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  Extreme human obesity triggers adipose dysfunction, par-
adoxically resulting in decreased capacity for lipid synthe-
sis and contributing to ectopic lipid deposition, lipotoxicity, 
and whole-body insulin resistance ( 1 ). Lipo dy strophic 
human subjects and mouse models demonstrate that defi -
cits in adipose lipogenesis correlate with excess lipid de-
position in liver and muscle as well as whole-body insulin 
resistance, highlighting the importance of adipose lipo-
genesis in metabolic dysfunction ( 1–4 ). Adipose tissue ex-
pression and activity of the lipogenic transcription factors 
peroxisome proliferator-activated receptor  �   ( PPAR � ), 
sterol-regulated element binding protein-1 (Srebp-1), and 
carbohydrate-responsive element binding protein (Chrebp, 
also known as Mlxipl) are suppressed in obese humans, 
leading to decreased expression of lipogenic enzymes and 
decreased adipose fatty acid (FA) and triglyceride (TG) 
synthesis; however, the mechanisms that lead to this inhi-
bition are unclear ( 2, 3, 5–10 ). Therefore, understanding 
this deregulation is fundamental in developing strategies 
that promote adipose lipogenesis, to increase lipid seques-
tration in adipocytes and prevent ectopic fat deposition 
during obesity. 

 Srebp-1 and Srebp-2 are transcription factors important 
for regulating the expression of genes involved in synthe-
sis and uptake of cholesterol, FAs, TGs, and phospholipids 
( 11 ). These factors reside in the endoplasmic reticulum 
and upon demand for lipid synthesis are transported to 
the Golgi apparatus where they are cleaved, allowing 
the functional N-terminal fragment to translocate into the 
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differentiation medium (0.25  � M dexamethasone, 0.5 mM 
1-methyl-3-isobutylxanthine, and 10  � 7  M insulin) was added. On 
the fourth day after differentiation medium was added, adipocytes 
were either infected with 40  � l of 1.43 × 10 12  particles/ml of ad-
enovirus (AdCMV-HA-Control or AdCMV-HA-Map4k4, Univer-
sity of Massachusetts Medical School Viral Vector Core Facility, 
the cytomegalovirus (CMV)   driven adenoviral vector expresses 
Map4k4 with an N-terminal triple hemagglutinin (HA) epitope 
tag) or washed with PBS, trypsinized, and transfected by electropo-
ration (Bio-Rad Gene Pulser II; 0.18 kV, 960 microfarads) with 
small interfering RNA (siRNA)   (scrambled, Map4k4, JNK1/2, 
and Srebp1/2 from Dharmacon). A green fl uorescent protein-
expressing control virus or Map4k4 D152N-expressing virus was 
also used and added at a dose of 40  � l of 1.43 × 10 12  particles/ml 
for 72 h. These adenoviruses were gifts from Diane L. Barber 
(Department of Cell and Tissue Biology, University of California, 
San Francisco, CA). Transfection of HEK 293T cells was achieved 
using Lipofectamine 2000 (Invitrogen) following the manufac-
turer’s protocol. Briefl y, cells were plated at a density of 2.5 × 10 5  
cells per 6-well plate a day before transfection. One microgram 
of DNA was used for each transfection and empty vector was used 
to achieve equal amounts of DNA between conditions. Knock-
down experiments in HEK 293T cells were achieved using Lipo-
fectamine RNAi Max (Invitrogen) following the manufacturer’s 
protocol. 

 RNA isolation, real-time PCR, Affymetrix gene chip 
analysis 

 Total RNA was extracted from adipocytes using TriPure isola-
tion reagent (Roche) following the manufacturer’s instructions. 
cDNA was synthesized using iScript cDNA synthesis kit (Bio-
Rad) and quantitative Real-time PCR was performed using iQ 
SybrGreen supermix and analyzed as previously described ( 46, 
47 ). 36B4 (Rplp0) and Hprt served as housekeeping internal 
controls. 

 For Affymetrix GeneChip analysis, RNA was isolated from 
three independent experiments and hybridized to three differ-
ent murine genome MOE430-2 microarrays. RNA quality was 
measured using the Agilent 2100 bioanalyzer. Differentially ex-
pressed mRNAs were identifi ed using a random variance  t -test. 

 siRNA duplexes 
 siRNA sequences were purchased from Dharmacon RNAi 

Technologies (Thermo Scientifi c). Scramble control (CAGU-
CGCGUUUGCGACUGGUU), Map4k4 (GACCAACUCUGGC-
UUGUUAUU), JNK1 (GGAGUUAGAUCAUGAAAGAUU), JNK2 
(GGAAAGAGCUAAUUUACAAUU), Srebp1 (Srebf1) SMARTpool 
(GGGCAGCUCUGUACUCCUU, GUACACUUCUGGAGACAUC, 
CAAACAAGCUGACCUGGAU, GCAAGGCCAUCGACUACAU), 
Srebp2 (Srebf2) SMARTpool (GAGGAAGGCCAUUGAUUAC, 
GGUGCAACCUCAGAUCAUU, GAAAGUUCCUAUCAAGCAA, 
CCAGUGCUCUAGAGUAUUU). 

 Immunoblotting 
 For studies on JNK signaling, cells were treated with 0.01% 

BSA or 50 ng/ml TNF �  for 15 min. Cells were washed twice in 
cold PBS and collected in radio-imminoprecipitation assay buffer 
(RIPA)   buffer supplemented with protease and phosphatase in-
hibitors (Thermo Scientifi c). Total cell lysates were resolved by 
SDS-PAGE and electrotransferred to nitrocellulose membranes. 
Membranes were incubated with indicated antibodies overnight 
at 4°C. Blots were washed with TBST (0.1% Tween 20 in Tris-
buffered saline), incubated with horseradish peroxidase anti-
mouse or anti-rabbit secondary antibody and visualized using 
an enhanced chemiluminescent substrate kit (Perkin Elmer). 

nucleus and regulate lipogenic gene expression ( 11 ). Srebp 
transcription factors have distinctive specifi cities: Srebp-2 
mainly controls expression of genes involved in the cho-
lesterol biosynthetic pathway while Srebp-1 controls lipo-
genic gene expression; however, overlap in function has been 
reported ( 11, 12 ). Srebp-1 is an important regulator of li-
pogenesis because it controls the expression of solute car-
rier family 2 (facilitated glucose transporter) member 4 
(Slc2a4 or Glut4) ( 13 ), ATP citrate lyase (Acly) ( 14 ), acetyl-
CoA carboxylase  �  (Acaca) ( 15 ), FA synthase (Fasn  ) ( 16, 17 ), 
stearoyl-CoA desaturase 1 (Scd-1) ( 18 ), glycerol-3-phosphate 
acy ltransferase (Gpat) ( 19 ), and PPAR �  ( 20, 21 ). Srebp-1, in 
turn, is positively regulated by mechanistic target of rapamy-
cin complex 1 (mTORC1) ( 22–25 ) and negatively regulated 
by AMP-protein kinase (AMPK) ( 26–28 ). Although the mech-
anism used by mechanistic target of rapamycin (mTOR) 
to promote the activity of Srebp-1 is not fully understood, 
increased PPAR �  function in response to mTORC1 activa-
tion may contribute to increased Srebp-mediated adipose 
lipogenesis ( 22, 29–34 ). 

 Mitogen-activated protein kinase kinase kinase kinase 
4  ( Map4k4) is a serine/threonine protein kinase related 
to  Saccharomyces cerevisiae  sterile 20 (Ste20) protein ki-
nases. Previous work has suggested that Map4k4 is a pro-
infl ammatory kinase that activates c-Jun NH 2 -terminal 
kinase (JNK) protein kinase ( 35–37 ). This would be in keep-
ing with a role for Map4k4 as a Ste20-like protein kinase, 
upstream of the terminal MAP kinases ( 38–40 ). We iden-
tifi ed Map4k4 in an RNA interference (RNAi)   screen as 
a protein kinase that regulates insulin-stimulated glucose 
transport in cultured adipocytes ( 41 ). Map4k4 has also 
been reported to inhi bit mTORC1, resulting in decreased 
PPAR �  protein levels ( 29 ). Because Map4k4 expression 
increases in adipose tissue in obese subjects while adipose 
lipogenesis decreases ( 42 ), and Map4k4 negatively regu-
lates mTOR ( 29 ), we aimed to test the role of Map4k4 in 
adipose lipogenesis and whether its actions require mTOR 
or the JNK protein kinase pathway. These studies extend 
our previous understanding of Map4k4 as a potential reg-
ulator of adipocyte lipid synthesis by demonstrating that 
Map4k4 suppresses lipogenesis in an mTOR-dependent 
and JNK-independent manner. 

 MATERIALS AND METHODS 

 Materials and chemicals 
 Bovine insulin, FA-free BSA,  D -glucose, sodium pyruvate, and 

sodium acetate were purchased from Sigma. Tumor necrosis fac-
tor  �  (TNF � ) was purchased from Calbiochem.  14 C-U-glucose 
(250  � Ci/ml) and  14 C-acetate (250  � Ci/ml) were purchased from 
Perkin Elmer. Flag-JNK1 and Flag-JNK2 were developed by R. Davis 
(University of Massachusetts Medical School) (Addgene plasmid 
13798 and 13801, respectively) ( 43, 44 ). 

 Cell culture 
 3T3-L1 fi broblasts were grown and differentiated into adipocytes 

as previously described ( 45 ). Briefl y, 3T3-L1 fi broblasts were 
grown to confl uence in complete medium [high glucose (25 mM) 
DMEM containing 10% fetal bovine serum, 50 units/ml penicil-
lin, and 50  � g/ml of streptomycin]. Two days after confl uence, 
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KOH), and heating samples to 80°C for 1 h. Sulfuric acid was 
added to the mixture to ensure complete saponifi cation. Addi-
tion of hexane allowed hydrophobic separation, which was evap-
orated and counted by liquid scintillation. Incorporation data 
were normalized to cell number. 

 TLC 
 TGs and FAs were separated by TLC using hexane:ethyl ether:

acetic acid (200:50:4). Autoradiography was performed with TG 
and FA standards. The silica gel from each radiolabeled spot was 
subsequently scraped and quantifi ed by liquid scintillation. 

 RESULTS 

 Map4k4 depletion enhances metabolic gene expression 
 We have previously shown that Map4k4 depletion en-

hances PPAR �  protein expression and TG accumulation 
in cultured adipocytes ( 29, 41 ). To further investigate the 
effects of Map4k4 depletion, we used Affymetrix mouse 
MOE430-2 microarrays to compare gene expression be-
tween scrambled siRNA- and Map4k4 siRNA-treated ma-
ture 3T3-L1 adipocytes  . Kyoto encyclopedia of genes and 
genomes (KEGG)   gene set enrichment profi les using scram-
bled siRNA- versus Map4k4 siRNA-treated adipocytes in-
dicated that the most upregulated genes upon Map4k4 
depletion are enriched in metabolic pathways (pathway 
01100), valine, leucine, and isoleucine degradation (path-
way 00280), peroxisome biosynthesis (pathway 04146), gly-
colysis (pathway 00010), pyruvate metabolism (pathway 
00620), FA metabolism (pathway 00071), insulin signal-
ing pathway (pathway 04910), and the TCA cycle (pathway 
00020) (  Fig. 1A  ).  We further validated the mRNA expres-
sion of several metabolic genes upon Map4k4 depletion in 
cultured adipocytes ( Fig. 1B ). These analyses suggest that 
Map4k4 suppresses lipid metabolism-related processes in 
cultured adipocytes. 

 Map4k4 functions as a repressor of TG synthesis in 
cultured adipocytes 

 To further assess the role of Map4k4 as a negative regu-
lator of TG synthesis in adipocytes, we depleted Map4k4 
in mature 3T3-L1 adipocytes using siRNA or elicited in-
creased Map4k4 expression using adenovirus vectors, and 
measured the conversion of  14 C-glucose into neutral lip-
ids. Consistent with the hypothesis that Map4k4 inhibits 
lipid synthesis, Map4k4 knockdown resulted in approxi-
mately 50% increased incorporation of the  14 C-radiolabel 
into neutral lipids compared with the scrambled control 
(  Fig. 2A  ).  Conversely, Map4k4 overexpression signifi cantly 
reduced  14 C-radiolabel incorporation into TGs by  � 29% 
compared with the adenovirus HA-control (Ad: HA-control) 
( Fig. 2A ). To determine whether Map4k4 was suppressing 
glycerol-3-phosphate formation or de novo lipogenesis, we 
measured  14 C-radiolabel incorporation into both esteri-
fi ed FA on TG molecules ( Fig. 2B ) and glyceride-glycerol 
( Fig. 2C ). We determined that Map4k4 inhibited both 
glyceride-glycerol formation and de novo lipid synthesis 
in mature adipocytes as seen by increased incorporation 
of the radiolabel into both molecules upon Map4k4 

Densitometry analyses were performed using ImageJ. For experi-
ments on insulin signaling, 3T3-L1 adipocytes were washed twice 
with PBS and 2 ml of low glucose DMEM [2.5% FA-free BSA, 1% 
(v/v) Pen/Strep, 0.5 mM  D -glucose, 0.5 mM sodium acetate, and 
2 mM sodium pyruvate) were added in all wells. Insulin (1  � M) was 
added to corresponding wells for 1.5 h. Phospho-JNK and JNK, 
DYKDDDDDK Tag, HA, phospho-4EBP and total 4EBP, phospho-
Raptor, phospho-AMPK, total AMPK, phospho-ACC, phospho-S6, 
and total S6 antibodies were purchased from Cell Signaling. 
Phospho-cJun and cJun antibodies were purchased from Santa 
Cruz. Actin and Flag M2 antibodies were purchased from Sigma 
and Map4k4 antibody was purchased from Bethyl (#A301-503A). 

 Srebp immunoblotting 
 Srebp-1 antibody was purchased from Millipore (clone 

2121) and Srebp-2 was purchased from Cayman Chemical 
(#10007663). A minimum of 30  � g of protein lysates (2% SDS, 
150 mM NaCl, and 5 mM EDTA) were resolved by SDS-PAGE 
(8%) and electrotransferred to nitrocellulose membranes. 
Membranes were incubated with indicated antibodies overnight 
at 4°C (1:1,000). Blots were washed with TBST (0.1% Tween 20 in 
Tris-buffered saline), incubated with horserad ish peroxidase 
anti-mouse (for Srebp-1) or anti-rabbit (for Srebp-2) second-
ary antibody (1 h) and visualized using an enhanced chemilu-
minescent substrate kit (Perkin Elmer). It is important to note 
that a nonspecifi c band is recognized by Srebp-2 that could be 
mistaken as the cleaved Srebp-2 protein. Srebp-1 antibody occa-
sionally recognizes a nonspecifi c band circa 75 KDa. 

 In vitro protein kinase assay 
 Map4k4 kinase assays were performed by lysing cells (20 mM 

Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
2.5 mM sodium pyrophosphate, 1 mM  � -glycerophosphate, 
1 mM sodium orthovanadate, and 1  � g/ml leupeptin) and 
precipitating Map4k4 with HA antibody (Cell Signaling) and 
protein A agarose beads. Precipitates were washed four times 
and mixed with 40  � l kinase buffer [20 mM HEPES (pH 7.4), 
10 mM MgCl 2 , 20 mM  � -glycerophosphate, 10 mM NaF, 0.2 mM 
sodium orthovanadate, and 1 mM DTT], 5  � g unphosphory-
lated Myelin basic protein (MBP)   (Millipore), 250  � M ATP, 
and 1 � Ci/reaction ATP. Kinase reactions were performed at 
30°C for 30 min and terminated with addition of SDS sample 
buffer and heating the samples to 95°C for 5 min. Reaction 
mixtures were resolved by SDS-PAGE analysis and transferred 
to a nitrocellulose membrane for autoradiogram and Western 
blot analysis. 

 Radiolabeled glucose and acetate conversion to 
TG and FA 

 The incorporation of the various radioactive substrates into 
TG and FA was measured as previously described ( 48 ). In brief, 
adipocytes were washed twice with PBS and 1 ml of labeling me-
dium [2.5% FA-free BSA, 1% (v/v) Pen/Strep, 0.5 mM  D -glucose, 
0.5 mM sodium acetate, 2 mM sodium pyruvate, and 2  � Ci/ml 
 14 C-U-glucose or  14 C-acetate] was added. Final concentration of 
1  � M insulin was added to insulin-stimulated conditions. Cells were 
incubated at 37°C in a humidifi ed incubator (5% CO 2 ) for 4.5 h 
before lipid extraction. All metabolic processes were stopped by 
washing cells twice with cold PBS and lysing cells by the addition 
of modifi ed Dole’s extraction mixture (80 ml isopropanol, 20 ml 
hexane, and 2 ml of 1N H 2 SO 4 ) ( 49 ). TGs were extracted with 
hexane, washed, and the solvent was evaporated. Incorporation 
of  14 C-glucose or  14 C-acetate into FAs of TGs was determined by 
evaporating the solvent from the neutral lipids, adding 1 ml 
KOH-ethanol (20 ml of 95% ethanol, 1 ml water, 1 ml saturated 
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to Map4k4 depletion. Thus, 3T3-L1 adipocytes were elec-
troporated with siRNA against Map4k4 or JNK1 and JNK2, 
and  14 C-acetate incorporation into FAs and TGs was used 
to assess the role of these kinases in TG synthesis and de 
novo lipogenesis. Consistent with results shown in  Fig. 2 , 
Map4k4 depletion signifi cantly increased  14 C-acetate incor-
poration into TGs (  Fig. 3A, B  ).  Surprisingly, depletion of the 
two major isoforms of JNK, JNK1 and JNK2, signifi cantly 
reduced TG synthesis by 56%, opposite to the Map4k4 
knockdown-induced increase in TG synthesis ( Fig. 3A, B ). 
Furthermore,  14 C-acetate incorporation into FAs, a mea-
sure of de novo lipogenesis, was signifi cantly increased 
upon Map4k4 silencing ( � 47%) and decreased upon JNK 
depletion ( � 20%) ( Fig. 3C ). Effi cient Map4k4 and JNK 
protein depletion was confi rmed by protein immuno-
blots ( Fig. 3D ). These data demonstrate that while Map4k4 
downregulates lipogenesis, JNK1 and JNK2 are required 
for this process. We next examined whether JNK and 
Map4k4 depletion affected lipogenic gene expression in a 
dissimilar fashion using real-time PCR ( Fig. 3C ). Gene ex-
pression was normalized to 36B4, and the gene expression 
in Map4k4- or JNK-depleted cells was compared with that 
in scrambled siRNA-treated control cells. Comparison of 
the relative mRNA expression of Srebp-1, Chrebp, Fasn, 
Scd-1, Pepck, and Glut4 shows that while Map4k4 deple-
tion increased the mRNA expression of these enzymes, 
JNK depletion decreased the mRNA expression of these 
genes ( Fig. 3D ). These results indicate that Map4k4 is a 
repressor of adipose lipogenesis while JNK is an unex-
pected positive regulator of this metabolic process. Thus, 
Map4k4 does not repress lipogenesis in a JNK-dependent 
manner. 

depletion and decreased incorporation upon Map4k4 
overexpression ( Fig. 2B, C ). We also confi rmed that these 
observed changes in neutral lipid synthesis and de novo 
lipogenesis refl ect changes in TGs and FAs, respectively, by 
TLC analysis (data not shown). 

 We have previously reported that Map4k4 silencing in-
creases Glut4 expression and glucose uptake ( 41 ), possibly 
providing the substrate for both glyceride-glycerol and FA 
synthesis. To distinguish the contribution of Map4k4 regu-
lation to these processes, we used either control or Map4k4 
siRNA-transfected adipocytes and measured  14 C-acetate in-
corporation into TGs, a measure of de novo lipogenesis, as 
the radiolabel bypasses glucose transport and metabolism 
to provide substrate for FA synthesis. Consistent with the 
results from  Fig. 2A, B , Map4k4 depletion signifi cantly in-
creased  14 C-acetate incorporation into TGs and its constit-
uent FAs ( Fig. 2D, E ). Representative protein immunoblots 
confi rmed Map4k4 knockdown or overexpression at the 
protein level ( Fig. 2F ). These results indicate that Map4k4 
is a negative regulator of glucose fl ux, de novo FA synthe-
sis, and TG synthesis in cultured adipocytes. 

 Map4k4 silencing does not enhance lipid synthesis via 
JNK signaling 

 Map4k4 has been previously proposed to be a pro-
infl ammatory kinase and upstream activator of the JNK 
protein kinase cascade ( 35–37 ). Because the role of adi-
pose JNK in lipid synthesis has not been clearly established, 
we tested whether Map4k4 repressed lipogenesis via JNK. 
We hypothesized that if Map4k4 was an upstream activa-
tor of JNK, then JNK depletion would result in enhanced 
lipid synthesis compared with scrambled control, similar 

  Fig.   1.  Map4k4 depletion enhances metabolic gene expression. A: KEGG   gene set enrichment profi le of differentially expressed genes 
upon Map4k4 depletion ( P  < 0.05, fold change 1.3) in murine 3T3-L1 mature adipocytes. The table shows the pathways that were most 
signifi cantly upregulated by Map4k4 depletion. The gene list contains genes involved in each pathway and the genes in green further rep-
resent genes that were upregulated within the specifi c pathway upon Map4k4 depletion. B: Quantitative real-time PCR analysis of metabolic 
genes upon Map4k4 depletion in mature cultured adipocytes.   
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indicate that Map4k4 is neither suffi cient nor required to 
induce JNK activation in adipocytes. Furthermore, using 
gain- and loss-of-function approaches in HEK 293T cells, 
we show that cotransfection of both Map4k4 and JNK re-
sults in increased JNK activity (supplementary Fig. IVA); 
however, depletion of endogenous Map4k4 did not di-
minish JNK activity (supplementary Fig. IVB), suggest-
ing that Map4k4 is not an endogenous modulator of JNK 
activity. These results support the notion that endogenous 
Map4k4 is not required for optimal endogenous JNK ac-
tivation in adipocytes or HEK 293T cells, but that artifi -
cially high levels of exogenously expressed Map4k4 can 
induce JNK activation when JNK is also overexpressed. 

 Map4k4 inhibits lipid synthesis in an 
mTOR-dependent manner 

 We have previously demonstrated that Map4k4 impairs 
mTORC1 signaling ( 29 ) and because mTORC1 signaling 
enhances lipid synthesis ( 22, 24, 34, 51 ), we tested whether 
Map4k4 required mTORC1 to inhibit lipid synthesis. We 
depleted Map4k4 using siRNA and treated the cells with 
rapamycin, an mTORC1 inhibitor, to repress mTORC1 
signaling. Consistent with previous reports, Map4k4 deple-
tion enhanced mTORC1 signaling as demonstrated by 
increased ribosomal protein S6 (S6) and eukaryotic trans-
lation initiation factor 4E binding protein 1 (4E-BP1/Eif4-
ebp1) protein phosphorylation ( 29 ) (  Fig. 5A  ).  Interestingly, 

 Map4k4 does not activate the JNK signaling pathway in 
adipocytes 

 These divergent effects of Map4k4 and JNK were un-
expected in light of previous reports that Map4k4 func-
tions as an upstream activator of JNK in various cell 
models ( 35–37 ). To further investigate whether increased 
Map4k4 expression and activity would be suffi cient to in-
crease endogenous JNK signaling in adipocytes, we used 
adenoviral-mediated Map4k4 overexpression followed by 
stimulation with TNF � , a potent JNK activator (  Fig. 4  ).  De-
spite increased expression and activity of Map4k4 ( Fig. 4A ), 
phosphorylation of JNK and its downstream substrate cJun 
did not differ between empty virus (Ad: HA-control) and 
Map4k4 adenoviral (Ad: HA-Map4k4)-treated adipocytes 
in both basal and TNF � -treated conditions ( Fig. 4B ). Thus, 
while increased Map4k4 expression inhibited TG synthe-
sis, it was not suffi cient to activate endogenous JNK sig-
naling in adipocytes. Furthermore, if Map4k4 is a required 
upstream activator of JNK, Map4k4 depletion should at-
tenuate JNK activation in response to treatment with 
TNF � . Map4k4 depletion, however, did not blunt JNK 
activation ( Fig. 4C ) and also did not affect the expression 
of activator protein-1 (AP-1) transcriptional factors, cJun, 
C-fos, and JunD, in response to TNF �  ( Fig. 4D ). As expected, 
and consistent with previous results ( 50 ), JNK depletion 
attenuated the maximal response of these AP-1 transcrip-
tional factors in response to TNF �  ( Fig. 4D ). These results 

  Fig.   2.  Map4k4 represses TG synthesis in cultured adipocytes. A–C:  14 C-glucose conversion into TGs (A), 
FAs (B), and glyceride-glycerol (C) is shown. Cells were transfected by electroporation with scrambled (7.5 
 � M) or Map4k4 (7.5  � M) siRNA (N = 9) or were infected with control (Ctl) virus (Ad: HA-Ctl) or HA-
Map4k4 adenovirus (Ad: HA-Map4k4) (N = 4). Seventy-two hours posttransfection, cells were incubated with 
 14 C-glucose for 4 h and TGs were extracted. D, E:  14 C-acetate conversion into TGs (D) and FAs (E) is shown; 
lipids were extracted as in (A). F: Representative immunoblots (IB) depicting Map4k4 protein expression 
upon siRNA transfection or adenoviral overexpression. Samples were noncontiguous on the same gel. The 
data are represented as the average ± SE and were compared with appropriate controls by Student’s  t -test. 
**** P  < 0.0001, *** P  <.001, ** P  < 0.01, * P  < .05  .   
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conversion of  14 C-glucose into TGs and FAs. Depletion of 
both Srebp-1 and Srebp-2 was required in these experiments 
because depletion of either transcription factor alone re-
sulted in a compensatory increase of the other and down-
stream target genes (data not shown). Protein immunoblots 
demonstrated that Map4k4 knockdown resulted in a sig-
nifi cant increase in precursor and cleaved Srebp-1 protein 
levels as well as an increase in total Srebp-2 protein levels 
(  Fig. 6A  ).  Furthermore, Map4k4 silencing signifi cantly 
increased the mRNA expression of known Srebp-1 lipo-
genic target genes Acaca ( � 73%), Scd-1 ( � 78%), and Fasn 
( � 23%) ( 15, 17, 18 ) and depletion of Srebp severely blunted 
the enhanced expression of these genes in response to 
Map4k4 silencing ( Fig. 6B ). Importantly, Map4k4 deple-
tion signifi cantly increased  14 C-glucose conversion into both 
TGs ( Fig. 6C ) and FAs ( Fig. 6D ), as demonstrated in previ-
ous fi gures, and depletion of both Srebp proteins signifi -
cantly reduced the increase of radiolabel incorporation 
into TGs and FAs in response to Map4k4 silencing ( Fig. 
6C, D ). These results indicate that Srebp proteins are nec-
essary for optimal adipose lipogenesis and are also required 
for the Map4k4 knockdown-induced enhancement of lipid 
synthesis. 

 Map4k4 is a positive regulator of AMPK 
 Map4k4 has been implicated as a possible positive reg-

ulator of AMPK phosphorylation ( 54 ), and AMPK is a 
negative regulator of mTOR, suggesting a plausible mech-
anism by which Map4k4 may regulate mTOR and inhibit 

Map4k4 depletion also increased Srebp-1 protein levels, 
an important lipogenic transcription factor ( Fig. 5A ). Ra-
pamycin treatment inhibited mTORC1 signaling, as evi-
denced by a lack of S6 and 4E-BP1 protein phosphorylation, 
and abolished the increase in Srebp-1 protein expression 
due to Map4k4 silencing ( Fig. 5A ). Rapamycin treatment 
also diminished the Map4k4 silencing-induced increase 
in  14 C-glucose incorporation into TGs ( Fig. 5B ) and FAs 
( Fig. 5C ). These results indicate that mTORC1 function is 
necessary for Srebp-1 expression and optimal lipid syn-
thesis in cultured adipocytes and support the notion that 
Map4k4 represses the mTORC1/Srebp pathway to decrease 
adipose lipogenesis. 

 Map4k4 depletion requires Srebp expression to enhance 
lipid synthesis 

 We demonstrated that Map4k4 depletion enhances 
mTORC1 signaling and increases Srebp-1 protein expres-
sion ( Fig. 5A ). As an alternative approach to assess the ef-
fect of impaired Map4k4 function, we used a kinase-inactive 
mutant of Map4k4 (AdMap4k4 D152N) ( 52 ), previously 
shown to function as a dominant-negative inhibitor ( 53 ). 
Consistent with knockdown experiments ( Fig. 5A ), Map4k4 
D152N overexpression resulted in a signifi cant increase 
of Srebp-1 protein levels (supplementary Fig. II). To de-
termine whether Map4k4 required this increase in Srebp-1 
protein to enhance lipid synthesis, we performed knock-
down experiments to suppress Map4k4, Srebp-1, and Srebp-2 
expression in mature cultured adipocytes and examined 

  Fig.   3.  Map4k4 does not require JNK to regulate lipid synthesis. A: Autoradiogram of TLC analysis of TGs and FAs extracted from adipo-
cytes that were transfected with scrambled siRNA (14  � M), JNK1 and JNK2 siRNA (14  � M), or Map4k4 siRNA (14  � M). Seventy-two hours 
posttransfection, adipocytes were incubated with  14 C-acetate and incorporation into TGs and FAs was determined. Samples were noncon-
tiguous on the same TLC plate. B: Changes in  14 C-acetate incorporation into TGs and FAs is shown in JNK- and Map4k4-depleted mature 
adipocytes relative to scrambled control (Ctl). Representative immunoblots (IB) for Map4k4 and JNK protein expression in control, 
Map4k4-, and JNK-depleted cells. C: Quantitative real-time PCR analysis of lipogenic gene expression in control, Map4k4-, and JNK-
depleted adipocytes relative to scrambled control siRNA-treated cells (N = 5). Data are presented as average ± SE and were compared be-
tween groups by Student’s  t -test. * P  < 0.01, ** P  < 0.001, *** P  < 0.0001.   
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esterifi cation. Conversely, increased Map4k4 expression 
decreases conversion of  14 C-glucose into TGs. We provide 
strong evidence that the ability of Map4k4 to repress adi-
pose lipogenesis is independent of the JNK pathway, which 
we unexpectedly found to be required for optimal TG syn-
thesis in cultured adipocytes. We believe these fi ndings 
have direct relevance to adipose dysfunction including 
chronic infl ammation and impaired lipid storage capac-
ity that occurs with obesity because Map4k4 expression is 
elevated with increasing body mass index ( 42 ). This in-
creased Map4k4 expression could contribute to impaired 
TG synthesis and storage in obese adipose tissue. Upon 
evaluating underlying mechanisms of Map4k4 action, we 
show here that Map4k4 is required for activation of AMPK 
signaling by oligomycin, which in turn is expected to mod-
ulate mTOR and Srebp activity as well as adipose lipogene-
sis. Thus, our results provide evidence for a model in which 
Map4k4 modulates AMPK, suppressing mTOR function 
and Srebp-1 expression to depress lipogenesis ( Fig. 7E ). 

 Our results are consistent with previous studies that de-
scribe a positive role of JNK in adipose lipogenesis ( 55–57 ). 
JNK1 depletion using anti-sense oligonucleotides in adi-
pose tissue attenuates the expression of lipogenic enzymes 
Acly, Acaca, Fasn, and Scd-1 ( 55 ) and JNK2 suppression in 
human adipocytes attenuates Srebp-1 expression and ac-
tivity resulting in decreased target lipid enzymes ( 57 ). 
Mice expressing a mature transcriptionally active Srebp-1 
variant lacking all of the JNK phosphorylation sites are 
protected from hepatic steatosis and weight gain, thus dem-
onstrating that JNK positively regulates Srebp-1 function 

lipogenesis. We verifi ed that Map4k4 regulates AMPK 
phosphorylation and activity in adipocytes by treating 
Map4k4-depleted adipocytes with oligomycin, an inhibi-
tor of ATP synthase and potent activator of AMPK. As ex-
pected, treatment of adipocytes with oligomycin (500 nM 
for 30 min) increased AMPK phosphorylation. This re-
sponse was signifi cantly blunted in Map4k4-depleted adipo-
cytes (  Fig. 7A, B  ).  Furthermore, decreased AMPK activation 
results in increased mTOR signaling, as assessed by de-
creased raptor phosphorylation (Ser792) and increased 
lipogenesis, as assessed by Acetyl-CoA carboxylase (ACC/
Acaca)   phosphorylation (Ser79) ( Fig. 7A ). On the other 
hand, increased Map4k4 expression and activity results in 
increased AMPK signaling as seen in Map4k4-overexpressing 
adipocytes treated with oligomycin (500 nM for 30 min) 
( Fig. 7C, D ). These results suggest Map4k4 is necessary 
for optimal AMPK activation and provide insight into the 
mechanism by which Map4k4 inhibits mTOR and lipid 
synthesis in mature adipocytes. 

 DISCUSSION 

 Here we show that adipose Map4k4 represses glucose 
incorporation into FAs and TGs, at least in part via upreg-
ulation of AMPK signaling which results in downregula-
tion of mTOR function and Srebp-1 expression. We found 
that Map4k4 depletion enhances the conversion of both 
 14 C-glucose and  14 C-acetate into TGs and FAs, suggest-
ing Map4k4 inhibits both de novo FA synthesis and FA 

  Fig.   4.  Map4k4 is neither necessary nor suffi cient 
for canonical JNK signaling. A: Map4k4 kinase activity 
in control (Ctl) and Map4k4-overexpressing adipo-
cytes stimulated with TNF �  for 30 min. B: Protein im-
munoblots (IB) of control and Map4k4-overexpressing 
adipocytes treated with 50 ng/ml TNF �  for 15 min 
(N = 4). Samples were noncontiguous on the same 
gel. C: Protein immunoblot of electroporated adipo-
cytes treated with control, Map4k4, or JNK1 and JNK2 
siRNA and stimulated with 50 ng/ml TNF �  for 15 
min (N = 4). D: Quantitative real-time PCR analysis of 
AP-1 transcription factors in response to 50 ng/ml 
TNF �  treatment in control, Map4k4-depleted, or 
JNK-depleted adipocytes (N = 3). Data are presented 
as average ± SE and were compared between groups 
by Student’s  t -test. * P  < 0.05, ** P  < 0.01, *** P  < 0.001, 
**** P <.0001.   
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Therefore, our results suggest that Map4k4 is not an up-
stream activator of JNK in cultured adipose cells or HEK 
293T cells, and that previous results placing Map4k4 in the 
JNK pathway may be due to artifi cially high ectopic expres-
sion of both of these protein kinases. 

 These results extend our previous fi ndings that Map4k4 
represses mTOR signaling in adipocytes ( 29 ) and shed in-
sight into the mechanism by which Map4k4 represses lipid 
synthesis. The role of Srebp-1 in adipose lipogenesis has 
been largely dismissed because Srebp-1-null animals form 
functional fat depots ( 59, 60 ). However, the loss of Srebp-1 
increases Srebp-2 expression and activity, compensat-
ing for the loss of Srebp-1 ( 59, 60 ). Furthermore, while 

( 58 ). Furthermore, JNK is required for optimal Srebp-1 
activation and the subsequent increase in Scd-1 and Fasn 
in response to keratinocyte growth factor treatment ( 56 ). 
We have therefore confirmed the positive role of JNK 
in adipose lipogenesis and have further established that 
Map4k4 does not require JNK to inhibit TG synthesis. We 
also provide evidence that Map4k4 is neither required nor 
suffi cient to activate endogenous JNK signaling. Consis-
tent with previous reports, we fi nd that cotransfection 
of JNK and Map4k4 enhanced JNK signaling ( 35–37 ); 
however, increased Map4k4 activity and expression were 
not suffi cient to activate endogenous JNK, and Map4k4 
depletion did not attenuate TNF � -induced JNK activation. 

  Fig.   5.  Map4k4 regulates mTOR to inhibit Srebp-1 expression and TG synthesis. A: 3T3-L1 adipocytes were 
electroporated with control siRNA or Map4k4 siRNA and treated with 100 nM rapamycin for 48 h and/or 
insulin for 1.5 h. Protein immunoblots (IB) depicting insulin-induced Akt and mTOR activation and ra-
pamycin-induced inhibition in control and Map4k4-depleted adipocytes. B, C: Incorporation of  14 C-glucose 
into TGs (B) and saponifi able FAs (C) in control siRNA-treated or Map4k4-depleted adipocytes treated with 
rapamycin. The data are represented as the average ± SE and were compared between groups by Student’s 
 t -test. N = 4, *** P  < .001, ** P  < .01  .   

  Fig.   6.  Map4k4 regulates lipogenesis in a Srebp-de-
pendent manner. A: Mature 3T3-L1 adipocytes were 
transfected with control (Ctl) siRNA, Map4k4 siRNA, 
Srebp-1 and Srebp-2 siRNA, or Map4k4/Srebp-1/
Srebp-2 siRNA and treated with 1  � M insulin for 
1.5 h. Cells were harvested and Map4k4, Srebp-1, and 
Srebp-2 protein expression was analyzed by protein 
immunoblots (IB). B: Quantitative real-time PCR 
analysis of lipogenic gene expression in control, 
Map4k4, Srebp1, and Srebp2, and Srebp1-, Srebp2-, 
and Map4k4-depleted adipocytes  . C, D: Incorporation 
of  14 C-glucose into TGs (C) and FAs (D) in control, 
Map4k4-depleted, Srebp-1- and Srebp-2-depleted, or 
Map4k4/Srebp-1/Srebp-2-depleted adipocytes was 
measured. The data are represented as the average ± 
SE and were compared between groups by Student’s 
 t -test. N = 4, * P  < 0.01, ** P  < 0.001, *** P  < 0.0001.   
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resulting in decreased ACC and raptor phosphorylation, 
translating into increased lipid synthesis. 

 Thus, Map4k4 represses lipid synthesis in an mTOR- 
and Srebp-1-dependent manner and unexpectedly this is 
mediated independent of JNK-signaling. Because adipose 
tissue Map4k4 expression is increased during obesity ( 42 ), 
Map4k4 may be an important negative regulator of adi-
pose lipogenesis in metabolic disease.  

 The authors thank Diane L. Barber (Department of Cell and 
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