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MicroRNA-455 regulates brown adipogenesis via a
novel HIF1an-AMPK-PGC1a signaling network
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Abstract

Brown adipose tissue (BAT) dissipates chemical energy as heat and
can counteract obesity. MicroRNAs are emerging as key regulators
in development and disease. Combining microRNA and mRNA
microarray profiling followed by bioinformatic analyses, we identi-
fied miR-455 as a new regulator of brown adipogenesis. miR-455
exhibits a BAT-specific expression pattern and is induced by cold
and the browning inducer BMP7. In vitro gain- and loss-of-function
studies show that miR-455 regulates brown adipocyte differentia-
tion and thermogenesis. Adipose-specific miR-455 transgenic mice
display marked browning of subcutaneous white fat upon cold
exposure. miR-455 activates AMPKa1 by targeting HIF1an, and
AMPK promotes the brown adipogenic program and mitochondrial
biogenesis. Concomitantly, miR-455 also targets the adipogenic
suppressors Runx1t1 and Necdin, initiating adipogenic differentia-
tion. Taken together, the data reveal a novel microRNA-regulated
signaling network that controls brown adipogenesis and may be a
potential therapeutic target for human metabolic disorders.
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Introduction

Obesity is a pandemic and major contributor to metabolic syndrome

and disorders such as type 2 diabetes, cardiovascular disease, and

some cancers. Of the two types of adipocytes, white adipocytes

specialize in energy storage, while brown adipocytes specialize in

thermogenic energy expenditure [1]. Adult humans have functional

brown adipose tissue (BAT) [2–6], raising the possibility of counter-

acting obesity through enhancing the development and activity of

brown adipocytes. In addition to the classical BAT located in the

interscapular depot of rodents, recruitable BAT (also known as

“inducible,” “beige,” or “brite” BAT) represents UCP1-expressing

brown adipocytes emerging in subcutaneous white adipose tissue

(sWAT) upon stimulation [7].

Increasing evidence has demonstrated that microRNAs, a class of

short non-coding RNAs, represent a fundamental layer in the regula-

tion of gene expression [8] and are important regulators of diverse

biological processes such as development, disease, and establish-

ment of cell identity [9]. Recently, microRNAs, including miR-193b/

365 [10], miR-196a [11], miR-155 [12], and miR-133 [13], have been

reported to modulate brown adipocyte differentiation by targeting

adipogenic regulators. Brown adipogenesis is a complex process

requiring coordination of multiple regulators and signaling path-

ways. It has been suggested that microRNAs form links to regulate

BAT development by affecting the expression of key genes [14].

However, it remains uncertain how microRNAs may modulate and

integrate multiple signaling networks leading to mitochondria

biogenesis and UCP1 expression, the defining signature of brown

adipogenesis. We and others have previously demonstrated that

bone morphogenetic protein (BMP) 7 is essential for the develop-

ment of both classical BAT [15,16] and recruitable beige fat [17–19]

Additionally, the BMP signaling pathway can regulate microRNA

biogenesis [20]. We therefore hypothesized that microRNAs may

mediate BMP7’s effect in regulating brown/beige adipocyte differen-

tiation and function. Pairing microRNA and mRNA microarray profil-

ing with mirBridge bioinformatic analysis [21], here we show that
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miR-455, a BMP7-induced microRNA, promoted brown adipogenesis

of committed preadipocytes and non-committed progenitor cells by

inducing PGC1a expression and mitochondria biogenesis. We

demonstrate that miR-455 targets several key adipogenic regulators

including Necdin, Runx1t1, and hypoxia-inducible factor 1 a inhi-

bitor (HIF1an). Necdin and Runx1t1 are important adipogenic

suppressors gating an adipocyte differentiation program, while

HIF1an is a hydroxylase that modifies AMP-activated kinase

a1 subunit (AMPKa1) by hydroxylation. We uncover that HIF1an

can directly hydroxylate AMPKa1 and thereby inhibit its activity.

Thus, miR-455 suppresses Necdin and Runx1t1 to initiate adipogenic

program, and suppresses HIF1an to activate AMPKa1 which in turn

acts as a metabolic trigger to induce a brown adipogenic program.

Results

Identification of microRNAs regulating brown
adipocyte differentiation

Most microRNAs regulate gene expression by targeting the 30 UTR
of mRNAs, leading to translational repression and/or mRNA degra-

dation. It remains a challenge to identify candidate microRNAs and

targets involved in a given signaling pathway since multiple micro-

RNAs may be involved and each can have hundreds of predicted

targets. To this end, we undertook a multipronged approach by

combining microRNA and mRNA expression profiling followed by

computational analysis using mirBridge [21] to identify candidate

microRNAs that may regulate brown adipocyte differentiation

(Fig 1A). We have previously demonstrated that the developmental

regulator BMP7 can trigger commitment of the multipotent

mesenchymal cell C3H10T1/2 to the brown adipocyte lineage [15].

Thus, we first performed microRNA array analysis on C3H10T1/2

cells treated with BMP7 or vehicle to obtain a list of microRNAs

differentially regulated by BMP7 stimulation (Fig 1A, Dataset EV1).

Next, we performed mRNA microarray analysis on BMP7 or vehi-

cle-treated C3H10T1/2 cells to identify genes regulated by BMP7

(Dataset EV2), and subjected these candidate genes to mirBridge

analysis [21] to predict microRNAs whose putative target sites are

specifically enriched in the 30 UTR of BMP7-regulated genes

(Dataset EV3). Since C3H10T1/2 cells became committed to the

brown fat lineage upon BMP7 pretreatment [15], and the genes

identified from the mRNA microarrays are potential candidates for

determining brown adipogenic commitment and differentiation,

therefore the microRNAs predicted by this workflow (Appendix

Table S1) would involve in the regulation of brown adipocyte

differentiation.

To further narrow down our list of putative microRNA regula-

tors, we examined the tissue specificity of our candidates using

qRT–PCR (Appendix Fig S1) and found that miR-455-5p and miR-

455-3p displayed a BAT-specific expression pattern, with miR-455-

3p (miR-455 hereafter) as the dominant and highly expressed form

(Fig 1B). Interestingly, miR-455-5p expression was previously

reported to be induced during brown adipocyte differentiation [22].

miR-455 expression was up-regulated during BMP7-induced brown

adipocyte differentiation of both committed brown preadipocytes

(Fig 1C) and multipotent progenitor C3H10T1/2 cells (Fig 1D).

In addition, miR-455 expression in the interscapular BAT and

sWAT was induced by cold exposure (Fig 1E), suggesting that

miR-455 could potentially mediate cold-induced thermogenesis.

Importantly, the expression of miR-455 was also significantly higher

in human BAT versus human WAT collected from anatomically

defined neck fat of human subjects (Appendix Table S2) in paired

comparisons for each subject (P = 0.018, Fig 1F). This pattern was

concordantly parallel to UCP1 expression in BAT and WAT of the

same individuals (P = 0.018, Fig 1G). Thus, these data strongly

suggest that miR-455 is a genuine BAT marker for both rodents

and humans.

Our data demonstrated that miR-455 is a downstream effector of

BMP7 (Fig 1A, C and D) and cold exposure (Fig 1E). BMP7 induces

Smads and p38MAPK/ATF2 signaling pathways, and cold activates

cAMP signaling via beta3-adrenergic receptor. Bioinformatic analy-

sis identified a number of Smad-binding elements (SBEs) and

cAMP-responsive elements (CREs) present in the promoter region of

miR-455 (Appendix Fig S2). Because SBEs mediate Smads-induced

transcription and CREs are responsible for conveying p38APK/ATF2

and cAMP-induced transcription, these data suggest that the

upstream signals, such as BMP7 and cold, could directly regulate

miR-455 expression via SBEs- and CREs-mediated transcriptional

control.

miR-455 promotes brown adipogenesis in committed brown and
white preadipocytes and non-committed multipotent progenitor
cells in vitro

To assess the function of miR-455, we first overexpressed miR-455 in

brown preadipocytes by lentiviral transduction (Fig 2A and

Appendix Fig S3A). Overexpression of miR-455 in brown preadipo-

cytes induced the cells to differentiate into mature brown adipocytes

with (Appendix Fig S3B and C) or without (Fig 2B and C) the

normally required adipogenic inducers. This was evidenced by both

lipid accumulation (Fig 2B and Appendix Fig S3B) and increased

expression of adipogenic and brown fat-selective genes (Fig 2C and

Appendix Fig S3C). These results suggest that miR-455 is capable of

turning on the brown adipogenic program in committed brown fat

progenitors.

Interestingly, while overexpression of miR-455 in white preadipo-

cyte 3T3-F442A cells only modestly enhanced the differentiation

(Appendix Fig S3D and E), these cells gained propensity for

b-adrenergic stimulation. When exposed to norepinephrine (NE)

treatment, the expression of UCP1 was robustly increased in

miR-455-overexpressing cells compared with control cells (Fig 2D–F).

Similar results were observed in miR-455-overexpressing primary

preadipocytes derived from sWAT (Fig EV1) and a selected popula-

tion of beige fat precursor cells in sWAT based on cell surface

expression of Sca-1 (ScaPCs) [17] (Fig EV2). These data suggest that

miR-455 may work in concert with sympathetic signals to recruit

beige adipocyte differentiation.

Furthermore, we also isolated primary preadipocytes from BAT

and sWAT of wild-type (WT) and FAT455 (aP2-miR-455) transgenic

mice, which overexpressed miR-455 in adipose tissue (see below),

and subjected them to standard brown adipogenic differentiation

in vitro. Consistent with the data obtained from established cell

lines, SVFs isolated from BAT and sWAT of FAT455 mice showed

significantly greater degrees of brown adipogenic differentiation

compared with those from WT mice, as evidenced by both lipid
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content (Appendix Fig S4A) and expression of general and brown

fat-selective genes (Appendix Fig S4B and C). These data

demonstrated that miR-455 promoted brown adipogenic differentia-

tion of primary adipogenic precursor cells.

We previously demonstrated that BMP7 prompted commitment

of the multipotent C3H10T1/2 progenitor cells to a brown

adipocyte [15]. When subjected to standard adipogenic induction,

miR-455-overexpressing C3H10T1/2 cells (Fig 2G) were able to dif-

ferentiate into mature brown adipocytes expressing UCP1, PRDM16,

and mitochondrial genes to a level comparable to that of BMP7

pretreatment (Fig 2H and I, miR-455 + vehicle versus

vector + vehicle and miR-455 + vehicle versus vector + BMP7).

A

C

E F G

D

B

Figure 1. Identification of microRNAs mediating BMP7-induced brown adipogenesis.

A microRNA and mRNA arrays were performed on C3H10T1/2 cells treated with vehicle or BMP7. The gene sets from the mRNA arrays were subjected to mirBridge
analysis to predict the microRNAs. microRNA candidates were selected as those with up- or down-regulation by > 1.5-fold in microRNA arrays and P < 0.05 in
mirBridge analysis (Appendix Table S1).

B miR-455 expression in different tissues of C57BL/6 and S1-129 mice at the age of 5 weeks (n = 5–6).
C, D miR-455 expression during the differentiation of brown preadipocytes (C) and C3H10T1/2 cells (D). Shown is a representative of four independent experiments for

each cell type.
E C57B/L6 mice were maintained at thermoneutral temperature, room temperature (RT), or 5°C (cold) for 7 days, and miR-455 expression was quantified by qRT–PCR

(n = 6).
F, G Expression of miR-455 (F) and UCP1 (G) in human BAT versus sWAT from 7 individuals (Appendix Table S2) quantified by qRT–PCR was expressed in arbitrary units.

Data information: Data were analyzed with Student’s t-test (B–E) or the Wilcoxon matched-pairs signed-ranks test (F, G) and are presented as mean � SEM (*P < 0.05,
**P < 0.01, and ***P < 0.001; n.s., non-significant).
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BMP7 treatment, however, exhibited only trends of further

enhanced expression of brown fat-selective genes (Fig 2I, miR-

455 + vehicle versus miR-455 + BMP7) with only aP2 expression

reaching significance in miR-455-overexpressing cells, suggesting

that BMP7 exerted a modestly additive effect on brown adipogene-

sis in multipotent progenitor cells which already overexpress

miR-455.

In addition, knockdown of miR-455 in brown preadipocytes with

locked nucleic acid (LNA)-antimiR-455 inhibitors significantly

suppressed brown adipogenesis induced by standard cocktail (Fig 3

and Appendix Fig S4D) or BMP7 (Appendix Fig S4E–G), but had no

effect on the expression of Leptin (a white fat marker) or MyoD (a

myocyte marker) (Appendix Fig S4D), suggesting that loss of miR-

455 itself in committed brown adipocytes could not alter lineage

commitment.

miR-455 triggers commitment of multipotent progenitors to
brown fat lineage in vivo

Previously, we demonstrated that implantation of the in vitro BMP7-

treated C3H10T1/2 progenitor cells into immune-compromised mice

resulted in development of brown adipose tissue [15]. To determine

whether the cells overexpressing miR-455 could reconstitute brown

fat in vivo, we implanted C3H10T1/2-miR-455 and C3H10T1/2-GFP

(control, treated with vehicle or BMP7) cells subcutaneously into

athymic nude mice. Indeed, both vehicle-treated C3H10T1/2-

miR-455 cells and BMP7-treated C3H10T1/2-GFP control cells devel-

oped into multilocular UCP1-positive brown adipocytes, whereas

vehicle-treated C3H10T1/2-GFP cells developed into unilocular

UCP1-negative white adipocytes (Fig 4A). These results strongly

support the in vitro observations that miR-455 was able to induce

A B C

D E F

G H I

Figure 2. miR-455 overexpression induced brown adipogenesis in vitro.

A–C miR-455 expression (A), Oil Red O staining (B), and qRT–PCR analysis of gene expression quantified (C) in brown adipocytes (day 17).
D–F miR-455 expression (D), Oil Red O staining (E), and qRT–PCR analysis of gene expression (F) in 3T3-F442A adipocytes (day 8) incubated with 100 lM norepinephrine

(NE) for 4 h.
G–I miR-455 expression (G), Oil Red O staining (H), and qRT–PCR of gene expression (I) in C3H10T1/2 adipocytes (day 8).

Data information: All of the cells were transduced by empty or miR-455 lentiviral vectors. Stably transduced cells were selected, pooled, and differentiated (see Materials
and Methods). Data were analyzed with Student’s t-test and are presented as mean � SEM of a representative of 3 independent experiments each performed in
triplicates (*P < 0.05, **P < 0.01, and ***P < 0.001; n.s., non-significant). Scale bar, 50 lm.
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brown adipogenic commitment and differentiation of multipotent

progenitor cells. More importantly, when subjected to CLAMS analy-

sis, mice receiving C3H10T1/2-miR-455 or C3H10T1/2-GFP-BMP7

implantation exhibited significantly higher oxygen consumption,

CO2 production, and heat generation than the mice receiving control

C3H10T1/2-GFP-vehicle cells (Fig 4B). These results clearly demon-

strated that C3H10T1/2 cells overexpressing miR-455 could reconsti-

tute functional brown fat in vivo, inciting increased energy

expenditure in recipient mice.

miR-455 regulates brown adipogenesis in vivo

To study miR-455 function in an adipose-specific manner in vivo,

we generated transgenic mice expressing miR-455 under the control

of the fatty acid binding protein 4 (FABP4, also known as aP2)

promoter. The aP2 promoter was selected over the adiponectin

promoter because the effect of miR-455 appeared to begin during

early adipocyte differentiation and the use of aP2 promoter allowed

us to capture this initial stage [23]. qRT–PCR confirmed that the

aP2-miR-455 transgenic mice (referred to as FAT455 hereafter)

achieved 60- to 350-fold greater overexpression of miR-455 than WT

mice in all adipose tissues including interscapular (BAT), subcuta-

neous inguinal (sWAT), and epididymal (eWAT) (Fig EV3A). While

aP2 promoter also drove expression of miR-455 in heart, muscle, or

liver, in addition to BAT and WAT, the levels of expression were

much lower compared with those achieved in BAT and WAT. In

addition, we did not observe any effect of miR-455 overexpression

in these tissues in terms of tissue mass and tissue morphology

(Fig EV3D). To determine whether macrophages derived from the

FAT455 transgenic mice overexpress miR-455, we purified macro-

phage/dendritic cells from WAT-SVF or intraperitoneal (i.p.) fluid of

FAT455 mice. As expected, the levels of miR-455 expression in

macrophage/dendritic cells were elevated in FAT455 mice

(Fig EV3B). However, this overexpression did not alter the number/

frequency of macrophage and dendritic cells in the total SVF or

intraperitoneal fluid (Fig EV3C), suggesting that miR-455 over-

expression did not affect the proliferation or differentiation of

macrophage/dendritic cells.

Interestingly, while the FAT455 mice only exhibited a trend of

increased UCP1 expression in BAT and sWAT when kept at room

temperature (Fig EV3E), they displayed significant increases in

UCP1 expression in BAT and marked browning in sWAT, but not

eWAT, upon cold challenge (Fig 4C–E), consistent with the in vitro

miR-455-induced brown adipocyte differentiation of sWAT-ScaPCs

(Fig EV2). Importantly, the cold-exposed FAT455 mice had signifi-

cantly higher maximal thermogenic capacity compared to WT

littermates in response to NE stimulation (Fig 4F and G, and

Appendix Fig S5). Thus, increased expression of miR-455 in

adipose tissue enhances the propensity of fat depots for thermo-

genesis in response to cold. This notion was further supported by

better cold resistance of FAT455 mice compared with WT

littermates (Fig 4H).

A B C D

E F G H

I J K L

Figure 3. LNA-inhibitor-mediated knockdown of miR-455 impaired brown adipocyte differentiation.

A–L Brown preadipocytes were transfected with scramble or LNA-antimiR-455 at 85% confluency. Two days after transfection, the cells were induced to differentiate by
standard differentiation protocol (see Materials and Methods). Cells were harvested at the indicated time points. Oil Red O staining of the cells on day 8 is shown in
(A). The expression levels of miR-455 (B), its target genes (C–E) and adipogenic marker genes (F–L) were analyzed by qRT–PCR. Data were analyzed with Student’s
t-test and are presented as mean � SEM of a representative of three independent experiments each performed in quadruplicates (*P < 0.05 and **P < 0.01).
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More intriguingly, FAT455 mice showed an increase in food

consumption and a trend of increase in water intake (Fig EV3F),

likely due to compensation for the increased thermogenic energy

expenditure. Therefore, we subjected the mice to pair feeding so

that FAT455 mice were fed the same amount of food as WT

littermates. Under pair-fed condition, FAT455 mice displayed a

significant reduction in weight gain upon high-fat feeding

compared to WT littermates (Fig 4I). As a consequence of

enhanced thermogenesis of classical BAT and browning of sWAT,

FAT455 mice had improved insulin sensitivity (Fig EV3G) and

glucose tolerance (Fig EV3H), and better circulating lipid profile

(Fig EV3I).

To determine the essential role of miR-455 in inducing brown

adipogenesis in vivo, we injected LNA-antimiR-455 inhibitor

intraperitoneally into C57BL/6 mice to knock down miR-455 in vivo

(Appendix Fig S6A). Reducing the levels of miR-455 in vivo signifi-

cantly decreased both BAT and sWAT mass but has no effect on

other tissues examined (Appendix Fig S6B). LNA-antimiR-455 inhi-

bitor also suppressed the expression of UCP1, PGC1a, and PPARc in

BAT (Appendix Fig S6C) and inhibited C/EBPa expression in sWAT

(Appendix Fig S6D) as compared to scramble LNA control. Histolo-

gical examination showed no differences in cell size in these two

adipose depots (Appendix Fig S6E). Thus, the reduced adipose

tissue mass was likely caused by reduced adipocyte cell number,

suggesting that LNA-antimiR-455 inhibitor specifically suppressed

preadipocyte differentiation. Together, these data establish a critical

role of miR-455 in differentiation and function of both interscapular

and recruitable BAT in vivo.

miR-455 targets key adipogenic suppressors

Most microRNAs function by suppressing their target gene expres-

sion. To identify miR-455 targets, we used the target prediction tools

TargetScan (www.targetscan.org) and miRTarget2 (mirdb.org).

These tools each projected about 200 miR-455 targets, of which

Runx1t1, Necdin, and HIF1an (hypoxia-inducible factor 1, alpha

subunit inhibitor) were among the top predicted targets. They each

contain at least one highly conserved target sequence perfectly

matching the 7-mer seed region of miR-455 (Appendix Table S3),

suggesting an evolutionarily conserved function of these miR-455/

target pairs. Runx1t1 [24] and Necdin [25] have been previously

shown as adipogenic inhibitors. Interestingly, it was reported that

HIF1an-null mice had an elevated metabolic rate due to increased

UCP1 and PGC1a expression in interscapular BAT [26]. HIF1an, an

asparaginyl (Asn) hydroxylase, is able to modulate the activities of

key biological regulators through hydroxylation.

MicroRNAs inhibit their target gene expression by targeting their

30 UTR, which induces protein translational suppression and/or

mRNA degradation [27]. To determine whether these three genes are

direct miR-455 targets, we quantified the expression of Runx1t1,

Necdin, and HIF1an in brown preadipocytes overexpressing miR-455

on mRNA and protein levels. Both mRNA (Fig 5A) and protein levels

(Fig 5B and C) of the three genes were markedly suppressed by miR-

455 compared to control. Importantly, mRNA suppression by miR-

455 was achieved in a dose-dependent manner (Fig 5A).

To determine whether miR-455 regulates these three genes by

targeting their 30 UTR, we generated reporter constructs containing

luciferase cDNA linked to 30 UTR sequences of these target mRNAs.

When the reporter constructs and miR-455 mimics or inhibitors

were co-transfected into brown preadipocytes, miR-455 mimics

suppressed and miR-455 inhibitor induced luciferase activity signifi-

cantly and in a dose-dependent manner, while scramble (Scr) did

not have any effect (Fig 5D–F). Thus, miR-455 suppressed its target

gene expression by specifically binding to the 30 UTR of the genes.

These findings demonstrated that Runx1t1, Necdin, and HIF1an

were genuine targets of miR-455. The discovery of multiple targets

of miR-455 in brown adipogenic signaling is consistent with the idea

of mirBridge [21] that the target sites of a microRNA could be

enriched in multiple components of the same signaling pathway.

Indeed, the expression of these three target genes was down-

regulated during brown adipocyte differentiation (Fig 3C–E), and

also significantly suppressed by cold in sWAT (Fig EV4A and B),

while cold significantly suppressed Necdin in BAT (Fig EV4C and

D). This is consistent with the up-regulation of miR-455 during

brown adipocyte differentiation (Figs 1C and D, and 3B) and by cold

exposure in both BAT and sWAT (Fig 1E), patterns that highlight

the function of miR-455 for brown adipogenesis. Importantly, the

expression of Runx1t1, Necdin, and HIF1an was significantly

elevated when miR-455 expression was inhibited by LNA-antimiR-

455 (Fig 3C–E), reinforcing the notion that these three genes are

direct targets of miR-455. Interestingly, we also found that miR-455

mediated at least part of the effect of NE on the suppression of

Necdin protein expression (Appendix Fig S7).

miR-455 activates the C/EBPb and AMPK signaling pathways

Runx1t1 suppresses white adipogenesis by interacting with C/EBPb
and inhibiting its transcriptional activity [24]. We first verified that

Figure 4. miR-455 overexpression induced UCP1 expression in vivo.

A, B C3H10T1/2-GFP and -lentimiR-455 cells were injected into the thoracic area of male nude mice subcutaneously (n = 6/group). Five weeks after injection, the
implanted cells were dissected for histology and analyzed by H&E staining and immunostaining (scale bar, 25 lm) (A); CLAMS analysis of nude mice receiving
implant (B).

C–E UCP1 expression of FAT455 mice subjected to a 10-day cold challenge (5°C) (n = 7/group). (C) UCP1 immunohistochemistry of adipose tissues (scale bar, 50 lm).
Western blots (D) and the respective densitometry quantification normalized to tubulin (E).

F Time course of NE-induced oxygen consumption in mice maintained at 5°C for 8 days (n = 6/group).
G Maximal NE-induced thermogenic capacity expressed as DVO2 (maximal VO2 � basal VO2).
H Mice were initially maintained at room temperature and then transferred to cold incubator (5°C). Rectal body temperature was recorded at the indicated time

points using thermoprobe.
I WT and FAT455 mice with similar initial body weight were fed with high-fat diet (HFD) and placed under the condition of single cage pair feeding, where FAT455

mice were fed the same amount of food as WT littermates. Body weights were recorded over time.

Data information: Data were analyzed with Student’s t-test and are presented as mean � SEM (B, E, F, G, H, I) (*P < 0.05, **P < 0.01, and ***P < 0.001).

▸
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overexpression of Runx1t1 completely blocked brown adipocyte dif-

ferentiation (Appendix Fig S8A). C/EBPb has been shown to trans-

activate C/EBPa, PPARc, aP2, and PGC1a promoters [28,29].

Indeed, using chromatin immunoprecipitation and reporter assay,

we demonstrated that miR-455 significantly enhanced the binding of

C/EBPb to the CCAAT binding motif of C/EBPa, PPARc amd aP2

promoters and to the CRE of PGC1a promoter (Appendix Fig S9A)

and hence significantly enhanced the C/EBPb transactivity

(Appendix Fig S9B).

Previously, we reported that Necdin blocked brown adipogenesis

by interacting with E2Fs and blunting its capability to activate

PPARc1 promoter [25]. However, the mechanism by which HIF1an

suppresses brown adipocyte differentiation and/or function is

currently unknown. Interestingly, we found that overexpression of

A

C

D

H I

E G

F

B

Figure 4.
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miR-455 or shRNA knockdown of HIF1an induced phosphorylation

of AMPKa and its downstream substrate ACC without affecting total

amount of AMPKa (Figs 6A and EV5A). This was further verified

in vivo in both BAT and sWAT isolated from FAT455 transgenic

mice with more pronounced effect in sWAT (Fig EV5B). It has been

shown that AMPK activity is increased during brown adipocyte dif-

ferentiation, and siRNA knockdown of AMPK inhibits brown adipo-

genesis [30]. Therefore, the observed activation of AMPKa could

account for one of the mechanisms for miR-455/HIF1an-mediated

brown adipogenesis.

HIF1an is an Asn hydroxylase, which modulates multiple key

biological regulators (such as HIF1a [31], IjB [32], Notch [33])

through b-hydroxylation of Asn residues. Thus, we hypothesized

that HIF1an might suppress AMPK activity through hydroxylation.

The conventional model for enzyme/substrate reaction is that the

molecules physically interact with each other. Therefore, we

performed immunoprecipitation assay to determine the interaction

between HIF1an and AMPK. A specific anti-HIF1an antibody effi-

ciently co-precipitated AMPKa in brown preadipocytes (Fig 6B),

suggesting that HIF1an could physically interact with AMPKa to

regulate AMPKa activity in preadipocytes. The AMPKa subunit is

the catalytic subunit of AMPK and consists of two isoforms,

AMPKa1 and AMPKa2, the former being the dominant isoform

in BAT [34] and WAT [35,36]. To determine which AMPKa
subunit interacts with HIF1an, we precipitated AMPKa proteins

from preadipocytes using isoform-specific AMPKa1 and AMPKa2
antibodies and measured AMPK activity. miR-455 overexpression or

shRNA-mediated HIF1an knockdown significantly increased

AMPKa1 activity (Fig 6C), but had no effect on AMPKa2 activity

(data not shown). These data suggest that an interaction between

HIF1an and AMPKa1 inhibited AMPKa1 activity.

To map the precise molecular location of AMPKa1 where HIF1an

modulates its activity, we mutated five Asn residues to Ala

(Appendix Fig S10A and B) that reside in regions important for

AMPKa1 activity based on AMPKa1 structure [37,38]. Importantly,

mutation of Asn173Ala (mutant 2), which resides within the activa-

tion loop of AMPKa1 and in proximity to the well-defined Thr183

(conventionally named as Thr172 after initial identification in

AMPKa2) phosphorylation site [37,39], resulted in a fourfold

increase of AMPKa1 activity (Fig 6D). Mutant1 (Asn59Ala) and

A

B

C

D

E

F

Figure 5. Molecular targets of miR-455 in brown adipogenesis.

A Target gene mRNAs were quantified by qRT–PCR in brown preadipocytes expressing different levels of miR-455 (v, vector).
B Protein levels of the target genes were determined by Western blots in brown preadipocytes transduced with vector or miR-455 lentiviruses.
C Densitometry quantification of Western blots in (B).
D–F Reporter plasmids containing luciferase cDNA linked to 30 UTR of target genes (HIF1an, Runx1t1, and Necdin) were transfected into brown preadipocytes along

with different dosages of either scramble oligos (scr), miR-455 mimics, or antimiR-455 inhibitors and analyzed for luciferase activity.

Data information: Data were analyzed with Student’s t-test and are presented as mean � SEM of a representative from three independent experiments each performed
in triplicates (*P < 0.05, **P < 0.01, and ***P < 0.001).

ª 2015 The Authors EMBO reports Vol 16 | No 10 | 2015

Hongbin Zhang et al miR-455 is a novel regulator of brown adipogenesis EMBO reports

1385



A B C

D

G

I

L M

J K

H

E F

Figure 6. miR-455 activated AMPKa1 by suppressing HIF1an-mediated hydroxylation of AMPKa1, leading to PGC1a induction.

A–F Experiments performed in brown preadipocytes transduced with the indicated lenti- or retroviruses. (A) Western blot analysis of AMPKa1(Thr172)-phosphorylation.
(B) Immunoprecipitation (IP) with control normal immunoglobulin (Ig) or anti-HIF1an antibody, and probed with anti-HIF1an and anti-AMPKa antibodies. 10% of
cell lysates loaded as input. (C) IP with anti-AMPKa1 antibody first and then quantified for AMPKa1 activity. (D) IP with anti-Flag agarose beads from Flag-AMPKa1
WT or Asn>Ala mutants-expressing brown preadipocytes, and assayed for AMPKa1 activity. (E) Flag-AMPKa1 Mutant2-expressing cells were transduced with empty
vector or shRNA-HIF1an lentiviruses, and then IP with anti-Flag agarose beads. AMPK activity in precipitates was measured. (F) IP of PGC1a from cell lysates as in
(A) using anti-PGC1a antibody. Phospho-serine and phospho-threonine and total precipitated PGC1a were detected by Western blots.

G qRT–PCR analysis of PGC1a expression in the undifferentiated cells overexpressing miR-455.
H–K Mitochondrial gene expression (H-I), DNA ratio of mito-gene (COXII) versus nuclear gene (b-globin) (J), and bioenergetic analysis by Seahorse (K) in undifferentiated

C3H10T1/2 cells.
L, M Expression of fatty acid mobilization and lipolytic genes in brown and white preadipocytes overexpressing miR-455 quantified by qRT–PCR.

Data information: Data were analyzed with Student’s t-test and are presented as mean � SEM of a representative from 3 to 5 independent experiments each performed
in triplicates (C–E, G–M) (*P < 0.05, **P < 0.01, and ***P < 0.001; n.s., non-significant).
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mutant3 (Asn189Ala) resulted in a mild but significant decrease of

AMPKa1 activity, indicating that these two Asn residues may play a

positive role in regulating AMPKa1 activity. Furthermore, shRNA-

mediated knockdown of HIF1an did not increase AMPKa1 activity

when Asn173 residue was mutated (mutant2) (Fig 6E) as it did to

AMPKa1 WT (Fig 6C), demonstrating that Asn173Ala mutation

abolished the suppression of HIF1an on AMPKa1. These data

suggest that Asn173 is an inhibitory residual in AMPKa1 and

hydroxylation of Asn173 by HIF1an may impose an interference that

inhibits the activation of AMPKa1, thereby revealing a novel regula-

tory mechanism for AMPK, which could be mediated by HIF1an-

induced Asn hydroxylation.

miR-455 induces brown adipogenic activators and mitochondria
biogenesis via the HIF1an-AMPK-PGC1a regulatory cascade

AMPK activation leads to a broad range of metabolic consequences.

AMPK can directly activate PGC1a through Ser538- and Thr177-phos-

phorylation [40]. Phosphorylation of PGC1a generates a priming

signal for its deacetylation by Sirt1 [41], which then fully auto-

activates its own promoter and increases transcription of PGC1a
mRNA [42]. Indeed, consistent with activation of AMPKa phospho-

rylation in brown preadipocytes (Fig 6A), miR-455 overexpression

or HIF1an knockdown induced Ser- and Thr-phosphorylation of

PGC1a in vitro (Fig 6F). Furthermore, FAT455 transgenic mice

showed enhanced phos-Ser and phos-Thr levels of PGC1a in both

sWAT and BAT (Fig EV5C), consistent with the in vitro observa-

tion. Since AMPK is so far the only enzyme that has been reported

to induce Thr-phosphorylation of PGC1a, these data suggest that

AMPK might mediate the effects of miR-455 and HIF1an to induce

PGC1a phosphorylation.

In accordance with these findings, we found the expression of

PGC1a mRNA was significantly induced in cells overexpressing miR-

455, including the committed brown and white preadipocytes as well

as undifferentiated C3H10T1/2 cells (Fig 6G). This was accompa-

nied by increased expression of several mitochondrial genes (Fig 6H

and I). PGC1a is known to drive mitochondria biogenesis [43] and

UCP1 expression [44,45]; thus, the observed up-regulation of PGC1a
could account for the miR-455-induced UCP1 expression and brown

adipogenesis. C3H10T1/2 cells overexpressing miR-455 displayed

over twofold increase of mitochondrial DNA copy number (as

indicated by the DNA ratio of the mitochondria gene COXII versus

the nuclear gene b-globin) (Fig 6J), and significant increases in

both basal and maximum respiratory capacity of the cells (Fig 6K).

In addition, miR-455 overexpression in brown and white preadipo-

cytes resulted in induced expression of genes involved in fatty

acid mobilization (such as CD36) and lipolysis (such as ATGL

and HSL) (Fig 6L and M). CD36 is responsible for fuel delivery

to BAT and hence critical for BAT function [46]. ATGL is critical

for maintaining a mature BAT phenotype [47]. Together, the

increased expression of PGC1a and mitochondrial biogenesis as

well as the up-regulation of genes involved in fatty acid

mobilization and lipolysis could contribute to miR-455-mediated

brown adipogenesis.

To determine whether miR-455 induced brown adipogenesis via

a PGC1a-dependent pathway, we overexpressed miR-455 in WT and

PGC1a KO brown preadipocytes [48] (Fig 7A) and subjected them

to standard brown adipocyte differentiation. At day 8, both WT and

PGC1a null cells became lipid-laden cells (Fig 7B), but miR-455-

induced expression of brown fat marker genes such as UCP1, Cidea,

and mitochondria genes was markedly diminished in PGC1a-
deficient cells (Fig 7C), suggesting that PGC1a is essential for miR-

455-induced brown adipogenesis.

To determine whether suppression of HIF1an is a necessary step

for miR-455-induced PGC1a expression, we overexpressed a

mutated human HIF1an transgene, which lacked its native 30 UTR
and was therefore miR-455 insensitive, in miR-455-overexpressing

brown preadipocytes. Indeed, overexpression of this mutant HIF1an

nearly completely blocked miR-455-induced PGC1a expression

(Appendix Fig S8B), demonstrating that suppression of HIF1an by

miR-455 is an indispensable step for miR-455-induced PGC1a
expression.

Discussion

In this study, we have demonstrated that brown fat-specific miR-455

promotes brown adipocyte differentiation by targeting key brown

adipogenic signaling molecules including Necdin, Runx1t1, and

HIF1an (Fig 8). Necdin binds to the E2Fs/DP-1 complex and blocks

PPARc transcription [25]. Runx1t1 interacts with C/EBPb and

impedes its transactivity [24]. Thus, by targeting and suppressing

Necdin and Runx1t1, miR-455 induces the expression of PPARc and

C/EBPb, respectively. C/EBPb activates the expression of PPARc
and PGC1a [29]. PPARc and PGC1a then recruit a transcription

A

C

B

Figure 7. miR-455-induced brown adipogenesis is dependent on PGC1a.

A–C Brown preadipocytes established from PGC1a WT and KO mice were
transduced with control lenti-vector or lentimiR-455 viruses, selected,
pooled, and induced to differentiate by standard differentiation protocol
(see Materials and Methods). On day 8, cells were harvested and
analyzed. Shown are qRT–PCR analysis of miR-455 expression (A), Oil Red
O staining (B), and qRT–PCR analysis of adipogenic gene expression (C).
Data were analyzed with Student’s t-test and are presented as
mean � SEM of a representative from three independent experiments
each performed in triplicates (*P < 0.05, **P < 0.01, and ***P < 0.001;
n.s., non-significant).
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complex, which may contain PRDM16 and EBF2 [49], EHMT1 [50],

and other transcriptional regulators to induce the expression of

brown fat-specific genes [44].

Although it has been reported that HIF1an whole-body knock-

out mice displayed increased UCP1 expression in BAT and

elevated energy expenditure, the underlying molecular mecha-

nism is unknown [26]. In this study, we reveal the molecular

links between miR-455, HIF1an, and AMPK in relation to brown

adipogenesis. Importantly, we have discovered a novel interac-

tion between HIF1an and AMPKa1, where HIF1an inhibits

AMPKa1 activity through asparaginyl hydroxylation. AMPK is

able to directly phosphorylate PGC1a [40] and generate the

primary signal for deacetylation of PGC1a by SIRT1 [41]. This

results in full activation of PGC1a promoter via a positive feed-

back transcriptional regulation [42]. AMPK induces mitochondrial

b-oxidation via activating ACC/Malonyl-CoA/CPT1 pathway in

adipocytes [51–54]. AMPK can also directly activate ATGL

through Ser406 phosphorylation [47], the key enzyme regulating

lipolysis in adipocytes. The lipolytic products in turn function as

the ligands to activate PPARa and PPARd, which can transcrip-

tionally activate PGC1a and UCP1 in brown adipocytes [55].

These studies are consistent with our data showing that miR-455

induces PGC1a expression and phosphorylation, mitochondrial

biogenesis, and expression of fatty acid mobility and lipolytic

genes. Currently, due to the lack of commercially available anti-

body specific to hydroxyl residues, the experiment of direct assess-

ment of hydroxylation of AMPK is not possible. Nevertheless, we

undertake a series of alternative approaches to access the func-

tional correlation between HIF1an and AMPKa1. Our data demon-

strate that AMPK activity could be regulated by miR-455-HIF1an

via a hydroxylation-mediated mechanism. Taken together, we have

uncovered a novel microRNA-regulated signaling network (Fig 8),

whereby miR-455-activated AMPKa1 acts as a metabolic trigger to

initiate mitochondria biogenesis, PGC1a induction, and brown

adipogenesis, and concomitantly, suppression of Runx1t1 and

Necdin by miR-455 allows the cells to enter an adipogenic

program.

Utilizing cell transplantation and adipose-specific transgenic

mouse models, we provide strong evidence to demonstrate that

increasing brown fat mass and thermogenic function in these

animal models due to miR-455 overexpression results in increased

energy expenditure and improved metabolic homeostasis. Since

the suppression of adipogenic inhibitors by miR-455 takes into

effect during early stage of adipocyte differentiation, the selection

of aP2 over adiponectin promoter allowed us to capture this initial

stage of adipocyte differentiation [23]. aP2 promoter also resulted

in expression of miR-455 in other tissues/cell types, such as the

heart, liver, muscle, and macrophages; however, we did not

observe any apparent effect in these tissues/cells. While we

cannot completely exclude the contribution of non-fat aP2-express-

ing cells to the observed phenotypes, based on the findings

presented, it is conceivable to attribute the beneficial metabolic

phenotypes to the increased UCP1 in BAT and browning of sWAT

in the FAT455 mice.

In our LNA-antimiR-455-injection mouse model, depletion of

miR-455 in vivo by the injection of LNA-antimiR-455 inhibitor signif-

icantly reduces both BAT and sWAT mass, suppresses the expres-

sion of UCP1, PGC1a, and PPARc in BAT, and C/EBPa in sWAT

compared to scramble-injection. However, at the systemic levels,

we do not observe any significant effect on body weight, body

temperature upon cold challenge, GTT, ITT, or other serum parame-

ters (insulin, free fatty acid, and triglyceride) by LNA-antimiR-455

treatment. It is conceivable that systemic inhibition of miR-455

using the LNA approach would result in a complex phenotype

because miR-455 targets several adipogenic regulators that impact

both white and brown adipogenesis. Thus, targeted ablation of miR-

455 in a brown fat-specific manner warrants a better therapeutic

intervention for future study.

Interestingly, miR-455, which we identified in current study, and

miR-193b/miR-365, which were previously reported to promote

brown adipogenesis [10], target the same adipogenic suppressor,

Runx1t1. These parallel findings suggest that microRNAs regulating

a specific biological process could co-target the same key regulatory

molecules of the processes [21]. Whether this indicates a comple-

mentary or redundant function among these microRNAs remains to

be determined. Taken together, we have identified a novel

microRNA-mediated signaling network regulating brown adipogene-

sis and thermogenic function. Our identification of miR-455 as a

genuine BAT marker in both mice and humans suggests miR-455

mimics and/or inhibitors as potential therapeutics for treating

obesity and other metabolic disorders.

Materials and Methods

Identification of microRNAs

C3H10T1/2 cells were grown to confluency and then treated with

vehicle (water) or 3.3 nM BMP7 (Stryker) for 3 days. Total RNA

Figure 8. miR-455-regulated signaling network leading to brown
adipogenesis.
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was isolated, half of which was subjected to microRNA array (Am-

bion mirVana Cat#1564 combined with an array of a panel of

selected microRNAs based on the literature, GEO accession number

GSE71157), and the other half was subjected to standard mRNA

array (Affymetrix GeneChip mouse 430A, GEO accession number

GSE71101). Differentially expressed (DE) genes were identified

using MAS 5.0 software (Affymetrix) with P-values ≤ 0.05 as thresh-

old (Dataset EV2) [56]. DE genes from mRNA array were then

subjected to analysis by mirBridge [21] to identify putative micro-

RNAs regulating subsets of the DE genes. In the microRNA array,

one set of BMP7- and vehicle-treated samples was used, and the

microRNAs with ≥ 1.5-fold up-regulation (BMP7/vehicle) or down-

regulation (vehicle/BMP7) were selected as the candidates (Dataset

EV1). In mirBridge analysis, microRNAs with raw P-value ≤ 0.05

were selected as the candidates (Dataset EV3). The microRNAs

commonly selected in both microRNA array and mirBridge were

further selected for tissue expression analysis. The expression of

these microRNA candidates was then examined for their tissue

specificity. Note that the mirBridge dataset (and hence its analysis

result) contains miR-455-5p only, and we included both 455-5p and

455-3p for downstream expression analysis because they are

expected to have similar expression patterns.

Plasmids, cloning, transfection, and transduction

miR-455 lentiviral vector was generated by cloning 660 bp of mouse

genomic DNA harboring pri-miR-455 sequence into pCDH-GFP-Puro

vector (System Biosciences). Luciferase construct Luc-HIF1an-30UTR
was from Applied Biological Materials, and Luc-Runx1t1-30UTR and

Luc-Necdin-30UTR were from GeneCopoeia. aP2-miR-455 construct

was generated by linking 5.8 kb mouse aP2 promoter and 660 bp

mouse genomic DNA harboring pri-miR-455 sequence. Lentiviral

HIF1an-shRNA vector and Runx1t1 expression vector were from

Applied Biological Materials. Retroviral expression vector of human

Flag-AMPKa1 WT was from Addgene. AMPK mutations were gener-

ated by site-directed mutagenesis based on Flag-AMPK WT. For

transfection, cells at 80% confluence were transfected with PolyJet

(SignaGen Laboratories) following the manufacturer-provided proto-

col. Lentiviruses were obtained by transfecting 293T cells with

lentiviral expression vectors and packing vectors. Viral supernatant

was filtered through 0.45-lm filter before applying to cells. Trans-

duction was done by incubating cells with virus supernatant in the

presence of 4 lg/ml polybrene.

Cell culture

Brown preadipocytes were established as previously described [57].

For the differentiation of brown preadipocytes, the cells were

differentiated with standard differentiation protocol (DMEM

containing 10% FBS, 0.5 mM isobutylmethylxanthine, 1 mM

dexamethasone, 20 nM insulin, and 1 nM T3 for 2 days, followed

by 5–10 days of incubation with DMEM containing 10% FBS,

20 nM insulin, and 1 nM T3) or were maintained in DMEM contain-

ing 10% FBS, 20 nM insulin, and 1 nM T3 for 17 days. For the dif-

ferentiation of LNA-antimiR-455-transfected brown preadipocytes or

PGC1a KO and WT brown preadipocytes established from PGC1a
KO mice and WT littermates [48], the cells were induced by

standard differentiation protocol as above. For the differentiation of

brown preadipocytes by BMP7, the cells were maintained in 3.3 nM

BMP7 throughout the differentiation process. The differentiation of

C3H10T1/2 cells (ATCC) was achieved by pretreating the cells with

3.3 nM BMP7 or vehicle for 3 days, followed by 2 days of induction

with induction medium (DMEM containing 10% FBS, 0.5 mM

isobutylmethylxanthine, 1 mM dexamethasone, 20 nM insulin, and

1 nM T3) and 6 days of differentiation with differentiation medium

(DMEM containing 20 nM insulin and 1 nM T3). 3T3-F442A cells

were differentiated for 8 days with DMEM containing 10% FBS,

850 nM insulin, and 1 nM T3. On day 8, F442A cells were treated

with 100 lM NE or vehicle for 4 h as indicated. sWAT-SVFs from

C57BL/6 mice were induced to differentiation by standard differenti-

ation protocol with supplement of 1 lM rosiglitazone. On day 10,

SVFs were treated with 100 lM NE or vehicle for 4 h before harvest

for analysis. sWAT-ScaPCs established from C57BL/6 mice as

described previously [17] were immortalized and then induced to

differentiation by standard differentiation protocol. On day 8, the

cells were treated with 100 lM NE for 4 h before harvest.

Human adipose tissues

Human neck fat was isolated as described previously [58]. WAT

was defined as the subcutaneous fat, and BAT was defined as the

sample of deep fat that had the highest expression of UCP1. The

human study followed the institutional guidelines of and was

approved by the Human Studies Institutional Review Boards of Beth

Israel Deaconess Medical Center, Joslin Diabetes Center, and Massa-

chusetts General Hospital. Written informed consent was obtained

from all individuals who contributed adipose fat samples.

Isolation of macrophage/dendritic cells

White adipose depots were surgically removed and weighed,

followed by mincing in DMEM containing collagenase (Worthing-

ton). Minced tissues were dissociated in a shaking water bath at

37°C for 1 h, followed by trituration and centrifugation to pellet the

stromovascular fraction. Red blood cells were lysed, and the SVF

was incubated with antibodies against F4/80 and CD11b prior to

FACS sorting. Live/dead cells were indicated by calcein and PI stain,

and from a gate on living cells, F4/80 and CD11b double-positive

cells were counted and sorted into TRIzol reagent for immediate

RNA extraction. Intraperitoneal (i.p.) macrophages were obtained

by aspirating i.p. fluid into DMEM, followed by the same antibody

incubations and sorting paradigms as the SVF macrophages.

Luciferase assay

Brown preadipocytes were co-transfected with Luc-30UTR constructs

and different dosages of miR-455 mimics or antimiR-455 inhibitors

(Exiqon A/S). Luciferase activities were measured using Secrete-Pair

Dual Luminescence Assay Kit (GeneCopoeia, for Luc-Runx1t1-30UTR
and Luc-Necdin-30UTR) or Dual Luciferase Kit (Promega, for

Luc-HIF1an-30UTR) following the manufacturer’s protocols.

RNA and protein analysis

RNA extraction, cDNA synthesis of genes, and quantitative real-time

PCR (qRT–PCR) were performed as previously described [15]. For
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cDNA synthesis of microRNAs, total RNAs were first polyadenylated

using Poly(A) polymerase (New England Biolab) according to the

manufacturer’s recommendation and then subjected to standard

cDNA synthesis using an oligo(dT) adaptor primer. For qRT–PCR

analysis, Ct values < 31 were used for gene expression analysis.

Primers for qRT–PCR are presented in Appendix Table S4. RNU6 (or

human RNU1) and Arbp (38B4) (or human 18S) were used as inter-

nal controls for normalization for qRT–PCR of microRNAs and

protein-coding genes, respectively. All the qRT–PCR results are

expressed as ratio in arbitrary units. Protein detection by Western

blotting was performed as described before [15]. For Western blots,

the following antibodies were used: UCP1 (Santa Cruz, sc-6528);

HIF1an (Abcam, Cat#86176); Runx1t1 (Abcam, ab26161); Necdin

(Millipore, Cat#AB9372); AMPKa (Cell Signaling, Cat#2532), Phos-

pho-AMPKa(Thr172) (Cell signaling, Cat#2531), and Phospho-ACC

(Cell Signaling, Cat#3661); a-tubulin (Sigma, Cat#T6074) and

b-tubulin (Cell Signaling, #2146); and HRP-coupled secondary anti-

bodies (Cell Signaling). For ECL detection, the ECL system (GE) was

used. Densitometry was performed using program ImageQuant

(Molecular Dynamics).

Immunoprecipitation

Brown preadipocytes at confluence were harvested in IP buffer

(50 mM Tris–HCl, pH 7,5, 150 mM NaCl, 1 mM EDTA, 1% NP-40,

0.1% Na-deoxycholate), vortexed, and spun down at 2,000 rpm for

10 min at 4°C. Supernatant protein samples were transferred to new

Eppendorf tubes. For each IP, 300 ll protein sample and 30 ll
Protein G beads (Amersham, prewashed in IP buffer) were incu-

bated with rotation at 4°C for 2 h to preclear. Then, the IP mixtures

were spun down. The supernatants were transferred to new Eppen-

dorf tubes and incubated with 30 ll Protein G beads and 2 lg
HIF1an antibody (Santa Cruz, sc-271780) with rotation at 4°C for

16 h. The beads were then spun down and washed in IP buffer 4

times. After the last wash, 20 ll SDS-protein sample buffer was

added to each sample and boiled for 5 min. The samples then

underwent Western blot analysis. For immunoprecipitation of

PGC1a, limited amount of anti-PGC1a antibody (Santa Cruz,

sc-13067) and excess amount of protein samples were incubated in

order to precipitate equal amount of PGC1a. Phospho-PGC1a and

total precipitated PGC1a were detected by Western blots using anti-

phospho-serine (Millipore, AB1603) and anti-phospho-threonine

(Santa Cruz, sc-5267) and anti-PGC1a antibodies.

Immunofluorescence and immunohistochemistry

For immunofluorescence, paraffin-embedded sections were incu-

bated with antibodies against GFP (Abcam, ab13970) or UCP1

(Anaspec, Cat#53936), followed by incubation with anti-chicken

Alexa 488 and anti-rabbit Alexa 595 (Invitrogen). For immunohisto-

chemistry, UCP1 (Santa Cruz, sc-6529) antibody and Vectastain

ABC kit (Vector Lab) were utilized according to the manufacturer-

provided protocol.

Implantation

Implantation of C3H10T1/2 cells into nude mice was described

previously [15]. Briefly, C3H10T1/2-GFP or -GFP-miR-455 cells

established in vitro were grown in the presence and absence of

3.3 nM rhBMP7 for 3 days to reach confluence. Cells were washed,

trypsinized, and resuspended in growth medium. A total of

1.5 × 107 cells in 0.15 ml volume were injected into the thoracic/

sternum region of 5-week-old BALB/c athymic mice (Charles River

Laboratories, Inc.) using an 18-gauge needle. Five weeks after

implantation, VO2, VCO2, and heat were measured by CLAMS (com-

prehensive laboratory animal monitoring system) over a period of

32 h; 6 weeks after implantation, mice were sacrificed, and adipose

tissues derived from implanted cells were excised and processed for

histological analysis.

Transgenic mouse model

All animal procedures were approved by the Institutional Animal

Care and Use Committee at Joslin Diabetes Center. C57BL/6 mice

(Jackson Laboratory) were used for all animal experiments. aP2-

miR-455 (FAT455) transgenic mice were created by pronuclear

injection of a DNA construct consisting of 5.8 kb aP2 promoter

linked to 661 bp of mouse genomic DNA that harbors the entire

precursor miR-455 sequence. Genotyping primers are presented in

Appendix Table S4. Three FAT455 founders were obtained and

genotyped, and miR-455 expression level was verified.

Pair feeding

FAT455 transgenic mice and WT littermates with similar body

weight at age 7 weeks were placed in singe cage. Each pair contains

a FAT455 mouse and a WT littermate of equal or similar initial body

weight. Sufficient food was provided to the cages of WT littermates,

and food intake was recorded and calculated for each mouse as food

(gram)/body weight (gram) every day. FAT455 mice were fed the

same amount of food [food (gram)/body weight (gram)] as their

paired WT littermates, and the food was added and refreshed to

FAT455 mice every day during pair-feeding period.

Measurement of maximal oxygen consumption by CLAMS

Genetically modified mice and the age-matched WT littermates were

maintained at 5°C for 8 days to activate brown adipose tissue prior

to CLAMS recording. At the time of measurement, the mice were

placed in anesthesia state by the injection of ketamine–xylazine

combination (50 mg/kg ketamine and 10 mg/kg of xylazine) and

then placed in metabolic cage. This will give a 2-h anesthesia period

for the mice. Basal values were recorded for 30 min, followed by

intraperitoneal NE injections (1 mg norepinephrine bitartrate/kg;

Sigma-Aldrich) to maximally activate mitochondrial uncoupling.

The averages of 3 basal measurements (VO2) were calculated as the

basal values for further calculations. After NE injection (t0), the mice

were further recorded for 90 min with a 15-min interval between

each recording. The maximal values (VO2) were calculated as the

average of the three highest values after NE injection. The maximal

thermogenic capacity was calculated by comparing the absolute

difference between basal values and the maximum NE-induced

values (DVO2). Body composition was determined by dual-energy

X-ray absorptiometry (DEXA). VCO2 and heat were determined and

calculated in the same way as VO2. All the values were normalized

as per mouse, per body weight (BW), and per lean mass.
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LNA-antimiR injection

Five-week-old C57BL/6 mice with equal body weight were

injected intraperitoneally with LNA-antimiR-455 inhibitor or LNA

scramble (Scr) (Exiqon A/S) at the dosage of 10 mg/kg body weight,

one injection per week for a period of 11 weeks. The mice were then

sacrificed, and tissues were dissected and analyzed as indicated.

AMPK assay

AMPK assay was measured as previously described [59]. Briefly,

AMPKa1 and AMPKa2 were immunoprecipitated from brown

preadipocytes by AMPK isoform-specific antibodies (gift from Dr.

Laurie Goodyear) or anti-Flag beads (Sigma, for Flag-AMPKa1
mutants or WT-transduced cells), and their activities were deter-

mined by measuring the rate of 32P integration into the AMARA

substrate peptide using ATP-[c-32P] during a phosphorylation assay.

Statistical analysis

Student’s t-test was used in all cellular and animal experiments and

the results are presented as mean � SEM. The Wilcoxon matched-

pairs signed-ranks test was used for human sample analysis.

Randomization was followed in all experiments except pair-feeding

experiment where mice with similar initial body weight were

recruited. No blinding was used in this study.

Expanded View for this article is available online:

http://embor.embopress.org
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