
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 56, 2015 227

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

accumulation of TG in hepatocytes and is the hallmark of 
nonalcoholic fatty liver disease (NAFLD). NAFLD, the 
most common form of chronic liver disease, is strongly as-
sociated with obesity, type 2 diabetes, and insulin resis-
tance ( 1, 2 ). Steatosis occurs when there is an imbalance 
between lipid availability, which includes fatty acid uptake 
coming from the hydrolysis of TG stored in adipose tissue 
and dietary fatty acids and de novo fatty acid synthesis, and 
lipid disposal via fatty acid oxidation and VLDL secretion 
( 3–5 ). Studies in humans and rodents have revealed that 
excess accumulation of hepatic TG is mainly linked to in-
creased delivery of NEFA from peripheral expended adi-
pose tissue to the liver and enhanced de novo lipid syn thesis 
via lipogenic pathway in the liver itself while lipid disposal 
via  � -oxidation and VLDL export have only minor contri-
butions ( 6 ). Thus, elucidating the molecular mechanisms 
controlling hepatic lipid metabolism should lead to a bet-
ter understanding of the biological basis of hepatic steato-
sis and aid its prevention. 

 Most living organisms display circadian rhythms in behav-
ior and physiological processes such as sleep, feeding, me-
tabolism, and body temperature. These rhythms are guided 
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 The liver plays a central role in lipid metabolism. In the 
postprandial state, the liver converts substrate into TG for 
local storage as well as export to peripheral tissues in the 
form of VLDL. This process is controlled by multiple met-
abolic pathways, and dysregulation of these pathways may 
lead to hepatic steatosis, which is characterized by excess 
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not been completely established. To do this, we have gener-
ated  Ksrp -null mice and shown that type I IFN gene expression 
is upregulated in  Ksrp  � / �    cells and  Ksrp  � / �    mice in response to 
viral infection due to reduced mRNA decay ( 42 ). In the pres-
ent study, we report that  Ksrp  � / �    mice exhibit increased ex-
pression of  Per2  and altered circadian clock in the liver. These 
mutant mice have reduced liver TG contents and are pro-
tected from diet-induced hepatic steatosis. Expression of 
genes involved in de novo lipogenesis is reduced in the livers 
of  Ksrp  � / �    mice. We further show that downregulation of  Per2  
restores lipogenic gene expression and reverses the reduced 
TG levels in  Ksrp  � / �    hepatocytes, indicating that  Per2  is a nega-
tive regulator of lipogenesis. These fi ndings suggest KSRP 
as a critical factor in governing hepatic lipid metabolism 
through regulation of circadian timing of lipogenic gene 
expression and as a potential therapeutic target to control 
hepatosteatosis. 

 MATERIALS AND METHODS 

 Animal studies 
 Generation of  Ksrp -null mice in C57BL/6J background has been 

described ( 42 ). Mice were maintained under a 12 h light/12 h dark 
cycle and fed ad libitum a normal chow diet (NCD) or a high-fat 
diet (HFD) (Harlan Laboratories, TD.06415) containing 45% kcal 
from fat for 6–8 weeks. All experiments were performed using 10- 
to 16-week-old male mice. All animal studies were conducted in 
accordance with guidelines for animal use and care established by 
the University of Alabama at Birmingham Animal Resource Pro-
gram and the Institutional Animal Care and Use Committee. 

 Behavioral and food intake analysis 
 Mice (10 weeks of age) were placed in individual running 

wheel cages, and activity was recorded using the ClockLab data 
collection system (Actimetrics, Wilmette, IL). Actograms were 
generated using 6 min bins of activity and double plotted for ease 
of examination. Behavior was analyzed across 10 days for light/
dark (LD) analysis and 14 days of activity for constant darkness 
(DD) analysis after the mice had been in constant conditions for 
12 days. The free-running period ( � ) was determined by Chi-
square ( �  2 ) periodogram analysis. Food intake was measured us-
ing the Comprehensive Lab Animal Monitoring System. 

 Tissue and serum collection 
 Tissues were collected at 4 h intervals across the LD cycle. Sera 

were collected either at Zeitgeber time (ZT) 4 from mice fed ad 
libitum (fed condition) or at ZT4 from mice fasted for 16 h (from 
ZT 12 to ZT4). 

 Liver and serum lipid measurement 
 Lipids were extracted from liver ( � 100 mg) as described ( 43 ). 

TG concentrations in liver and serum were measured using Pointe 
Scientifi c Triglycerides Liquid Reagents (Fisher Scientifi c). 

 mRNA analysis 
 Total RNA was extracted by TRIzol (Invitrogen). For quantita-

tive real-time RT-PCR analysis, total RNA (1  � g) was reverse tran-
scribed using random hexamers. Amplifi cation was performed 
by using Roche LC480 Light Cycler and SYBR Green system 
(Roche). mRNA levels were normalized to that of  � -actin or cy-
clophilin B mRNAs. The sequences of the primers are listed in 
  Table 1  .   

by external light-dark signals that are integrated through 
intrinsic central and peripheral molecular clocks ( 7, 8 ). In 
mammals, the central clock located in the suprachiasmatic 
nuclei (SCN) of the anterior hypothalamus and the periph-
eral clocks present in most peripheral tissues are controlled 
by a common transcriptional circuitry that results in cas-
cades of gene expression with 24 h periodicity ( 9 ). The het-
erodimeric transcriptional factor complex of circadian 
locomotor output cycles kaput (CLOCK) and brain and 
muscle aryl hydrocarbon receptor nuclear translocator 
(Arnt)-like protein-1 (BMAL1) activates transcription of pe-
riod ( Per ) and cryptochrome ( Cry ) genes ( 10–14 ). The re-
sulting PER and CRY proteins interact with each other to 
form a repressive complex that translocates into the nucleus 
to inhibit CLOCK/BMAL1 transcription activity, resulting 
in the repression of the  Per  and  Cry  genes ( 7, 15–17 ). This 
core negative feedback loop is modulated by another inter-
locking feedback loop involving the orphan nuclear recep-
tor, REV-ERB � , which is a direct target of CLOCK/BMAL1 
and represses  Bmal1  transcription ( 18   ). 

 Accumulating evidence highlights intriguing interplays 
between circadian and metabolic pathways. Remarkably, 
animal studies and epidemiological evidence suggest that 
disturbance of circadian rhythms through environmental 
and genetic effects can lead to metabolic diseases, and mice 
with defective clock functions develop a number of patho-
logical conditions including metabolic disorders ( 19–23 ). 
The interplay is exemplifi ed by studies that examine gene 
expression profi les throughout the circadian cycle in meta-
bolic tissues such as liver, skeletal muscle, and adipose tissue 
( 24–27 ). In any given tissue, 3% to 10% of transcripts showed 
circadian rhythmicity. Many of them participate in common 
metabolic pathways such as metabolism of glucose, choles-
terol, and lipid. These observations highlight the central role 
of circadian regulation in lipid homeostasis and suggest that 
disturbance of diurnal oscillations of lipid metabolism genes 
can result in an alteration in hepatic TG content. These are 
supported by the studies showing that  Clock  mutant and 
 Bmal1 -null mice develop hyperlipidemia and hepatic steato-
sis ( 19, 28 ) and that ablation of  Rev-erbs    and histone deacety-
lase 3 ( Hdac3 ), both of which control the circadian expression 
of lipogenic genes, increases TG content in the liver ( 29, 30 ). 
In addition,  Per1/Per2 -null mice showed reduced liver TG lev-
els ( 31 ), and hepatic TG concentrations were elevated in 
 Cry1/Cry2 -null mice ( 32 ). 

 KH-type splicing regulatory protein (KSRP) is a multifunc-
tional RNA-binding protein involved in posttranscriptional 
regulation of gene expression including splicing ( 33 ), mRNA 
decay ( 34 ), primary microRNA (pri-miRNA)   processing ( 35 ), 
and translation ( 36 ). In the control of mRNA decay, KSRP 
binds the AU-rich elements (AREs) in the 3 ′  untranslated 
regions (3 ′  UTRs) of inherently unstable mRNAs and pro-
motes their decay by recruiting mRNA decay machineries 
( 34, 37 ). KSRP has been demonstrated to be required for 
decay of reporter mRNAs containing various AREs from  c-fos   , 
 Tnfa , and interleukin 8 ( 34, 38 ) and endogenous ARE-
containing mRNAs in established cell lines ( 38–41 ). The in 
vivo function of KSRP in controlling mRNA decay and the 
associated phenotypes resulting from KSRP defi ciency have 
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plasmids (0.5 µg). Cells were lysed 48 h posttransfection in buffer 
containing 1% Triton-X100, and TG concentrations were mea-
sured as described for hepatic TG. For gene expression analysis, 
cells were seeded in 12-well plates and transfected with siRNAs 
(30  � M) or plasmids (0.5  � g). Transfected cells were synchro-
nized with 100 nM Dex after 40 h of growth, and RNA samples 
were collected. 

 mRNA decay assays 
 Primary hepatocytes were treated with actinomycin D (5  � g/ml), 

and RNA was isolated at different time points. Levels of 
mRNAs were analyzed by quantitative PCR (qPCR  ). Wild-type 
and  Ksrp  � / �    mouse embryonic fi broblasts (MEFs) were trans-
fected with globin mRNA reporters in 6-well plates. Transfected 
cells were pooled and replated to 12-well plates the following 
day. Cells were treated with actinomycin D (5  � g/ml) 36 h after 
transfection, and RNA was isolated at different time points. Lev-
els of reporter mRNAs were analyzed by qPCR using specifi c 
primers for human  � -globin gene and normalized by  � -actin 
mRNA levels. 

 Ribonucleoprotein immunoprecipitation assays 
 Ribonucleoprotein immunoprecipitation (RIP) assays were 

performed as described ( 45, 46 ). Briefl y, cell lysates were immu-
noprecipitated with protein A/protein G beads coupled with 
anti-KSRP serum at 4°C overnight. Pellets were washed eight 
times, and RNA was isolated from the immunocomplex using 
TRIzol, reverse transcribed, and amplifi ed by RT-PCR. 

 Isolation and circadian synchronization of primary 
hepatocytes 

 Primary hepatocytes were isolated as described ( 44 ) with some 
modifi cations. Livers were isolated and injected with collagenase 
digestion buffer: Krebs-Ringer-HEPES buffer (121 mM NaCl, 
4.9 mM KCl, 1.2 mM MgSO 4 , 0.33 mM CaCl 2 , 12 mM HEPES, pH 
7.4) containing 0.1% collagenase IV, 1% BSA, and 6 mM glucose. 
The injected livers were incubated at 37°C for 30 min, fi ltered 
through a 500 µm metal mesh to remove undigested tissue, and 
centrifuged at 50  g  for 5 min at 4°C. The cells were washed once 
with cold William’s E medium and cultured in Willman’s E me-
dium containing 10% FBS, 0.1  � M insulin, and 0.1  � M dexa-
methasone (Dex) for 4 days. The cells were detached with 
a treatment of 0.25% trypsin-EDTA and seeded in 12-well plates 
(5 × 10 5  cells/well) in growth medium (DMEM containing 10% 
FBS). After a 2 h incubation with growth medium containing 100 
nM Dex the following day, the medium was replaced with growth 
medium and samples were collected every 4 h. 

 Transfection of hepatocytes 
 Primary hepatocytes (15 × 10 5  cells/well) were cultured in 

6-well plates and transfected with siRNAs (60  � M) using Lipo-
fectamine (Invitrogen) the following day. Transfected cells were 
treated with 0.25% trypsin-EDTA to detach the cells and plated 
to 12-well plates (5 × 10 5  cells/well) the following day. The cells 
were synchronized with 100 nM Dex after 16 h of growth. For 
hepatocyte TG measurement, cells (5 × 10 5  cells/well) were 
seeded in 12-well plates and transfected with siRNAs (30  � M) or 

 TABLE 1. Real-time PCR primers    

Gene Forward Reverse

Aacs CAGCCTGTGTGTACCCCAGTA CGGCCACCTCCACTTTCTTGC
 � -actin GTTCCGATGCCCTGAGGCTC CAGACAGCACTGTGTTGGCA
Acaca ATCCACAATGCCAACCCTGAG CCTGGACCAAGCTGCGGATCT
Acadm AGACGAAGCCACGAAGTATGC TCATCAGCTTCTCCACAGGGT
Agpat2 ACGCAACGACAATGGGGACCT GGTGGCCCTCATGGACTGGTA
Agpat6 GAGTGAAGTCTGCCATTGCCC GGCTGCGGTCCTCATGGTTTC
Bmal1 CCTCCCCCTGATGCCTCTTCT TGCCTCATCGTTACTGGGACT
Cd36 GGAGCTGTTATTGGTGCAGTC TGCTGTTCTTTGCCACGTCAT
Clock CAGCTTCCTTCAGTTCAGCAG TACTGTGGCTGGACCTTGGAA
Cpt1a ACTATGTGTCCTGTGGCGGGG TTTTGGAATTGGCGGTGAGGC
Cry1 AGCAGCAGCGGGAATGGAGGG CTGGGCATCCTCTTGCTGACT
Cry2 TTGGCATCTGTCCCTTCCTGT GCCCGCTTGGTCAGTTCTTCA
Cyclophilin B AAGGTGCTCTTCGCCGCCGCC TGATGACACGATGGAACTTGCTGT
Dbp TGCTAATGACCTTTGAACCTGATCC TGCATCTCTCGACCTCTTGGCTGCT
Dgat2 CAGCATCCTCTCAGCCCTCC CAGCCAGGTGAAGTAGAGCA
Elovl6 CTCAGCAAAGCACCCGAACTA TGACACAGCCCATCAGCATCT
Fasn AGAGCCTGGAAGATCGGGTGG GCACAGACACCTTCCCGTCAC
Gpat1 CTCTGCTGCCATCTTTGTCCA AGACACTCGCTTTTGCTTGGT
Hmgcr CAACGCCCACGCAGCAAACAT CTCACCAGCCATCACAGTGCC
Ldlr GGCAGAGGGAATGAGGAGCAG GCTCGTCCTCTGTGGTCTTCT
Per1 TGACATACCAGGTGCCGTCCA CAGTCCACACACGCCATCACA
Per2 CCAGGCGGTGTTGAAGGAGGA CCTCTATCCTGGGGCCTGTCA
Ppara GGCTGCTATAATTTGCTGTGGAG TGTGTACGAGCTGCGCATGC
Ppard CCGCAAGCCCTTCAGTGACATCAT GCAGATGGAATTCTAGAGCCCGCA
Pparg TGCGGAAGCCCTTTGGTGACT ATGTCCTCGATGGGCTTCACGTTC
Rev-erba CCGCACAACCTACAGTCTGCA GTTGTTCAGGGTCCGCAGGTC
Scd1 AGCCTGTTCGTTAGCACCTTC ACTCCCGTCTCCAGTTCTCTT
Slc27a2 TGAGGGTCGAATTGGGATGGC TTCCATCAGGGTCACTTTGCG
Slc27a5 GCTCCCTGCCTATGCCACACC CACACACAGCCTGGTACACAT
Srebp1c CGGCGCGGAAGCTGTCGGGGT TGTCTTGGTTGTTGATGAGCTGGA

Aacs, acetoacetyl-coenzyme A synthetase; Acaca, acetyl-coenzyme A carboxylase alpha; Acadm, acyl-coenzyme 
A dehydrogenase, medium chain; Agpat2, 1-acylglycerol-3-phosphate  O -acyltransferase 2; Agpat6, 1-acylglycerol-3-
phosphate  O -acyltransferase 6; Cpt1a, carnitine palmitoyltransferase 1a; Dbp, D site albumin promoter binding 
protein; Dgat2, diacylglycerol  O -acyltransferase 2; Elovl6, ELOVL family member 6, elongation of long chain fatty 
acids; Gpat1, glycerol-3-phosphate acyltransferase, mitochondrial; Hmgcr, 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase; Ldlr, low density lipoprotein receptor; Scd1, stearoyl-coenzyme A desaturase 1; Slc27a2, solute carrier 
family 27 (fatty acid transporter) member 2; Slc27a5, solute carrier family 27 (fatty acid transporter) member 5; 
Srebp1c, sterol-regulatory element binding protein 1c.
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 Statistical analysis 
 All data are presented as the mean ± SEM. Statistical signifi -

cance ( P  value) was calculated by unpaired two-tailed Student’s 
 t -test or one-way ANOVA. 

 RESULTS 

 KSRP ablation causes a reduction in hepatic and serum 
TG contents 

 We have previously shown that  Ksrp  � / �    mice exhibit re-
duced adiposity due to increased fat utilization in white 
adipose tissue ( 51, 52 ). As the liver also plays a key role in 
lipid metabolism, we examined TG levels in the liver and 
serum of  Ksrp  � / �    mice under fed and fasting conditions. 
On a chow diet (NCD), fed and fasting hepatic TG levels 
were signifi cantly reduced in  Ksrp  � / �    mice compared with 
wild-type mice (  Fig. 1A  ).  While no difference in fasting se-
rum TG concentrations was detected between the groups, 
fed serum TG levels were also reduced in  Ksrp  � / �    mice 
( Fig. 1B ). When fed a HFD,  Ksrp  � / �    mice showed a 30–
50% reduction in hepatic TG levels under both fed and 
fasting conditions ( Fig. 1A ). HFD-fed  Ksrp  � / �    mice also 
displayed lower fed serum TG levels ( Fig. 1B ). Unlike TG 
levels, no difference in hepatic cholesterol levels was ob-
served between wild-type and  Ksrp  � / �    mice ( Fig. 1C ). How-
ever,  Ksrp  � / �    mice showed lower fed serum cholesterol 
levels on an NCD and an HFD and lower fasting serum 
cholesterol levels on an HFD, although the difference was 
smaller than that in TG levels ( Fig. 1D ). These data indi-
cate that KSRP ablation reduces hepatic and serum TG 
levels and protects from diet-induced hepatic steatosis. 

 RNA binding assays 
  32 P-labeled RNAs were in vitro transcribed from PCR-amplifi ed 

fragments containing a T7 RNA polymerase promoter. RNA 
binding and UV-cross-linking assays and immunoprecipitation of 
RNA-protein complexes were previously described ( 42 ). 

 Immunoprecipitation, immunoblotting, and antibodies 
 Cells or tissues were lysed in RIPA buffer (0.5% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris-Cl, 
pH 7.5). For detection of PER2, PER2 was immunoprecipitated 
with rabbit polyclonal antibodies (Alpha Diagnostic Interna-
tional), and the immunoprecipitates were separated on a 7% 
SDS-PAGE and probed with guinea pig anti-PER2 antibodies 
(KeraFast). For immunoblotting, proteins were separated on a 
7–10% SDS-PAGE, transferred to a polyvinylidene difl uoride 
membrane, and probed with following antibodies: anti-CLOCK 
(Cell Signaling), anti-BMAL1 (Bethyl Laboratories Inc.), anti-
KSRP ( 47 ), anti-FLAG (Sigma), anti- � -tubulin (Sigma), and anti-
Myc (Roche Diagnostics  ). 

 Plasmids 
 Constructs that expressed Flag-tagged KSRP and Myc-tagged 

PER2 were described previously ( 48, 49 ). A construct, pcDNA3-
hGB, expressing human  � -globin mRNA, was previously de-
scribed ( 50 ). Fragments of  Per2  3 ′  UTR were amplifi ed by PCR 
and subcloned into  Not I and  Xba I sites of pcDNA3-hGB. Poten-
tial AU-rich regions were mutated by PCR-mediated site-di-
rected mutagenesis, and mutations were confi rmed by DNA 
sequencing. 

 siRNAs 
 SiGENOME SMART pool siRNA against  Per2  was purchased 

from Thermo Scientifi c. A control siRNA was purchased from 
Qiagen. 

  Fig.   1.  Reduced hepatic and serum TG levels in  Ksrp  � / �    mice. A: Hepatic TG levels of NCD- and HFD-fed 
wild-type and  Ksrp  � / �    mice under fed and fasting conditions (n = 6–8 per group). B: Serum TG levels of NCD- 
and HFD-fed wild-type and  Ksrp  � / �    mice under fed and fasting conditions (n = 6–8 per group). C: Hepatic 
cholesterol levels of NCD- and HFD-fed wild-type and  Ksrp  � / �    mice under fed and fasting conditions (n = 6–8 
per group). D: Serum total cholesterol levels of NCD- and HFD-fed wild-type and  Ksrp  � / �    mice under fed and 
fasting conditions (n = 6–8 per group). Data are mean ± SEM. *  P  < 0.05, **  P  < 0.01, and ***  P  < 0.005.   
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expression and causes a delay in the oscillating phases of 
several core clock genes in the liver. 

  Ksrp  � / �    mice display an altered clock function 
 To test whether KSRP is also required for central clock 

function, we measured wheel-running behavior of wild-type 
and  Ksrp  � / �    mice.  Ksrp  � / �    mice exhibited typical entrain-
ment to the light cycles compared with wild-type mice in LD 
(  Fig. 3A  ).  In DD,  Ksrp  � / �    mice showed a moderately length-
ened free-running period (wild-type = 23.7 h vs.  Ksrp  � / �    = 
23.9 h;  Fig. 3A, B ). We examined the expression of clock 
genes in the SCN at the day time (ZT6) and the night time 
(ZT18) and observed a moderate increase in expression of 
 Per2  and  Cry1  at ZT18 and  Clock  at ZT6 in  Ksrp  � / �    mice while 
expression of most clock genes was not affected ( Fig. 3C ). 
Because the circadian clock plays an important role in de-
termining patterns of food intake and feeding behavior ex-
hibits a pronounced circadian rhythmicity, we monitored 
diurnal rhythms of food intake. There was no signifi cant 
difference in feeding behavior between wild-type and 
 Ksrp  � / �    mice ( Fig. 3D ). These results suggest that KSRP 
moderately regulates the central clock and is required for 
maintaining a normal circadian period. 

 Circadian oscillations and expression of some lipid 
metabolism genes are altered in  Ksrp  � / �    liver 

 To understand the molecular basis leading to reduced 
hepatic TG levels, we examined diurnal expression of lipid 

  Per2  expression is elevated, and oscillations of circadian 
clock genes are altered in  Ksrp  � / �    liver 

 As disturbance in circadian regulation of lipid metabo-
lism in the liver alters TG content, we tested whether KSRP 
ablation results in altered circadian clocks and examined 
diurnal expression of core clock genes in livers of wild-type 
and  Ksrp  � / �    mice. While the abundance of most canonical 
core clock genes was not affected,  Per2  mRNA levels were 
signifi cantly elevated in  Ksrp  � / �    livers compared with wild-
type in the dark period (  Fig. 2A  ).  We also observed a phase 
shift (delayed by  � 4 h) in the oscillations of several core 
clock genes including  Per1 ,  Clock ,  Rev-erba ,  Bmal1  (while the 
delay of  Bmal1  was moderate), and  Dbp  (a direct target of 
CLOCK/BMAL1) in  Ksrp  � / �    livers ( Fig. 2A ). By contrast, no 
shift was observed for  Cry1  and  Cry2  ( Fig. 2A ). PER2 protein 
levels in  Ksrp  � / �    livers were also increased in the light and 
dark periods ( Fig. 2B ) while the levels of CLOCK and 
BMALl were not altered ( Fig. 2C ). In addition, KSRP 
showed a diurnal expression with higher expression levels 
between ZT8 and ZT16 ( Fig. 2C ). Unlike that in the livers, 
 Per2  mRNA levels were not altered in  Ksrp  � / �    epididymal 
white adipose tissue (eWAT) ( Fig. 2D ). No signifi cant differ-
ence in core clock gene expression was observed in  Ksrp  � / �    
eWAT compared with wild-type, although the levels of  Clock  
mRNA were moderately elevated in the light period and 
there was a shift in the peak of  Cry1  mRNA ( Fig. 2D ). Thus, 
these results indicate that absence of KSRP enhances  Per2  

  Fig.   2.  KSRP ablation upregulates  Per2  and causes a phase shift in oscillations of some circadian clock genes in  Ksrp  � / �    livers, but not 
eWAT. A: Circadian oscillations of  Per2 ,  Per1 ,  Clock ,  Rev-erba ,  Baml1 ,  Cry1 ,  Cry2 , and  Dbp  in wild-type and  Ksrp  � / �    livers. RNA was isolated from 
livers of wild-type (n = 6) and  Ksrp  � / �    (n = 6) mice at different ZTs (ZT0: lights on; ZT12: lights off), and gene expression was analyzed by 
qPCR. The ZT0 values were plotted twice as ZT0 and ZT24. Data are mean ± SEM. * P  < 0.05 between groups at each time point. B: Liver 
extracts were immunoprecipitated (IP) with anti-PER2 antibodies, and the immunoprecipitates were analyzed by immunoblotting (IB) 
using anti-PER2 antibodies. Pooled liver extracts of two mice were analyzed for each time point. Two independent IP/IB analyses using 
different mice are shown.  � -Tubulin levels in the inputs of IP were used as a loading control. Quantifi cation of PER2 levels is indicated. Data 
are the mean of two IP/IB experiments. C: Liver extracts of two mice for each time point were analyzed by immunoblotting using anti-
CLOCK, anti-BMAL1, anti-KSRP, and anti- � -tubulin. D: Circadian oscillations of  Per2 ,  Per1 ,  Clock ,  Baml1 , and  Cry1  in wild-type and  Ksrp  � / �    
eWAT (n = 4). Data are mean ± SEM. *  P  < 0.05 and **  P  < 0.01 between groups at each time point.   
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signifi cantly attenuated with a phase shift in the oscillation 
of  Pparg  in  Ksrp  � / �    livers ( Fig. 4E ). These data indicate that 
KSRP defi ciency results in either phase shift in oscillations 
or reduced expression of several lipid metabolism genes in 
the liver. The reduction is particularly concentrated on the 
genes encoding enzymes involved in de novo lipogenesis 
likely due to a reduction in expression of their upstream 
regulators such as  Pparg  and  Srebp1c . 

  Per2  expression is elevated and oscillations of some clock 
genes are phase shifted in primary  Ksrp  � / �    hepatocytes 

 To determine whether the altered circadian rhythms in 
 Ksrp  � / �    liver are cell autonomous, we prepared primary he-
patocytes and synchronized the cells with Dex, which in-
duces oscillations of core clock genes in cell lines ( 53 ).  Per2  
mRNA levels were elevated at 24 h and thereafter after Dex 
treatment in  Ksrp  � / �    hepatocytes (  Fig. 5A  ).  Oscillating 
phases of  Rev-erba ,  Bmal1 , and  Per1  were delayed by 4 h in 
 Ksrp  � / �    hepatocytes, although the mRNA abundance was 
not altered ( Fig. 5A ). In contrast, no difference in oscilla-
tions of  Cry1 ,  Cry2 ,  Clock , and  Dbp  was observed between the 

metabolism genes involved in de novo fatty acid synthesis 
( Acaca ,  Fasn ,  Scd1 , and  Elovl6 ), TG synthesis ( Gpat1 ,  Agpat2 ,  
Agpat6 , and  Dgat2 ), fatty acid uptake ( Cd36 ,  Scl27a2 ,  Scl27a5 , 
and  Ldlr ), fatty acid oxidation ( Cpt1a  and  Acadm ), and cho-
lesterol synthesis ( Aacs  and  Hmgcr ) in wild-type and  Ksrp  � / �    
livers. Expression of genes involved in fatty acid synthesis, 
including  Acaca ,  Fasn ,  Scd1 , and  Elovl6 , and TG syn-
thesis, including  Agpat2  and  Agpat6 , either was decreased or 
showed a phase shift in the livers of  Ksrp  � / �    mice (  Fig. 4A , 
B ), suggesting that either lipogenesis is attenuated or its 
timing is shifted.  We also observed a reduction in expres-
sion of  Cd36  and a signifi cant phase shift in cycling of 
 Slc27a2  and  Ldlr  ( Fig. 4C ), suggesting that lipid uptake may 
be altered in  Ksrp  � / �    livers. Expression of  Acadm  was in-
creased and cycling of  Aacs  and  Hmgcr  was delayed ( Fig. 
4D ), suggesting that fatty acid oxidation may be increased 
and cholesterol synthesis is also affected in  Ksrp   � / �   livers. 
We next examined expression profi les of master regulators 
of lipid metabolism including  Ppara ,  Ppard ,  Pparg , and 
 Srebp1c.  While no alteration in expression of  Ppara  and 
 Ppard  was observed, expression of  Pparg  and  Srebp1 c was 

  Fig.   3.  Disrupted clock function in  Ksrp  � / �    mice. A: Locomotor activity of wild-type and  Ksrp  � / �    mice under 
a normal 12:12 LD cycle and under DD. Data were plotted in duplicates. B: Free-running periods of wild-type 
and  Ksrp  � / �    mice were calculated from A (n = 10 for each group). C: Expression of  Per1 ,  Per2 ,  Bmal1 ,  Clock ,  Cry1 , 
and  Cry2  in wild-type and  Ksrp  � / �    SCN at ZT6 and ZT18 (n = 3 for each genotype and each time point). Data 
are mean ± SEM. *  P  < 0.05. D: Food intake of wild-type and  Ksrp  � / �    mice under a normal 12:12 LD cycle was 
monitored over three consecutive 24 h cycles. Results are mean ± SEM (n = 6 per genotype).   
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  Fig.   4.  Oscillations and expression of some lipid metabolism genes are altered in  Ksrp  � / �    livers. A: Circadian expression of genes in-
volved in de novo fatty acid synthesis,  Acaca ,  Fasn ,  Scd1 , and  Elovl6 , in wild-type and  Ksrp  � / �    livers. B: Circadian expression of genes in-
volved in TG synthesis,  Gpat1 ,  Agpat2 ,  Agpat6 , and  Dgat2 , in wild-type and  Ksrp  � / �    livers. C: Circadian expression of genes involved in lipid 
uptake,  Cd36 ,  Slc27a2 ,  Slc27a5 , and  Ldlr , in wild-type and  Ksrp  � / �    livers. D: Circadian expression of genes involved in fatty acid oxidation, 
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  Per2  mRNA decay rate is decreased in  Ksrp  � / �    
hepatocytes 

 To determine the underlying mechanism leading to el-
evated  Per2  expression in the absence of KSRP, we exam-
ined decay of  Per2  mRNA in hepatocytes treated with Dex 
for 32 h ( Per2  mRNA levels are the highest at this time 
point). As shown in   Fig. 6A  ,  Per2  mRNA stability was in-
creased in  Ksrp  � / �    hepatocytes compared with wild type. 
 In contrast, the stability of  Per1  and  Rev-erba  mRNAs, while 
exhibiting mRNA instability, was not changed between the 
two groups ( Fig. 6B, C ). To determine whether KSRP pro-
motes  Per2  mRNA decay by binding to the mRNA, we per-
formed RIP assays.  Per2  mRNA was enriched in the 
anti-KSRP immunoprecipitate of wild-type liver extracts 
compared with either a control immunoprecipitate of 
wild-type extracts or an anti-KSRP immunoprecipitate us-
ing  Ksrp  � / �    extracts ( Fig. 6D ). In contrast, no enrichment 
of  Rev-erba  and   � -actin  mRNAs was observed in the anti-
KSRP immunoprecipitate of wild-type extracts ( Fig. 6D ). 
We also examined the interaction of KSRP with  Per2  mRNA 

groups ( Fig. 5C ). These data strongly implicate that upregu-
lation of  Per2  and phase shift in several circadian clock 
genes in  Ksrp  � / �    livers are cell autonomous and unlikely 
due to changes in the behavior of  Ksrp  � / �    mice. 

 Downregulation of  Per2  in  Ksrp  � / �    hepatocytes reverses 
delayed circadian clock 

 We next examined whether increased  Per2  expression 
leads to altered oscillations of clock genes. Knockdown of 
 Per2  by siRNAs (siPer2) in  Ksrp  � / �    hepatocytes restored 
the delayed phases of  Rev-erba ,  Bmal1 , and  Per1  similar to 
that of wild-type hepatocytes, although downregulation of 
 Per2  also decreased their levels ( Fig. 5A ). Knockdown of 
 Per2  in wild-type hepatocytes also attenuated the expres-
sion of  Rev-erba ,  Bmal1 , and  Per1  but did not alter their 
circadian profi les ( Fig. 5B ), indicating that the rhythmic-
ity in core clock gene expression is retained with reduced 
 Per2  levels. These data suggest that the phase delay in oscil-
lations of  Rev-erba ,  Bmal1 , and  Per1  in  Ksrp  � / �    hepatocytes 
is indeed due to increased  Per2  expression. 

 Cpt1a  and  Acadm , and cholesterol synthesis,  Aacs  and  Hmgc r, in wild-type and  Ksrp  � / �    livers. E: Circadian oscillations of  Ppara ,  Ppard ,  
Pparg , and  Srebp1c  in wild-type and  Ksrp  � / �    livers. All data are mean ± SEM (n = 6–8 for each genotype). *  P  < 0.05 and **  P  < 0.01 between 
groups at each time point.   

  Fig.   5.  Upregulation of  Per2  and delayed phases in oscillations of clock genes in  Ksrp  � / �    hepatocytes, and 
downregulation of  Per2  restores the phase shift in oscillations of circadian clock genes in  Ksrp  � / �    hepatocytes. 
A: Oscillations of  Per2 ,  Rev-erba ,  Bmal1 ,   and  Per1  in wild-type hepatocytes transfected with a control siRNA (si-
Con) and in  Ksrp  � / �    hepatocytes transfected with siCon or Per2 siRNAs (siPer2). *  P  < 0.05 between  Ksrp +/+   
(siCon) and  Ksrp  � / �    (siCon) at each time point. B: Oscillations of  Per2 ,  Rev-erba ,  Bmal1 , and  Per1  in wild-type 
hepatocytes transfected with siCon or siPer2. C: Oscillations of  Cry1 ,  Cry2 ,  Clock , and  Dbp  in wild-type and 
 Ksrp  � / �    hepatocytes. All data are mean ± SEM from three independent preparations of hepatocytes (n = 6).   
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mRNAs showed similar mRNA stability in  Ksrp  � / �    MEFs 
( Fig. 7C ) suggesting that AU2 mediates KSRP-dependent 
decay of  Per2  mRNA. RNA binding and UV cross-linking as-
says showed that an RNA-KSRP complex, which was immu-
noprecipitated with anti-KSRP, was formed with AU2 RNA 
using wild-type extracts. By contrast, no RNA-KSRP com-
plex was formed using  Ksrp  � / �    extracts ( Fig. 7E ). While 
KSRP bound AU1 RNA weakly, it bound AU2 RNA with a 
high affi nity ( Fig. 7F ). No RNA-KSRP complexes were de-
tected with AU3 RNA and AU2 RNA containing mutations 
in the ARE ( Fig. 7F ). Altogether, these data suggest that 
KSRP promotes  Per2  mRNA decay through the interaction 
with the AU2 region. 

 Lipogenic genes are downregulated in  Ksrp  � / �    hepatocytes, 
and downregulation of  Per2  in  Ksrp  � / �    hepatocytes 
restores lipogenic gene expression and TG levels 

 We examined expression of lipogenic genes in wild-type 
and  Ksrp  � / �    hepatocytes and were unable to detect circa-
dian oscillations in expression of most of these genes in 
Dex-treated hepatocytes (data not shown). Thus, we exam-
ined their expression levels before and 28 h and 32 h after 
Dex treatment (when  Per2  expression is rising and declin-
ing, respectively). Expression of  Acaca  and  Scd1  was de-
creased in  Ksrp  � / �    hepatocytes compared with wild-type 
both 28 h and 32 h after Dex treatment. Importantly, 
downregulation of  Per2  restored their expression in 
 Ksrp  � / �    hepatocytes (  Fig. 8A  ).  Similar results were de-
tected for  Fasn  28 h after Dex treatment ( Fig. 8A ). Down-
regulation of  Per2  in wild-type hepatocytes did not affect 
expression of lipogenic genes ( Fig. 8A ), suggesting that a 
reduction in  Per2  expression was unable to cause distur-
bance in lipogenic gene expression. We also observed a 
reduction in expression of  Srebp1c  both 28 h and 32 h after 
Dex treatment and reduced expression of  Pparg  before 
and 28 h after Dex treatment in  Ksrp  � / �    hepatocytes ( Fig. 
8B ). Downregulation of  Per2  increased their mRNA levels 

in eWAT extracts. Consistent with the results in  Fig. 2D  in 
which similar  Per2  mRNA levels were detected between 
wild-type and  Ksrp  � / �    eWATs, no KSRP- Per2  mRNA com-
plex was detected, while  Tnfa  mRNA, a positive control for 
KSRP-bound RNAs, was detected in the anti-KSRP immu-
noprecipitate of wild-type extracts ( Fig. 6D ). These results 
suggest that KSRP targets  Per2  mRNA for decay by an RNA-
protein interaction and upregulation of  Per2  is due to de-
creased mRNA decay in the absence of KSRP. 

 KSRP promotes decay of  Per2  mRNA through interaction 
with the ARE in the 3 ′  UTR 

 KSRP promotes mRNA decay through direct binding to 
the AREs in the 3 ′  UTRs of its target mRNAs. To examine 
the role of KSRP in promoting  Per2  mRNA decay, we sub-
cloned two fragments of  Per2  3 ′  UTR into the 3 ′  UTR of 
human  � -globin reporter. hGB-Per2 1241  contains a proxi-
mal fragment composed of nucleotides 3,948 to 5,189 (ac-
cession #NM_011066) and hGB-Per2 669  contains a distal 
fragment consisting of nucleotides 5,169 to 5,837 (  Fig. 
7A  ).  These reporter mRNAs were expressed and their de-
cay rates were monitored in wild-type and  Ksrp  � / �    MEFs. 
The mRNA with the distal fragment (hGB-Per2 669 ) dis-
played a half-life ( t  1/2 ) of 3.6 h ( Fig. 7B ) in wild-type MEFs. 
In contrast, the mRNA with the proximal region (hGB-
Per2 1241 ) did not show any signifi cant decay compared 
with a control globin mRNA with GAPDH 3 ′  UTR ( Fig. 
7B ). Importantly, decay of hGB-Per2 669  mRNA was im-
paired in  Ksrp  � / �    MEFs ( Fig. 7B ). These results suggest 
that the distal region of  Per2  3 ′  UTR directs mRNA decay 
and KSRP is responsible for the decay. 

 There are three potential AREs, AU1, AU2, and AU3, 
present in the distal region ( Fig. 7A ). We mutated each 
ARE and examined mRNA decay. While mutations of AU1 
and AU3 did not alter the decay rate compared with hGB-
Per2 669  mRNA in wild-type MEFs, mutation of AU2 im-
paired mRNA decay ( Fig. 7C ). In addition, all three mutated 

  Fig.   6.  KSRP controls  Per2  mRNA stability through 
a direct RNA-protein interaction. A, B, and C: Half-
lives of  Per2  mRNA (A),  Per1  mRNA (B), and  Rev-erba  
mRNA (C) in wild-type and  Ksrp  � / �    hepatocytes. He-
patocytes were treated with actinomycin D (Act. D), 
and RNA was isolated at different time points after 
the treatment. mRNA levels of  Per2 ,  Per1 , and  Rev-erba  
were analyzed by qPCR. The mRNA decay rates were 
plotted, and the half-lives ( t  1/2 ) were indicated. Each 
time point represents mean ± SEM (n = 3). D: Asso-
ciation of  Per2  mRNA with KSRP. Liver extracts were 
prepared from wild-type and  Ksrp  � / �    mice and sub-
jected to immunoprecipitation with preimmune se-
rum or anti-KSRP serum. RNA was isolated from the 
precipitation. The presence of  Per2 ,  Rev-erba,  and   � -
Actin  mRNAs was analyzed by RT-PCR and agarose gel 
electrophoresis. eWAT extracts were also prepared 
from wild-type and  Ksrp  � / �    mice and subjected to im-
munoprecipitation with preimmune serum or anti-
KSRP serum. The presence of  Per2 ,  Tnfa , and   � -Actin  
mRNAs in the immunoprecipitates was analyzed. In-
put: RT-PCR reaction of RNA (10% of amounts used 
for IP) from each genotype.   
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the expression of  Srebp1c  and  Pparg , master regulators of 
lipogenesis, which is a result of increased  Per2  expression. 
The reduction in both  Srebp1c  and  Pparg  results in attenu-
ated expression of lipogenic enzymes including  Acaca ,  
Fasn , and  Scd1  and reduced intracellular TG levels. 

 Overexpression of KSRP decreases  Per2  and increases 
lipogenic gene expression, and conversely, overexpression 
of  Per2  downregulates lipogenic gene expression 

 To further explore the roles of KSRP and PER2 in lipo-
genic gene expression, we fi rst overexpressed KSRP in wild-
type hepatocytes and examined expression of clock and 
lipogenic genes. Ectopic expression of KSRP decreased 

in  Ksrp  � / �    hepatocytes and  Srebp1c  mRNA levels in wild-
type cells ( Fig. 8B ), suggesting that PER2 negatively regu-
lates  Srebp1c  and  Pparg  expression. We next examined 
intracellular TG levels in wild-type and  Ksrp  � / �    hepato-
cytes. TG levels were decreased in  Ksrp  � / �    hepatocytes 
( Fig. 8C ). Downregulation of  Per2  restored TG levels in 
 Ksrp  � / �    hepatocytes to that of wild type, but did not affect 
TG levels in wild-type hepatocytes ( Fig. 8C ). We analyzed 
knockdown effi ciency of  Per2  in wild-type and  Ksrp  � / �    he-
patocytes; the mRNA and protein levels were reduced 
by  � 50–80% and by  � 50%, respectively, in wild-type and 
 Ksrp  � / �    cells treated with siPer2 ( Fig. 8D, E ). Altogether, 
these results strongly suggest that KSRP defi ciency attenuates 

  Fig.   7.  KSRP controls  Per2  mRNA stability through an interaction with the ARE in the 3 ′  UTR. A: Schematic diagram showing the 3 ′  UTR 
of  Per2 , which is divided into two subregions and subcloned into human  � -globin mRNA reporter (hGB-Per2 1241  and hGB-Per2 669 ). Open 
ovals indicate AU-rich motifs and mutations of AU motifs are denoted as closed ovals. B: Wild-type and  Ksrp  � / �    MEFs were transfected with 
plasmids expressing globin reporters containing the 3 ′  UTR of GAPDH, the proximal region, or distal region of  Per2  3 ′  UTR and treated 
with actinomycin D (Act. D). RNA was isolated at different time points after the treatment. mRNA levels of globin reporters were analyzed 
by qPCR. The mRNA decay rates were plotted and the  t  1/2  were indicated. Each time point represents mean ± SEM (n = 6). C: Half-lives of 
globin mRNAs containing mutations in each AU-rich region in wild-type and  Ksrp  � / �    MEFs. D: Sequences of AU1, AU2, AU3, and their 
mutations. AU-rich motifs are underlined. E: KSRP interacts with AU2 of  Per2  mRNA. Wild-type or  Ksrp  � / �    extracts were incubated with 
 32 P-labeled AU2 RNA and subjected to UV cross-linking. The RNA-protein complexes were either directly analyzed by SDS-PAGE (lanes 1 
and 2) or subjected to immunoprecipitation with preimmune serum (lanes 3 and 5) or anti-KSRP serum (lanes 4 and 6), and then the im-
munoprecipitates were analyzed by SDS-PAGE and autoradiography. F: Interactions of KSRP with AU1, AU2, AU2M, and AU3 RNAs ana-
lyzed by UV cross-linking using wild-type MEF extracts.   
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intracellular TG levels ( Fig. 9F ). We next overexpressed 
PER2 in wild-type hepatocytes to a level similar to that of 
 Ksrp  � / �    hepatocytes ( Fig. 9D ). Ectopic expression of PER2 
in wild-type hepatocytes decreased expression of  Srebp1c ,  

expression of  Per2 , but not  Per1 ,  Clock ,  Bmal1 , and  Cry1  (  Fig. 
9B  ), and increased expression of  Srebp1c ,  Pparg ,  Acacs ,  Fasn , 
and  Scd1  ( Fig. 9C ).  Consistent with the induction of lipo-
genic genes, overexpression of KSRP moderately increased 

  Fig.   8.  Downregulation of  Per2  increases lipogenic gene expression and TG levels in  Ksrp  � / �    hepatocytes. A: Expression of lipogenic 
genes,  Acaca ,  Fasn , and  Scd1 , in wild-type and  Ksrp  � / �    hepatocytes transfected with siCon or siPer2 before and 28 h and 32 h after Dex treat-
ment. B: Expression of  Srebp1c  and  Pparg  in wild-type and  Ksrp  � / �    hepatocytes transfected with siCon or siPer2 before and 28 h and 32 h 
after Dex treatment. C: Intracellular TG levels in wild-type and  Ksrp  � / �    hepatocytes transfected with siCon or siPer2. All data are mean ± 
SEM (n = 4–6). *  P  < 0.05, **  P  < 0.01, and ***  P  < 0.005. D: Expression of  Per2  in wild-type and  Ksrp  � / �    hepatocytes transfected with siCon 
or siPer2 before and 28 h and 32 h after Dex treatment. E: Wild-type and  Ksrp  � / �    hepatocytes were transfected with siCon or siPer2. PER2 
expression was analyzed by immunoblotting.   

  Fig.   9.  Overexpression of KSRP decreases  Per2  and increases lipogenic gene expression and overexpression of  Per2  downregulates lipogenic 
genes. A: Wild-type hepatocytes were transfected with a control plasmid or a construct expressing Flag-tagged KSRP. Expression of Flag-KSRP 
was analyzed by immunoblotting. The blot was reprobed with anti- � -tubulin antibody. B: Expression of  Per1 ,  Per2 ,  Clock ,  Bama1 ,  Rev-erba , and 
 Cry1  in wild-type hepatocytes expressing Flag-KSRP. C: Expression of  Srebp1c ,  Pparg ,  Acaca ,  Fasn , and  Scd1  in wild-type hepatocytes expressing 
Flag-KSRP. D: Wild-type hepatocytes were transfected with a control plasmid or a construct expressing Myc-tagged PER2, and  Ksrp  � / �    hepato-
cytes were transfected with a control plasmid. Total levels of PER2 were analyzed by anti-PER2 immunoblotting. Myc-PER2 levels were also ana-
lyzed by anti-Myc immunoprecipitation followed by anti-PER2 immunoblotting. The weak bands detected in the anti-Myc immunoprecipitates 
in lanes 1 and 3 are likely due to a protein comigrated with Myc-PER2 and cross-reacted with anti-PER2 antibody. The blot was reprobed with 
anti- � -actin antibody. E: Expression of  Srebp1c ,  Pparg ,  Acaca ,  Fasn , and  Scd1  in wild-type hepatocytes with or without expression of Myc-PER2 
and  Ksrp  � / �    hepatocytes. F and G: Intracellular TG levels in wild-type hepatocytes expressing Flag-KSRP (F) and in wild-type hepatocytes ex-
pressing Myc-PER2 and  Ksrp  � / �    hepatocytes (G). All data are mean ± SEM (n = 4–6). *  P  < 0.05, **  P  < 0.01, and ***  P  < 0.005.   
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to control lipid metabolism by inhibiting PPAR �  function 
in adipocytes through direct protein-protein interactions 
( 49 ). However, it is unknown whether PER2 transcription-
ally regulates  Pparg  expression. It was shown that disrup-
tion of Clock function affects daily rhythmicity in the 
expression of  Srebp1c  in the liver ( 59 ) and that the CLOCK/
BMAL1 complex binds to the promoter sequence of 
 Srebp1c  ( 28 ). Thus, it is possible that PER2 represses tran-
scription of  Srebp1c  though a negative regulation of tran-
scriptional activity of CLOCK/BMAL1 ( 28 ). 

 In an indirect role, PER2 may regulate the circadian 
clock, which in turn regulates diurnal expression of lipid 
metabolism genes. The upregulation of  Per2  in  Ksrp  � / �    
liver may cause dysregulation or misalignment of the liver 
clock with feeding behavior and/or nutritional state re-
sulting in altered accumulation of hepatic TG. Previous 
reports support this hypothesis. While ablation of clock 
genes, such as  Clock ,  Bmal1 ,  Rev-erba ,  Rev-erba/Rev-erbb ,  
Per1/Per2 , and  Cry1/Cry2  results in altered accumulation of 
hepatic TG, there is no consistency regarding to an in-
crease or a decrease in TG levels ( 19, 28, 29, 31, 32, 60 ). 
Furthermore, some lipid related genes still exhibited cir-
cadian oscillations in  Per1/2 -null livers ( 31 ) indicating that 
the circadian expression of these genes is under both 
clock-dependent and clock-independent fashions and re-
sponds to feeding. Thus, the altered hepatic TG levels in a 
variety of mouse models with clock gene ablation likely re-
sult from a misalignment of circadian expression of lipid 
metabolism genes with nutritional state responding to 
feeding behavior. However, one cannot exclude the pos-
sibility that each clock component has a direct role in con-
trolling lipid metabolism independent of the ability to 
regulate the circadian clock. While we cannot rule out that 
the reduction of TG contents in  Ksrp  � / �    livers is due to an 
alteration in nutritional state, but not altered rhythmic ex-
pression of clock and lipid metabolism genes, we found 
that diurnal food intake is not altered in  Ksrp  � / �    mice. The 
exact mechanism that leads to reduced hepatic TG levels 
through increased  Per2  expression awaits further studies. 

 We showed that downregulation of  Per2  in  Ksrp  � / �    hepa-
tocytes to a level similar to wild-type level restored the phase 
delay in cycling of clock genes and TG levels while 50% re-
duction of  Per2  in wild-type cells did not alter clock gene 
expression and TG levels ( Fig. 5  and  Fig. 8 ). Although we 
did not examine oscillation of remaining PER2 protein in 
wild-type and  Ksrp  � / �    cells after the knockdown,  Per2  mRNA 
levels remain oscillating ( Fig. 5 ).These fi ndings suggest that 
the remaining PER2 in wild-type cells is able to maintain 
normal oscillations of clock genes and that the effects on 
cycling of clock genes and TG accumulation in  Ksrp  � / �    cells 
is indeed due to increased PER2. We found that both  Per2  
knockdown and KSRP overexpression increased  Srebp1c  in 
wild-type cells ( Fig. 8B  and  Fig. 9C ). However, only the 
mRNA levels of  Acaca ,  Fasn , and  Scd1  and TG were increased 
in KSRP-overexpressed cells. It is currently unclear what 
causes the discrepancy as these lipid genes are targets of 
SREBP1c. One likely explanation is that SREBP1c is not lim-
ited or whose activity is restricted in wild-type cells. Thus, 
the increase in SREBP1c upon  Per2  knockdown is not able 

Pparg ,  Acacs ,  Fasn , and  Scd1  ( Fig. 9E ) and TG levels ( Fig. 9F ) 
to similar levels to that of  Ksrp  � / �    hepatocytes. These results 
suggest that KSRP negatively regulates  Per2  expression and 
PER2 downregulates the expression of lipogenic genes. 

 DISCUSSION 

 This study shows that KSRP ablation causes a reduction 
in hepatic TG content. At the molecular level, we found 
that  Per2  gene is upregulated and diurnal expression of 
several core clock genes is phase shifted in the livers of 
 Ksrp  � / �    mice. Similar to the disturbance in liver clock, 
daily cycling of lipid metabolism genes is disrupted with 
either a phase shift or reduced expression of enzymes and 
master regulators, such as  Pparg  and  Srebp1c , involved in de 
novo lipogenesis. Using primary hepatocytes of  Ksrp  � / �    
mice, we demonstrated that downregulation of  Per2  re-
verses the phase shift in oscillations of clock genes and re-
stores the downregulation of lipogenic genes. These 
results suggest that increased expression of  Per2  in  Ksrp  � / �    
hepatocytes results in downregulation of  Pparg  and  Srebp1c , 
thereby reducing lipogenesis and TG content, and that 
KSRP plays a critical role in lipid metabolism through reg-
ulation of  Per2  expression in the liver. 

 SREBP1c is a transcription factor that increases lipogen-
esis by promoting expression of lipogenic genes such as 
 Acaca ,  Fasn , and  Scd1 . The critical role of SREBP1c in he-
patic lipogenesis is supported by gain- and loss-of-function 
studies showing that overexpression of an active form de-
velops steatosis as a result of elevation of lipogenesis, and 
conversely defi ciency of hepatic SREBP1c fails to induce 
lipogenic gene expression ( 54 ). PPAR �  activates genes in-
volved in lipid storage and metabolism. Whereas it is ex-
pressed mostly in adipose tissue, liver-specifi c knockout of 
 Pparg  reduces expression of  Acaca ,  Fasn , and  Scd1  and he-
patic steatosis ( 55, 56 ). These results implicate that PPAR � -
regulated lipogenesis also plays a vital role in regulation of 
TG content in the liver. Furthermore, genetic studies have 
also demonstrated that mice with liver ablation of  Acaca  
and  Scd1  have reduced liver TG levels ( 57, 58 ). These fi nd-
ings demonstrate a role of de novo lipogenesis in contrib-
uting to hepatic steatosis and support our hypothesis that 
the reduced TG content in the livers of  Ksrp  � / �    mice is at 
least partly attributed to attenuated hepatic lipogenesis. 
However, we cannot exclude that reduced or altered fatty 
acid uptake also contributes a reduction in TG content as 
expression of  Cd36 ,  Slc27a2 , and  Ldlr  is either decreased 
or phase shifted in  Ksrp  � / �    livers ( Fig. 4C ). 

 We showed that downregulation of  Per2  restored ex-
pression of  Srebp1c  and  Pparg  in  Ksrp  � / �    primary hepato-
cytes. Conversely, ectopic expression of  Per2  in wild-type 
hepatocytes reduced expression of  Srebp1c  and  Pparg . 
These data implicate that PER2 negatively regulates  Srebp1c  
and  Pparg . It is currently unclear how PER2 achieves 
the repression. In a direct role, PER2 may negatively 
regulate transcription of  Srebp1c  and  Pparg  independent 
of its ability to control circadian gene expression in the 
liver. Previous studies demonstrated that PER2 is able 
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to further activate its target genes, whereas other genes that 
modulate SREBP1c activity are also affected by KSRP over-
expression, thereby enhancing its transcriptional activity. It 
is also possible that the increase in lipogenesis through 
KSRP overexpression is independent of  Srebp1c  upregula-
tion and  Per2  downregulation. 

 We observed an elevation of  Per2  mRNA levels due to 
increased mRNA stability in the absence of KSRP and 
demonstrated that AU2 is responsible for KSRP-depen-
dent mRNA decay ( Fig. 7 ). The effect of KSRP ablation on 
 Per2  mRNA levels was only observed in the liver but not in 
eWAT, suggesting a tissue-specifi c role of KSRP in control-
ling  Per2  mRNA stability. Consistent with this, KSRP- Per2  
mRNA complex is not detected in eWAT. It is possible that 
the decay-promoting activity of KSRP toward  Per2  mRNA 
in eWAT can be redundantly conferred by other decay-
promoting ARE binding proteins that also promote decay 
of ARE-containing mRNAs ( 61, 62 ). These additional ARE 
binding proteins likely compete with KSRP for interaction 
with the AREs of  Per2  mRNA in eWAT. 

 While  Ksrp  � / �    mice have reduced hepatic TG content, it 
will be of interest to see whether the attenuated expres-
sion of lipogenic genes and de novo lipogenesis is attrib-
uted to the liver-specifi c function of KSRP and whether 
the increase in  Per2  expression indeed contributes the ob-
served effects. Further studies using mice with liver-specifi c 
ablation of KSRP, and mice with both KSRP ablation and 
liver-specifi c knockout of  Per2  should provide insights 
into these questions. In summary, this work demonstrates 
a novel function of KSRP in hepatic lipid metabolism and 
suggests that reduction in hepatic de novo lipogenesis 
through modulation of KSRP activity could be a potential 
therapeutic target for hepatosteatosis. However, targeting 
KSRP might also affect several other pathways as it is also 
found in apoB editing catalytic component 1 complex ( 63, 
64 ) and pri-miRNA processing complex ( 35 ). KSRP inhi-
bition may alter apoB mRNA editing causing an alteration 
in blood lipoprotein profi les. As miRNAs are involved in a 
variety of cellular pathways, more dramatic outcomes 
would be anticipated upon KSRP suppression. Thus, the 
clinical utility of KSRP suppression to control hepatic lipo-
genesis may be dampened, and this approach needs to be 
carefully evaluated. Several potential approaches could be 
envisioned:  1 ) targeting KSRP specifi cally in the liver as 
other pathways regulated in different tissues are not af-
fected;  2 ) suppressing the ability of KSRP to interact with 
ARE-containing mRNAs, but not pri-miRNA   binding abil-
ity; and  3 ) suppressing the ability of KSRP to recruit mRNA 
decay machineries.  

 The authors thank Dr. P. Sassone-Corsi for a Myc-Per2 construct. 
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