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White adipose tissue (WAT) releases fatty acids from stored triacylglycerol for an energy source. Here, we report that targeted
deletion of KH-type splicing regulatory protein (KSRP), an RNA-binding protein that regulates gene expression at multiple lev-
els, enhances lipolysis in epididymal WAT (eWAT) because of the upregulation of genes promoting lipolytic activity. Expression
of microRNA 145 (miR-145) is decreased because of impaired primary miR-145 processing in Ksrp�/� eWAT. We show that
miR-145 directly targets and represses Foxo1 and Cgi58, activators of lipolytic activity, and forced expression of miR-145 attenu-
ates lipolysis. This study reveals a novel in vivo function of KSRP in controlling adipose lipolysis through posttranscriptional
regulation of miR-145 expression.

Nutrients providing excess calories are converted to triacyl-
glycerol (TAG) for storage in lipid droplets of white adipose

tissue (WAT). The stored TAG is hydrolyzed to release fatty acids,
which are crucial for energy production in muscle and other or-
gans during times of demand such as fasting or exercise (1). How-
ever, excess TAG accumulation in WAT results in obesity, which
increases the risk of diabetes, heart disease, and some forms of
cancer. The content of TAG in WAT is determined by the balance
of anabolic (esterification of glycerol with fatty acids) and cata-
bolic (lipolytic reactions that hydrolyze TAG to glycerol and fatty
acids, referred to as lipolysis) pathways. While the hydrolysis of
stored TAG is crucial for providing energy, recent studies have
demonstrated that increasing lipolysis in WAT causes an elevation
in fatty acid utilization and energy expenditure, thereby protect-
ing against obesity (2, 3). Thus, understanding the regulation of
lipolysis in WAT and identification of factors that control this
activity may be crucial for the development of therapeutics to
prevent obesity and its related disorders.

Three adipocyte lipases are involved in sequential lipolytic re-
actions and include adipose triglyceride lipase (ATGL) encoded
by Pnpla2, hormone-sensitive lipase (HSL) encoded by Lipe, and
monoglyceride lipase. ATGL cleaves TAG (4–6), HSL converts
diacylglycerol to monoacylglycerol (7), and monoglyceride lipase
catalyzes the final step of lipolysis. Lipolysis is tightly controlled by
hormones that are secreted according to nutritional status. Dur-
ing fasting, catecholamines bind to �-adrenergic receptors, lead-
ing to elevation of cyclic AMP levels and activation of protein
kinase A, resulting in stimulation of lipolysis. In contrast, in the
fed state, lipolysis is inhibited by insulin (1). In addition to hor-
mones, additional regulators also play critical roles in controlling
lipolysis. Transcriptional activation of Pnpla2 by forkhead box O1
(FOXO1) and interferon regulatory factor 4 enhances lipolysis in
adipocytes (8, 9). ATGL interacts with regulatory proteins that
activate or attenuate its enzyme activity, in which CGI58 (com-
parative gene identification 58, also referred to as alpha/beta hy-
drolase domain 5, ABHD5) serves as a coactivator of ATGL activ-
ity (10), and G0S2 (G0-G1 switch gene 2) serves as an inhibitor of
ATGL (11).

KSRP is a multifunctional RNA-binding protein involved in
the posttranscriptional regulation of gene expression, including

splicing (12), mRNA decay (13), primary microRNA (pri-
miRNA) processing (14), and translation (15). KSRP binds the
AU-rich elements (AREs) in the 3=untranslated regions (UTRs) of
inherently unstable mRNAs and promotes their decay by recruit-
ing mRNA decay machineries (13, 16). It also interacts with the
terminal loops of a subset of miRNA precursors and promotes
their maturation in cultured cells (14). However, the in vivo func-
tion of KSRP in controlling pri-miRNA processing has not been
completely established. To do this, we have generated Ksrp-null
mice (17). Here, we report that lipolysis is elevated in Ksrp�/�

eWAT because of enhanced expression of Pnpla2, Lipe, Foxo1, and
Cgi58 and expression of miRNA 145 (miR-145) is decreased be-
cause of impaired pri-miR-145 processing. Using 3T3-L1 adi-
pocytes, we demonstrate that miR-145 represses lipolysis by tar-
geting Foxo1 and Cgi58 and downregulation of Foxo1 and Cgi58
attenuates lipolysis. Thus, these findings establish KSRP and miR-
145 as important negative regulators of lipolysis in WAT.

MATERIALS AND METHODS
Animal studies. Generation of Ksrp-null mice in a C57BL/6J background
has been described previously (17). Mice were maintained under a 12-h
light–12-h dark cycle. All experiments were performed with 10- to 16-
week-old male mice. All animal studies were conducted in accordance
with the guidelines for animal use and care established by the University of
Alabama at Birmingham Animal Resource Program and the Institutional
Animal Care and Use Committee.

Isolation of adipocytes and lipolysis assay. Primary adipocytes were
isolated from epididymal fat depots by collagenase digestion as described
previously (18). Briefly, fat pads were rinsed with phosphate-buffered
saline (PBS), minced, and digested for 45 min at 37°C in Krebs-Ringer-
HEPES (KRH) buffer (121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO4, 0.33
mM CaCl2, 12 mM HEPES, pH 7.4) containing 3% bovine serum albumin
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(BSA) and 1.5 mg/ml type I collagenase. The digested tissues were filtered
through a 500-�m metal mesh and centrifuged at 500 � g for 5 min. The
floating adipocytes were collected and washed with KRH buffer. Primary
adipocytes (1 � 105 cells/ml), tissue explants (�100 mg), and 3T3-L1
adipocytes were incubated with KRH buffer containing 3% fatty acid-free
BSA in the absence or presence of 1 �M isoproterenol at 37°C. The
amounts of glycerol and fatty acid (FA) released were determined with
free-glycerol reagent (Sigma) and a fatty acid kit (Sigma), respectively.

Measurement of adipocyte numbers and TAG contents. Adipocyte
numbers were determined with a hemocytometer. Lipids were extracted
from adipocytes in 1% Triton X-100, and TAG contents were determined
with Infinity reagent (Thermo Scientific).

Measurement of adipocyte sizes. Epididymal WATs were fixed in PBS
containing 10% formalin and embedded in paraffin. Tissue sections were
stained with hematoxylin and eosin. Five separate fields were selected for
each mouse, and adipocyte sizes were determined with ImageJ software.

mRNA analysis. Total RNA was extracted by TRIzol (Invitrogen). For
quantitative real-time RT-PCR analysis, total RNA (1 �g) was reverse
transcribed with a mixture of oligo(dT) and random hexamers. Amplifi-
cation was performed with the Roche LC480 LightCycler and SYBR green
system (Roche). mRNA levels were normalized to that of �-actin or cy-
clophilin mRNA. The sequences of the primers used are listed in Table 1.

miRNA microarrays and analysis. RNA was isolated from eWATs of
six wild-type and six Ksrp�/� mutant mice by miRNeasy (Qiagen). Indi-
vidual RNAs of wild-type and Ksrp�/� mice, respectively, were pooled
and subjected to genome-wide miRNA microarray analysis in triplicate
performed by Phalanx Biotech. The signals of miRNAs that were 5-fold
above the background (these are arbitrarily considered to be expressed in
eWAT) and elevated �2-fold in Ksrp�/� eWAT were selected for further
analysis. For miR-145 expression analysis, total RNA was converted into
cDNA with the miScript II RT kit (Qiagen) and subjected to real-time
PCR with a specific primer for miR-145 by using the miScript Primer
Assay (Qiagen). miRNA levels were normalized to that of U6 snRNA.

miRNA target prediction. miRNA target prediction was performed
by using the miRWalk database (http://www.umm.uni-heidelberg.de
/apps/zmf/mirwalk/).

Pri-miRNA in vitro processing assay. A DNA template producing
pri-miR-145 was generated by PCR. 32P-labeled pri-miR-145 was synthe-
sized by in vitro transcription and incubated with total extracts of wild-
type and Ksrp�/� eWATs in a processing buffer. Pri-miRNA processing
assays were performed as described previously (14, 19).

RIP assays. Ribonucleoprotein immunoprecipitation (RIP) assays
were performed as described previously (19, 20). Immunoprecipitated
pellets were washed, and RNA was isolated, reverse transcribed, and am-
plified by quantitative PCR (qPCR).

Immunoblotting and antibodies. Proteins were separated by 10%
SDS-PAGE and transferred to a polyvinylidene difluoride membrane,
which was probed with anti-FOXO1 (Cell Signaling), anti-CGI58 (Ab-
cam), anti-ATGL (Cell Signaling), anti-KSRP (21), anti-�-tubulin
(Sigma), and anti-�-actin (Abcam) antibodies.

Cell culture and transfection. 3T3-L1 preadipocytes were purchased
from the American Type Culture Collection and maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% bovine calf serum
(BCS). 3T3-L1 cells were plated in 12-well plates at a density of 80 to 90%
confluence and transfected with small interfering RNAs (siRNAs; 60 nM),
miRNA mimics (50 nM), or plasmid DNA (1 �g) with 4 �l of Lipo-
fectamine (Invitrogen) in 500 �l of Opti-MEM (Invitrogen) for 6 h the
following day. The transfected cells were incubated with DMEM contain-
ing 10% BCS for 40 h and induced for differentiation by incubation with
DMEM containing 10% FBS, 5 �g/ml insulin, 0.5 mM isobutylmethyl-
xanthine, and 1 �M dexamethasone for 2 days. The transfected cells were
transfected with the same siRNA, miRNA, or plasmid again as in the first
transfection in Opti-MEM for 6 h. Cells then were cultured in DMEM
containing 10% FBS and 5 �g/ml insulin and collected for analysis 5 days
after the induction of adipogenesis. For lipolytic gene expression, adi-
pocytes were serum starved for 16 h and stimulated with 1 �M isoproter-
enol for 2 h. Mouse embryonic fibroblasts (MEFs) were prepared (17),

TABLE 1 Real-time PCR primers used in this study

Primer

Sequence

Forward Reverse

�-Actin GTTCCGATGCCCTGAGGCTC CAGACAGCACTGTGTTGGCA
Acadl TCTGGACTCCGGTTCTGCTTC TCTGTCTTGCGATCAGCTCTT
Acadm AGACGAAGCCACGAAGTATGC TCATCAGCTTCTCCACAGGGT
Cebpa GGTGGACAAGAACAGCAACGA TGTCCAGTTCACGGCTCAGCT
Cgi58 ACGATTCCTTATGGGTGGGCC ACACATAATGCCCCGCCCCGA
Cidea CTTCCTCGGCTGTCTCAATGT GGGGGATGGCTGCTCTTCTGT
Cox8b CTCCCCCCTATCCTGCGGCTG ACTATGGCTGAGATCCCCACA
Cyclophilin B AAGGTGCTCTTCGCCGCCGCC TGATGACACGATGGAACTTGCTGT
Fabp4 ATGCCTTTGTGGGAACCTGGA TCACCTTCCTGTCGTCTGCGG
Foxo1 GTGGATGGTGAAGAGCGTGCC TTCCGCTCTTGCCTCCCTCTG
G0S2 CCTCTCTTCCCACTGCACCCT GGCTGGCGGCTGTGAAAGGGC
Irf4 AGCTAGAAAGAGACCAGACTTGCA TGGAGTGGTAACGTGTTCAGGTAA
Lipe CACAGAGACACCAGCCAACG CACTCCTGGTCGGTTGATGG
Plin2 ACGACGACACCGATGAGTCCC GTGAGGACGCCATCGGACACT
Pnpla2 ACGCCACTCACATCTACGGA CAATCAGCAGGCAGGGTCTT
Ppara GGCTGCTATAATTTGCTGTGGAG TGTGTACGAGCTGCGCATGC
Pparg TGCGGAAGCCCTTTGGTGACT ATGTCCTCGATGGGCTTCACGTTC
Ppard CCGCAAGCCCTTCAGTGACATCAT GCAGATGGAATTCTAGAGCCCGCA
Ppargc1a TCATCACCTACCGTTACACCT TATCAAAATCCAGAGAGTCAT
Prdm16 AGTCGGACAACCATGCACTTT TCCTTGGGGCTCAGGTGTGGG
Pri-miR-145 Expression P1: GGTGGCTGCTGGGACTTGAAC P2: GGGTCAGGAGCCAGCATGAAG
Pri-miR-145 Expression P3: GAGTGCAAAGGATGGGCGAGC P4: CTCCCCTGTTTGTGCCCCGCC
Pri-miR-145 RIP CCCTCCTGGGGATGTTAGGA CGGTCTTGGGAGCTCTCTTC
Ucp1 CACCTTCCCGCTGGACACT CCCTAGGACACCTTTATACCTAATGG
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differentiated to adipocytes, and harvested at day 8 for RNA extraction, as
well as Oil Red O staining as described previously (22).

Luciferase reporters and assay. Dual-luciferase reporters, expressing
firefly and Renilla luciferases and containing the 3= UTRs of Foxo1 and
Cgi58 subcloned downstream of firefly luciferase, and a control reporter,
pEZX-MT01, were purchased from GeneCopoeia. The predicted miR-
145 target sites were mutated by PCR-mediated site-directed mutagenesis,
and mutations were confirmed by DNA sequencing. NIH 3T3 cells were
transfected with 250 ng of reporter together with 50 nM miRNA mimic
with Lipofectamine. Cells were collected 36 to 48 h after transfection with
Luc-Pair miR luciferase assay kits (GeneCopoeia).

miRNA mimics, siRNAs, and plasmid. miR-145 mimic and
SiGENOME SMART pool siRNAs against Foxo1 and Cgi58 were pur-
chased from Thermo Scientific. Control miRNA mimic and siRNA were
purchased from Qiagen. A plasmid expressing FLAG-KSRP was described
previously (17).

Statistical analysis. All data are presented as the mean 	 the standard
error of the mean (SEM). Statistical significance (P value) was calculated
by unpaired two-tailed Student t test.

RESULTS
KSRP ablation causes a reduction in adiposity resulting from
decreased TAG content but not impaired adipocyte differentia-
tion. To determine the in vivo function of KSRP, we had previ-
ously generated Ksrp�/� mice and found that they had a reduced
epididymal fat depot on a chow diet (Fig. 1A). Reduction in adi-
pose tissue mass can result from less TAG storage, impaired adi-
pocyte differentiation, or both. We isolated primary adipocytes
from eWAT and determined the total TAG content, which was
significantly reduced in Ksrp�/� eWAT (Fig. 1B). Consistent with
a decrease in TAG content, adipocytes of Ksrp�/� eWAT were
smaller, with a 30% decrease in the mean diameter (Fig. 1C).

To determine whether the reduced adiposity also results from
impaired adipocyte differentiation, we examined the expression
of adipocyte markers in eWAT of wild-type and Ksrp�/� mice and
found no difference in the expression of Pparg and Cebpa, adipo-
genic transcriptional factors, and Fasn, Fabp4, and Plin2, late adi-
pocyte markers, between the two groups (Fig. 2A). We next exam-
ined whether KSRP deficiency affects the adipocyte differentiation
of MEFs. Deletion of KSRP did not alter adipocyte differentiation
revealed by Oil Red O staining (Fig. 2B), and no difference in the
expression of Pparg, Cebpa, fabp4, and Plin2 was detected between
wild-type and Ksrp�/� MEFs (Fig. 2C). Altogether, these data sug-

gest that KSRP ablation causes a reduction in TAG content and a
smaller adipocyte size in WAT, rather than impaired adipocyte
differentiation.

KSRP ablation increases lipolysis and expression of genes in-
volved in fatty acid utilization. A plausible mechanism that leads
to reduced TAG content in Ksrp�/� eWAT is enhanced lipolysis.
We examined the expression of genes involved in lipolysis in
eWAT under fed and fasting conditions. The expression of genes
that stimulate lipolysis, including Pnpla2, Lipe, Foxo1, Irf4, and
Cgi58, was greater in Ksrp�/� mutant than in wild-type eWAT
under both fed and fasting conditions (Fig. 3A). In contrast, no

FIG 1 KSRP ablation causes a reduction in fat pad weight, TAG content, and
adipocyte size. (A) Epididymal fat pad weights of 14-week-old wild-type (n 

8) and Ksrp�/� mutant (n 
 8) male mice. (B) TAG contents of adipocytes
isolated from eWAT of 12-week-old wild-type (n 
 4) and Ksrp�/� (n 
 4)
mice. (C) Average diameters of adipocytes determined by hematoxylin-and-
eosin staining of paraffin-embedded sections of eWAT of wild-type and
Ksrp�/� mice. Results were obtained from three wild-type and three Ksrp�/�

mice and �150 adipocytes per mouse. All data are presented as mean 	 SEM.
***, P � 0.001.

FIG 2 KSRP ablation does not affect adipocyte differentiation. (A) Expression of
adipocyte markers, including Pparg, Cebpa, Fasn, Fabp4, and Plin2, in eWAT of
wild-type (n 
 8) and Ksrp�/� (n 
 8) mice. The expression of each gene in
wild-type mice was set at 1. (B) Wild-type and Ksrp�/� MEFs were induced for
adipogenesis for 8 days. Adipocytes were stained with Oil Red O. Two different
wild-type and Ksrp�/� MEFs were used. (C) Expression of Pparg, Cebpa,
Fabp4, and Plin2 was analyzed in wild-type and Ksrp�/� MEFs (n 
 4)
before differentiation (d0) and 8 days (d8) after differentiation. All data are
presented as mean 	 SEM.
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difference in the expression of G0S2, Fabp4, or Plin2 was detected
between the groups (Fig. 3A). The levels of the FOXO1, CGI58,
and ATGL proteins were also significantly increased in Ksrp�/�

mutant eWAT under both fed and fasting conditions (Fig. 3B).
The results in Fig. 3B suggested that fasting induced CGI58 and
ATGL in wild-type eWAT. However, these samples were analyzed
on different blots although immunoblotting was performed at the
same time with the same exposure time for each antibody. To
further examine whether CGI58 and ATGL are subject to regula-
tion by nutritional states, we repeated the immunoblotting and
analyzed their levels in wild-type eWAT on the same blot under
fed and fasting conditions. As shown in Fig. 3C, fasting strongly
induced CGI58 and ATGL. To correlate gene expression with li-
polytic activity, we measured the lipolysis of isolated adipocytes
and tissue explants from wild-type and Ksrp�/� mutant eWAT.
Glycerol and FA release were elevated in Ksrp�/� mutant adi-
pocytes (Fig. 4A and B) and Ksrp�/� mutant eWAT (Fig. 4C and
D) under both basal and isoproterenol-stimulated conditions.

Recent studies have shown that increasing lipolysis also facili-
tates FA utilization within WAT (2, 3, 23). Consistent with these
previous findings, we observed the upregulation of genes involved
in thermogenesis and FA oxidation, including Ucp1, Cidea,
Cox8b, Acadm, Acadl, Prdm16, Ppara, Ppard, and Ppargc1a, in
Ksrp�/� eWAT (Fig. 5). These data indicate that KSRP ablation

enhances lipolysis, as well as fat utilization, in eWAT through the
upregulation of genes that stimulate lipolysis and mitochondrial
FA oxidation.

Reduced miR-145 expression in Ksrp�/� eWAT because of
impaired pri-miRNA processing. One of the functions of KSRP is
to facilitate the processing of a subset of miRNAs. To determine
whether impaired expression of miRNAs plays a role in enhancing
lipolysis in Ksrp�/� eWAT, we subjected RNA samples to miRNA
microarray analysis and selected miRNAs whose expression was
reduced in the absence of KSRP. We identified only one miRNA,
miR-145, whose expression was reduced by �2-fold in Ksrp�/�

eWAT (see Materials and Methods). We examined miR-145 and
pri-miR-145 levels by real-time qPCR and found a decrease in
miR-145 levels in Ksrp�/� eWAT under both fed and fasting con-
ditions (Fig. 6A). Fasting increased the levels of miR-145 in wild-
type eWAT, but the increase was blunted in Ksrp�/� eWAT (Fig.
6A). In contrast, pri-miR-145 levels (detected with primers P1 and
P2, located immediately downstream of pre-miR-145 and shown
in Fig. 6B) were increased in Ksrp�/� eWAT under both fed and
fasting conditions (Fig. 6C).

To examine whether KSRP regulates the transcription of pri-
miR-145, we performed qPCR analysis with primers located in
different regions of pri-miR-145. miR-143 and miR-145 are de-
rived from the same bicistronic transcript and are separated by 1.4

FIG 3 Enhanced expression of genes that stimulate lipolytic activity in Ksrp�/� eWAT. (A) Expression of Pnpla2, Lipe, Foxo1, Irf4, Cgi58, G0S2, Fabp4, and Plin2
was analyzed by qPCR in eWAT of fed or 16-h-fasted wild-type (n 
 8) and Ksrp�/� (n 
 8) mice. The expression of each gene in fed wild-type eWAT was set
at 1. Data are mean 	 SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (B) Immunoblot analysis of eWAT extracts from fed or fasted wild-type and Ksrp�/� mice
with antibodies against KSRP, FOXO1, CGI58, ATGL, and �-actin. Two different exposures for ATGL are shown. (C) Fasting induces CGI58 and ATGL. eWAT
extracts of fed and fasted wild-type mice were separated on a gel and subjected to immunoblotting with antibodies against CGI58, ATGL, and �-tubulin. The
values to the left of panel B are molecular sizes in kilodaltons.
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kb (Fig. 6B). We found that pri-miR-143 and miR-145 transcript
levels detected by primers P3 and P4 (located �300 nucleotides
upstream of pre-miR-143) were similar between wild-type and
Ksrp�/� under both fed and fasting conditions (Fig. 6D). Similar
results were obtained with primers located between pre-miR-143
and pre-miR-145 (data not shown). In addition, we observed no
difference in the levels of miR-143 between wild-type and Ksrp�/�

eWAT (data not shown). Altogether, these results suggest that the
transcription of pri-miR-143 and miR-145 is unlikely to be altered
in Ksrp�/� eWAT and KSRP regulates miR-145 but not miR-143
expression at the posttranscriptional level.

To support this, we performed RIP assays and observed that
KSRP physically associated with pri-miR-145 in wild-type eWAT
extracts (Fig. 6E). In vitro pri-miRNA processing assays showed
that production of pre-miR-145 was significantly reduced in ex-
tracts of Ksrp�/� eWAT (Fig. 6F). Addition of recombinant KSRP
to Ksrp�/� extracts restored pre-miR-145 production (Fig. 6G).
In contrast, processing of a control pri-miR-23b was equivalent
between wild-type and Ksrp�/� eWAT (Fig. 6H). These data sug-
gest that decreased miR-145 expression in Ksrp�/� eWAT is in-
deed due to a reduction in pri-miR-145 processing.

Downregulation of KSRP in 3T3-L1 adipocytes enhances li-
polysis and reduces miR-145 expression. To determine the mo-
lecular mechanism that lead to enhanced lipolysis, we used an in
vitro adipocyte differentiation model of 3T3-L1 fibroblasts.
3T3-L1 cells were transfected with a control siRNA (siControl) or
a KSRP siRNA (siKsrp). After differentiation, lipolysis and expres-
sion of lipolytic genes were analyzed. As the isoproterenol-stimu-
lated condition resembles the fasting state, we also examined lipo-
lytic gene expression under this condition. Downregulation of
KSRP enhanced lipolysis (Fig. 7B and C) and increased Pnpla2,
Lipe, Foxo1, and Cgi58 mRNA levels (Fig. 7D) and FOXO1,
CGI58, and ATGL protein levels (Fig. 7A) under both basal and

stimulated conditions. While KSRP knockdown did not increase
Foxo1 mRNA levels under the basal condition (Fig. 7D), it in-
creased the protein levels (Fig. 7A), suggesting that Foxo1 transla-
tion was increased under this condition. In contrast, no difference
in the expression of Pparg and Fabp4 was observed upon KSRP
knockdown (Fig. 7E), suggesting that KSRP is not required for
adipogenesis of 3T3-L1 cells. Similar to the observation in
Ksrp�/� eWAT, KSRP knockdown decreased miR-145 levels and
increased pri-miR-145 levels under both basal and stimulated
conditions (Fig. 7F). While fasting increased miR-145 levels in
wild-type eWAT (Fig. 6A), its levels were not increased under the
stimulated condition in siControl-treated 3T3-L1 adipocytes (Fig.
7F). This discrepancy is likely due to the differences in cell type
and/or signaling pathways between isoproterenol-stimulated
3T3-L1 adipocytes and fasting-stimulating eWAT. These data in-
dicate that elevated lipolysis, as well as decreased miR-145 expres-
sion, can be recapitulated in 3T3-L1 adipocytes upon KSRP
downregulation.

Overexpression of KSRP reduces FOXO1 and CGI58 and li-
polysis and increases miR-145 expression. We next examined
whether overexpression of KSRP attenuates lipolysis. Ectopic ex-
pression of FLAG-KSRP in 3T3-L1 adipocytes decreased the ex-
pression of FOXO1 and CGI58 (Fig. 8A) and increased the levels
of miR-145 (Fig. 8B) under both basal and stimulated conditions.
As a result of the increase in miR-145, pri-miR-145 levels were
moderately decreased (Fig. 8C). More importantly, basal and
stimulated lipolysis was significantly attenuated by KSRP overex-
pression (Fig. 8D). These results indicate that KSRP induces miR-
145 expression by promoting pri-miR-145 processing, which de-
creases the levels of FOXO1 and CGI58 and lipolysis.

Ectopic expression of miR-145 attenuates lipolysis, and miR-
145 directly targets Foxo1 and Cgi58. To determine the role of
miR-145 in controlling lipolytic gene expression and lipolysis, we

FIG 4 Enhanced lipolysis in Ksrp�/� eWAT. (A and B) Glycerol (A) and FA (B) release was measured with equal number of adipocytes (1 � 105 cells/ml) of
wild-type or Ksrp�/� eWAT in the absence or presence of isoproterenol at different time points (A) or at 3 h (B). (C and D) Glycerol (C) and FA (D) release was
measured with wild-type and Ksrp�/� eWAT explants in the absence or presence of isoproterenol for 3 h. Data are mean 	 SEM. *, P � 0.05; **, P � 0.01; ***,
P � 0.001. FFA, free FA.
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overexpressed miR-145 in 3T3-L1 cells transfected with either si-
Control or siKsrp. Forced expression of miR-145 decreased
Pnpla2, Lipe, Foxo1, and Cgi58 (Fig. 9A) but not Fabp4 (Fig. 9B)
mRNA levels and FOXO1 and CGI58 protein levels (Fig. 9C) in
siControl- and siKsrp-treated adipocytes under both basal and
stimulated conditions. Accordingly, ectopic miR-145 expression
repressed lipolysis in 3T3-L1 adipocytes treated with siControl
and siKsrp under both basal and stimulated conditions (Fig. 9D).

Bioinformatics analysis predicted that Foxo1 and Cgi58 are tar-
gets of miR-145, with each 3= UTR containing a potential target
site (Fig. 9E). To verify that miR-145 can directly target Foxo1 and
Cgi58 mRNAs, we subcloned their 3= UTRs into a dual-luciferase
reporter. Expression of miR-145 decreased the expression of lu-
ciferase reporters harboring the 3= UTRs of Foxo1 and Cgi58 but
not that of a control reporter, MT01, without an insertion (Fig.
9F). Mutations of the target sites in Foxo1 and Cgi58 resisted in-
hibition by miR-145 (Fig. 9F). Altogether, these data indicate that
miR-145 directly regulates the expression of Foxo1 and Cgi58,
leading to changes in the expression of Pnpla2 and Lipe and ATGL
activity, thus lipolysis.

Downregulation of Foxo1 and Cgi58 attenuates lipolysis. To
determine whether elevated lipolysis in the absence of KSRP is due
to increased expression of Foxo1 and Cgi58, we downregulated
their expression by siRNAs in 3T3-L1 adipocytes treated with ei-
ther siControl or siKsrp. Downregulation of Foxo1 and Cgi58 de-
creased lipolysis in both siControl- and siKsrp-treated adipocytes

under both basal and stimulated conditions (Fig. 10A). These data
indicate that the increase in lipolysis in 3T3-L1 adipocytes upon
the downregulation of KSRP is indeed due to increased expression
of Foxo1 and Cgi58.

DISCUSSION

This study shows that targeted deletion of KSRP enhances lipolysis
in eWAT through the elevated expression of Foxo1 and Cgi58. We
demonstrated that KSRP is involved in the processing of pri-miR-
145 in eWAT and that its absence results in the downregulation of
miR-145. Mechanistically, miR-145 directly represses Foxo1 and
Cgi58. Thus, reduction of miR-145 levels in Ksrp�/� eWAT leads
to derepression of these genes, thereby increasing lipolysis. These
findings suggest that KSRP is a critical factor for balancing TAG
storage and hydrolysis in white adipocytes and that its absence
favors hydrolysis partly through the posttranscriptional regula-
tion of miR-145 expression.

FOXO1 is a transcriptional activator of Pnpla2 and stimulates
lipolysis (8). It is also required for fasting-induced expression of
Irf4, which activates the expression of Pnpla2 and Lipe (9). Thus,
elevated expression of Irf4, Pnpla2, and Lipe in Ksrp�/� eWAT is
likely due to increased FOXO1. CGI58 (ABHD5) interacts with
ATGL and stimulates its TAG hydrolase activity (10). Using adi-
pocytes derived from 3T3-L1 cells, we demonstrated that ectopic
expression of miR-145 attenuates Foxo1 and Cgi58, as well as li-
polysis, and downregulation of Foxo1 and Cgi58 attenuates lipol-

FIG 5 Increased expression of genes involved in thermogenesis and fatty acid oxidation in Ksrp�/� eWAT. (A) Expression of Ucp1, Cidea, and Cox8b was
analyzed by qPCR in eWAT of fed or fasted wild-type (n 
 8) and Ksrp�/� (n 
 8) mice. (B) Expression of Acadm, Acadl, and Prdm16 was analyzed by qPCR in
eWAT of fed or fasted wild-type and Ksrp�/� mice. (C) Expression of Ppara, Ppard, and Ppargc1a was analyzed by qPCR in the eWAT of fed or fasted wild-type
and Ksrp�/� mice. The expression of each gene in fed wild-type mouse eWAT was set at 1. Data are mean 	 SEM. *, P � 0.05; **, P � 0.01.
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ysis. These data strongly suggest that enhanced lipolysis in
Ksrp�/� eWAT is due to elevated expression of Foxo1 and Cgi58,
leading to increased expression of Pnpla2, as well as elevated
ATGL activity, and identify a novel function of miR-145 in con-
trolling lipolysis in WAT.

A recent study showed that adipose-tissue-selective overex-

pression of CGI58 (ABHD5) did not increase lipolysis or protect
against diet-induced obesity (24), suggesting that the expression
of CGI58 in mouse adipose tissue is not limiting for either basal or
stimulated lipolysis. These findings are somewhat contradictory
to our hypothesis that increased CGI58 in Ksrp�/� eWAT leads
to enhanced lipolysis. It is possible that ATGL levels are also

FIG 6 Decreased miR-145 expression in Ksrp�/� eWAT resulting from impaired pri-miRNA processing. (A) Levels of miR-145 were analyzed by qPCR in eWAT
of fed or fasted wild-type (n 
 8) and Ksrp�/� (n 
 8) mice. The level in fed wild-type mice was set at 1. Data are mean 	 SEM. *, P � 0.05; **, P � 0.01. (B)
Schematic diagram showing the organization of Mir143 and Mir145 and the locations of primers for qPCR. (C and D) Pri-miR-143 and -145 levels in eWAT of
fed or fasted wild-type (n 
 8) and Ksrp�/� (n 
 8) mice were analyzed by qPCR with P1 and P2 (C) or P3 and P4 (D). Data are mean 	 SEM. *, P � 0.05; **,
P � 0.01. (E) Association of pri-miR-145 with KSRP. Extracts of wild-type and Ksrp�/� eWAT were immunoprecipitated (IP) with a control serum or anti-KSRP
serum and anti-KSRP serum, respectively. Pri-miR-145 transcripts in the precipitates were analyzed by qPCR. Data are mean 	 SEM of three independent
experiments. *, P � 0.05. P.I., preimmune serum. (F) In vitro pri-miR-145 processing with extracts of wild-type or Ksrp�/� eWAT. (G) In vitro pri-miR-145
processing with extracts of wild-type or Ksrp�/� eWAT in the absence or presence of recombinant KSRP. (H) In vitro pri-miR-23b processing with extracts of
wild-type or Ksrp�/� eWAT.
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limiting in adipose tissue, which explains that a further in-
crease in CGI58 levels did not enhance ATGL activity, as well as
lipolysis, in the study (24). However, we found that both ATGL
and CGI58 levels were increased in the absence of KSRP

(Fig. 3B and 7A). Hence, we suggest that simultaneous in-
creases in the levels of ATGL and CGI58 result in elevated
lipolysis in Ksrp�/� eWAT, consistent with the previous find-
ing that CGI58 activates ATGL activity (10).

FIG 7 Enhanced lipolysis and lipolytic gene expression, reduced miR-145 levels, and increased pri-miR-145 levels in 3T3-L1 adipocytes upon downregulation
of KSRP. (A) 3T3-L1 cells were transfected with siControl or siKsrp and induced for differentiation for 5 days. KSRP, FOXO1, CGI58, ATGL, and �-actin levels
were analyzed by immunoblotting under both basal and stimulated conditions. (B and C) Glycerol (B) and FA (C) release was measured in the absence or
presence of isoproterenol. FFA, free FA. (D) Pnpla2, Lipe, Foxo1, and Cgi58 expression was analyzed under both basal and stimulated conditions. (E) Pparg and
Fabp4 expression was analyzed under both basal and stimulated conditions. (F) miR-145 and pri-miR-145 levels were analyzed under both basal and stimulated
conditions. The expression of each gene in siControl-treated adipocytes under the basal condition was set at 1. Data are mean 	 SEM from two independent
experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 8 Overexpression of KSRP upregulates miR-145 and attenuates lipolysis. (A) 3T3-L1 cells were transfected with a control vector or a vector expressing
FLAG-KSRP and induced for differentiation for 5 days. FLAG-KSRP, FOXO1, CGI58, and �-actin levels were analyzed by immunoblotting under both basal and
stimulated conditions. (B and C) miR-145 (B) and pri-miR-145 (C) levels were analyzed under both basal and stimulated conditions. (D) Glycerol release was
measured in the absence or presence of isoproterenol for 2 h. Data are mean 	 SEM (n 
 4). *, P � 0.05; **, P � 0.01.
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We found that pri-miR-145 and miR-145 but not KSRP levels
were increased during fasting in wild-type eWAT (Fig. 6A and C
and Fig. 3B). These data suggest that the increase in miR-145 levels
is due primarily to fasting-induced synthesis of pri-miR145, al-

though we cannot exclude the possibility that the pri-miRNA pro-
cessing activity of KSRP is also increased during fasting. As fasting
increases lipolysis and induces miR-145, which is a negative reg-
ulator of lipolysis, we suggest that miR-145 serves as a negative

FIG 9 Repression of lipolytic genes and lipolysis by ectopic expression of miR-145 and miR-145 directly targets Foxo1 and Cgi58. (A and B) Pnpla2, Lipe, Foxo1,
Cgi58 (A), and Fabp4 (B) expression was analyzed in 3T3-L1 adipocytes transfected with control or miR-145 mimics and siControl (siCon) or siKsrp under both
basal and stimulated conditions. The expression of each gene in siControl-treated adipocytes under the basal condition was set at 1. (C) KSRP, FOXO1, CGI58,
and �-actin levels were analyzed by immunoblotting under both basal and stimulated conditions. (D) Glycerol release was measured under both basal and
stimulated conditions. (E) Schematic diagrams showing the 3= UTRs of Foxo1 and Cgi58. miR-145 target sites and mutations in the seed motif. (F) Relative
luciferase activities in NIH 3T3 cells cotransfected with reporter constructs and a control mimic or a miR-145 mimic. Data are mean 	 SEM from two
independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 10 Downregulation of Foxo1 and Cgi58 attenuates lipolysis. (A) Glycerol release was measured in 3T3-L1 adipocytes transfected with siControl or siKsrp
and siFoxo1 or siCgi58 under both basal and stimulated conditions. Data are mean 	 SEM from two independent experiments. *, P � 0.05; **, P � 0.01; ***, P �
0.001. (B) KSRP, FOXO1, CGI58, and �-actin levels were analyzed by immunoblotting.
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feedback factor to prevent uncontrolled lipolysis during times of
demand, such as fasting.

While we have focused entirely on the regulation of FOXO1
and CGI58 by miR-145 in the present study, it is likely that miR-
145 also represses other factors that promote lipolysis. Further
analysis of miR-145 targets in eWAT should result in the identifi-
cation of such factors. We also observed the upregulation of genes
involved in thermogenesis and mitochondrial FA oxidation in
Ksrp�/� eWAT. This upregulation may be due directly to reduced
miR-145 expression or result indirectly from increasing lipolysis,
which has been shown to increase the expression of these genes (2,
3). Our preliminary analysis showed that overexpression of miR-
145 in 3T3-L1 adipocytes repressed the expression of Prdm16,
Ppara, Ppard, Ppargc1a, and fatty acid oxidation genes. Interest-
ingly, Prdm16, Ppara, and Ppard are predicted targets of miR-145.
Thus, upregulation of these genes in Ksrp�/� eWAT (Fig. 5) is
likely due to reduced miR-145 expression. It is also possible that
KSRP directly regulates the expression of mRNAs that encode
transcriptional regulators critical for fat utilization in eWAT,
such as peroxisome proliferator-activated receptor � (PPAR�),
PPAR�, or PPRAGC1�, through other posttranscriptional mech-
anisms.

Whereas KSRP has been shown to be required for the process-
ing of a subset of pri-miRNAs in several models of established cell
lines through RNA interference-induced downregulation (14,
25), it is somewhat surprising to find that only miR-145 is reduced
in Ksrp�/� eWAT by microarray analysis. Other miRNAs previ-
ously shown to be regulated by KSRP did not show a difference in
Ksrp�/� eWAT in our analysis, although they are clearly expressed
in eWAT (data not shown). It is unclear why only miR-145 ex-
pression is decreased in eWAT while other KSRP-dependent
miRNAs are not. Our findings, together with previous reports (14,
19, 25, 26), suggest a possible cell type or tissue specificity for
KSRP-dependent pri-miRNA processing. The function of KSRP
in pri-miRNA processing is also likely compensated by its close
family members, including FBP1 and FBP3 (27), depending on
the cell type. Furthermore, the mechanism by which KSRP pro-
motes pri-miR-145 processing awaits further investigation, al-
though previous data suggest that it interacts with the terminal
loop of pre-miRNAs.

While Ksrp�/� mice have a reduced fat mass, it will be of inter-
est to see whether the enhanced lipolysis and fatty acid utilization
in WAT are the sole contributions to this phenotype. We also
found that Ksrp�/� mice exhibited a reduced body weight, in-
creased expression of brown-fat-selective genes in inguinal WAT,
and moderately increased energy expenditure while no differences
in activity or food intake were observed (31). These data suggest
that the reduction in body adiposity is likely due to increased FA
utilization in white adipose tissue. Further studies with adipose-
tissue-specific KSRP knockout mice should reveal its role in the
control of lipolysis and whole-body adiposity. Nevertheless, our
observations are consistent with previous findings that increasing
lipolysis in WAT promotes FA oxidation within adipocytes and
protects against obesity (2, 3, 23, 28–30). It will also be of interest
to examine whether gain- and loss-of-function of miR-145 in ad-
ipose tissue affect lipolysis and adiposity in vivo. In summary, this
work suggests that modulation of KSRP-dependent pri-miR-145
processing could be a potential therapeutic target for obesity and
metabolic disorders.
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