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Obesity and metabolic syndrome are associated with mitochondrial
dysfunction and deranged regulation of metabolic genes. Peroxi-
some proliferator-activated receptor γ coactivator 1β (PGC-1β) is
a transcriptional coactivator that regulates metabolism and mito-
chondrial biogenesis through stimulation of nuclear hormone recep-
tors and other transcription factors.We report that the PGC-1β gene
encodes two microRNAs (miRNAs), miR-378 and miR-378*, which
counterbalance the metabolic actions of PGC-1β. Mice genetically
lacking miR-378 and miR-378* are resistant to high-fat diet-induced
obesity and exhibit enhanced mitochondrial fatty acid metabolism
and elevated oxidative capacity of insulin-target tissues. Among the
many targets of thesemiRNAs, carnitineO-acetyltransferase, amito-
chondrial enzyme involved in fatty acid metabolism, and MED13,
a component of the Mediator complex that controls nuclear hor-
mone receptor activity, are repressed by miR-378 and miR-378*, re-
spectively, and are elevated in the livers of miR-378/378* KO mice.
Consistent with these targets as contributors to the metabolic
actions of miR-378 and miR-378*, previous studies have implicated
carnitine O-acetyltransferase and MED13 in metabolic syndrome
and obesity. Our findings identify miR-378 and miR-378* as integral
components of a regulatory circuit that functions under conditions
of metabolic stress to control systemic energy homeostasis and the
overall oxidative capacity of insulin target tissues. Thus, these miR-
NAs provide potential targets for pharmacologic intervention in
obesity and metabolic syndrome.
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Metabolic syndrome is a systemic disorder that includes a
spectrum of abnormalities associated with obesity and type

II diabetes. Defects in mitochondrial oxidative metabolism of
fatty acids have been linked to diet-induced obesity and the de-
velopment of insulin resistance in adipose tissue and skeletal
muscle (1, 2). Consistent with the observation that mitochondrial
dysfunction is a risk factor for the development of metabolic syn-
drome, obese individuals have mitochondria with compromised
bioenergetic capacity (3–6).
Mitochondrial biogenesis, thermogenesis, and glucose and fatty

acid metabolism are regulated by peroxisome proliferator-acti-
vated receptor γ coactivator 1 (PGC-1), a transcriptional coac-
tivator that interacts with a broad range of transcription factors (7,
8). The PGC-1 family member PGC-1β is encoded by the Ppargc1b
gene and is preferentially expressed in tissues with relatively high
mitochondrial content, including heart, slow skeletal muscle, and
brown adipose tissue (BAT) (9). Embedded in the first intron of
the Ppargc1b gene are two microRNAs (miRNAs), miR-378 and
miR-378*, which originate froma commonhairpinRNAprecursor
(10). MiRNAs are ∼22-nt single-stranded RNAs that mediate the
degradation or inhibition of specific target mRNAs (11–13). Ap-
proximately one-third of miRNAs are encoded by introns of pro-
tein-coding genes, and frequently intronic miRNAs have been
found to modulate, either positively or negatively, the same bi-
ological processes as the protein encoded by the host gene (14–18).

Several miRNAs have been implicated in metabolic homeostasis
based on loss-of-function studies in mice (16, 19, 20). MiR-33,
encoded by an intron of the sterol regulatory element binding
protein gene, has been shown to collaborate with sterol regulatory
element binding protein to regulate intracellular cholesterol levels
and lipid homeostasis by targeting the adenosine triphosphate-
binding cassette transporter A1, a regulator of cellular cholesterol
efflux (15). Other miRNAs have been linked to the regulation of
glucose metabolism. Silencing of miR-103/107 improves glucose
homeostasis and insulin sensitivity in mice (21). Lin28a, which
inhibits processing of let-7 miRNA, promotes insulin signaling and
confers resistance to high-fat diet (HFD)-induced diabetes (22).
Conversely, let-7 overexpression impairs glucose tolerance and
reduces insulin secretion inmice (22, 23).We recently reported that
pharmacologic inhibition of miR-208a inmice confers resistance to
obesity and improves insulin sensitivity (24). The influence of miR-
208a on systemic energy homeostasis appears to be mediated, at
least in part, by repression ofMED13, a component of theMediator
complex that regulates nuclear receptor signaling (24, 25).
In the present study, we investigated the functions of miR-378

and miR-378* in mice by deleting these miRNAs, leaving the host
gene Ppargc1b intact. We found that mice lacking miR-378 and
miR-378* are protected against diet-induced obesity. Previous
studies have identified numerous metabolic regulatory proteins as
targets for repression by miR-378 and miR-378* (10, 26–28). In
addition, we found that carnitine O-acetyltransferase (CRAT),
a mitochondrial enzyme involved in fatty acid metabolism (29,
30), and MED13 are repressed by miR-378 and miR-378*, re-
spectively. Our findings indicate that miR-378 and miR-378*
function to control the overall oxidative capacity of metabolically
active tissues during periods of dietary stress. These miRNAs thus
serve as potential targets for pharmacologic intervention in obe-
sity and metabolic syndrome.

Results
miR-378 and miR-378* Are Coregulated and Coexpressed with PGC-1β.
miR-378 and miR-378* are generated from a common hairpin
precursor RNA encoded by the first intron of the Ppargc1b
(PGC-1β) gene and are coexpressed with PGC-1β (Fig. 1 A and
B) (10). Although the miRNA* strand of most miRNA pre-
cursors is rapidly degraded, we were able to detect both miR-
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378* and miR-378 in various tissues using quantitative RT-PCR
(Fig. 1B). In response to HFD, Ppargc1b, miR-378, and miR-
378* were up-regulated in parallel in the liver, consistent with
the coregulation of these miRNAs and their host gene (Fig. 1C).
In contrast, we did not detect regulation of these miRNAs in
BAT, white adipose tissue (WAT), skeletal muscle, or heart in
response to HFD (Fig. S1).

Genetic Deletion of miR-378/378* Confers Resistance to HFD-Induced
Obesity. Given the importance of PGC-1β in the regulation of
mitochondrial biogenesis and metabolism (31–33) and the im-
portance of miRNAs in disease, we investigated the role of miR-
378 and miR-378* under conditions of metabolic stress. To ex-
plore the functions of miR-378/378* in vivo, we used homologous
recombination to delete the region of intron 1 of the Ppargc1b
gene encoding miR-378/378* (Fig. 1D). Deletion of miR-378/
378* was confirmed by Northern blot analysis and quantitative
RT-PCR (Fig. 1 E and F). The targeted mutation did not alter the
expression of PGC-1β mRNA or protein in tissues from homo-
zygous mutant mice (Fig. 1 F and G). MiR-378/378* KO mice
were born at normal Mendelian ratios and exhibited no overt
abnormalities under basal conditions.
The functions of miRNAs may be accentuated under con-

ditions of stress (34, 35). Consequently, we subjected miR-378/
378* KO mice to metabolic stress by feeding an HFD. Whereas
WT and mutant mice had comparable weights on normal chow,
KO mice were resistant to obesity induced by the HFD (Fig. 2A).
Body composition analysis by MRI revealed that the weight
difference between miR-378/378* KO and WT mice after 8 wk
on HFD was due to reduced mass of fat depots, with comparable

Fig. 1. Expression and genetic deletion of miR-378 and 378*. (A) The ge-
nomic locus encoding Ppargc1b, miR-378, and miR-378*. (B) Tissue distribu-
tion of Ppargc1b, miR-378, and miR-378*, detected by quantitative RT-PCR.
(C) Up-regulation of miR-378, miR-378*, and Ppargc1b in the murine liver in
response to HFD, detected by quantitative RT-PCR. (D) Targeting strategy
used to generate miR-378/378* KO mice. The sequence of the entire hairpin
structure encoding both miR-378 and miR-378* was replaced by a NEO
cassette flanked by loxP sites via homologous recombination. The NEO cas-
sette was subsequently removed using CAG-Cre recombinase. (E) Northern
blot analysis of miR-378 in different tissues from WT and KO mice. U6 RNA
was detected as a control. (F) Expression of Ppargc1b, miR-378, and miR-
378* by quantitative RT-PCR in miR-378/378* WT and KO mice. (G) Western
blot of heart isolated from miR-378/378* KO and WT mice using antibody
against PGC-1β. Tubulin was used as a loading control. *P < 0.05.

Fig. 2. MiR-378/378* KO mice are resistant to HFD-induced obesity and ex-
hibit reduced obesity-associated insulin resistance. (A) MiR-378/378* KO mice
gain less weight compared with WT mice on HFD. (B) MRI analysis of body
composition in miR-378/378* KO and WT mice after 8 wk of HFD. (C) Weight
of subcutaneous and visceral fat pads isolated from miR-378/378* KO andWT
mice after 8 wk of HFD. (D) (Left) Subcutaneous fat pads from KO and WT
mice. (Middle and Right) H&E-stained histological sections of visceral fat pads
from miR-378/378* KO and WT mice after 8 wk of HFD. Pictures were taken
using the rhodamine channel on a Leica DMRXE fluorescent microscope.
(Scale bars: 100 μm.) (E) Difference in adipocyte size between WT and KO
mice. (F) (Left) Liver from miR-378/378* KO and WT mice after 8 wk of HFD.
(Middle and Right) Oil red O staining of histological liver sections from WT
and KO mice after 8 wk of HFD. (Scale bar: 20 μm.) (G) Blood glucose levels in
miR-378/378* KO and WT mice during a glucose tolerance test after 8 wk of
HFD. (H) Random measurements of serum glucose and triglyceride levels in
miR-378/378* KO and WT mice after 8 wk of HFD. *P < 0.05.
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lean mass in the two groups (Fig. 2B). Both the subcutaneous and
visceral WAT pads were smaller in the miR-378/378* KOmice on
HFD compared with their WT littermates (Fig. 2 C and D). His-
tological analysis showed smaller white adipocytes in miR-378/
378* KOmice on HFD compared with WTmice (Fig. 2D and E).
Gross anatomy ofWTandKOmouse livers demonstrated reduced
hepatic steatosis in the mutant mice after 8 wk of HFD (Fig. 2F).
Oil red O staining of histological sections provided further evi-
dence of reduced liver fat deposition in mutant mice compared
with WT mice (Fig. 2F). H&E staining of histological sections of
heart and skeletalmuscle fromWTandKOmice onHFD revealed
no abnormalities in myofiber structure or organization (Fig. S2A).
Oil red O staining of histological sections demonstrated no dif-
ference in ectopic lipid deposition in heart and skeletal muscle
betweenWTmice and KOmice onHFD (Fig. S2A). Furthermore,
no differences in lipid accumulation were detected between WT
and KO after 8 wk of HFD, based on analysis of triglyceride con-
tent in cardiac tissue and quantitative RT-PCR formarkers of fully
differentiated lipid-storing cells, such as aP2 and Pparγ (Fig. S2 B
andC).Histological sections and quantitativeRT-PCR formarkers
of inflammation also revealed no signs of inflammatory response in
heart, skeletal muscle, liver, or WAT of WT or miR-378/378* KO
mice after 8 wk of HFD (Fig. S2 A and D).
In humans and rodents, obesity is associated with reduced in-

sulin sensitivity of target tissues. We tested whether genetic de-
letion of miR-378/378* in mice can improve the prediabetic state
of insulin resistance associated with diet-induced obesity. We
found that the absence of miR-378/378* increased the response
to acute administration of glucose during glucose tolerance test-
ing performed after 8 wk of HFD (Fig. 2G). In addition, glucose
measurements after 8 wk of HFD confirmed reduced blood glu-
cose levels in the miR-378/378* KO mice compared with WT
controls (Fig. 2H). Serum triglycerides were also lower in miR-
378/378* KO mice, suggesting global amelioration of the meta-
bolic syndrome that accompanies obesity (Fig. 2H).

miR-378/378* KO Mice Display Increased Energy Expenditure and
Mitochondrial Oxidative Capacity. To determine whether the obe-
sity-resistant phenotype observed in miR-378/378* KO mice was
related to enhanced activation of PGC-1β–controlled regulatory

pathways in mitochondria, we measured whole-body energy con-
sumption and mitochondrial number and function in mutant mice.
Metabolic phenotyping revealed increased energy expenditure, as
measured by body O2 consumption and CO2 production, in the
mutant mice compared withWT controls onHFD (Fig. 3A andB)
with no difference in food intake (Fig. 3C). The overall increase in
energy expenditure in KO mice compared with WT controls sug-
gests that energy expenditure increases in response to the loss of
miR-378/378* in one or more tissues in which PGC-1β is highly
expressed (e.g., BAT, heart, skeletal muscle) or up-regulated (e.g.,
liver, WAT) on HFD and lipid accumulation (Fig. 1 B and C and
Fig. S1B) (10, 26, 36).
The importance of PGC-1β in mitochondrial biogenesis is evi-

dent from the decreased mitochondria in liver, heart, and other
tissues of mice with genetic deletion of PGC-1β (31–33). We
found no difference in mitochondrial content of liver, heart, or
skeletal muscle between miR-378/378* KO and WT mice, as
measured by the ratio of mitochondrial DNA to genomic DNA
(Fig. 3D). However, after isolation of mitochondria from liver of
miR-378/378* KO and WT mice on HFD for 6 wk, we noted
significantly greater mitochondrial function and oxidative capacity
in the miR-378/378* KO mice (Fig. 3 E-G). Indeed, production of
CO2 and acid-soluble metabolites (ASMs) was higher in mito-
chondria isolated from the KO mice (Fig. 3 E and F). Similar
results were obtained with whole-tissue lysates from slow skeletal
muscle of the KO mice (Fig. 3 E and F). Taken together, these
observations demonstrate an increase in the flux of metabolites
through the mitochondria and an overall enhanced rate of com-
plete fatty acid oxidation in the absence of miR-378/378*.
Our finding that production of ASMs was increased to a lesser

extent than CO2 production in the miR-378/378* KO mice
suggests a parallel increase in the utilization of products of fatty
acid β-oxidation through the tricarboxylic acid (TCA) cycle in
these mice (37, 38). Therefore, we examined the expression of
genes of the TCA cycle in hepatic tissue from mice lacking miR-
378/378*. We found that two enzymatic components of the TCA
cycle, Sdhd and Fh1, were up-regulated in the KO mice (Fig.
3G). We further examined the oxidative and glycolytic capacity
of KO muscle fibers by quantitative RT-PCR for different my-
osin isoforms, as well as Sox6 and Slc2a4 (GLUT4), which are

Fig. 3. Metabolic phenotyping and mitochondrial analysis in miR-378/378* KO mice. (A–C) Measurement of oxygen consumption (A), CO2 production (B),
and food intake (C) by metabolic chamber analysis of miR-378/378* KO and WT mice after 6 wk of HFD. (D) Assessment of mitochondrial number (expressed
as the ratio of mitochondrial DNA to genomic DNA) in liver, heart, and skeletal muscle. (E and F) Measurement of CO2 (E) and ASM production (F) in isolated
mitochondria from the liver and in whole lysate from slow muscle fibers of miR-378/378* KO and WT mice after 6 wk of HFD. (G) Analysis of the expression of
different genes of the TCA cycle in hepatic tissue from miR-378/378* KO compared with WT mice after 8 wk of HFD by quantitative RT-PCR. Sdhd, succinate
dehydrogenase complex, subunit d; Fh1, fumarate hydratase 1. *P < 0.05.

15332 | www.pnas.org/cgi/doi/10.1073/pnas.1207605109 Carrer et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1207605109/-/DCSupplemental/pnas.201207605SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1207605109


involved in the specification of muscle fiber type and glucose
uptake. We found no differences in the expression of these genes
between the KO and WT mice on HFD (Fig. S3).

Crat and Med13 Are Among the Metabolic Targets of miR-378/378*
miR-378 and miR-378* have different “seed” regions and thus
target different mRNAs (Fig. 1A). Among the predicted targets
of miR-378, the Crat mRNA contains a conserved miR-378 site
in its 3′ UTR (Fig. 4A). CRAT channels the products of β-oxi-
dation to the TCA cycle, away from mitochondrial efflux, thereby
coupling mitochondrial fatty acid uptake to oxidative metabolism
(29, 30, 39). Reduced CRAT activity has been identified as
a reversible abnormality of the metabolic syndrome (29). Per-
turbation of metabolic homeostasis by HFD is associated with
compromised mitochondrial fuel metabolism and incomplete
fatty acid oxidation owing to reduced carnitine levels (29, 30).
Up-regulation of Crat in the absence of miR-378 would be

expected to contribute to the enhanced metabolic activity seen in
these mutant mice (29).
We tested for repression of Crat by miR-378 by placing the 3′

UTR of the Crat mRNA downstream of a CMV-driven luciferase
reporter. Luciferase assays revealed dose-dependent repression of
the Crat 3′ UTR reporter by miR-378/378* (Fig. 4B). Mutation of
the seed region in the Crat 3′ UTR reporter diminished the re-
pression bymiR-378/378* (Fig. 4B). Consistent with these findings,
Crat mRNA was up-regulated in livers of mutant mice on HFD
(Fig. 4C). Intriguingly, however, Crat expression was not signifi-
cantly up-regulated in heart or skeletal muscle of miR-378/378*
KO mice on HFD, further suggesting that miR-378 represses tar-
gets other than Crat in these tissues (Fig. S4A).
PGC-1β is an inducible coactivator of nuclear hormone recep-

tors, which modulate metabolism via the Mediator complex (25,
40–43). MED13, a regulatory subunit of the Mediator complex, is
a predicted target of miR-378*. MED13 has been linked to the
maintenance of global energy homeostasis in Drosophila (44) and
mice (24). The 3′UTR ofMed13mRNA contains three conserved
sites recognized by the seed sequence of miR-378* (Fig. 4D). A
luciferase reporter coupled to the 3′ UTR of the Med13 gene was
repressed on cotransfection of COS-1 cells with increasing
amounts of pCMV-miR-378/378* (Fig. 4E). Med13 mRNA ex-
pression was up-regulated in the hepatic tissue of miR-378/378*
KO mice on HFD (Fig. 4F), consistent with a repressive influence
of this miRNA on Med13 in the liver. Similar to the findings for
Crat expression, Med13 was not significantly up-regulated in heart
or skeletal muscle of miR-378/378* KO mice on HFD (Fig. S4B).
We also found no increased expression ofMed13 or Crat in liver or
other tissues from KO mice on normal chow. The absence of
regulation of these miR-378/378* target genes under normal di-
etary conditions is consistent with the propensity of miRNAs to
function selectively under stress (35). Consistently, we detected the
most robust effect of miR-378/378* in liver, the organ in which
these miRNAs are most up-regulated after HFD (Fig. 1C).

Discussion
Our findings indicate that miR-378 and miR-378* participate in
the regulation of mitochondrial metabolism and energy homeo-
stasis in mice through the transcriptional network controlled by
PGC-1β (Fig. 5). MiR-378/378* KO mice are protected against
HFD-induced obesity and exhibit enhanced mitochondrial fatty
acid metabolism in liver and slow muscle fibers.
Like other miRNAs, miR-378 and miR378* have numerous

targets. Thus, although the repressive influence of these miRNAs
on Crat and Med13 in the liver likely contributes to their meta-
bolic actions, the combined functions of these miRNAs in mul-
tiple tissues and on multiple targets are undoubtedly involved as
well. In this regard, we detected no changes in expression of Crat
or Med13 in muscle tissues of miR-378/378* mutant mice. Given
the sensitivity of miRNA-dependent repression to stress signal-
ing (35), the apparent restriction of Crat andMed13 regulation to
the liver may indicate greater sensitivity of this tissue to the
adverse consequences of an HFD. In agreement with our find-
ings, miR-378* has been shown to target the mRNAs encoding
estrogen-related receptor-γ and GA-binding protein-α, which
associate with PGC-1β to control oxidative metabolism (10). Up-
regulation of miR-378* in cancer cells has been proposed to
mediate increased lactate production owing to the shift from
oxidative to glycolytic metabolism, known as the Warburg effect,
which is associated with tumorigenesis (10, 45). Thus, the phe-
notype resulting from increased miR-378* expression is the re-
ciprocal to the shift toward oxidative metabolism that we observed
on genetic deletion of miR-378*. In addition, miR-378 targets
the transcriptional repressor MyoR during myoblast differenti-
ation, increasing the activity of the myogenic transcription factor
MyoD, which in turn up-regulates miR-378 within a regulatory
feed-forward loop (46). Furthermore, miR-378 has been reported

Fig. 4. Identification and validation of miR-378/378* targets. (A) Schematic
diagram of the 3′ UTR of the Crat gene, highlighting the conserved miR-378
site. (B) Reporter assay measuring luciferase activity of the pMIR-reporter
vector containing the Crat 3′ UTR in the presence of increasing amounts of
pCMV-miR-378/378*. Mutations of the miR-378 site in the Crat 3′ UTR (red)
and an unrelated miRNA (white) served as controls. (C) Quantitative RT-PCR
of Crat expression in the liver of miR-378/378* KO compared with WT mice
after 8 wk of HFD. (D) Schematic diagram of the 3′ UTR of the Med13 gene,
highlighting the three conserved miR-378* sites. (E) Luciferase activity of
pMIR-reporter vector containing the Med13 3′UTR in the presence of in-
creasing amounts of pCMV-miR-378/378*. Mutation of the miR-378* sites in
the Med13 3′ UTR (red) and an unrelated miRNA (white) are controls. (F)
Quantitative RT-PCR of Med13 expression in the liver of miR-378/378* KO
compared with WT mice after 8 wk of HFD. *P < 0.05.
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to target the insulin-like growth factor 1 receptor and to promote
apoptosis in cardiomyocytes (28).
Our global genetic deletion of the miR-378/378* cluster leaves

open questions regarding the relative contributions of miR-378 and
miR-378* in different insulin target tissues. For example, these
miRNAs might have unrecognized functions in the brain that in-
fluence energy homeostasis. In addition, we noted a reduction of
adipocyte size in mice lacking miR-378/378*, raising the possibility
that these miRNAs are required for efficient hypertrophy and lipid
uptake in white adipocytes. In this regard, overexpression of miR-
378/378* inmesenchymal precursor cells has been shown to increase
lipogenesis (26). The modulation of fatty acid metabolism by miR-
378/378* is crucial not only in the context of adipogenesis, but also in
the maintenance of cardiac function, given that the adult heart
depends primarily on fatty acids as an energy source (47). Thus, it
will be of eventual interest to investigate the potential influence of
these miRNAs on cardiac function and pathological remodeling
under conditions of nutritional and other forms of stress.
We recently reported that MED13 is also a target of miR-208a

and other muscle-specific miRNAs encoded by introns of myosin
heavy-chain genes (24). Up-regulation of MED13 in the heart
through transgenic overexpression or miR-208a inhibition was
found to confer resistance toHFD.Thus,MED13 serves as a nodal
point for the convergence ofmultiplemiRNAs tomodulate energy
balance and metabolism.
MiR-378/378* mutant mice, like other mouse strains lacking

specific miRNAs (35), do not display overt phenotypes under
normal laboratory conditions, but phenotypes become apparent
under conditions of stress—in this case, in response to excessive
calorie intake. Thus, miR-378 and 378* represent intriguing
targets for disease modulation and pharmacologic intervention
in the treatment of metabolic syndrome. However, the myriad
targets of these miRNAs, as well as their expression in multiple
tissues raises questions about systemic inhibition of these miR-
NAs with inhibitory oligonucleotides and their potential to
modulate both pathological and beneficial processes in different
tissues. Studies assessing the potential efficacy of systemically
delivered miR-378/378* inhibitors in the setting of obesity, as
well as their potential adverse side effects, are underway.

Methods
Generation of miR-378/378* KO Mice. The targeting vector used to generate
the null allele of miR-378 and miR-378* was constructed using the pGKNEO-
F2DTA plasmid, which contains a neomycin resistance gene driven by the pGK
promoter, flanked by loxP sites, and a diphtheria toxin gene cassette. The

miR-378/378* targeting strategy was designed to replace the premiR se-
quence with the neomycin resistance cassette flanked by loxP sites. The 5′ and
3′ arms of homology were generated by Taq LA PCR amplification (TaKaRa)
using 129SvEv genomic DNA. The targeting vectors were electroporated into
129SvEv-derived ES cells. Five-hundred ES cell clones were analyzed for ho-
mologous recombination by Southern blot analysis. Three clones with the
targeted miR-378/378* allele were injected into 3.5-d-old C57BL/6 blastocysts
by the Transgenic Technology Center at University of Texas Southwestern
Medical Center. High-percentage chimeric male mice were crossed to C57BL/6
females to achieve germline transmission of the targeted allele. Heterozy-
gous neo+ mice were intercrossed with CAG-Cre-transgenic mice to remove
the neo cassette. Studies were performed with mice in 129SvEv/C57BL/6
mixed backgrounds. All experimental procedures involving animals in this
study were reviewed and approved by the University of Texas Southwestern
Medical Center’s Institutional Animal Care and Research Advisory Committee.

HFD, Glucose Tolerance Test, and Glucose and Triglyceride Measurements. Mice
were fed a rodent diet containing 45% kcal from fat (Open Source Diets) for
the specified time. Glucose tolerance tests were performed by i.p. injection of
glucose (1.5 g/kg) following an overnight fast. Serum triglycerides levels were
measured using the Ortho Vitros 250 chemistry system. To measure trigly-
cerides in the heart, tissue specimens were frozen immediately after isolation.
Serum and tissue triglyceride levels were measured at the Mouse Metabolic
Phenotyping Core at University of Texas Southwestern Medical Center.

Histological Analysis. Subcutaneus fat pads were harvested, fixed in 4% (vol/
vol) paraformaldehyde for 24 h, and processed for routine paraffin histol-
ogy. Sections were stained with H&E following standard procedures. For
neutral lipid staining, liver was harvested and flash-frozen in embedding
medium containing a 3:1 mixture of Tissue Freezing Medium (Triangle
Biomedical Sciences) and gum tragacanth (Sigma-Aldrich). Frozen sections
were cut on a cryotome and stained with oil red O. For adipocyte size
analysis, the cell area was measured using ImageJ software from pictures of
H&E sections obtained with a Leica DMRXE fluorescence microscope using
the rhodamine channel.

Metabolic Chambers and Whole-Body Composition Analysis. Metabolic phe-
notyping of WT and miR-378/378* KO mice on HFD was performed using TSE
metabolic chamber analysis at the Mouse Metabolic Phenotyping Core at
University of Texas Southwestern Medical Center. Whole-body composition
parameters were measured by MRI using a Bruker Minispec mq10 system.

Mitochondria Isolation from Liver. Mitochondria were isolated from liver of
10-wk-old WT and miR-378/378* KO mice as described previously (48), with
modifications. Tissue samples were collected in buffer containing 67 mM
sucrose, 50 mM Tris/HCl, 50 mM KCl, 10 mM EDTA/Tris, and 10% (wt/vol)
BSA. Samples were minced and digested in 0.05% trypsin for 30 min, then
homogenized. Mitochondria were isolated by differential centrifugation,
and mitochondrial content was measured by quantitative RT-PCR and
expressed as a ratio of mitochondrial DNA to genomic DNA.

Fatty Acid Metabolism in Isolated Mitochondria. Fatty acid oxidation was
assessed in isolated mitochondria by measuring and summing 14CO2 pro-
duction and 14C-labeled ASMs from the oxidation of [1-14C]-palmitic acid as
described previously (49, 50).

Cell Culture, Transfection, and Luciferase Assay, DNA fragments containing
full-length 3′ UTRs for putative miR-378 and miR-378* targets were cloned
into the pMIR-REPORT vector (Ambion). Mutagenesis of the miR-378 or miR-
378* binding sites, cell culture, and luciferase assays were performed as
described previously (51). Whole-cell extracts were assayed for luciferase
expression using a Promega Luciferase Assay Kit. Relative reporter activities
are expressed as luminescence units normalized for β-gal expression.

Statistics. Data are presented as mean ± SEM. Differences between groups
were tested for statistical significance using the unpaired two-tailed Student
t test. P values < 0.05 were considered to indicate significance.
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