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ORIGINAL ARTICLE

miR-148a is a downstream effector of X-box-binding
protein 1 that silences Wnt10b during adipogenesis
of 3T3-L1 cells

Yoon Mi Chol, Tae-Min Kim?, Dae Hun Kim!, Dong Hee Kim!, Seong-Whan ]eong1 and Oh-Joo Kwon!

Wnt1O0b, an endogenous inhibitor of adipogenesis, maintains preadipocytes in an undifferentiated state by suppressing
adipogenic transcription factors. We have previously demonstrated that Wnt10b transcription during adipogenesis is negatively
regulated by X-box-binding protein 1 (XBP1), an important transcription factor of the unfolded protein response. In this report,
we demonstrate that XBP1s can directly induce the transcription of microRNA-148a, which in turn mediates the silencing of
Wnt10b mRNA during adipogenic differentiation of 3T3-L1 cells. Stability of Wnt10b mRNA was found to be significantly
increased by knockdown of XBP1s. Using computational algorithms, a set of microRNAs was predicted to bind Wnt10b mRNA,
of which microRNA-148a was selected as a potential target for XBP1s. Our results revealed that microRNA-148a could bind to
the 3'UTR of Wnt10b mRNA. Its ectopic expression significantly suppressed both Wnt10b expression and B-catenin activity.
When we altered the expression of XBP1 in 3T3-L1 cells, microRNA-148a levels changed accordingly. A potential XBP1
response element was found in the promoter region of microRNA-148a, and XBP1s directly bound to this response element as
shown by point mutation analysis and chromatin immunoprecipitation assay. In addition, a microRNA-148a mimic significantly
restored adipogenic potential in XBP1-deficient 3T3-L1 cells. These findings provide the first evidence that XBP1s can regulate

WntlOb by a post-transcriptional mechanism through directly inducing microRNA-148a.
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INTRODUCTION

Adipose tissue is crucial for lipid storage, thermogenesis and
endocrine regulation of whole-body metabolism. Adipose tissue
mass is flexibly regulated, and its timely expansion in response
to positive energy balance is now considered a beneficial
response to prevent ectopic fat accumulation and lipotoxicity.!
Adipocyte hypertrophy and hyperplasia are the two main
mechanisms that contribute to adipose tissue expansion.
Adipocyte hyperplasia from precursor cells (adipogenesis) is
an essential process for adipose mass homeostasis that replaces
lost adipocytes throughout life. Therefore, it is critical for the
maintenance of metabolic homeostasis, that is, alleviation of
systemic insulin resistance by replacing hypertrophic adipocytes
with new and small cells. In this regard, recent findings have
suggested that impaired adipogenesis is causally linked to hyper-
trophic obesity phenotypes and metabolic complications.!
However, the molecular mechanisms responsible for adipo-
genesis are complicated because numerous hormones, lipid
mediators and transcription factors are involved.

The wingless-type MMTV integration site family (Wnt)/
B-catenin signaling pathway is one of the most important
regulators of adipogenic differentiation. Among Wnt family
members, WntlOb is the major molecular switch that
strongly represses adipogenesis,” and its involvement in the
pathogenesis of obesity has also been suggested.®> However,
the regulatory mechanisms of WntlOb expression during
adipogenesis remain unclear.

MicroRNAs are small noncoding RNAs that function as
guide molecules in RNA silencing. Myriad evidence has shown
that they are involved in a variety of physiological processes.
MicroRNAs also have important roles in adipogenesis, and
their possible applications as biomarkers and therapeutic
targets for obesity have been suggested.* Currently, multiple
microRNAs have been shown to regulate adipogenesis. Many
key molecules involved in adipogenesis have been indicated as
potential target molecules for microRNAs.”> Among them, the
Wnt/p-catenin signaling pathway is known to be involved in
microRNA-induced regulation of adipogenesis.®” However,
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despite a growing number of studies showing the importance
of microRNAs in adipocyte development, the regulatory
mechanisms for their transcription are largely unknown.

X-box-binding protein 1 (XBP1) is a member of the bZIP
family of transcription factors. Its transcriptionally active
isoform (XBP1s) is synthesized after IREla-mediated splicing
of XBPI mRNA. One of the main functions of XBPls is
to regulate the development of cells such as plasma cells,?
Paneth cells,” pancreatic acinar cells,'® dendritic cells'' and
eosinophils.'> Many reports have recently demonstrated the
involvement of XBP1 in the regulation of adipogenesis.'>~1> We
have also reported that XBP1s has a pro-adipogenic role by
transcriptional regulation of peroxisome proliferator-activated
receptor y (PPARy)'® and Wntl0b.!® For the latter, XBP1
induces adipogenesis by directly suppressing Wnt10b transcrip-
tion, and, recently, we found that Wntl10b mRNA stability
could be decreased by XBP1s.

Therefore, we hypothesized that XBPls could suppress
Wntl0b through post-transcriptional mechanisms. Through
this novel mechanism of adipogenesis, XBP1 directly induces
microRNA-148a (miR-148a) production, resulting in decreased
Wnt10b mRNA stability in 3T3-L1 cells.

MATERIALS AND METHODS

Cell culture and differentiation of 3T3-L1 preadipocytes
The mouse 3T3-L1 preadipocytes (American Type Culture Collection,
Manassas, VA, USA) were cultured and differentiated into adipocytes
as previously described.!” Briefly, cells were maintained for 2 days in
high-glucose (4.5g1~!) DMEM containing 10% NCS (Gibco, Grand
Island, NY, USA). Two days after reaching confluence (day 0),
adipogenic differentiation was induced for 2 days in the medium
containing insulin (1 pg ml™ Y Sigma, St Louis, MO, USA), IBMX
(0.5 mm; Sigma) and dexamethasone (1 pM, Sigma). Then, the cells
were cultured for 2 days in the DMEM with 10% fetal bovine serum
(FBS; Gibco) and insulin (1 ugml~1), and thereafter the medium was
changed to the Dulbecco’s modified Eagle’s medium/10% FBS
until day 8.

Nile Red staining and quantification of intracellular
triacylglycerol content

After washing twice with phosphate-buffered saline, cells were fixed
with 10% formalin in distilled water (DW) for 10 min, rinsed with
DW and stained for 10 min with 1 pugml~! of Nile Red (Sigma)
as previously described.!® Intracellular triacylglycerol levels were
determined by using a Serum Triglyceride Determination Kit (Sigma)
following the manufacturer’s protocol. Briefly, cells were washed with
phosphate-buffered saline and lysed with RIPA buffer (20 mm
Tris-HCI, pH 7.5, 0.1% sodium dodecylsulphate, 1% Triton X-100,
1% sodium deoxycholate, 150 mm NaCl, 1 mm EDTA, 1% NP-40 and
protease inhibitors) and then incubated on ice for 10 min. The
resulting lysates were centrifuged at 16000 ¢ for 10 min, and 10 pl
of glycerol standard or samples was mixed with 500 pl of the reagents.
Triacylglycerol concentration was calculated using the initial and final
absorbances at 540 nm and normalized to total cellular protein. For
statistical analysis, images of each dish were captured with an inverted
microscope and analyzed using the Optimas 6.5 software (Meyer
Instruments, Houston, TX, USA).
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Genetic manipulation of XBP1

3T3-L1 cells in which XBP1 was knocked down (XBP1-KD) were
prepared using retroviral vectors expressing short hairpin RNA
targeting mouse XBP1 (SFGneo-iXBP1) as described.!® Briefly,
293T cells were transfected for 48 h with the viral vectors using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA), and
virus-containing medium was collected. For infection, Polybrene
(hexadimethrine bromide; 8 pgml~!, Sigma) was added to the
filter-sterilized virus-loaded medium and applied to proliferating
cells for 2 days. For the preparation of 3T3-L1 cells overexpressing
XBP1s (XBP1s-OE), recombinant plasmids expressing mouse XBP1s
(pcDNA3.1-mXBPls) were transfected using Lipofectamine 2000
reagent (Invitrogen). Genetically engineered cells were selected with
G418 (1 mgml~1). For transient knockdown of XBP1s, specific short
interfering RNAs targeting XBP1 (siXBP1, Bioneer, Daegion, Korea)
were transfected into 3T3-L1 cells using Lipofectamine RNAIMAX
reagent (Invitrogen). Non-targeting control (siCON, Bioneer) was
used as a negative control.

MicroRNA target site prediction

A search for predicted target mRNAs was performed using the online
programs TargetScan (http://www.targetscan.org), miRDB (http://www.
mirdb.org/miRDB) and microRNA.org (http://www.microrna.org).

Ectopic expression and knockdown of miR-148a

miR-148a mimic or inhibitor (Bioneer) was used to modify intra-
cellular miR-148a levels. For transfection experiments, cells were
grown in six-well tissue culture plates and transfected for 24 h using
Lipofectamine RNAIMAX reagent (Invitrogen) according to the
manufacturer’s protocol.

Real-time PCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen), and
complementary DNA was synthesized using a PrimeScript RT kit
(TaKaRa, Shiga, Japan). The real-time PCR analysis was performed
using an ABI 7300 thermal cycler (Applied Biosystems, Foster City,
CA, USA) with SYBR Green Q-PCR Master Mix (TaKaRa). The AACt
method was used to calculate the relative amount of mRNAs with the
36b4 as an internal control. The primer sequences are listed in Table 1.

Measurement of mature and primary miR-148a levels
Expression of the mature form of miR-148a was determined with
real-time PCR analysis using the TaqMan microRNA reverse
transcription kit with a probe for miR-148a as described in the
manufacturer's protocol (Applied Biosystems). A probe for U6 was
used as a control. The primary miR-148a level was examined using a
semiquantitative reverse transcription PCR method that employs
primers covering different regions around putative miR-148a pre-
cursor sequences (Figure 3c). Amplified fragments were separated
using electrophoresis on a 1% agarose gel, visualized with ethidium
bromide staining and detected using a Gel Doc EZ system (Bio-Rad,
Hercules, CA, USA).

Immunoblot analysis

Cells were lysed in RIPA buffer, and 30 pg of protein was separated
using 10% sodium dodecylsulphate-PAGE and transferred onto a
nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany).
The membranes were incubated with mouse antisera against p-actin
(1:500; Sigma), green fluorescent protein (GFP; 1:500; Santa Cruz
Biotechnology, Dallas, TX, USA) and adiponectin (1:1000; Alexis,
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Table 1 Primer sequences for RT- and real-time PCR analysis

)

Primer sequences (5-3')

Name Sense Antisense Size (bp) Gene ID

pri-miR-148a #1 AGAGGAAGACAGCCAGTTTG CAAAGGAAAGGTGCAACGAC 181 ENSMUST00000083571
pri-miR-148a #2 GAGACAAAGTTCTGAGACACTCC CACAGCCTCTAGAGACAAAGTTC 79 ENSMUSTO0000083571
Adiponectin TGTGTATCGCTCAGCGTTCAGTGT AGAGAACGGCCTTGTCCTTCTTGA 224 NM_009605

Adipsin CATGCTCGGCCCTACATGG CACAGAGTCGTCATCCGTCAC 129 NM_013459

C/EBPa AGCTTACAACAGGCCAGGTTTCCT TTCAAGTTCCTTCAGCAACAGCGG 213 NM_007678

PPARy2 CGCTGATGCACTGCCTATGA AGAGGTCCACAGAGCTGATTCC 101 NM_011146

Wnt10b TGGCTGTAACCACGACATGGACTT CTGACGTTCCATGGCATTTGCACT 170 NM_011718

XBP1s CTGAGGTCCGCAGCAGGT TGTCAGAGTCCATGGGAAGA 66 NM_013842

36B4 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG 143 NM_007475

miR-148a promoter (ChIP) ACTGGAAGCCTAGCTCA TGCGCGTGGCCGACAGAA 149 ENSMUST00000083571

Abbreviations: ChIP, chromatin immunoprecipitation assay; RT-PCR, reverse transcription-polymerase chain reaction.

Farmingdale, NY, USA) or with rabbit antisera against XBP1 (1:200;
BioLegend, San Diego, CA, USA), Wntl0Ob (1:500; Santa Cruz
Biotechnology), C/EBPa (1:500; Santa Cruz Biotechnology) and
PPARy (1:500; Santa Cruz Biotechnology).?’ Antibody binding was
detected using horseradish peroxidase-conjugated anti-rabbit or
anti-mouse IgG (1:2,000; Sigma), and the immunoreactive bands
were visualized using the ECL method (Amersham Pharmacia,
Buckinghamshire, UK). For statistical analysis, immunoreactivities
were quantified with densitometry using a Gel Doc EZ System
(Bio-Rad).

Luciferase reporter analysis

Cells were seeded into 24-well plates at a density of 2 x 10* per well
and transfected with reporter plasmids (50 ng) and effector or empty
vectors (1-500 ng). After 48 h, cells were lysed and the luciferase
activities were measured using a Dual Luciferase Assay Kit (Promega,
Madison, WI, USA). Plasmids expressing the mouse miR-148a
promoter (pGL3-mmu-miR148a promoter-Luc) and mouse Wnt10b
promoter (pGL2-mWnt10b promoter-Luc) were used as reporters. To
monitor the Wnt/B-catenin signaling pathway, Super TOPFlash, which
encodes seven copies of LEF/TCF-binding sites linked to firefly
luciferase (Addgene, Cambridge, MA, USA), was used as previously
described.?! Transfection efficiency was normalized with the
Renilla-expressing plasmids (pRL-CMV-luc; 5 ng).

Wntl0b 3'UTR reporter assay

HEK293T cells were first transfected with a miR-148a mimic or
non-silencing control. The next day, cells were transfected with 0.5 pg
of enhanced GFP (EGFP) reporter vector. After 24 h, cells were lysed
in RIPA buffer for immunoblot analysis. Ten micrograms of total
protein were used to measure the GFP expression level. The assay was
performed in triplicate and repeated at least three times.

Site-directed mutagenesis

Binding motifs on pGL3-mmu-miR148a promoter-Luc were mutated
using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA, USA). Mutagenesis was carried out by PCR amplification
using Pfu (Stratagene) followed by digestion via Dpnl (Fermentas,
Glen Burnie, MD, USA) to remove the templates. The mutagenic
primer sequences were 5-TCTGGCCCCGCGTTCTGTCGAATTTGC
GCACCAA-3" (XBPIs-Mut; ml) and 5-TTCTGTCGGCCACGC

GCATTTGCGGGGCAGGAT-3" (XBP1s-Mut; m2). Mutations were
subsequently sequenced, confirmed and used for promoter analysis.

Chromatin immunoprecipitation assay

Cells were differentiated for the indicated times, crosslinked with
formaldehyde and sonicated to generate 200 bp per 1000 bp DNA
fragments. The fragmented chromatin samples were immunoprecipi-
tated with rabbit anti-mouse XBP1 (5 pg, Santa Cruz Biotechnology)
and reverse crosslinked, purified and analyzed using real-time PCR
according to the supplier’s protocol (Millipore, Billerica, MA, USA).
Primers for the amplicons of the mouse miR-148a promoter region
are listed in Table 1. DNA samples that were immunoprecipitated with
rabbit IgG were used as negative controls.

Statistical analysis

All values are expressed as the meanz+s.e.m. from at least three
independent experiments. The data were analyzed using Student’s
t-test or one- or two-way analysis of variance followed by Tukey’s
multiple comparison test. Statistical analyses were performed using
GraphPad Prism 5 for Windows (GraphPad Prism Software, La Jolla,
CA, USA). In all cases, statistical significance was set at P<<0.05.

RESULTS

XBP1 regulates the stability of Wnt10b mRNA in

3T3-L1 cells

When we transfected siXBP1 into 3T3-L1 preadipocytes
(Figure 1la), the WntlOb mRNA level was significantly
increased by up to 60% (P<0.05; Figure 1b). To examine
the involvement of XBP1s in stabilizing Wnt10b mRNA, the
rate of Wntl0b mRNA degradation was measured in 3T3-L1
cells treated with actinomycin D. Wnt10b mRNA was rapidly
degraded, with a half-life of 3h in siCON-transfected cells.
However, the stability of Wntl0b mRNA was significantly
increased by siXBP1 transfection, and it remained steady for
4h (P<0.05; Figure 1c). These findings suggest that regulation
of mRNA stability may be an additional mechanism involved
in XBPI-induced downregulation of Wnt10b mRNA.

Experimental & Molecular Medicine
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Figure 1 XBP1 regulates WntlOb mRNA stability in 3T3-L1
preadipocytes. Cells were transfected for 24 h with 20 nm of control
(siCON) or siXBP1. (a) Protein levels of XBPls analyzed with
immunoblot analysis. Beta-actin was used as a loading control. (b)
mRNA levels of Wnt10b determined by real-time PCR. (c) Wnt10b
mRNA stability determined by real-time PCR in cells treated with
actinomycin D (5 pgml~1) for the indicated times. The data are
presented as percentages of Wnt10b mRNA relative to the level at
Oh (100%). All data are expressed as the mean+s.e.m. of three
independent experiments (*P<0.05 compared with the siCON).

miR-148a suppresses Wnt/f-catenin signaling

To identify microRNAs that could bind to Wnt10b mRNA,
we used computational prediction algorithms and identified a
set of candidate microRNAs (data not shown). We selected
miR-148a based on previous reports, indicating that Wnt10b
mRNA may be a target of miR-148a.%?2 We first examined the
temporal pattern of miR-148a expression during adipogenesis.
As shown in Supplementary Figure S1, miR-148a significantly
increased on days 6 and 8 after induction. To verify the role of
miR-148a in the regulation of Wnt10b mRNA, we examined
the effect of a miR-148a mimic on Wntl0b mRNA levels in
3T3-L1 cells (Figure 2). When compared with a non-targeting
control, transfection of the miR-148a mimic for 48 h increased
intracellular miR-148a levels in 3T3-L1 cells (P<0.05;
Figure 2a). In these cells, Wnt10b expression was significantly
downregulated at both the mRNA and protein levels
(Figure 2b), suggesting that Wntl0b mRNA was a potential
target of miR-148a. A miR-148a-binding site at the 3’
untranslated repeat (UTR) of Wnt10b mRNA is evolutionarily
conserved across mammals (Figure 2c).?? To confirm the
importance of this sequence in 3T3-L1 cells, we conducted
reporter analysis using a vector in which the 3'UTR of Wnt10b
mRNA containing the miR-148a-binding motif was cloned
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downstream of EGFP (pEGFP-3'UTR). The results showed
that the miR-148a mimic significantly suppressed GFP
expression in 3T3-L1 cells transfected with pEGFP-3'UTR
(P<0.05; Figure 2d). Moreover, Super TOPFlash assay results
revealed that almost 50% of the p-catenin activity was reduced
by the miR-148a mimic (P<0.05; Figure 2e). These findings
indicate that miR-148a binds to Wnt10b mRNA and silences
its expression in 3T3-L1 cells, thus suppressing the downstream
[-catenin signaling pathway.

XBP1 directly regulates miR-148a transcription

Next, we examined the connection between XBPls and
miR-148a in 3T3-L1 preadipocytes by silencing or overexpres-
sing XBP1s. As shown in Figure 3a, miR-148a levels were
positively correlated with those of XBP1s. The level of mature
form of miR-148a was downregulated (~75%) by siXBP1
(P<0.05; Figure 3a) but upregulated (~60%) by XBP1 over-
expression (P<0.05; Figure 3b). The primary miR-148a
transcript level was assessed in wild type or XBP1-KD cells to
determine whether XBP1s could regulate miR-148a transcrip-
tion. The results from PCR using primer sets designed to cover
two different putative regions of miR-148a precursor sequences
(Figure 3c, left) clearly showed that amplicons in XBP1-KD
cells were significantly smaller than those in wild-type cells
(P<0.05; Figure 3c, right), suggesting that XBP1s directly
regulates miR-148a transcription.

To identify the binding site(s) of XBP1s in the promoter of
miR-148a, we identified a transcription start site (TSS) in the
upstream region of the miR-148a gene using cap analysis of
gene expression data (http://fantom.gsc.riken.jp/4/gev/gbrowse/
mm9/; Supplementary Figure S2). Six luciferase reporter
constructs were created by cloning DNA fragments that were
sequentially deleted up to 1.5kb upstream of the TSS
(Figure 3d). The functional activity of each deletion mutant
was then determined. As shown in Figure 3e, the luciferase
activity was the highest (12-fold, P<0.05) in the construct
containing the 0.5-kb DNA fragment from TSS (#3), and it was
dose-dependently increased according to the amount of XBP1
expression vector (P<0.05; Figure 3f). However, no reporter
activity was found in the construct containing a 0.3-kb
fragment from TSS, suggesting that the XBP1 response
elements (REs) are located between 0.3 and 0.5 kb upstream
of TSS of miR-148a gene. On the basis of previous studies,?* we
located two potential XBPls REs at —301~-296 and
—311~—307 (Figure 3g). To identify whether these REs are
functional, we introduced site-directed mutations into each
candidate RE (Figure 3g) and performed promoter analysis.
When we co-transfected these reporters with XBPIs into
3T3-L1 cells, miR-148a promoter activity was reduced by
50% only in the construct containing mutations in the more
upstream RE (Figure 3h). Chromatin immunoprecipitation
analysis also revealed that XBPls could directly bind to the
miR-148a promoter region containing this motif (Figure 3i).
Taken together, these results clearly demonstrate that XBP1 is a
novel regulatory factor for miR-148a transcription through
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Figure 2 Wnt10b mRNA is a direct target of miR-148a in 3T3-L1 preadipocytes. Cells were transfected with 20 nm of siCON or miR-148a
mimic for 24 h. (@) Expression levels of mature miR-148a were analyzed using real-time PCR. (b) Expression of Wnt10Ob mRNA and
protein was analyzed using real-time PCR and immunoblot analyses. Immunoblot bands were quantified with densitometry analysis.
Beta-actin was used as the loading control. (c) Schematic representation of Wnt10b 3'UTR with the putative miR-148a-binding site in
mammals. Seed regions are shown with a gray background. (d) Green fluorescent protein (GFP) expression levels analyzed by immunoblot
analysis and densitometry. Empty vector (pEGFP) or pEGFP reporter vector containing Wnt10b 3'UTR (pEGFP-3’UTR) was co-transfected
with siCON or miR-148a mimic in HEK293T cells. Beta-actin served as the loading control. (e) Luciferase activities. Super TOPFlash
construct was co-transfected with siCON or miR-148a mimic for 48 h. Beta-catenin was used as a positive control. The data are expressed
as the mean +s.e.m. from three separate experiments (*P<0.05 compared with the siCON).

direct binding to an XBP1 RE at the promoter region of As expected, the miR-148a mimic significantly decreased
miR-148a in 3T3-L1 cells. Wnt10b mRNA levels at 6 days post differentiation (P<0.05;
Figure 4c) and increased Nile Red staining (threefold) and
intracellular triacylglyceride accumulation (30%; P<0.05;
Figures 4d and e). These findings strongly indicated that the
adipogenic potential of XBP1-KD cells could be successfully
recovered by miR-148a overexpression. An adipogenic key
transcription factor (PPARy) and a mature adipocyte marker
(adiponectin) were also significantly increased by miR-148a

miR-148a mimic restores adipogenic potential in
XBP1-deficient cells
We previously reported that XBP1 is an important regulator
of Wntl0b during adipogenesis.!® Here we provide a novel
mechanism for XBPIl-mediated suppression of WntlOb
through directly inducing miR-148a. To verify that miR-148a
a2 dow{nstream ﬁ-mctlonal effector- n XBI?I—-mduced mimic treatment at both the mRNA and protein levels
adipogenesis, we examined whether a miR-148a mimic could L
. . (P<0.05; Figures 4f and g). However, C/EBPa levels
reverse Wnt10b mRNA levels and therefore rescue adipogenesis . . o
. . . showed a tendency to increase by miR-148a mimic; however,
in XBP1-deficient 3T3-L1 cells. As shown in Figure 1, Wnt10b . L .
. . this was not statistically significant. These data demonstrate
mRNA was increased by XBP1 knockdown, and it was . . -
. . .. that miR-148a is an important downstream effector
significantly (P<0.05) suppressed by the miR-148a mimic . ) . . )
. . molecule of XBPl-induced adipogenesis by silencing
(Figure 4a). However, results from promoter analysis revealed Wnt10b mRNA
that miR-148a failed to affect WntlOb transcription nt10b m )
(Figure 4b). These findings clearly suggest that there are two
distinct mechanisms involved in XBP1l-mediated Wnt10b DISCUSSION
regulation: direct transcriptional repression and miR-148a- miR-148a is highly abundant in adipose tissues.?*%* It is
mediated post-transcriptional silencing. strongly induced during adipogenic differentiation in mouse
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Figure 3 miR-148a transcription is directly regulated by XBP1s in 3T3-L1 preadipocytes. (a, b) Expression levels of XBP1s mRNA and
miR-148a measured with real-time PCR. Cells were transfected for 24 h with siCON or siXBP1 (a) and empty vector (EV) or mouse
pcDNA3.1-mXBP1s (b). (c) Schematic chromosomal position of the mouse miR-148a gene. miR-148a precursor sequences are shown with
a gray background. The levels of primary miR-148a (Pri-miR-148a) were measured with conventional RT-PCR analysis and densitometry.
(d) Putative Pri-miR-148a transcription start sites (TSSs) were predicted as described in the Materials and Methods section, and deletion
luciferase reporter constructs (#1 to #6) were generated as indicated. (e, f) Luciferase activities. Each deletion construct (e) or construct
#3 (f) were co-transfected into HEK293T cells with EV or pcDNA3.1-mXBP1s as indicated, and luciferase activities were determined from
each cell lysate. (g, h) DNA sequences of two putative XBP1-binding sites in the miR-148a promoter region are shown in gray. To
determine whether these sites are responsible for XBP1 binding, two different mutants (ml and m2) were created using site-directed
mutagenesis as indicated. Then, miR-148a promoter activities were measured in cells co-transfected with wild type (WT) or each mutant
construct and pcDNA3.1-mXBP1s. (i) Chromatin immunoprecipitation analysis performed with anti-XBP1 antibody or control 1gG using
lysates from 3T3-L1 preadipocytes. The amount of immunoprecipitated miR-148a promoter region (-450/—302 bp) was quantified with
PCR. For input, total chromatin (1/10 volume of chromatin used for immunoprecipitation) was subjected to PCR. All data are presented as
the mean +s.e.m. of three independent experiments (*P<0.05 compared with siCON, EV or WT).
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Figure 4 Ectopic expression of miR-148a rescues adipogenesis in XBP1-deficient 3T3-L1 preadipocytes. (a, b) Cells were transfected with
siCON, miR-148a mimic and siXBP1 as indicated. (@) miR-148a and Wnt1Ob mRNA levels were determined with real-time PCR.
(b) Luciferase activities. Cells were co-transfected with pGL2-mWnt10b promoter-Luc reporter vector, and promoter activity was assessed at
48 h post transfection. (c—g) Determination of adipogenesis. siCON or miR-148a was transfected into 3T3-L1 cells in which XBP1 is stably
knocked down, and adipogenic differentiation was induced for 6 days. (c) miR-148a and Wnt10b mRNA levels measured with real-time
PCR. (d, e) Levels of intracellular triacylglycerol accumulation assessed by Nile Red staining (d) and measurement of triacylglycerol
content (e). (f, g) Expression of PPARy2, adiponectin and C/EBPa examined by real-time PCR (f) and immunoblot analyses (g). The data
are expressed as the mean+s.e.m. of representative analyses from three separate experiments (*P<0.05 compared with the siCON;
#P<0.05 compared with the miR-148a mimic-untreated; NS, no significant difference).

3T3-L1 cells®?® and adipose-derived mesenchymal stem
cells.”?” Moreover, miR-148a levels are increased in obese
mice and humans.” These findings strongly suggest an impor-
tant role for miR-148a in the regulation of adipogenesis and in
the development of obesity or other metabolic disorders.
However, the precise regulatory mechanisms involved in its
transcription remain unclear. From that point of view, the
most notable finding in our study is that XBP1s may be a novel
transcriptional activator for miR-148a in differentiating 3T3-L1
cells. When we altered the expression of XBP1 in 3T3-L1 cells,
miR-148a levels changed accordingly. The levels of miR-148a
were significantly downregulated by XBP1 knockdown
during adipogenic differentiation (Supplementary Figure S1).

In addition, we revealed an XBP1-specific RE in the promoter
region of miR-148a. These findings clearly suggest that XBP1
is an upstream regulator of miR-148a transcription.
However, when we compared expression patterns in the early
differentiation period, no correlation was found between
XBP1s and miR-148a (Supplementary Figure S1). As we
previously reported, the level of XBP1 mRNA was increased
in two phases: a strong peak at ~6 h and a less potent peak on
day 6 after the induction.!> miR-148a expression, consistent
with previous reports, was not increased within 24 h, but it
began to increase at 6 days after adipogenic induction
(Supplementary Figure S1).7?° In the same context, the
cAMP-response element-binding protein (CREB), which is
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known to regulate adipogenesis during the very early period,
has been recently suggested as a putative upstream regulator of
miR-148a.7*® Therefore, it is reasonable to assume that
additional transcriptional factors or cofactors induced by
adipogenic differentiation stimuli may be needed for XBPI-
or CREB mediated miR-148a production.

The Wnt/p-catenin pathway has been implicated in many
pathophysiological aspects of adipose tissue metabolism and
disorders. Therefore, manipulating the Wnt/p-catenin pathway
in adipose tissue is an attractive drug-development strategy to
combat obesity-associated metabolic complications. Of a total
of 19 Wnts, Wntl and WntlOb are regarded as typical
anti-adipogenic isotypes,?’ and the latter is considered to be
the most potent anti-adipogenic Wnt ligand. Previously, we
suggested that Wnt10b transcription is specifically repressed by
XBP1s during adipogenic differentiation of 3T3-L1 cells,'® and,
in this study, we showed the involvement of miR-148a in
XBP1-mediated suppression of Wntl0b. A miR-148a mimic
significantly downregulated Wnt10b at both the mRNA and
protein levels by binding to the 3'UTR of Wnt10b mRNA in
3T3-L1 cells. Consistent with our findings, Aprelikova et al.??
recently suggested that WntlOb is a potential target of
miR-148a in cancer-associated fibroblasts. These findings
provide novel information that XBPls can downregulate
WntlOb expression through both transcriptional and
miR-148a-mediated  post-transcriptional ~mechanisms  to
facilitate adipogenesis of 3T3-L1 cells. However, the evidence
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/ ACL pCREB

[ miRusa |

I 1
—
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ADIPOGENESIS

Figure 5 Diagram of XBP1l-mediated adipogenesis. Accumulating
evidence has indicated that XBP1 plays a critical role in
adipogenesis by regulating important pro- and anti-adipogenic
molecules such as PPARy2, Wnt10b and C/EBPa. In this study, we
demonstrate that miR-148a is a novel downstream effector in
XBP1-mediated adipogenesis through silencing Wnt10b mRNA.
Refer to the Discussion section for a detailed explanation.
ACL, ATP-citrate lyase; DNMT1, DNA methyltransferase 1; XBP1,
X-box binding protein 1.
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provided in this work is not sufficient to determine the
relative contribution of direct and indirect mechanisms to
XBP1-induced Wntl0b repression. We may be able to
determine such contributions by comparing the temporal
expression patterns of XBP1s, Wnt10b and miR-148a during
adipocyte differentiation. As mentioned earlier, the XBP1
mRNA level was increased in both the early and late phases,
whereas miR-148a was increased only in the late phase of
adipogenesis (Supplementary Figure S1). On the basis of these
findings, the simplest explanation for this discrepancy in
temporal expression patterns between XBP1s and miR-148a
is as follows: XBP1 downregulates Wntl0b mRNA by a
transcriptional mechanism during the early phase!® and by
miR-148a-mediated post-transcriptional mechanism in the late
phase of adipogenesis. Moreover, a miR-148a inhibitor
increased Wnt10b mRNA levels only in the late phase after
induction (Supplementary Figure S3), suggesting that
miR-148a may have no effect on Wntl0b mRNA in the
early phase. Further research will be needed to reveal the
mechanisms involved in the time-dependent and interactive
regulation among miR-148a, Wntl0b and XBPls during
adipogenesis.

Wntl0b inhibits adipocyte differentiation by blocking the
induction of C/EBPa and PPARy in the early phase of
adipogenesis;**3! however, its role in the late phase is relatively
unknown. What is the role of miR-148a-induced silencing of
Wntl0b in the late phase of adipogenic differentiation? In this
study, the miR-148a mimic downregulated the mRNA level of
Wntl0b, and it concurrently rescued adipogenic potential and
the expression of PPARy2 in XBP1-KD cells (Figure 4).
Therefore, it is plausible that in addition to directly suppressing
Wntl0b transcription during the early phase of adipogenesis,
XBP1s may intensify adipogenic differentiation by inducing
miR-148a, which, in turn, can disinhibit Wntl10b-mediated
suppression of PPARy2 during the late phase of adipogenesis.
Moreover, considering that important pro- and anti-adipogenic
molecules such as PPARy2,'> Wnt10b'® and C/EBPa!* are
regulated by XBPls, our data identifying miR-148a as an
additional target molecule for XBP1s strongly support the idea
that XBP1 plays a critical role in adipogenesis through multiple
mechanisms (Figure 5).

It is well known that each microRNA can regulate the
expression of more than 100 target genes.*> Thus, it is not
unlikely that molecular targets other than Wntl0b may be
involved in XBP1-mediated adipogenesis. For example, DNA
methyltransferase 1 was reported to be a target of miR-148a
during adipogenesis,”® indicating that miR-148a might
participate in XBPI-induced adipogenesis through Wnt-
independent mechanisms (Figure 5). In addition, while we
were preparing this manuscript, Wntl was suggested as a
potential target of miR-148a in human adipose-derived
mesenchymal stem cells.” One notable finding from this study
is that, in contrast to our findings, the Wnt10b level was not
reduced by miR-148a. In this context, the transcription of only
Wntl0b, but not Wntl, was found to be suppressed by XBP1s
in our previous report.!® With the information currently



available, we could not explain the differential regulatory
mechanisms involved in miR-148a-induced silencing of
Wntl and WntlOb. However, part of the answer to this
question may be found in several lines of evidence, suggesting
that microRNA functions are frequently cell-type-specific. For
example, many studies have reported that the inhibitory effects
of miR-148a on Wnt10b depend on the cellular context.?>3334
It has also been reported that miR-148a silences DNA
methyltransferase 1 in 3T3-L1 cells?® but not in human
mesenchymal stromal cells,” suggesting the presence of
species-dependent activities of miR-148a. Further evidence is
required to determine whether miR-148a activities are cell-
type- or species-specific.

In summary, for the first time, we found that XBP1s could
stimulate adipocyte differentiation by directly activating
miR-148a-mediated suppression of Wnt10b. With the known
regulatory function of XBPls on the key pro- and anti-
adipogenic molecules such as C/EBPa, PPARy2 and Wntl0b,
our data suggesting a novel mechanism involving miR-148a
also support our hypothesis that XBP1 may be an essential
regulator for adipogenesis.
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