcriptomic level, a large set
of genes were shown to be differentially expressed, sug-
gesting that diverse signaling pathways are involved in
the response to IL-4 stimulation.

A group of microRNAs encoded in the H19X locus

of the genome is upregulated immediately upon IL-4
stimulation

miRNA is one of the important factors that consti-
tute the regulatory network governing gene expression.
Therefore, to reveal another layer of gene expression
regulation, we analyzed the abundance of miRNAs on
a global scale. For small RNA sequencing, we harvested
APs incubated with IL-4 for two days, which allowed the
detection of early response miRNAs. Six miRNAs were
upregulated by>twofold upon IL-4 stimulation, and
no miRNAs were downregulated by >twofold (Fig. 3A,
Additional file 1: Fig. S2, and Additional file 3: Table S2).
Eighteen upregulated and two downregulated miRNAs
were found when a 1.5-fold change cut-off was applied

(See figure on next page.)
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(Fig. 3A and Additional file 3: Table S2). Of the 18 upreg-
ulated miRNAs, eleven were encoded by miR-322, miR-
503, miR-351, miR-542, miR-450a, and miR-450b genes
in the H19X locus of the genome (Fig. 3B and Table 1).
To measure the levels of primary transcripts, the regions
adjacent to the miR-322, miR-351, and miR-542 hairpin
structures were analyzed via quantitative RT-PCR. The
levels of primary transcripts started to increase after two
days of incubation with IL-4, albeit slightly, and increased
by more than six-fold after four days (Fig. 3C). Mature
miRNA levels increased by more than six-fold after four
days of incubation with IL-4 (Fig. 3D). Together, these
results indicate immediate transcriptional activation of
H19X-encoded miRNAs upon IL-4 stimulation.

Next, we searched for candidate transcription factors
responsible for the upregulation of the H19X-encoded
miRNAs. The transcription start site (TSS) for the miR-
322, miR-503, miR-351, miR-542, miR-450a, and miR-
450b genes was predicted by the microTSS machine
learning algorithm developed by Georgakilas et al. [56],
indicating chrX:53,057,195 in the mouse mm10 genome.
We performed transcription factor enrichment analyses
for the 2 kb surrounding the TSS sequences and found
the transcription factors, Cebpe, Kif4, and NF-kappaB
to be the most enriched (Fig. 3E). In particular, Kif4 was
significantly upregulated by IL-4 stimulation of the APs
(Fig. 3F and Additional file 2: Table S1). The knockdown
of Klf4 resulted in the downregulation of the primary
transcripts of H19X-encoded miRNAs including miR-
322, miR-503, miR-351, miR-542 and miR-450b (Fig. 3G).
These results suggest that KLF4 transcriptionally acti-
vates the expression of H19X-encoded miRNAs in APs
upon IL-4 stimulation.

IL-4-upregulated miRNAs target Wnt signaling pathway
genes

To investigate the function of H19X-encoded miRNAs,
we examined their target genes. Although both strands of
miRNA duplexes were detected in small RNA sequencing
results, only the major strands of mature miRNAs, that
is, miR-322-5p, miR-503-5p, miR-351-5p, miR-542-3p,

Fig. 1 IL-4 promotes cellular expansion and beige commitment of adipocyte precursors (APs). A Schematic of IL-4 induced priming of APs. APs
isolated from scWAT were cultured in vitro. IL-4 was added into the growth medium one day after cell seeding and cells were harvested for analysis
on the indicated days B The cell proliferation rate of APs cultured in IL-4 containing media (n=3). C The beige adipogenic markers (Pgc1-a, Pparg,
Ear2, and Tmem26) mRNA levels were examined by gPCR in APs (n=3). Longer incubation of APs with IL-4 induces higher expression levels of
markers. D mRNA expression levels of the white adipogenic markers (Zfp423 and AscT) and the brown adipogenic markers (Ebf2 and Pdk4) were
analyzed by gPCR in APs (n=3). EThe mRNA levels of Ucp1, Ap2, and Pgci-a genes were measured by quantitative PCR (gPCR) in differentiated
adipocytes (n=3). When APs were pre-incubated with IL-4 for four days before the induction of differentiation, the expressions of beige and
adipogenic markers in differentiated adipocytes increased to a significantly greater extent than those in control cells. F The protein levels of
UCP1 were examined by western blotting in differentiated adipocytes. Pre-incubation of APs with IL-4 leads to higher levels of UCP1 expression
in differentiated adipocytes. Biological triplicates for each condition were examined. The quantified signal intensities in the western blotting are
presented as a bar graph (n=3). MDlI refers to the induction of differentiation by an adipogenic cocktail. Data are presented as mean + SEM. ***

p<0.005, **p<0.01, *p<0.05
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miR-450a-5p, and miR-450b-5p, were counted for the
target analysis because the specific miRNA strand
selected by Ago protein shows higher abundance and
consequently tends to play a significant role in biologi-
cal processes (Table 1) [26]. Through computational

analysis, we found that six miRNAs shared a large set of

mRNA targets
miRNAs were

(Fig. 4A). The overlapping targets of these
2355 genes, and 176 of these genes were

targeted by more than three of the miRNAs. In particu-
lar, miR-322-5p and miR-503-5p, which both belong to
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Fig. 2 Differentially expressed genes in IL-4-treated APs. A Transcriptomic analysis of control and IL-4—treated APs (four-day sample). The mRNA-seq
results are presented as a volcano plot (Total 18,345 genes). The genes of log2 fold change > 1 (red) or<-1 (blue) with p.adj<0.05 are highlighted.
Pgci-a, Ear2, and Tmem26 are labeled as the beige adipogenic markers. B KEGG pathway analysis of upregulated (log2 fold change > 1, p.adj<0.05,
upper panel, red) and downregulated (log2 fold change <-1, p.adj < 0.05, lower panel, blue) genes. The number of genes that belongs to each
pathway is indicated by circle size and significance (p-value) is presented by color
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the miR-15 family, share 38.1% and 37.9% of their target
genes, respectively. miR-450b-5p and miR-542-3p share
2052 target genes, accounting for 42.3% of miR-450b-5p
target genes and 38.3% of miR-542-3p target genes. As
a collaboration of miRNAs in the same cluster can show
greater effects on target genes [37, 57], we investigated
the physiological role of IL-4-upregulated miRNAs by
focusing on shared target genes. Top-ranked KEGG
pathways enriched in shared target genes indicated that
these miRNAs may regulate Wnt and JAK-STAT signal-
ing cooperatively (Additional file 1: Fig. S3). We then
compared the shared target genes with the IL-4-down-
regulated genes. Among the 733 genes downregulated by
IL-4, 381 genes were shared targets of six IL-4-upregu-
lated miRNAs, which are enriched in the Wnt signaling
pathway (Fig. 4B and Additional file 4: Table S3). In this
gene set, Wnt signaling pathway genes constitute a func-
tional module that forms the gene regulatory network
(Fig. 4C).

Wnt signaling-related genes, Ccnd1 and Fzd6, are
downregulated by IL-4-upregulated miRNAs

Next, we validated whether Wnt signaling—related genes
were repressed by IL-4-upregulated miRNAs. Among
the 10 genes of the cluster module (Fig. 4C), the expres-
sion levels of Ccndl and Fzd6 consistently decreased
with the transfection of APs with the relevant miRNA
(Fig. 5a and b). Ccnd1, which contains three binding sites
for miR-322-5p, two binding sites for miR-503-5p, and
one binding site for miR-450b in the 3’ UTR, was down-
regulated at both the mRNA and protein levels by miR-
322-5p and miR-503-5p transfection (Fig. 5A and B). The
mRNA levels of the Fzd6 gene with multiple binding sites
for miR-450b-5p and miR-542-3p were reduced by the
relevant miRNAs (Fig. 5A). Direct targeting of miRNAs
to the predicted binding sites was examined using lucif-
erase reporter assays (Fig. 5C). The 3'UTR 1687-2033
nt region of Ccndl was shown to induce the repression
of luciferase activity upon miR-322-5p or miR-503-5p
transfection when fused to the luciferase open reading
frame. The 3'UTR 101-322 nt or 536-898 nt regions of
Fzd6 also decreased luciferase activity with miR-450b-5p

(See figure on next page.)
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or miR-542-3p transfection. These results indicate that
IL-4-upregulated miRNAs directly regulate several Wnt
signaling—related genes in APs.

miRNA/Wnt regulatory feedback circuit controls

the proliferation and commitment of APs

A previous study has found that the levels of miR-322-5p,
miR-322-3p, miR-503-5p, miR-351-5p, and miR-542-5p
decreased in the 3T3-L1 preadipocyte cell line upon
treatment with the Wnt activator LiCl [58]. In addi-
tion, eight mature miRNAs were substantially down-
regulated, of which five were derived from the H19X
genomic locus. Therefore, we evaluated the expression
levels of miR-322-5p, miR-351-5p, and miR-542-3p after
LiCl treatment in APs of scWAT and confirmed that
their expression was downregulated by approximately
50% upon the activation of Wnt signaling (Fig. 6A).
In addition, LiCl increased the expression of the Wnt
signaling—related genes Ccndl and Fzd6; this increase
was attenuated by the addition of the relevant miRNAs
(Fig. 6B). These results suggest that Wnt signaling—
related genes and H19X-encoded miRNAs form a dou-
ble-negative feedback loop in APs.

We then investigated whether the Wnt/miRNA regu-
latory circuit is involved in cellular expansion by MTT
proliferation assay. LiCl increased the proliferation of
APs by more than 1.5-fold compared to that observed
in the non-treated control cells; however, miR-322-5p/
miR-503-5p and miR-450b-5p/miR-542-3p suppressed
the effect of LiCl (Fig. 6C). The IL-4-induced cellular
expansion (~1.5 fold) was attenuated by miR-322-5p/
miR-503-5p and miR-450b-5p/miR-542-3p (Fig. 6D). In
addition, the regulatory effect of the miRNAs on IL-4-in-
duced proliferation was also examined using APC stain-
ing coupled with Ki67, a nuclear marker for proliferating
cells, followed by flow cytometry analysis. Indeed, IL-4
stimulation increased the AP cell number by 1.7 fold than
that seen with the controls; however, this effect was abol-
ished in the presence of the miR-322-5p and miR-503-5p
mimics (Additional file 1: Fig. S4A). Similarly, immuno-
fluorescence imaging revealed that Ki67-positive pro-
liferating cells constituted 54% in IL-4—treated APs and

Fig. 3 Differentially expressed miRNAs in IL-4—-treated Aps. A The analysis of differentially expressed miRNAs using the small RNA sequencing data
of control and IL-4-treated APs (two-day sample). Differentially expressed miRNAs in IL-4—treated APs are marked on the volcano plot as follows, fold
change>1.5 (red) or<-1.5 (blue), p < 0.05. The vertical dashed lines indicate the fold change of 1.5 (black) and 2.0 (blue). B The genomic structure of
the H19X-encoded locus. miRNA genes are indicated by pink bars. The genomic region used for transcription factor enrichment analysis is marked
with a red line. C The primary transcripts of miR-322, miR-351, and miR-542 were examined by gPCR for the expression levels in APs incubated with
IL-4 for 0, 2, and 4 days (n=3). The let-7b primary transcript was used as a control. D The abundance of mature miRNAs, miR-322-5p, miR-351-5p,
and miR-542-3p were examined by gPCR in APs incubated with IL-4 for 0, 2, and 4 days (n=3). E Transcription factor enrichment analysis for the
promoter region of H19X-encoded miRNAs. Top-ranked transcription factors are presented in the table. F KIf4 mRNA levels were measured by gPCR
in APs incubated with IL-4 for four days (n=3). G KIf4 mRNA and primary transcripts of miR-322, miR-503, miR-351, miR-542, and miR-450b were
analyzed by gPCR for the expression levels after APs were treated with KIf4 siRNA (n=3). Data are presented as mean + SEM. ***p <0.005, **p <0.01,

*p<0.05
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Table 1 Differentially expressed microRNAs in IL.-4-stimulated adipocyte precursors

miRNA Fold change p-value Genomic location Major
strand in
miRBase

mmu-miR-503-5p 2.724024 1.10E-09 chrX: 53,053,984-53,054,054 [-] *

mmu-miR-503-3p 1.845585 0.000137 chrX: 53,053,984-53,054,054 [-]

mmu-miR-450b-5p 2655063 2.06E-09 chrx: 53,047,997-53,048,078 [-] *

mmu-miR-450b-3p 1.642237 0.003114 chrX:53,047,997-53,048,078 [-]

mmu-miR-351-5p 1.814575 4.21E-05 chrX: 53,053,255-53,053,353 [-] *

mmu-miR-351-3p 2.379414 2.93E-07 chrX:53,053,255-53,053,353 []

mmu-miR-322-5p 1.944725 0.000121 chrX: 53,054,255-53,054,349 [] *

mmu-miR-322-3p 1.976286 1.65E-06 chrX: 53,054,255-53,054,349 [-]

mmu-miR-542-5p 137794 0.050677 chrX: 53,049,403-53,049,487 []

mmu-miR-542-3p 2.288134 3.33E-08 chrX: 53,049,403-53,049,487 [] *

mmu-miR-450a-5p 2.132565 4.26E-07 chrX: 53,048,154-53,048,244 [] *

mmu-miR-450a-1-3p 1.830931 0.001734 chrX: 53,048,154-53,048,244 [-]

mmu-miR-450a-2-3p 1.219066 0.269456 chrX: 53,048,299-53,048,367 [-]

41.9% in control cells. However, in APs treated with IL-4
and miR-322-5p/miR-503-5p mimics, Ki67-positive cells
constituted only 4.5% (Fig. 6E). The suppression of IL-4
induced proliferation by miR-322-5p and miR-503-5p
mimics was also confirmed by immunocytochemistry
(Fig. 6F). Next, we examined the effect of Wnt signal-
ing on the beige commitment of bipotential APs. The
IL-4-mediated commitment to beige adipocyte lineage
was abolished by LiCl-induced Wnt signaling activation
(Fig. 6G and Additional file 1: Fig.S4B). These results
indicate that the Wnt/miRNA regulatory circuit controls
the proliferation and commitment of APs under type 2
cytokine stimulation.

H19X-encoded miRNAs affect the differentiation potential
of APs
H19X-encoded miRNAs were more abundant in APs
than in the adipocyte differentiation state (Fig. 7A). The
primary transcripts of miR-503 and miR-542 were rap-
idly downregulated after the induction of differentiation
(Fig. 7B). In another study, the cluster of miR-322/-503
was reported to be transcriptionally repressed during
adipogenesis [59]. During postnatal mouse develop-
ment, pri-miR-503 and pri-miR-542 transcripts showed
higher expression levels one week after birth when the
IL-4 level was elevated in scWAT and decreased with the
accumulation of mature adipocytes, which is indicated
by increasing Ap2 levels (Additional file 1: Fig. S5). The
expression patterns of H19X-encoded miRNAs indicate
that they primarily play a role in the undifferentiated
state of APs.

Next, we addressed whether the function of H19X-
encoded miRNAs in undifferentiated APs affects the

following progress of adipocyte differentiation. When
APs were pretreated with miRNA mimics 2 days before
induction of differentiation, in which CCND1 protein
levels were decreased at the start point of differentia-
tion (differentiation day 0), adipocyte differentiation was
compromised (Fig. 7C-E). At the molecular level, Ap2
mRNA, Ucpl mRNA and PLIN1 protein levels were
lower in the miRNA mimic-treated samples than in the
control group at all-time points of differentiation (Fig. 7D
and E). Note that CCND1 protein levels fluctuated dur-
ing differentiation in the control group, which may reflect
the dynamic regulation for balancing proliferative cells
and differentiating cells in adipogenesis (Fig. 7E) [60].
Overall, the overexpression of H19X-encoded miRNAs
in the transition from adipocyte precursors to differenti-
ated adipocytes altered both proliferation and adipogenic
markers and attenuated adipogenesis.

Discussion

The regulation of adipogenesis is critical for the forma-
tion and maintenance of adipose tissue [61]. The number,
type, and maturation of adipocytes determine the func-
tion of adipose tissue, which affects systemic metabolism
[62]. Here, we identified a novel mechanism controlling
the proliferation and commitment of APs during the ini-
tial step of adipogenesis (Additional file 1: Fig. S6). Dif-
ferent types of progenitor cells found in diverse tissues
show active proliferation, facilitating cellular expansion
[63]. Upon stimuli, including developmental cues, these
cells undergo growth arrest, cell specification, and fur-
ther differentiation [64]. However, the molecular mech-
anisms underlying the transition from proliferation to
differentiation are not completely understood. Recently,
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Fig. 4 H19X-encoded miRNAs share target genes enriched in Wnt signaling pathways. A Analysis of shared target genes of H19X-encoded miRNAs
using TargetScan. The numbers of overlapping target genes are presented in the table. B KEGG pathway analysis of genes that are downregulated
by IL-4 and targeted by two or more miRNAs. C A functional module analysis for genes that are downregulated by IL.-4 and targeted by two or more
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(See figure on next page.)

Fig.5 Ccndi and Fzdé6 are repressed by H19X-encoded miRNAs. A The gene structures of CcndT and Fzd6 are shown with binding sites for
H19X-encoded miRNAs in the 3’ UTR. Ccnd1 mRNA expression was significantly repressed by mimic treatment of miR-322-5p or miR-503-5p, and
not miR-450b-5p. Fzd6 mRNA levels were reduced by approximately 40% upon mimic treatment of miR-450b or miR-542-3p (n=3). B The CCND1
protein levels decreased with miR-322-5p and miR-503-5p mimic treatment. The quantified signal intensities in the western blotting are presented
as a bar graph (n=2). C The positions and sequences of miRNA binding sites in the 3/ UTR of Ccnd1 and Fzd6 are presented (upper panel). The
seed region of MiRNA is highlighted in red and is base paired with the matched sequence of each target mRNA. The binding activity of miRNAs

to the predicted sites in 3’ UTR was measured using a dual-luciferase reporter assay (n=3). The luciferase activity was reduced by transfection of
the corresponding miRNA when the reporter contained the 3" UTR fragment of Ccnd1 or Fzdé. Data are presented as mean + SEM. ***p < 0.005,
**p<0.01,*p<0.05
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the miR-15 family of miRNAs was reported to play an
important role in regulating this transition in precursor B
lymphocytes [65]. In early B cell development, the bipha-
sic sequence of proliferation and cell fate decision is con-
trolled by the miR-15 family through a regulatory circuit
involving IL-7R and pre-BCR signaling [66]. Our study
also found that the miR-322/-503 cluster of the miR-15
family contributes to the transition of APs from prolif-
eration to differentiation under IL-4 signaling. Together
with the previous study, our findings highlight the regula-
tory role of the miR-15 family during adipocyte develop-
ment and suggest a potential role for the miR-15 family in
cellular transition across diverse biological contexts.

H19X-encoded miRNAs, especially miR-322/-503
are known to regulate fundamental biological processes
including cell cycle, apoptosis, and stress response, and
play a role in the cell fate specification and differentiation
of cardiomyocytes and skeletal muscle and monocytes
[67-71]. In this study, we showed that the overexpression
of H19X-encoded miRNAs attenuates differentiation in
APs, which is the opposite phenotype of miR-322/-503
knockout mice [59]. Specifically, Rodriguez-Barrueco
et al. observed fat mass expansion in miR-322/-503
knockout mice and an increase in adipogenic progenitors
and hypertrophy with a high-fat diet and reported the
enhanced secretion by adipocytes of y-synuclein, which
is encoded by a target gene of miR-322/-503, medi-
ates altered adipocyte differentiation and adipose tissue
enlargement in knockout mice [57]. However, given the
sharp downregulation of miR-322/-503 expression dur-
ing differentiation, the role of miR-322/-503 may be criti-
cal in APs but less significant in mature adipocytes.

In our study, H19X-encoded miRNAs in mouse scWAT
were expressed at high levels one week after birth. The
levels of miRNA primary transcripts decreased as dif-
ferentiated adipocyte markers increased over several
weeks of postnatal development. Interestingly, IL-4
expression also reached the highest level in the postna-
tal one-week scWAT sample. In noninflammatory con-
texts, eosinophils that secrete IL-4 are found in several
tissues, including the gastrointestinal tract, lungs, adi-
pose tissue, thymus, uterus, and mammary glands [72].

(See figure on next page.)
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High eosinophil activity is linked to developmental and
morphogenetic events during postnatal development
[73, 74]. Our data suggest that eosinophil-derived IL-4
stimulation and consequent miRNA/Wnt feedback regu-
lation may be involved in the postnatal development of
adipose tissue in vivo. In the future, it will be interesting
to address whether IL-4 stimulates cellular expansion and
beige commitment in APs and promotes the browning of
adipocytes immediately after birth.

In the development and remodeling of adipose tissue,
stepwise procedures of cellular transition, such as growth
arrest, clonal expansion, and differentiation, have been
widely studied, predominantly using in vitro systems
[75]. Although in vitro studies cannot completely mimic
in vivo adipogenesis, they have enabled us to understand
the key regulators and signaling cascades involved in
stem cell proliferation, adipocyte lineage commitment,
and differentiation. Our study revealed that miRNA-
mediated regulation of the Wnt signaling pathway is a
mechanism by which type 2 immunity controls the cellu-
lar expansion and commitment of APs in vitro. Moreover,
we suggested the possibility that this regulation is devel-
opmentally programmed to facilitate beige fat biogenesis.
Advances in experimental tools, including single-cell
sequencing, will provide in vivo evidence in future stud-
ies, which are expected to establish the Wnt/miRNA reg-
ulatory circuit in the immunomodulation of APs.

Materials and methods

Adipocyte progenitor (AP) isolation and culture
Subcutaneous WAT was digested in collagenase I buffer
(2 mg/mL at 250 U/mg, Worthington) and 30 mg/mL
bovine serum albumin in Hams F-10 medium at 37 °C
for 20-30 min. The homogenates were filtered (40 mm)
and APs were isolated using MACS (Miltenyi) through
the negative selection of CD45 and CD31, followed by
positive selection for SCA-1 as described previously (Lee
et al,, Cell, 2015). APs were cultured in DMEM F12 sup-
plemented with 10% fetal bovine serum (Gibco). Cells
were plated at 1x10° cells/well in 12-well plates for IL-4
or LiCl treatment and oligo transfection. RNA oligonu-
cleotides were transfected at 40 nM into each cell line

Fig. 6 The negative feedback loop of miRNA/Wnt affects the proliferation and beige commitment in IL4-treated Aps. A LiCl treatment reduced the
abundance of mature miRNAs to less than half that observed in control APs. miR-322-5p, miR-351-5p, and miR-542-3p were examined by gPCR as
representatives of H19X-encoded miRNAs (n=3). B The mRNA expression levels of Wnt signaling-related genes were measured by gPCR (n=3). LiCl
treatment increased the mMRNA levels of CcndT and Fzd6. The transfection of miRNA mimics together with LiCl treatment alleviated the effect of the
Whnt activator, LiCl. C, D The proliferation of APs was analyzed by MTT assay (n=3). C LiCl treatment enhanced the cell proliferation, and transfection
of miR-322-5p/miR-503-5p and miR-450b-5p/miR-542-3p mimics lowered the LiCl-induced proliferation. D IL-4-induced cell proliferation was
suppressed by the transfection of miR-322-5p/miR-503-5p and miR-450b-5p/miR-542-3p mimics. E, F The proliferation of APs was analyzed by flow
cytometry (E) and immunocytochemistry (F). The percentage of Ki67-positive cells increased after six days of incubation in IL-4 containing medium
but decreased upon additional transfection of miR-322-5p/miR-503-5p mimics. Scale: 100 um G The mRNA expression levels of beige adipogenic
markers were measured by gPCR (n=3). IL-4-induced upregulation of Pparg and Pgci-a expressions was compromised by LiCl treatment. Data are

presented as mean + SEM. ***p < 0.005, **p < 0.01, *p < 0.05.
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Fig. 7 Dysregulation of H19X-encoded miRNAs in APs affects their differentiation into beige adipocytes. A, B Cells were cultured in a differentiation
medium for beige fat lineage and harvested for analysis at several time points (n=3). A Mature miRNAs, miR-322-5p and miR-542-3p, were
downregulated in differentiated beige adipocytes. B The primary transcripts of miR-503 and miR-542 were downregulated immediately upon

the differentiation of adipocytes. The let-7b primary transcript was used as a control. C-E APs were transiently transfected with miRNA mimic mix
(miR-322-5p/miR-503-5p/miR-450b-5p/miR-542-3p) for 24 h and stimulated with an adipogenic cocktail for the differentiation. Cells were harvested
for analysis at several time points after the induction of differentiation (day 0, 2, 4, 6, and 8) (C) The representative images of Oil Red O staining in
differentiated beige adipocytes at day 8 (left panel). The quantified intensities of Oil Red O staining are shown (right panel). The pretreatment of
miRNA mimic mix reduced the number of differentiated adipocytes. Scale bar, 100 um (D) The mRNA levels of UcpT and Ap2 were analyzed during
beige adipocyte differentiation (n=2). The pretreatment of miRNA mimic mix (miR-322-5p/miR-503-5p/miR-450b-5p/miR-542-3p) attenuated the
expression of UcpT and Ap2. E The protein levels of CCND1 and PLINT were examined by western blotting during beige adipocyte differentiation.
miRNA mimic mix downregulated CCND1 protein levels and delayed the expression of PLINT protein. Data are presented as mean + SEM.
***p<0.005, **p<0.01, *p < 0.05
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using Lipofectamine RNAiMAX (Invitrogen) according
to the manufacturer’s protocol. LiCl treatment and oligo-
nucleotide transfection samples were analyzed after two-
day incubation. Unless otherwise indicated, APs were
incubated in IL-4-containing media for four days and
subsequently processed for analysis.

Quantitative RT-PCR

Total RNA was extracted from cells using TRIzol rea-
gent and treated with DNase I. For mRNA, ¢cDNA was
synthesized with 0.1-0.5 pg of total RNA using a reverse
transcription kit, the PrimeScript RT-PCR kit (Takara),
or ReverTra Ace qPCR RT Master Mix (Toyobo). mRNA
levels were analyzed by quantitative PCR using the syn-
thesized ¢cDNA and normalized to the levels of 36B4.
qPCR was performed using SYBR Green PCR Master
Mix (Applied Biosystems) or SYBR Green real-time
PCR Master Mix (Toyobo). Mature miRNA levels were
determined using TagMan MicroRNA Assays (Applied
Biosystems) and normalized to the levels of U6 snRNA.
The comparative cycle threshold (Ct) method was used to
determine the relative miRNA and mRNA levels.

Western blotting

Cells were lysed in a modified RIPA buffer (420 mM
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate,
50 mM Tris pH 7.5, and protease inhibitor cocktail). Each
protein sample (35-50 pg) was separated on 4—12% SDS-
PAGE gels and transferred to a nitrocellulose membrane
(GE Healthcare). The membranes were blocked in PBS-T
(phosphate-buffered saline, 0.1% Tween 20) contain-
ing 3% bovine serum albumin (BSA) and subsequently
probed with primary antibodies and HRP-conjugated
secondary antibodies. Protein levels were detected with
the SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific). Anti-CCND1(#2922, CST), anti-
UCP1 (ab10983, Abcam), anti-TUB (ab52866, Abcam),
anti-PLIN1 (P1998, Sigma), and anti-HSP90 (#4874,
CST) antibodies were used as the primary antibodies.

Luciferase assay

Firefly luciferase reporter plasmids were generated for
luciferase assays. The mouse Ccndl 3’ UTR (1687-2033
nt) and Fzd6 3’ UTR (101-322 nt, 536-898 nt) regions
were amplified by PCR from genomic DNA of adipocyte
precursor cells and cloned into the pGL3 3'UTR vector
(Kim et al., NSMB, 2009). Firefly luciferase reporter plas-
mids were transiently transfected with miRNA mimics in
HEK 293 T cells. The Renilla luciferase plasmid was co-
transfected to normalize the transfection efficiency. Two
days after transfection, the cells were harvested, and a
dual-luciferase assay (Promega) was performed accord-
ing to the manufacturer’s protocol. Firefly luciferase
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activity levels were normalized to the Renilla luciferase
activity. The data are presented as relative luciferase
activity (luciferase 3'UTR reporter activity/luciferase
control reporter activity). All assays were performed at
least three times.

MTT cell proliferation assay

The cell proliferation rate was determined using MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Adipocyte precursor cells were cultured
in 96-well plates for 24 h, and the medium was replaced
with an MTT reagent (Roche). After 4 h, dimethyl sul-
foxide (DMSO) was added to each well and incubated
for 30 min. The absorbance was measured at 570 nm
using a microplate reader (Epoch Biotek Microplate
Spectrophotometer).

Flow cytometry analysis

Undifferentiated APs were cultivated on cell culture
dishes with Dulbecco’s Modified Eagle Medium F12 sup-
plemented with 10% fetal bovine serum (Gibco) contain-
ing IL-4 alone or in combination with transfection of
miR-322-5p and miR-503-5p for 6 days to cell expansion.
Cells were washed with PBS and then dissociated to a
single-cell suspension by trypsin treatment for 3—-5 min.
The reaction was stopped with culture medium. After
centrifugation, the cells were washed in PBS and fixed
with 4% paraformaldehyde for 15 min at room tempera-
ture. Cells were permeabilized with ice-cold 90% metha-
nol for 30 min on ice, and then immunostained using
Ki67 monoclonal antibody (50-5698-82, eBioscience)
and Hoechst 33,342. Flow cytometric quantitations of
Ki67"/ Hoechst 33,342" cell populations were performed
by analysis of duplicate.

Immunofluorescence staining

APs were isolated from scWAT and cultivated with cell
culture medium containing IL-4 alone or in combina-
tion with transfection of miR-322-5p and miR-503-5p for
6 days to cell expansion. Cells were fixed with 4% para-
formaldehyde for 10 min, permeabilized with 0.1% Tri-
ton" X-100 for 10 min, washed in PBS three times, and
then blocked with 2% BSA for 1 h at room temperature.
The cells were labeled with Ki67 monoclonal antibody
(SP6) (MA5-14,520, Thermo Fisher Scientific) at 1:250
dilution in 0.1% BSA, incubated at 4 °C overnight and
then labeled with donkey anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor Plus 488
(A11034, Thermo Fisher Scientific) at a dilution of 1:2000
for 60 min at room temperature (green). Nuclei (blue)
were stained using Antifade Mounting Medium and
DAPI (H-1500, Vector Laboratories).
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mRNA library preparation and sequencing

RNA was extracted from APs using TRIzol (Invitrogen)
and mRNAs were purified using poly T oligo-attached
magnetic beads. The quality and quantity of the RNA
samples were assessed using an Agilent 2100 Bioanalyzer
(Agilent RNA 6000 Nano Kit). RNA-seq libraries were
constructed by BGI Genomics Co., Ltd., and sequenced
on the BGISEQ-500 platform. Low-quality raw sequence
reads were filtered by SOAPnuke software to obtain clean
reads. Filtered reads were mapped to the mouse refer-
ence genome (Mus musculus, UCSC mm10) using Hier-
archical Indexing for Spliced Alignment of Transcripts.

Small RNA library preparation and sequencing

Two biological replicates of control and IL-4—treated APs
were prepared. Small RNA-seq libraries were generated
with 3 pg total RNA using the TruSeq Small RNA Library
Preparation Kit (Illumina), and cDNA fragments were
sequenced on the Illumina HiSeq 2500 platform. Raw
sequencing reads were trimmed by removing the adapter
sequence and were filtered using a Phred quality score.
Unique clustered reads were sequentially aligned to the
mouse reference genome, miRBase v21, and the non-
coding RNA database, Rfam9.1. Read counts for each
miRNA were extracted to determine the abundance of
each miRNA from the miRDeep2 Quantifier module.

Differential expression analyses

To analyze differentially expressed (DE) miRNAs, log2
transformation of Count+1 and quantile normalization
was performed. Statistical analysis was performed using
fold change and nbinomWaldTest with DESeq2 per com-
parison pair. The significant DE results were selected on
the conditions of FC>1.5 and nbinomWaldTest p <0.05.
For differentially expressed gene (DEG) analysis of RNA-
seq data, Bowtie2 and RSEM tools were used to calcu-
late the gene expression levels for each sample. DEGs
were detected with baseMean (average of the normal-
ized counts divided by size factors) generated from the
DEseq2 algorithm (log2FoldChange (Sample2/Sam-
plel)>1 and adjusted p-value<0.05). Volcano plots for
mRNA and small RNA sequencing data were visualized
using the R package, EnhancedVolcano v1.12.

miRNA target prediction/KEGG pathway enrichment/
miRNA-mRNA regulatory network/transcription factor (TF)
enrichment analyses

miRNA target prediction analysis was performed
using TargetScan-Mouse v7.2 [76]. The shared tar-
get genes of two different miRNAs were plotted using
FunRich v3.1.3 software [77]. KEGG (Annotation and
Kyoto Encyclopedia of Genes and Genomes) pathway
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enrichment analysis was conducted with DEGs from
RNA-seq data using the R package, pathfindR.
p-value <0.05 was considered the cut-off criterion. For
regulatory network analysis, the STRING (Search Tool
for the Retrieval of Interacting Genes/Proteins) data-
base (stringApp v1.7.1) was used with a confidence
score cut-off of >0.2 [78]. The gene regulatory network
was visualized with Cytoscape v3.9.0-BETA1 [79]. The
Cytoscape plugin MCODE v2.0, was used to calculate
key hub genes in the constructed gene regulatory net-
work [80]. Significant functional modules were identi-
fied using the Cytoscape plugin cytoHubba v0.1 [81].
TFs were predicted for the promoter region of H19X-
encoded miRNAs (1.5 kb upstream of the TSS and end-
ing 0.5 kb downstream of TSS) using microTSS [56].
Next, we performed TF enrichment analysis using the
R package, PWMEnrich [82].

Statistical analysis

All experimental data are presented as mean =+ standard
error of the mean (SEM). Student’s t-tests were used to
analyze the significance of differences using the Graph-
Pad Prism 8 software (GraphPad). Statistical significance
was set at p<0.05 (*** p<0.005, ** p<0.01, * p<0.05).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513062-023-00388-4.

Additional file 1. Figures s1-s6
Additional file 2. Table s1
Additional file. 3. Table s2
Additional file 4. Table s3

Acknowledgements

We thank the members of our laboratories for their discussions and assistance
throughout this project. Flow cytometry analysis was performed using

the FACS Canto available at the Soonchunhyang Biomedical Science Core-
facility of Korea Basic Science Institute (KBSI).

Author contributions

Conceptualization, M-W.L, and M.L.; Material Preparation and Data collec-
tion, CM,, J-M.L, TTM.N,, BK, RP, D.J, M-W. L, and M.L; Analysis, CM.,, J-M.L,
TTMN., BK, Y-KK, M-W. L, and M.L; Investigation: CM,, J-M.L, M-W. L, and
M.L; Writing-Original Draft, CM., J-M.L, M-W. L, and M.L,; Supervision, M-W.L,
and M.L; Funding Acquisition, M-W.L., and M.L.

Funding

This work was supported by the National Research Foundation of Korea
(Grant NRF-2018R1C1B6006466 to M.L.; 2021RTA2C4002421 to M.L,;
2019M3E5D3073092 to M.L. and M-W.L; 2018R1C1B6007179 to M-W.L;
2021RTA2C1005434 to M-W.L,; 2021RTA2B5B02001501 to Y-K.K.), and POSCO
TJ Park Foundation (POSCO Science Fellowship to M.L.)

Availability of data and materials
RNA sequencing data generated in this study have been deposited in the
Gene Expression Omnibus (GEO) with the accession number GSE216077.


https://doi.org/10.1186/s13062-023-00388-4
https://doi.org/10.1186/s13062-023-00388-4

Munkhzul et al. Biology Direct

(2023) 18:32

Declarations

Ethics approval and consent to participate

This study was performed in accordance with the ethical guidelines of the
Declaration of Helsinki and its later amendments. Approval of animal studies
was granted by the Ethics Committee of Soonchunhyang University.

Competing interests
The authors declare no competing interests.

Received: 29 December 2022 Accepted: 6 June 2023
Published online: 15 June 2023

References

1.

2.

20.

Rodbell M. Metabolism of isolated fat cells: I. Effects of hormones on
glucose metabolism and lipolysis. J Biol Chem. 1964,239:375-80.
Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endo-
crinol Metab. 2004;89:2548-56.

Van RL, Bayliss CE, Roncari DA. Cytological and enzymological characteri-
zation of adult human adipocyte precursors in culture. J Clin Invest Am
Soc Clin Invest. 1976;58:699-704.

Cawthorn WP, Scheller EL, MacDougald OA. Adipose tissue stem cells
meet preadipocyte commitment: going back to the future. J Lipid Res.
2012;53:227-46.

Ying T, Simmons RA. The role of adipocyte precursors in development
and obesity. Front Endocrinol. 2021;11:1125.

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Posi-
tional cloning of the mouse obese gene and its human homologue. Nat
Nature Publ Group. 1994;372:425-32.

Trayhurn P, Beattie JH. Physiological role of adipose tissue: white adipose
tissue as an endocrine and secretory organ. Proc Nutrit Soc Camb Univ
Press. 2001;60:329-39.

Wronska A, Kmiec Z. Structural and biochemical characteristics of various
white adipose tissue depots. Acta Physiol. 2012;205:194-208.

Hellman B, Hellerstrom C. Cell renewal in the white and brown fat tissue
of the rat. Acta Pathol Microbiol Scand. 1961;51:347-53.

Faust IM, Johnson PR, Stern JS, Hirsch J. Diet-induced adipocyte number
increase in adult rats: a new model of obesity. American Journal of
Physiology-Endocrinology and Metabolism American Physiological
Society; 1978;235:E279.

. Knittle JL, Timmers K, Ginsberg-Fellner F, Brown RE, Katz DP. The growth

of adipose tissue in children and adolescents Cross-sectional and longi-
tudinal studies of adipose cell number and size. J Clin Invest Am Soc Clin
Invest. 1979;63:239-46.

Aquila H, Link TA, Klingenberg M. The uncoupling protein from brown fat
mitochondria is related to the mitochondrial ADP/ATP carrier Analysis of
sequence homologies and of folding of the protein in the membrane.
EMBO J. 1985;4:2369-76.

Ikeda K, Yamada T. UCP1 dependent and independent thermogenesis in
brown and beige adipocytes. Front Endocrinol. 2020. https://doi.org/10.
3389/fend0.2020.00498.

Smith RE. Brown fat in the rat: adaptive changes in cold. Helgolander Wiss
Meeresunters BioMed Central. 1964;9:187-96.

Levy SB, Leonard WR. The evolutionary significance of human brown
adipose tissue: Integrating the timescales of adaptation. Evol Anthropol
Issues News Rev. 2022;31:75-91.

Luo L, Liu M. Adipose tissue in control of metabolism. J Endocrinol Biosci
Ltd. 2016;231:R77-99.

Keipert S, Jastroch M. Brite/beige fat and UCP1 — is it thermogenesis?
Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2014;1837:1075-82.
Wang W, Seale P. Control of brown and beige fat development. Nat Rev
Mol Cell Biol. 2016;17:691-702.

Lee Y-H, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of
bipotential adipocyte progenitors recruited by 33-adrenoceptor activa-
tion and high-fat feeding. Cell Metab. 2012;15:480-91.

Lee Y-H, Petkova AP, Konkar AA, Granneman JG. Cellular origins of cold-
induced brown adipocytes in adult mice. FASEB J. 2015;29:286-99.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32.

33

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 16 of 17

Zhang G, Sun Q, Liu C. Influencing factors of thermogenic adipose tissue
activity. Front Physiol. 2016;7:29.

Kurytowicz A, Puzianowska-Kuznicka M. Induction of adipose tissue
browning as a strategy to combat obesity. Int J Mol Sci. 2020;21:6241.
Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar |, et al. Meteorin-
like is a hormone that regulates immune-adipose interactions to increase
beige fat thermogenesis. Cell Elsevier. 2014;157:1279-91.

QiuY, Nguyen KD, Odegaard JI, Cui X, Tian X, Locksley RM, et al. Eosino-
phils and type 2 cytokine signaling in macrophages orchestrate develop-
ment of functional beige fat. Cell Elsevier. 2014;157:1292-308.

Lee M-W, Odegaard JI, Mukundan L, Qiu Y, Molofsky AB, Nussbaum JC,

et al. Activated type 2 innate lymphoid cells regulate beige fat biogen-
esis. Cell. 2015;160:74-87.

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol.
2014;15:509-24.

Bartel DP. Metazoan MicroRNAs. Cell. 2018;173:20-51.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al. The nuclear RNase Ill Drosha
initiates microRNA processing. Nature. 2003;425:415-9.

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha |, et al. Genes and
mechanisms related to RNA interference regulate expression of the

small temporal rnas that control C. elegans Developmental Timing. Cell.
2001;106:23-34.

Hutvagner G, McLachlan J, Pasquinelli AE, Bélint E, Tuschl T, Zamore PD. A
cellular function for the RNA-interference enzyme dicer in the maturation
of the let-7 small temporal RNA. Science. 2001,293:834-8.

Iwasaki S, Kobayashi M, Yoda M, Sakaguchi Y, Katsuma S, Suzuki T, et al.
Hsc70/Hsp90 chaperone machinery mediates ATP-dependent RISC load-
ing of small RNA duplexes. Mol Cell. 2010;39:292-9.

Kawamata T, Tomari Y. Making RISC. Trends Biochem Sci. 2010;35:368-76.
Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of
translational repression and mRNA decay. Nat Rev Genet. 2011;12:99-110.
Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 2009;19:92-105.

Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. Prediction of
mammalian MicroRNA targets. Cell Elsevier. 2003;115:787-98.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
Elsevier. 2009;136:215-33.

Bracken CP, Scott HS, Goodall GJ. A network-biology perspective of
microRNA function and dysfunction in cancer. Nat Rev Genet Nature
Publishing Group. 2016;17:719-32.

Sun J, Gong X, Purow B, Zhao Z. Uncovering MicroRNA and transcription
factor mediated regulatory networks in glioblastoma. PLOS Comput Biol;
2012;8:21002488.

Ferro E, Enrico Bena C, Grigolon S, Bosia C. From endogenous to synthetic
microrna-mediated regulatory circuits: an overview. Cells 2019;8:1540.
Wu C-I, Shen Y, Tang T. Evolution under canalization and the dual roles of
microRNAs—A hypothesis. Genome Res. 2009;19:734-43.

Mudhasani R, Puri V, Hoover K, Czech MP, Imbalzano AN, Jones SN. Dicer
is required for the formation of white but not brown adipose tissue. J Cell
Physiol. 2011,226:1399-406.

Mori MA, Thomou T, Boucher J, Lee KY, Lallukka S, Kim JK, et al. Altered
miRNA processing disrupts brown/white adipocyte determination and
associates with lipodystrophy. J Clin Invest. 2014;124:3339-51.

Kim H-J, Cho H, Alexander R, Patterson HC, Gu M, Lo KA, et al. MicroRNAs
are required for the feature maintenance and differentiation of brown
adipocytes. Diabetes. 2014;63:4045-56.

Price NL, Ferndndez-Hernando C. miRNA regulation of white and brown
adipose tissue differentiation and function. Biochimica et Biophysica Acta
(BBA) - Molecular and Cell Biology of Lipids. 2016;1861:2104-10.

ChenY, Pan R, Pfeifer A. Regulation of brown and beige fat by microRNAs.
Pharmacol Ther. 2017;170:1-7.

Ortega FJ, Moreno-Navarrete JM, Pardo G, Sabater M, Hummel M, Ferrer
A, et al. MiRNA expression profile of human subcutaneous adipose and
during adipocyte differentiation. PLOS ONE. Public Library of Science;
2010;5:9022.

Zhang H, Guan M, Townsend KL. MicroRNA-455 regulates brown
adipogenesis via a novel HIF1an-AMPK-PGC1a signaling network. EMBO
reports. 2015;16:1378-93.

Ng R, Hussain NA, Zhang Q, Chang C, Li H, Fu Y, et al. miRNA-32 Drives
brown fat thermogenesis and trans-activates subcutaneous white fat
browning in mice. Cell Rep. 2017;19:1229-46.


https://doi.org/10.3389/fendo.2020.00498
https://doi.org/10.3389/fendo.2020.00498

Munkhzul et al. Biology Direct

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71

72.

(2023) 18:32

XiF, Wei C, XuY, Ma L, He Y, Shi X, et al. MicroRNA-214-3p Targeting
Ctnnb1 Promotes 3T3-L1 preadipocyte differentiation by interfering with
the Wnt/B-catenin signaling pathway. Int J Mol Sci. 2019;20:1816.
Gharanei S, Shabir K, Brown JE, Weickert MO, Barber TM, Kyrou |, et al.
Regulatory microRNAs in Brown. Brite and White Adipose Tissue Cells.
2020;9:E2489.

Hilton C, Neville MJ, Karpe F. MicroRNAs in adipose tissue: their role in
adipogenesis and obesity. Int J Obes. 2013;37:325-32.

Karbiener M, Scheideler M. MicroRNA functions in brite/brown Fat

— novel perspectives towards anti-obesity strategies. Comput Struct
Biotechnol J. 2014;11:101-5.

Shamsi F, Zhang H, Tseng Y-H. MicroRNA regulation of brown adipogen-
esis and thermogenic energy expenditure. Front Endocrinol. 2017;8:205.
Church C, Berry R, Rodeheffer MS. Isolation and study of adipocyte pre-
cursors. Methods Enzymol. 2014;537:31-46.

Hepler C, Vishvanath L, Gupta RK. Sorting out adipocyte precursors and
their role in physiology and disease. Genes Dev. 2017;31:127-40.
Georgakilas G, Vlachos IS, Paraskevopoulou MD, Yang P, Zhang Y, Econo-
mides AN, et al. microTSS: accurate microRNA transcription start site
identification reveals a significant number of divergent pri-miRNAs. Nat
Commun. 2014;5:5700.

WangY, Luo J, Zhang H, Lu J. microRNAs in the same clusters evolve

to coordinately regulate functionally related genes. Mol Biol Evol.
2016;33:2232-47.

Qin L, ChenY, NiuY, Chen W, Wang Q, Xiao S, et al. A deep investiga-

tion into the adipogenesis mechanism: profile of microRNAs regulating
adipogenesis by modulating the canonical Wnt/B-catenin signaling
pathway. BMC Genomics. 2010;11:320.

Rodriguez-Barrueco R, Latorre J, Devis-Jduregui L, Lluch A, Bonifaci N,
Llobet FJ, et al. A microRNA cluster controls fat cell differentiation and
adipose tissue expansion by regulating SNCG. Adv Sci. 2022;9:2104759.
Zhao ML, Rabiee A, Kovary KM, Bahrami-Nejad Z, Taylor B, Teruel MN.
Molecular competition in G1 controls when cells simultaneously com-
mit to terminally differentiate and exit the cell cycle. Cell Rep. 2020;31:
107769.

Moseti D, Regassa A, Kim W-K. Molecular regulation of adipogenesis and
potential anti-adipogenic bioactive molecules. Int J Mol Sci. 2016;17:124.
Sarantopoulos CN, Banyard DA, Ziegler ME, Sun B, Shaterian A, Widgerow
AD. Elucidating the preadipocyte and its role in adipocyte formation: a
comprehensive review. Stem Cell Rev and Rep. 2018;14:27-42.
Weissman IL, Anderson DJ, Gage F. Stem and progenitor cells: Origins,
phenotypes, lineage commitments, and transdifferentiations. Ann Rev
Cell Dev Biol. 2001;17:387-403.

Hwang NS, Varghese S, Elisseeff J. Controlled differentiation of stem cells.
Adv Drug Deliv Rev. 2008;60:199-214.

Lindner SE. The miR-15 family reinforces the transition from proliferation
to differentiation in pre-B cells. EMBO Rep. 2017;18:1604-17.

Clark MR, Mandal M, Ochiai K, Singh H. Orchestrating B cell lymphopoie-
sis through interplay of IL-7 receptor and pre-B cell receptor signalling.
Nat Rev Immunol Nature Publishing Group. 2014;14:69-80.

Rosa A, Ballarino M, Sorrentino A, Sthandier O, De Angelis FG, Marchioni
M, et al. The interplay between the master transcription factor PU.T and
miR-424 regulates human monocyte/macrophage differentiation. Proc
Natl Acad Sci. 2007;104:19849-54.

Sarkar S, Dey BK, Dutta A. MiR-322/424 and -503 are induced during
muscle differentiation and promote cell cycle quiescence and differentia-
tion by down-regulation of Cdc25A. MBoC Am Soc Cell Biol (mboc).
2010;21:2138-49.

Forrest ARR, Kanamori-Katayama M, Tomaru Y, Lassmann T, Ninomiya N,
Takahashi Y, et al. Induction of microRNAs, mir-155, mir-222, mir-424 and
mir-503, promotes monocytic differentiation through combinatorial
regulation. Leukemia Nature Publishing Group. 2010;24:460-6.

Shen X, Soibam B, Benham A, Xu X, Chopra M, Peng X, et al. miR-322/-
503 cluster is expressed in the earliest cardiac progenitor cells and drives
cardiomyocyte specification. Proc Natl Acad Sci. 2016;113:9551-6.

Wang F, Liang R, Tandon N, Matthews ER, Shrestha S, Yang J, et al. H19X-
encoded miR-424(322)/-503 cluster: emerging roles in cell differentiation,
proliferation, plasticity and metabolism. Cell Mol Life Sci. 2019;76:903-20.
Ho I-C, Miaw S-C. Regulation of IL-4 Expression in Immunity and Diseases.
In: Ma X, editor. Regulation of cytokine gene expression in immunity and

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Page 17 of 17

diseases. Dordrecht: Springer Netherlands; 2016 [cited 2022 Oct 18]. p.
31-77. Available from: https://doi.org/10.1007/978-94-024-0921-5_3
Loffredo LF, Coden ME, Jeong BM, Walker MT, Anekalla KR, Doan TC, et al.
Eosinophil accumulation in postnatal lung is specific to the primary
septation phase of development. Sci Rep. 2020;10:4425.

Marichal T, Mesnil C, Bureau F. Homeostatic eosinophils: characteristics
and functions. Front Med. 2017. https://doi.org/10.3389/fmed.2017.
00101.

Ghaben AL, Scherer PE. Adipogenesis and metabolic health. Nat Rev Mol
Cell Biol. 2019;20:242-58.

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are MicroRNA
Targets. Cell. 2005;120:15-20.

Fonseka P, Pathan M, Chitti SV, Kang T, Mathivanan S. FunRich enables
enrichment analysis of OMICs datasets. J Mol Biol. 2021;433: 166747.
Doncheva NT, Morris JH, Gorodkin J, Jensen LJ. Cytoscape stringapp:
network analysis and visualization of proteomics data. J Proteome Res.
2019;18:623-32.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al.
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13:2498-504.

Bader GD, Hogue CW. An automated method for finding molecular
complexes in large protein interaction networks. BMC Bioinformatics.
2003;4:2.

Chin C-H, Chen S-H, Wu H-H, Ho C-W, Ko M-T, Lin C-Y. cytoHubba: iden-
tifying hub objects and sub-networks from complex interactome. BMC
Syst Biol. 2014;8(Suppl 4):S11.

Stojnic R, Diez D. PWMEnrich: PWM enrichment analysis. Bioconductor
version: Release (3.15); 2022 [cited 2022 Aug 9]. https://bioconductor.org/
packages/PWMEnrich/

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/978-94-024-0921-5_3
https://doi.org/10.3389/fmed.2017.00101
https://doi.org/10.3389/fmed.2017.00101
https://bioconductor.org/packages/PWMEnrich/
https://bioconductor.org/packages/PWMEnrich/

	H19X-encoded microRNAs induced by IL-4 in adipocyte precursors regulate proliferation to facilitate differentiation
	Abstract 
	Introduction
	Results
	Differential gene expression following IL-4 stimulation in APs
	A group of microRNAs encoded in the H19X locus of the genome is upregulated immediately upon IL-4 stimulation
	IL-4-upregulated miRNAs target Wnt signaling pathway genes
	Wnt signaling–related genes, Ccnd1 and Fzd6, are downregulated by IL-4-upregulated miRNAs
	miRNAWnt regulatory feedback circuit controls the proliferation and commitment of APs
	H19X-encoded miRNAs affect the differentiation potential of APs

	Discussion
	Materials and methods
	Adipocyte progenitor (AP) isolation and culture
	Quantitative RT-PCR
	Western blotting
	Luciferase assay
	MTT cell proliferation assay
	Flow cytometry analysis
	Immunofluorescence staining
	mRNA library preparation and sequencing
	Small RNA library preparation and sequencing
	Differential expression analyses
	miRNA target predictionKEGG pathway enrichmentmiRNA-mRNA regulatory networktranscription factor (TF) enrichment analyses
	Statistical analysis

	Anchor 25
	Acknowledgements
	References


