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MicroRNA 34a Inhibits Beige and Brown Fat Formation in Obesity in
Part by Suppressing Adipocyte Fibroblast Growth Factor 21 Signaling
and SIRT1 Function
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Brown fat generates heat through uncoupled respiration, protecting against hypothermia and obesity. Adult humans have
brown fat, but the amounts and activities are substantially decreased in obesity, by unknown mechanisms. Here we show that
elevated microRNA 34a (miR-34a) in obesity inhibits fat browning in part by suppressing the browning activators fibroblast
growth factor 21 (FGF21) and SIRT1. Lentivirus-mediated downregulation of miR-34a in mice with diet-induced obesity re-
duced adiposity, improved serum profiles, increased the mitochondrial DNA copy number, and increased oxidative function in
adipose tissue in both BALB/c and C57BL/6 mice. Remarkably, downregulation of miR-34a increased coexpression of the beige
fat-specific marker CD137 and the browning marker UCP1 in all types of white fat, including visceral fat, and promoted addi-
tional browning in brown fat. Mechanistically, downregulation of miR-34a increased expression of the FGF21 receptor compo-
nents, FGFR1 and BKL, and also that of SIRT1, resulting in FGF21/SIRT1-dependent deacetylation of PGC-1a and induction of
the browning genes Ucp1, Pgc-1a, and Prdm16. Importantly, anti-miR-34a-mediated beneficial effects, including decreased adi-
posity, are likely from multiple tissues, since downregulation of miR-34a also improves hepatic FGF21 signaling and lipid oxida-

tion. This study identifies miR-34a as an inhibitor of beige and brown fat formation, providing a potential target for treating

obesity-related diseases.

he global epidemic of obesity has greatly increased research

interest in adipose biology, particularly that of energy-dissi-
pating brown fat (1). While white adipose tissue (WAT) stores
excess chemical energy, leading to weight gain, brown adipose
tissue (BAT) expends energy as heat through uncoupled respira-
tion via the action of mitochondrial uncoupled protein 1 (UCP1),
protecting against hypothermia and obesity (2-5). Recent studies
discovered a second type of brown-like fat, “beige fat,” which is
present in WAT and is genetically distinct from classical BAT (6).
Interestingly, recent human studies using 2-fluorodeoxyglucose
coupled with positron-emission tomography (PET) scanning
showed that adult humans have brown fat and that the activities
and amounts of brown fat are inversely related to the body mass
index (BMI) and substantially decreased in obesity (3, 7). Increas-
ing energy expenditure by promoting production of brown fat in
BAT and also beige fat in WAT, particularly in obese individuals,
would be an appealing option for weight reduction and for treat-
ing obesity-related diseases.

Brown and beige fat depots develop in response to various
activators, including cold exposure, hormones, exercise, and tran-
scriptional regulators, such as PRDM16, PPARy, SIRT1, and
PGC-1a (8-11). Fibroblast growth factor 21 (FGF21) has been
shown to beneficially affect metabolism and energy balance by
enhancing fatty acid B-oxidation during prolonged fasting and
also by promoting fat browning in WAT, as well as in BAT, in
response to cold exposure in mice (12-16). Importantly, a recent
human study showed that cold exposure increased circulating lev-
els of the brown fat activators FGF21 and irisin and that treatment
with either of these endocrine regulators upregulated browning
genes and promoted thermogenesis (17).

Emerging evidence indicates that microRNAs (miRs) also
function as important regulators that inhibit brown remodeling of
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adipocytes. Muscle-enriched miR-133a directly downregulated
expression of the key transcriptional activator of brown fat differ-
entiation, PRDM16, and cold exposure decreased miR-133a levels
and promoted brown fat cell differentiation (18, 19). Brown adi-
pocyte-enriched miR-155 was also shown to inhibit brown fat cell
differentiation by directly targeting the browning transcription
factor C/EBPB (20). A recent miR expression profiling analysis
revealed that miR-34a levels are elevated in adipocytes from obese
individuals (21), but the functional role of elevated miR-34a in
obesity remains unknown.

In this study, we show that elevated miR-34a in obesity acts as
an inhibitor of beige and brown fat formation. Lentivirus-medi-
ated downregulation of miR-34a in mice with diet-induced obe-
sity increased markers of beige fat in all types of WATSs and pro-
moted additional browning in BAT. In mechanistic studies, we
showed that downregulation of miR-34a increased expression of
the FGF21 receptor complex (FGFR1-BKL) and of SIRTI, con-
tributing to the activation of the browning transcriptional pro-
gram via FGF21/SIRT1-dependent deacetylation of PGC-la.
Importantly, in addition to fat browning in adipose tissue, anti-
miR-34a-mediated beneficial effects, including decreased adipos-
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ity, are likely from multiple tissues, since downregulation of miR-
34a improves hepatic FGF21 signaling and expression of fat
oxidation genes.

MATERIALS AND METHODS

Reagents and materials. Antisense miR-34a, anti-scrambled RNA, a Taq-
Man miRNA assay kit, and small interfering RNAs (siRNAs) for BKL
(596291 and s96292), FGFR1 (566023 and $66025), and SIRT1 (s96764
and s174220) were purchased from Applied Biosystems. Antibodies to
BKL (AF2619) were purchased from R&D Systems. Antibodies to FGFR1
(sc-121), SIRT1 (sc-15404), PGC-1a (sc-13067), RNA polymerase II (sc-
9001), tubulin (sc-8085), and actin (sc-1616) were purchased from Santa
Cruz Biotech, and antibodies for phosphorylated extracellular signal-reg-
ulated kinase (p-ERK) (9101), t-ERK (4695), phosphorylated AMP kinase
(p-AMPK) (2531), t-AMPK (2532), and pan-acetyl-Lys (9441) were pur-
chased from Cell Signaling Technology. Antibodies for CD137 (ab64836)
and UCP1 (ab10983 and MAB6158) were purchased from Abcam and
R&D Systems. A NAD/NADH quantitation kit was purchased from Bio-
vision. Antibodies for BKL (LS-B3568) and FGFR1 (nb600-1287), used in
immunohistochemistry (IHC) studies, were purchased from LS Biology
and Novus Biological, respectively. Recombinant FGF21 was expressed in
Escherichia coli and purified as previously described (12).

Animal experiments. To produce mice with diet-induced obesity, 6-
to 8-week-old male BALB/c mice (10 mice/group) were fed a high-fat diet
(HFD) (60% fat; Research Diets, Inc.) for 16 to 24 weeks. Male C57BL/6
mice (6 mice/group) that had been fed a normal diet (ND) or HFD for 14
weeks were purchased from the Jackson Laboratory. In previous studies,
we downregulated elevated miR-34a in mice by using antisense oligonu-
cleotides with 2'-O-methoxyethyl (MOE)-modified ribose sugars (22,
23). Because of the high cost of these oligonucleotides for in vivo studies
and the potential stress due to multiple injections (3 to 5 times), we uti-
lized a lentivirus expressing antisense miR-34a in the current study. Len-
tiviral vectors encoding antisense miR-34a (anti-miR-34) or scrambled
controls (anti-sc) were purchased from System Biosciences Inc. Lentivirus
packaging plasmids pMD2.G and psPAX2 (Addgene) were used to make
Lenti-E, containing anti-scrambled miRs, and Lenti-miR-34ai. Mice were
injected with lentivirus via the tail vein at doses of 1 X 10 to 2 X 10° PFU
in 100 pl phosphate-buffered saline (PBS) and were sacrificed 14 to 21
days after the injection, and adipose tissue, liver, and serum samples were
collected for analysis. For in vivo FGF21 signaling studies, BALB/c mice (3
mice/group) were injected intraperitoneally (i.p.) with FGF21 (0.05 or 0.1
mg/kg of body weight), and 30 min later, adipose tissues from 3 mice were
pooled for preparation of adipose extracts. All animal use protocols were
approved by the Institutional Animal Care and Use and Institutional Bio-
safety Committees at the University of Illinois at Urbana-Champaign.

IHC studies. Primary antibodies to UCP1 and CD137 were visualized
using a biotin-labeled secondary antibody and a peroxidase-coupled
streptavidin kit (Abcam), and the samples were imaged with a Nano-
Zoomer scanner (Hamamatsu). For fluorescence IHC, secondary anti-
bodies labeled with either Alexa Fluor 647 or 488 were used. The nucleus
was stained with DAPI (4’,6-diamidino-2-phenylindole; Invitrogen). The
samples were imaged by confocal microscopy (Zeiss LSM 700).

Mitochondrial DNA copy number. Total DNA was isolated using a
DNA extraction kit (Omega Bio-Tek). A serial dilution standard curve
was prepared, and DNA was quantified by quantitative PCR (qPCR). The
mitochondrial DNA copy number was calculated from the ratio of the
DNA of the COX II gene, a mitochondrial gene, to that of the cyclophilin
A gene, a single-copy nuclear gene.

CS activity assay. Mitochondrial citrate synthase (CS) activity was
measured by use of a kit (Sigma-Aldrich) according to the manufacturer’s
instructions. A total of 1 to 2 pg of protein from subcutaneous inguinal
WAT (scWAT), gonadal WAT (gWAT), or BAT was used for the assay.

NAD™" and NADH measurements. NAD" and NADH levels were
measured by their enzymatic reactions according to the manufacturer’s
instructions (Biovision, Inc.), as previously described (23).
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Differentiation of 3T3-L1 cells. 3T3-L1 cells were cultured in M1
medium (Dulbecco’s modified Eagle’s medium [DMEM], 10% fetal bo-
vine serum [FBS], 4.5 mg/ml glucose, 4 mM glutamine, and 1 mM sodium
pyruvate). Two days after cells reached confluence, adipocyte differentia-
tion was induced by supplementation with M2 medium (M1 medium
containing 0.5 mM 3-isobutyl-1-methylxanthine, 1 .M dexamethasone,
and 1.5 pg/mlinsulin). Two days later, the medium was replaced with M3
medium (M1 medium containing 1.5 pg/ml insulin). M3 medium was
replaced every 2 days. Differentiation of 3T3-L1 fat cells was confirmed by
Oil Red O staining.

Measurement of oxygen consumption rate. Differentiated 3T3 cells
were transfected with anti-miR-34a oligonucleotide, and 48 h later,
palmitic acid (2 mM) was added. Cells were further treated at 30-min
intervals with oligomycin (14 M), the pharmacological uncoupler FCCP
(10 M), or the complex III and I inhibitor antimycin A (4 uM [each]).
The oxygen consumption rate was measured with an XF analyzer (Sea-
horse Bioscience, Inc.).

Construction of Fgfrl 3'UTR-luc plasmids and luciferase assay. A
Spel/HindIII fragment containing the 3’ untranslated region (3'UTR) of
FGFR1 was amplified and inserted into the pMIR plasmid. Mutations
were made by site-directed mutagenesis and were confirmed by DNA
sequencing. Luciferase assays were performed as previously described
(23-25).

qRT-PCR. MicroRNAs were isolated using a miRNA isolation kit
(Ambion). Levels of miR-34a were determined by quantitative reverse
transcription-PCR (qRT-PCR) and normalized to snoRNA202. For
mRNA levels, total RNA was isolated with TRIzol, and levels were deter-
mined by qRT-PCR normalized to 36B4. Primer sequences are available
in Table S1 in the supplemental material.

PGC-1a acetylation and ChIP assays. WAT tissues were pooled from
3 mice, and extracts were prepared and immediately used for immuno-
precipitation (IP) and immunoblotting (IB) acetylation assays as previ-
ously described (23-25). The IP buffer contained 1 uM trichostatin A
(TSA) and 10 mM N-acetylmuramic acid (NAM) to inhibit deacetylation.
Combined anti-miR-34a and siRNA experiments were performed in
3T3-L1 adipocytes to determine the effects of FGFR1, BKL, SIRT1, and
miR-34a on FGF21 signaling, AMPK activation, PGC-1a deacetylation,
and the mitochondrial DNA copy number. The effects on occupancy of
PGC-1a and RNA polymerase II at browning genes were determined by
chromatin IP (ChIP) as previously described (23-25).

RESULTS

Downregulation of miR-34a reduces adiposity in mice with
diet-induced obesity. To investigate functional consequences of
elevated adipocyte miR-34a in obesity (21), we downregulated
miR-34a by lentivirus-mediated expression of antisense miR-34a
in obese BALB/c mice fed a high-fat diet (HFD). Expression of
anti-miR-34a in obese mice reduced adipocyte miR-34a levels in
WAT and BAT to levels near those in lean mice (Fig. 1A) and
significantly reduced body weight (Fig. 1B), while food intake was
not changed (Fig. 1C). Consistent with weight reduction, the
amounts of abdominal fat (Fig. 1D) and different types of visceral
epididymal WATs (eWATs), such as perirenal WAT (prWAT)
and gonadal WAT (gWAT), as well as subcutaneous inguinal
WAT (scWAT), were substantially reduced (Fig. 1E and F). The
weights of adipose tissue and adipocyte sizes, particularly in
eWAT, were markedly reduced in mice expressing anti-miR-34a
(Fig. 1E to H). Notably, all types of WATs, including visceral
gWAT and subcutaneous scWAT, and also BAT, had a brownish
color in obese mice expressing anti-miR-34a (Fig. 1F). Consistent
with decreased adiposity, circulating levels of triglycerides (TG)
and free fatty acids were substantially decreased, serum insulin
and fasting glucose levels were decreased, and serum FGF21 levels
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FIG 1 Downregulation of miR-34a reduced adiposity and improved serum profiles in mice with diet-induced obesity. Male BALB/c mice that had been fed a
normal diet (ND) or a high-fat diet (HFD) for 20 weeks were infected with either empty lentivirus (L-E) or a virus expressing anti-miR-34a (L-34ai), as indicated
(10 mice/group). (A) miR-34a levels in WAT and BAT. (B and C) Body weights (B) and food intake changes (C). Statistical significance between HFD mice
injected with L-E or L-34ai was determined by the Student ¢ test. Data are means and standard errors of the means (SEM) (n = 10). *, P < 0.05; **, P < 0.01; NS,
statistically not significant. (D) Images of abdominal regions. (E and F) Weights (E) and images (F) of different types of WATs and BAT. (G) Oil Red O and
hematoxylin and eosin (H&E) staining of eWAT and BAT. (H) The sizes of adipocytes were measured and quantified from the images of WAT stained with H&E.
(I) Serum levels of the indicated lipid metabolites. For statistical analysis, means and SEM were determined (n = 5 for ND [L-E], 7 for HFD [L-E], and 8 for HFD

[L-34ai]). *, P < 0.05; **, P < 0.01; NS, statistically not significant.

were modestly decreased in anti-miR-34a-expressing mice (Fig.
11). These results indicate that in vivo silencing of miR-34a in mice
with diet-induced obesity reduced adiposity and possibly pro-
moted fat browning in both WAT and BAT.

Downregulation of miR-34a in obese mice increases beige fat
markers in WAT and increases browning in BAT. We examined
in more detail the potential effects of anti-miR-34a on fat brown-
ing. Remarkably, dramatic increases were observed in brown fat-
like depots, detected by UCP1 expression, in visceral eWATSs, such
as prWAT and gWAT, and in subcutaneous scWAT, as well as in
BAT (Fig. 2A). Furthermore, in all types of WATSs, multiocular fat
droplets, characteristic of brown fat cells, were evident in obese
mice expressing anti-miR-34a (Fig. 2A). Consistent with in-
creased mitochondrial UCP1 protein levels in WAT and BAT, the
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mitochondrial DNA copy number was also increased (Fig. 2B),
and the activity of citrate synthase (CS), a marker of mitochon-
drial oxidative function, was also highly elevated in both WAT and
BAT in anti-miR-34a-expressing mice (Fig. 2C). In addition, the
mRNA levels of the browning genes Ucpl, Pgc-1o, and Prdm16 were
increased in each type of WAT (prWAT, gWAT, and sc(WAT), as well
as in BAT, by downregulation of miR-34a (Fig. 2D to F). Notably,
while expression of the key browning gene activator PRDM16 was
increased in WAT (Fig. 2F) and BAT (Fig. 2D), expression of TLE3, a
white fat-selective cofactor antagonizing PRDM16 action (26), was
decreased in eWAT (Fig. 2F) from mice expressing anti-miR-34a. We
also examined expression of lipid-handling genes in adipose tissues.
The expression of most genes involved in lipolysis, fatty acid 3-oxi-
dation, and lipid uptake was increased, whereas that of all tested lipo-
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FIG 2 Downregulation of miR-34a increased mitochondrial function and expression of UCP1 in all types of WATs and BAT. BALB/c mice were treated as
described in the legend to Fig. 1. (A) Immunostaining of UCP1 by IHC. (B) Mitochondrial DNA copy numbers. mDNA and MtDNA, mitochondrial DNA;
nDNA, nuclear DNA. (C) Mitochondrial citrate synthase activities (n = 3).*, P < 0.05; **, P < 0.01. (D to G) mRNA levels of genes involved in thermogenesis
and lipid metabolism as determined by qRT-PCR. Data are means and SEM (n = 5). %, P < 0.05; **, P < 0.01; ***, P < 0.001.

genic genes and the inflammatory genes Trnfo and IL-6 was decreased,
in eWAT from mice expressing anti-miR-34a (Fig. 2G). These find-
ings indicate that silencing of miR-34a in mice with diet-induced
obesity promoted beige-like browning in all types of WATSs, both
visceral and subcutaneous fat, and increased browning in BAT.
Anti-miR-34a-mediated beneficial effects are also observed
in obese C57BL/6 mice. C57BL/6 mice are more prone to diet-
induced obesity and are used frequently in obesity and type 2
diabetes studies (27, 28). To determine whether the anti-miR-34a-
mediated beneficial effects in BALB/c mice (Fig. 1 and 2) also
occur in C57BL/6 mice, we carried out in vivo studies with these
mice. Tail vein injection of a lentivirus expressing anti-miR-34a
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decreased miR-34a levels in WAT and BAT in obese C57BL/6
mice, toward those in lean mice (Fig. 3A), and decreased body
weight, without changes in food intake (Fig. 3B and C). The
amounts of adipose tissues were substantially reduced (not
shown), and abdominal fat levels were also decreased in C57BL/6
mice expressing anti-miR-34a (Fig. 3D). Consistent with the de-
creased adiposity, serum TG and fasting glucose levels (Fig. 3E)
were reduced, and glucose tolerance (Fig. 3F) was also signifi-
cantly improved in these mice. Intestinal TG levels were also re-
duced (Fig. 3E). Serum aspartate transaminase (AST) and alanine
aminotransferase (ALT) levels were only slightly elevated in mice
injected with lentivirus compared to those in uninfected mice

mcb.asm.org 4133


http://mcb.asm.org

Fu et al.

A B 7 C
OND/L-E EIND/L-34ai & HFD/L-E [ HFD/L-34ai Food Intake
E miR-34a AGO [ 4 NS s NS s
o4 * Dy | NS
< 3 20 CIND (L-E) E - 3
. 15 I ND (L-34ai) 240 ¢ 21 =
Eiln ke oo [ EroCe - Zwl b—pepppgp—pgo | 3’
= - A ai > =]
) 00 W HFD (L-34ai) T} 1
wAT @ BAT Bl o . . 0
0 5 8 11 14 17 21 25 0 1 14 17 21 25
Time After Infection (Days) Time After Infection (Days)
D Abdominal fat E Serum Serum Intestinal TG F GTT ND,L-E
Glucose TG level —0— ND,L-34ai
HFD(L-E) HFD(L-34ai) ND(L-E) (mg/dL) (mg/dL) (mg/dL) ~ 410 *:‘— EFB:tZ§4ai
. 150 * 250 250 5
, A 200 e
100 150 150 200
o
- 100 100 S 100
50 50 o
0 T T T T T 1
0 0 0 min o 15 30 60 120
H J . -
Serum Serum Body Temp MtDNA copy number Citrate Synthase Activity
ALT AST (umole/mg/min)
(UIL) (UIL)
0 s~ A waT @ BAT ewaT @ Bar
100 o 15 15 08 * 50
§ i g
30 80 CIND (L-E) =37 < A
OND (L-34a) & Z 10 10 |_' 06 -
20 u END (P-Bsal) 2% g 0.4 3
10 40 FES) S 4 205 05 ' 20
20 9 a 0.2 1.0
0 0 ! Eoo 00 0 00
K |_ = Anti-Sc = Anti-miR34a .
Thermogenic gene expression Palmitate FCCP Palmitate OCR assay:
Oligomycin Antimycin 3T3-L1 cells
eWAT @BAT oo 600
— p
30, 12 1 EE = $Em
] agl 7 o' 400
<* Eol = £ 2 30
Z. 2 s| - 1 § 3 200
4 c 400
E, 8F = _/\_/\ 83 100
g, : ¢ S~
Ucp1 Pgc1a Prdm16 Ucp1 Pgcla Prdm16 S S R T ST T Anti-SC  Anti-miR34a

FIG 3 Anti-miR-34a-mediated antiadipogenic and thermogenic effects in obese C57BL/6 mice. Male C57BL/6 mice (6 mice/group) that had been fed an ND or
HEFD for 14 weeks were injected via the tail vein with a lentivirus expressing anti-miR-34a, and 28 days later, tissues and serum were collected. (A) miR-34a levels
in WAT and BAT. (B and C) Body weights (B) and food intake changes (C). (D) Images of abdominal regions. (E) Serum glucose and serum and intestinal TG
levels. (F) Glucose tolerance test (GTT) results. Serum glucose levels after i.p. injection of glucose are shown. (G) Serum AST and ALT levels. (H) Rectal body
temperature was measured 1 day before sacrifice. (I) Mitochondrial DNA copy numbers. (J) Citrate synthase activities in WAT and BAT. (K) Expression of
browning-related genes in WAT and BAT as measured by qRT-PCR. Statistical significance was determined by the Student # test. Data are means and SEM (n =
6). %, P < 0.05; **, P < 0.01; NS, statistically not significant. (L) Effects of downregulation of miR-34a on oxygen consumption rate (OCR) in differentiated

3T3-L1 fat cells.

(Fig. 3G), indicating that viral infection did not cause significant
liver toxicity. Downregulation of miR-34a also increased body
temperature, mitochondrial DNA copy number, and CS activity
(Fig. 3H to]), and expression of the browning-related genes Ucp1,
Pgc-1a, and Prdm16 was increased in WAT and BAT (Fig. 3K).
Consistent with these effects, downregulation of miR-34a in-
creased the oxygen consumption rate in differentiated 3T3-L1 fat
cells (Fig. 3L). These results indicate that anti-miR-34a-mediated
beneficial effects, including weight loss and enhanced mitochon-
drial functions, are observed in both C57BL/6 and BALB/c mice.

4134 mcb.asm.org

Downregulation of miR-34a in obesity promotes beige fat
production in all types of WATSs. Recent evidence indicates that
there are two distinct types of brown fat cells: an myf-5-positive,
UCP1-positive classical brown fat cell and an myf-5-negative,
UCP1-positive beige fat cell that is present in WAT (5, 29, 30).
Importantly, gene expression patterns in beige fat cells are distinct
from those in either classical BAT or WAT (6). To determine
whether the browning observed in WAT was due to beige fat de-
rived from myf-5-negative precursor cells, we examined the coex-
pression of beige fat-specific CD137 (6) and the general fat brown-
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ing marker UCP1. While CD137 was not detected in BAT, as
expected (6), expression of both CD137 and UCP1 was increased
in all types of WATSs in mice expressing anti-miR-34a (Fig. 4A to
D). These results indicate that in vivo silencing of elevated miR-
34a in obese mice promoted CD137/UCP1-positive beige fat cell
differentiation in all types of WATs.

miR-34a inhibits cold temperature-induced fat browning in
3T3-L1 adipocytes. Recent evidence indicates that miRs function
as important regulators of brown fat remodeling in response to
cold exposure (18, 19). Since downregulation of miR-34a in obe-
sity increased markers for beige and brown fats, we examined the
effects of cold exposure on miR-34a levels and further examined
the potential role of miR-34a in expression of the fat browning
marker UCP1 in differentiated 3T3-L1 adipocytes (Fig. 5A). Ex-
posure of 3T3-L1 fat cells to cold temperature substantially de-
creased miR-34a levels and dramatically increased the mitochon-
drial DNA copy number (Fig. 5B and C). The mRNA levels of the
browning-related genes Ucp1, Pgc-1a, and Prdm16 and the protein
levels of UCP1 detected by IHC were also markedly increased
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upon cold exposure (Fig. 5D and E). Exogenous expression of
miR-34a markedly reversed all these cold temperature-induced
effects (Fig. 5B to E). These results suggest that miR-34a may
function as a general inhibitor of fat browning not only under the
obesity conditions presented above (Fig. 1 to 4) but also upon cold
exposure.

Adipocyte miR-34a and FGFR1-BKL levels are inversely cor-
related. We next investigated the possible mechanisms of anti-
miR-34a-mediated fat browning in obese mice. Recent studies
have shown that FGF21 promotes brown and beige fat formation
in adaptive thermogenesis (14, 17). Surprisingly, a conserved
miR-34a seed sequence was detected within the 3'UTR of the
FGF21 receptor (FGFR1) (Fig. 6A). Furthermore, in previous
studies, we showed that miR-34a attenuated hepatic FGF19 sig-
naling by directly targeting KL (22). BKL is the membrane core-
ceptor for FGF19 in the liver but also for FGF21 in the liver and in
adipose tissue (31). We therefore hypothesized that miR-34a in-
hibits adiposity and fat browning at least in part by targeting the
adipocyte FGF21 receptor complex (FGFRI1-BKL). Indeed, in
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FIG 5 miR-34a inhibits the cold temperature-induced brown fat marker UCP1 in 3T3-L1 fat cells. (A) Experimental outline for differentiated 3T3-L1
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WAT of obese mice, there was an inverse correlation between
expression of miR-34a and FGFR1-BKL in WAT (Fig. 6B), and the
inverse correlation was also detected in 3T3-L1 fat cells (Fig. 6C
and D), supporting this hypothesis.

miR-34a attenuates FGF21 signaling by directly targeting
FGFRI1. To determine whether FGFR1 is a direct target of miR-
34a, the miR-34a binding sequence in the FGFR1 3'UTR or a
mutated sequence was inserted into a luciferase reporter (Fig. 6E).
Downregulation of miR-34a increased reporter activity for the
wild-type (WT) sequence but not the mutated sequence, and con-
versely, overexpression of miR-34a inhibited the reporter activity
only for the WT sequence (Fig. 6F and G). These results indicate
that miR-34a directly downregulates FGFR1 and that the inhibi-
tion is likely mediated by binding of miR-34a to the 3'UTR of the
FGFR1 mRNA.

Downregulation of miR-34a in dietary obesity increases
FGF21 signaling. We next examined the effects of miR-34a on
FGF21 signaling by performing gain- and loss-of-function exper-
iments in differentiated 3T3-L1 fat cells. FGF21-mediated phos-
phorylation of ERK is a measure of FGF21 responsiveness (31, 32).
FGF21 treatment increased levels of activated p-ERK, but these
effects were not detected in cells overexpressing miR-34a, and
conversely, downregulation of miR-34a increased p-ERK levels
(Fig. 7A and B), indicating that miR-34a attenuates adipocyte
FGF21 signaling.

We further examined whether miR-34a acts similarly in eWAT
in mice in vivo (Fig. 7C). Expression of anti-miR-34a in mice with
diet-induced obesity increased mRNA and protein levels of the
FGF21 receptor complex (FGFR1-BKL) (Fig. 7D and E) and also
increased mRNA levels of the early FGF21 target genes and indi-
cators of FGF21 responsiveness Erg-1 and c-Fos (32) (Fig. 7D). In
vivo FGF21 treatment increased p-ERK levels in adipose tissue in
lean mice, but these responses were blunted in obese mice (Fig.
7F). Importantly, lentivirus-mediated expression of anti-miR-34a
increased p-ERK levels in WAT in obese mice in response to
FGF21 treatment (Fig. 7F). These results indicate that adipocyte
FGF21 signaling is impaired in obesity and that downregulation of
miR-34a improves FGF21 sensitivity in adipose tissue.
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Invivo silencing of miR-34a increases adipocyte SIRT1 levels
and deacetylation of PGC-1a. The cold-inducible transcriptional
coactivator PGC-1a has a crucial role in mitochondrial functions
(33), browning of WAT in adaptive thermogenesis upon cold ex-
posure, and induction of a beige fat-promoting mitokine, irisin,
during exercise (10, 14). Transcriptional activity of PGC-1a is
profoundly increased by NAD"-dependent, SIRT1-dependent
deacetylation (34). A recent study showed that FGF21 signaling
enhances SIRT1 deacetylase activity by increasing cellular NAD™
levels, which results in increased PGC-la activity as a conse-
quence of SIRT1-dependent deacetylation (35). Since SIRT1 is a
direct target of miR-34a in the liver (23, 25, 36), we asked whether
downregulation of miR-34a increases NAD " levels and SIRT1 ex-
pression in WAT. Indeed, NAD™ levels and protein levels of adi-
pocyte SIRT1 in WAT, which are reduced in obese mice, were
significantly increased in mice expressing anti-miR-34a (Fig. 7G
and H), and acetylated PGC-1a levels (Fig. 7I) were substantially
decreased by anti-miR-34a expression in both control and FGF21-
treated mice. These findings suggest that downregulation of
SIRT1 and the FGF21 receptor complex by miR-34a increases
PGC-1a acetylation, which would result in decreased transcrip-
tional activity of PGC-1a.

Effects of downregulation of miR-34a on hepatic FGF21 sig-
naling and metabolic gene expression. Since lentiviruses target
multiple tissues, we examined miR-34a levels in metabolic tis-
sues in mice with diet-induced obesity that were injected with a
lentivirus expressing anti-miR-34a. The miR-34a levels were
highly elevated in liver and adipose tissues and markedly in
the pancreas but not in muscle, and injection of the lentivirus
expressing anti-miR-34a led to a substantial decrease in
miR-34 levels in liver and adipose tissues (Fig. 8A). Since the
overall phenotype with regard to decreased body weight results
from integrated actions from multiple metabolic tissues, we
examined the effects of anti-miR-34a on expression of liver
metabolic genes. Increased expression of hepatic genes in-
volved in fatty acid oxidation (Cptl, Mcad, Eci, CytC, and
Ppara) and decreased expression of lipogenic genes (Fas and
Srebp-1c) and gluconeogenic genes (G6Pase and Pepck) were
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FIG 6 miR-34a downregulates the adipocyte FGF21 receptor complex, FGFR1-BKL, by directly targeting the 3"UTRs of the genes. (A) Potential miR-34a target
sequences in FGFR1 3"UTR sequences of different species. GC, AU, and GU wobble base pairing is indicated. (B) Levels of miR-34a and of FGFR1 and BKL
mRNAs in WAT of mice fed an ND or HFD were detected by QRT-PCR. Data are means and SEM (n = 6). **, P < 0.01. (C and D) Differentiated 3T3-L1 cells
were infected with Ad-empty or Ad-miR-34a or transfected with increasing amounts of scrambled RNA (anti-sc) or anti-miR-34a. The miR-34a levels were
measured by qRT-PCR, and protein levels of FGFR1 and BKL were detected. Data are means and SEM (n = 6). **, P < 0.01. (E to G) Cells were transfected with
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were normalized to 3-galactosidase activities. Data are means and SEM (n = 6). *, P < 0.05; **, P < 0.01; NS, statistically not significant.

detected in mice expressing anti-miR-34a (Fig. 8B and C). In
addition to improving adipocyte FGF21 signaling (Fig. 7F),
overexpression of miR-34a compromised FGF21 signaling in
hepatocytes (Fig. 8D), and conversely, downregulation of miR-
34a improved it (Fig. 8E). These results suggest that multiple
tissues, including liver and adipose tissues, contribute to the
anti-miR-34a-mediated overall beneficial metabolic outcomes,
including reduced adiposity.

Both FGF21 signaling and SIRT1 are critical for PGC-1at
deacetylation and the browning gene program induced by anti-
miR-34a. To determine the relative importance of FGF21 signal-
ing and SIRT1 for deacetylation of PGC-la and the browning
gene program, we performed combined antisense miR-34a and
siRNA experiments in 3T3-L1 adipocytes (Fig. 9A). FGF21 treat-
ment increased p-ERK levels, but these increases were abolished
when either FGFR1 or BKL was downregulated by siRNA (Fig. 9B
and C). Moreover, treatment with FGF21 increased activated p-
AMPK levels, and downregulation of FGFR1, BKL, or SIRT1 re-
versed the increase (Fig. 9D), suggesting a potential role of AMPK
in linking FGF21 signaling and increased PGC-1a activity in anti-
miR-34a-treated cells. Notably, anti-miR-34a decreased levels of

November 2014 Volume 34 Number 22

acetylated PGC-1a, and the decrease was reversed by SIRT1
siRNA, as expected (Fig. 9E). Surprisingly, treatment with siRNA
for FGFR1 or BKL also resulted in increased acetylation of
PGC-1a (Fig. 9E), suggesting that deacetylation of PGC-1a is de-
pendent on both FGF21 and SIRT1 functions. Relevant to these
findings, a recent study showed that FGF21 enhances mitochon-
drial oxidative function by activating the AMPK/SIRT1/PGC-1a
pathway (35).

Consistent with increased acetylation and decreased transcrip-
tional activity of PGC-1a (34), downregulation of FGFR1-BKL or
SIRT1 substantially reduced the occupancy of PGC-1a and RNA
polymerase II at the browning-related genes Ucpl, Prdmlé,
Ppary, and C/ebpp (Fig. 9F) and decreased expression of these
browning genes (Fig. 9G), the mitochondrial DNA copy number
(Fig. 9H), and UCP1 protein levels (Fig. 91). These results, to-
gether with findings from the in vivo studies described above, in-
dicate that downregulation of elevated miR-34a in obesity pro-
motes beige and brown fat formation and that both improved
adipocyte FGF21 signaling and SIRT1 functions likely contribute
to the induction of browning genes by increasing activity of
PGC-1a via protein deacetylation.
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DISCUSSION

This study identifies elevated miR-34a in obesity as an inhibitor of
fat browning and a potential target for weight loss and for treat-
ment of obesity-related metabolic diseases. Downregulation of
miR-34a in mice with diet-induced obesity increased expression
of both components of the adipocyte FGF21 receptor complex,
FGFR1 and BKL, and also that of SIRT1 deacetylase, which re-
sulted in FGF21/SIRT1-dependent deacetylation of PGC-1a and
induction of PGC-1a target browning-related genes (Fig. 9]).
These molecular events contributed to increased CD137-positive
beige fat formation in all types of WATS, including even, abdom-
inal visceral fat, and promoted additional browning in BAT.
FGF21 has received substantial attention recently because of its
lipid-lowering and insulin-sensitizing effects (12-16, 35). FGF21
shows beneficial impacts on energy homeostasis by promoting
mitochondrial oxidative metabolism and brown and beige fat
production (12-16, 35). Notably, circulating FGF21 levels are
highly elevated in obese individuals with metabolic syndrome
(37), suggesting that FGF21 signaling might be impaired in obe-
sity (32), but FGF21 resistance in obesity has been controversial in
mouse studies (16, 32, 38). Our data, however, indicate that
FGF21 signaling in adipose tissue and liver hepatocytes is im-
paired in mice with diet-induced obesity under our experimental
conditions, in agreement with such resistance in obesity (32). We
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further provide a mechanistic basis for FGF21 resistance by show-
ing that elevated miR-34a contributes to attenuated FGF21 signal-
ing in obese mice by downregulation of expression of the adi-
pocyte FGF21 receptor complex components FGFR1 and BKL, in
part through direct binding to the 3"UTRs of their transcripts.
Elevated tumor necrosis factor alpha (TNF-a) in obesity inhibits
expression of BKL and impairs FGF21 action in adipocytes (39),
so it is also possible that mechanisms in addition to elevated miR-
34a downregulate BKL levels in obesity.

In addition to promoting beige and brown fat formation in
mice with diet-induced obesity, downregulation of miR-34aled to
weight loss and improved serum lipid and glucose profiles and
increased glucose tolerance. These beneficial metabolic effects are
likely due to integrated actions from multiple tissues. In addition
to restoring FGF21 signaling in adipose tissue, we also observed
that downregulation of miR-34a improved FGF21 signaling in
hepatocytes and increased expression in vivo of hepatic genes in-
volved in fatty acid oxidation. Anti-miR-34a-mediated beneficial
effects on lipid metabolism and fat browning in the present study
are consistent with our previous studies (22, 23) showing that
downregulation of miR-34a ameliorates the liver steatosis that is
observed in obese mice which have aberrantly elevated hepatic
miR-34a levels and, consequently, impaired FGF19 signaling in
the liver. In addition to thermogenesis in adipose tissue, anti-miR-
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34a-mediated effects, including improved FGF21 signaling and
stimulation of lipid oxidation in hepatocytes, would contribute to
the overall beneficial impacts, including decreased adiposity.

Although the present study focused on the effect of miR-34a
downregulation in obese animals on fat browning, we also ob-
served that cold exposure of differentiated 3T3-L1 fat cells re-
sulted in decreased miR-34a levels and dramatic increases in mi-
tochondrial DNA copy numbers, expression of the browning
genes Ucpl, Pgc-1a, and Prdml6, and browning differentiation
and, furthermore, that overexpression of miR-34a completely re-
versed these cold temperature-induced browning effects. Consis-
tent with these results, a recent miR expression profiling study
showed that miR-34a was among the miRs that were downregu-
lated upon cold temperature exposure (18). Our findings from
cold exposure studies of 3T3-L1 fat cells, together with in vivo
anti-miR-34a studies on mice with diet-induced obesity and the
effects of anti-miR-34a on increased thermogenic gene expres-
sion, mitochondrial oxidative activity, and body temperature,
suggest that miR-34a may function as a general inhibitor of brown
fat differentiation in adaptive thermogenesis as well as under
obese conditions.

PGC-1a was recently shown to be critical for FGF21-mediated
fat browning upon cold exposure, and FGF21 was shown to in-
crease PGC-1a protein levels without affecting protein stability
(14), but how the transcriptional activity of PGC-1a is upregu-
lated during brown adipocyte differentiation is still unclear. Our
mechanistic studies suggest that a posttranslational modification
of PGC-1a (deacetylation) is important for linking FGF21 signal-
ing and induction of PGC-1la target browning genes. PGC-1la
acetylation levels were increased by downregulation of SIRT1, as
expected (34, 40), but, surprisingly, also by downregulation of
FGFR1-BKL, suggesting that both FGF21 signaling and SIRT1
function are important for deacetylation of PGC-la and its
browning gene activity. The precise mechanism by which FGF21
signaling promotes SIRT1-dependent deacetylation of PGC-1a

November 2014 Volume 34 Number 22

requires further investigation, but our findings suggest that in-
creased AMPK activity may play a role, which is consistent with
recent studies showing that FGF21 enhances mitochondrial oxi-
dation through the AMPK/SIRT1/PGC-1a pathway (35) and that
AMPK increases energy expenditure by upregulating SIRT1 activ-
ity (41). Future studies will be required to understand how the
FGF21 and SIRTI signaling pathways are integrated to regulate
the acetylation status of PGC-1o and the browning gene program.
Notably, each of these components, FGFR1, KL, and SIRT1, is a
direct target of miR-34a, suggesting that miR-34a, which is aber-
rantly elevated in obesity, is a key upstream regulator of genes in
the cellular network that controls energy metabolism.

Increasing energy expenditure by promoting heat-generating
brown fat production in BAT would be an appealing option for
weight loss and for treatment of obesity-related metabolic disor-
ders. However, there are limited amounts of BAT in adult hu-
mans, and more importantly, BAT is substantially reduced and
WAT is increased in obese individuals (7, 42, 43), so it is not clear
whether targeting BAT would have a significant impact on overall
energy balance and weight reduction in obese patients. Moreover,
it is well known that abdominal visceral adiposity strongly corre-
lates with metabolic syndrome and insulin resistance (44). In this
regard, one of the exciting and therapeutically relevant findings
from the present study is that in vivo silencing of miR-34a in mice
with diet-induced obesity not only increased brown fat depots in
BAT but also substantially increased beige-like fat depots in all
types of WATS, including visceral fat. To our knowledge, this is the
first report showing that fat browning and thermogenesis are pro-
moted in mice with diet-induced obesity by downregulation of an
elevated microRNA without exposure of the animals to cold tem-
perature. The effects of anti-miR-34a on increased expression of
the brown fat marker UCP1 in all types of adipose tissues, together
with its beneficial metabolic effects on insulin sensitivity and also
its amelioration of liver steatosis (22, 23), suggest that targeting a
single microRNA in obesity, miR-34a, may provide an effective
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Decreased protein levels by siRNA treatment. (C to H) Effects of downregulation

of FGFR1, BKL, or SIRT1 by siRNA on p-ERK levels (C), p-AMPK levels (D),

acetylated PGC-1a levels (E), PGC-1a occupancy at browning genes (F), mRNA levels of browning genes (G), and mitochondrial DNA copy number (H). Data
are means and SEM (n = 3).%, P < 0.05; **, P < 0.01; ***, P < 0.001. (I) Immunostaining of UCP1 protein. (J) (Left) In mice with diet-induced obesity, elevated

miR-34a attenuates FGF21 signaling and the browning gene program at least in
(FGFR1 and BKL) and the SIRT1 deacetylase. (Right) Downregulation of miR-34;

part by directly targeting both components of the FGF21 receptor complex
a in obese mice improves FGF21 signaling by increasing expression of FGFR1

and BKL and also increases expression and activity of SIRT1, which contributes to deacetylation of PGC-1a and induction of PGC-1a target browning-related

genes.

therapeutic option for combating obesity-related metabolic dis-
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