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Long chain acyl-CoA synthetases (ACSL) and fatty acid trans-
port proteins (FATP) activate fatty acids to acyl-CoAs in the
initial step of fatty acid metabolism. Numerous isoforms of
ACSL and FATP exist with different tissue distribution pat-
terns, intracellular locations, and substrate preferences, sug-
gesting that each isoform has distinct functions in channeling
fatty acids into different metabolic pathways. Because fatty
acids, acyl-CoAs, and downstream lipid metabolites regulate
various transcription factors that control hepatic energy metab-
olism, we hypothesized that ACSL or FATP isoforms differen-
tially regulate hepatic gene expression. Using small interference
RNA (siRNA), we knocked down each liver-specific ACSL and
FATP isoform in rat primary hepatocyte cultures and subse-
quently analyzed reporter gene activity of numerous transcrip-
tion factors and performed quantitative mRNA analysis of their
target genes. Compared with control cells, which were trans-
fected with control siRNA, knockdown of acyl-CoA synthetase 3
(ACSL3) significantly decreased reporter gene activity of several
lipogenic transcription factors such as peroxisome proliferator
activation receptor-vy, carbohydrate-responsive element-bind-
ing protein, sterol regulatory element-binding protein-1c, and
liver X receptor-a and the expression of their target genes.
These findings were further supported by metabolic labeling
studies that showed [1-'*Clacetate incorporation into lipid
extracts was decreased in cells treated with ACSL3 siRNAs and
that ACSL3 expression is up-regulated in 0b/0b mice and mice
fed a high sucrose diet. ACSL3 knockdown decreased total acyl-
CoA synthetase activity without substantially altering the
expression of other ACSL isoforms. In summary, these results
identify a novel role for ACSL3 in mediating transcriptional
control of hepatic lipogenesis.

Intracellular fatty acids and downstream metabolites affect a
host of physiological processes, including transcriptional con-
trol of energy metabolism (1, 2). Fatty acids and/or their metab-
olites regulate hepatic transcription factors such as peroxisome
proliferator activation receptors (PPARs),> carbohydrate-re-
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sponsive element-binding protein (ChREBP), sterol regulatory
element-binding protein (SREBP)-1c, and liver X receptor
(LXR)-a (3-7). The effects of fatty acids are partially deter-
mined by their chemical structure and intracellular source. For
instance, EPA (C20:5) and DHA (C22:6) bind and activate
PPAR-a and up-regulate genes involving fatty acid oxidation
and gluconeogenesis (8). These polyunsaturated fatty acids also
suppress activity of ChREBP, SREBP-1c, and LXR-a through
multiple mechanisms (2, 4, 5, 9, 10), whereas saturated fatty
acids activate SREBP-1c by recruiting the SREBP-1c co-activa-
tor, PPAR-y co-activator-18 (PGC-18) (2,11). Also intracellu-
lar fatty acids derived from de novo lipogenesis or hydrolysis of
triacylglycerol (TAG) or phospholipid can activate these tran-
scription factors. For example, recent evidence suggests that
modulating specific pathways, such as de novo fatty acid syn-
thesis or TAG hydrolysis, which supply intracellular fatty acids,
regulates gene expression (12, 13). Such evidence that different
regulation of these transcription factors by fatty acid type
(unsaturated versus saturated) or source (intracellular versus
exogenous) implicates that certain proteins or enzymes that
control cellular uptake or trafficking of fatty acids and their
downstream metabolites could mediate their effects on gene
expression.

Acyl-CoA synthetase (ACSL) and fatty acid transport protein
(FATP) activate fatty acids to acyl-CoAs in the presence of ATP
and CoA. After this initial step, acyl-CoAs enter multiple met-
abolic pathways for lipid synthesis or -oxidation (1, 14). FATP,
also termed very long chain acyl-CoA synthetase, share
20-40% of sequence similarity with ACSL and have substrate
preferences toward very long chain fatty acids (C22-26) but
also show activity toward long chain fatty acids (1, 15). Each
family of these enzymes has several isoforms that have unique
cellular localization patterns, substrate preferences, and
enzyme kinetics (1, 14—16). Gain- or loss-of-function studies
also suggest unique roles for the individual ACSL and FATP
isoforms in fatty acid channeling. Adenovirus-mediated
overexpression of ACSL1 in rat primary hepatocytes results
in channeling of [1-'*C]oleic acid toward diacylglycerol and
phospholipid synthesis and away from cholesterol esterifica-
tion (17). Knockdown of ACSL3 in human hepatocytes
decreases [1-'*CJoleic acid incorporation to phospholipids
for very low density lipoprotein synthesis (18) thus indicat-
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ing an anabolic role in energy metabolism. Overexpression
of ACSL5 in rat hepatoma cell lines increases fatty acid
incorporation into TAG with substrate selectivity toward
exogenous fatty acids, but not endogenous fatty acids, and
without changes in (B-oxidation or phospholipid synthesis
(19). Differential channeling of fatty acids into diverse met-
abolic pathways suggest that ACSL and FATP isoforms reg-
ulate distinct pools of intracellular lipids.

Based on the differential regulation of ACSL or FATP
enzymes on fatty acid channeling and the importance of fatty
acids or their downstream metabolites on regulating transcrip-
tion factors involving energy metabolism, we hypothesized that
ASCL or FATP isoforms would differentially regulate hepatic
gene expression. Therefore, the aim of this study was to deter-
mine which ACSL or FATP isoforms are responsible for mod-
ulating the activity of transcription factors in hepatic energy
metabolism by utilizing siRNA specifically targeting the pre-
dominant ACSL or FATP isoforms expressed in the liver. We
found that ACSL3 siRNA-transfected cells uniquely down-reg-
ulated PPAR-y activity. Further characterization revealed that
knockdown of ACSL3 decreased the activity of several lipo-
genic transcription factors, their target gene expression, and
rates of de novo lipogenesis. Thus we conclude that ACSL3
mediates hepatic lipogenesis through transcriptional regula-
tion of gene expression.

EXPERIMENTAL PROCEDURES

Materials—Tissue culture plates were from Nunc, and media
were obtained from Invitrogen. Rat-tail collagen I was obtained
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from BD Biosciences. [1-1*C] Acetic acid was from PerkinElmer
Life Sciences. pSG5-GAL4-hPPAR-y or pSG5-GAL4-hPPAR-
a expression plasmid and a TKMH-UAS-LUC reporter plas-
mid were provided by Philippe Thuillier (Oregon Health and
Science University, Portland, OR). pCMX-hLXR-« expression
plasmid and TK-hcyp7a-LXRE(X3)-Luc reporter plasmid were
provided by Dr. David Mangelsdorf (University of Texas-
Southwestern). For ChREBP measurements, the ACC carbohy-
drate response element-containing reporter plasmid and
pCMVS4-ChREBP expression vector were provided by Dr.
Howard Towle (University of Minnesota), and for SREBP1-c
analysis, the SRE sequence on the FAS gene and the pCMV-
SREBP-1c expression vector, which contains a constitutively
activated form of SREBP-1c, were provided by Dr. Timothy
Osborne (University of California, Irvine, CA).

Rosiglitazone and T0901317 were obtained from Cayman
Chemical. All other chemicals were obtained from Sigma
unless otherwise indicated.

Primary Hepatocyte Isolation—Male Sprague-Dawley rats
(250-300 g) were maintained on a 12:12-h light:dark cycle and
were allowed free access to food before hepatocyte isolation.
Hepatocytes were isolated by using the collagenase perfusion
method (20), and cell viability, as measured by trypan blue
exclusion, was over 90%. Hepatocytes were plated at a density of
0.5 X 10° cells/22-mm well in M199 medium (23 mm HEPES,
26 mM sodium bicarbonate, 10% fetal bovine serum, 50 IU/ml
penicillin, 50 wg/ml streptomycin, 100 nm dexamethasone, 100
nM insulin, and 11 mm glucose). Animal protocols were
approved by the University of Minnesota Institutional Animal
Care and Use Committee.

TABLE 1
Target sequences of siRNA duplexes for ACSL or FATP isoforms RNA Interference—Duplexes of siRNA targeting ACSL or
Tg:f:t e é\slscl:(]?; N N;slfglt;:lie SRNA sequences (5'-3') FATP isoforms wgr? synthesized by Qlage1.1 and are 1‘1sted in
Table 1. Nonspecific sequence targeted siRNA, which was
bp . . i .
ACSLL  NM 012820 53973 CAA GOT CTT GOT GTA CTA CTA designed by Qlagen, seFved as a control. Re.combmant s%RNA
ACSL3-a NM_057107  1368-1389 CTG GGT GGA AAG AGG CGC GTT was transfected into primary hepatocytes with 1 ug of siRNA
ACSL3-b NM_057107  2137-2157 GCC TTC AAG TTG AAA CGT AAA 6 ; .
ACSLA  NM 053623  1758_1778 CAG ATT ATC GAT CGT AAG AAA per 0.5 X 10° cells using Effectene reagent (Qiagen) when cells
ACSL5  NM_053607 423-443  GCC CTA CAA GTG GAT ATC CTA were plated. Transfection media were removed and replaced by
FATP2 NM 031736  1970-1990 AAG GCA CGA GCT GAT CAA GTA ) } )
FATP4 XM_001079409 1740-1760 AAC AAG AAG AAT GCT AGT GAT M199 media supplemented with 23 mm HEPES, 26 mM sodium
FATP5 NM 024143  884-904 CCA AGC TTC GTG CTA ATA TAA bicarbonate, 50 TU/ml penicillin, 50 pg/ml streptomycin, 10 nm
TABLE 2
Primer sequences for quantitative reverse transcription-PCR analysis
Gene Forward primer Reverse primer
ACSL1 AAC GAT GTA CGA TGG CTT CC CAT ATG GCT GGT TTG GCT TT
ACSL3 GGG ACT ACA ATA CCG GCA GA ATA GCC ACC TTC CTC CCA GT
ACSL4 AAA TGC AGC CAA ATG GAA AG CAC TCG GCA GTT CAC TTC AA
ACSL5 ATC TGC CTC CTG ACA TTT GG GCT CCT CCC TCA ATC CCT AC
FATP2 CTG CAT GTC TTC TTG GAG CA GCG TAG GTA AGC GTC TCG TC
FATP4 CAC TGC CTT GAC ACC TCA AA ACC AGA GCA GBA GAG GGT GA
FATP5 GGA ACT CTA CGG CTC CAC AG GGC TCT GCC GTC TCT ATG TC
FAS AGG ATG TCA ACA AGC CCA AG ACA GAG GAG AAG GCC ACA AA
SCD-1 TGT TCG TCA GCA CCT TCT TG GGA TGT TCT CCC GAG ATT GA
ACC-a ATT GTG GCT CAA ACT GCA GGT GCC AAT CCA CTC GAA GAC CA
ACC-B CAA AGC CTC TGA AGG TGG AG GGA CAC TGC GTT CCC ATA CT
CD36 GGC TGT GTT TGG AGG CAT TCT CAA AAA CTG GGT GAA AAC GGG
L-PK GTA CAG AAA ATC GGC CCA GA AGG TCC ACC TCA GTG TTT GG
SREBP-1C GGA GCC ATG GAT TGC ACA TT AGA AGA GAA GCT CTC AGG AG
ChREBP CGG GAC ATG TTT GAT GAC TAT AAT ARA GGT CGG ATG AGG ATG
PPAR-y1/2 CGA GAA GGA GAA GCT GTT GG TCA GCG GGA AGG ACT TTA TG
LXR-« TAC AAC CGG GAA GAC TTT GC TGC AGA GAA GAT GCT GAT GG
PGC-18 CAA GAA GCG GCG GGG AA GCT CAT GTG ACC GGA GAG ATT T
RPL32 ARA CTG GCG GAA ACC CAG AG GCA GCA CTT CCA GCT CCT TG
RPL32 (mouse) AAC CCA GAG GCA TTG ACA AC ATT GTG GAC CAG GAA CTT GC
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insulin, 10 nm dexamethasone, and 5.5 mM glucose unless noted
otherwise.

Reporter Gene Analysis—Hepatocytes were co-transfected with
the pSG5-GAL4-hPPAR-vy or pSG5-GAL4-hPPAR-« expression
plasmid (50 ng) and a TKMH-UAS-LUC reporter plasmid (250
ng) per 0.5 X 10° cells for measuring PPAR-yand PPAR-a activity.
pCMX-hLXR-a expression plasmid (20 ng) and TK-hCYP7a-
LXRE(X3)-Luc reporter plasmid (180 ng per 0.5 X 10° cells) was
used for measurement of LXR-a. For ChREBP and SREBP1-c, fire-
fly luciferase reporter driven by ACC carbohydrate response ele-
ment-containing promoter region (200 ng) and the SRE sequence
on the FAS gene (200 ng) were transfected in 0.5 X 10° cells
for reporter gene assay. For overexpression of ChREBP and
SREBP1-c, pCMVS4-ChREBP and pCMV-SREBP1-c expression
vectors were used (20 ng per 0.5 X 10° cells). A Renilla luciferase
vector (pRL-SV40, Promega, Madison, W1) was used at a concen-
tration of 20 ng per 0.5 X 10° cells as an internal control for adjust-
ing transfection efficiency of each reporter gene plasmid. Cells
were then harvested for luciferase reporter gene assay at 50 h after
transfection (Promega), and activity of each transcription factor
was expressed as relative luciferase units.

Quantitative Real-time PCR—Total RNA was isolated with
TRIzol (Invitrogen) and stored at —80 °C until use. First-strand
c¢DNA was synthesized with the SuperScript III reverse tran-
scriptase and random hexamer primers (Invitrogen). Synthe-
sized cDNAs were mixed with 2X SYBR Green PCR Master
Mix (Invitrogen) and subjected to the real-time PCR quantifi-
cation on an ABI Prism 7700 sequence detection system
(Applied Biosystems). Fluorescence data were acquired for 40
cycles with an annealing temperature of 60 °C. Primers for each
gene are listed in Table 2. Data were analyzed using the AAC,
method, and the mRNA abundance of each gene was normal-
ized to RPL-32.

Western Blotting—For measuring protein expression of
ACSL3 and AMP kinase (AMPK) phosphorylation, cell mono-
layers were harvested and lysed in 10 mm Tris-HCI (pH 7.4)
containing 150 mm NaCl, 0.1% Triton X-100, and 1% protease
inhibitor mixture (Roche Applied Science). Aliquots of total
proteins (15-150 ug) were denatured at 100 °C for 10 min in
SDS sample loading buffer (50 mm Tris, pH 6.8, 2% SDS, 10%
glycerol, 1% bromphenol blue, and 15% B-mercaptoethanol).
Samples were then separated by SDS-PAGE using a 7.5%
resolving gel and electroblotted to a polyvinylidene difluoride
membrane (Millipore). Equal transfer of proteins was con-
firmed by Ponceau S staining. After transfer, the membrane was
blocked in 5% nonfat dry milk in phosphate-buffered saline (pH
7.4) with 1% Tween 20 and then incubated with ACSL3 (Santa
Cruz Biotechnology, Santa Cruz, CA), ChREBP (Novus Biologi-
cals), AMPK, phosphorylated AMPK at Thr-172 (Cell Signaling
Technology), or B-actin (Sigma) antibodies. The antigens were
detected by ECL chemiluminescent assay following incubation
with a horseradish peroxidase-linked secondary antibody
(Santa Cruz Biotechnology).

Cell Homogenate Preparations for Acyl-CoA Synthetase
Activity—Hepatocytes transfected with control or ACSL siR-
NAs were washed twice with cold phosphate-buffered saline
and collected in cold Med I buffer (10 mm Tris, pH 7.4, 250 mm
sucrose, 1 mM EDTA, 1 mum dithiothreitol, and protease inhib-
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FIGURE 1. Knockdown of ACSL and FATP isoforms and their effects on
transcriptional activity of PPAR-y in rat primary hepatocytes. Hepato-
cytes were plated at 0.5 X 10° cells/22 mm well and transfected with 1 pg of
siRNA targeting ACSL1, ACSL3, ACSL4, ACSL5, FATP2, FATP4, or FATP5 per
well. A, abundance of mRNA for each ACSL or FATP isoform was quantified
24 h after transfection using quantitative RT-PCR and normalized to RPL-32.
Band C, pSG5-GAL4-hPPAR-vy (B) or pSG5-GAL4-hPPAR-« (C) expression plas-
mids were co-transfected with TK-MH-UAS-Luc reporter plasmids, and 50 h
later cells were lysed for reporter gene assays. Values shown are mean * S.E.
from a representative experiment performed in triplicate that was repeated
two or three times. Data are expressed relative to the cells transfected with
nonspecific targeting siRNA (Cont).*, p < 0.05, when compared with controls.
itor mixture) and homogenized on ice with 10 strokes of a tissue
homogenizer (Biospec). Homogenate aliquots were stored at
—80 °C until use. Protein concentrations were determined by
using the BCA method (Pierce). Acyl-CoA synthetase specific
activity was determined by measuring the production of
[1-**C]acyl-CoAs in the presence of 175 mm Tris-HCI, pH 7.4,
8 mMm MgCl,, 5 mm dithiothreitol, 10 mm ATP, 0.25 mm CoA,
and 500 um [1-**C]palmitate in 0.5 mm Triton X-100, 0.01 mm
EDTA. The assay was performed in a total volume of 200 ul at
37 °C for 5 min. The reaction was started by adding 1-2 ug of
homogenate protein, terminated with 1 ml of Dole reagent (iso-
propanol, heptane, 1 m H,SO,, 80:20:2, v/v), and fatty acids
were extracted with sequential hexane washes prior to scintil-
lation counting of the aqueous phase containing the acyl-CoAs.

[1-"*CJAcetic Acid Labeling and Lipid Extraction—Seventy-
two hours after plating or siRNA transfection, hepatocytes were
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FIGURE 2. ACSL3 siRNAs suppress ACSL3 expression and cellular acyl-CoA synthetase activity. A, abun-
dance of mRNA for ACSL3 was quantified 24 h after transfection using quantitative RT-PCR and normalized to
RPL-32. B, proteins were harvested at 50 h after transfection and were subjected to Western blotting; expres-
sion of B-actin was used as a loading control. C, quantitative RT-PCR analysis of mRNA abundance for ACSL and
FATP isoforms at 50 h after transfection. D, at 50 h after transfection, cells were harvested in cold Med-I buffer,
and acyl-CoA synthetase activity was determined. Values shown are mean = S.E. from a representative exper-
iment performed in triplicate that was repeated two or three times and indicated relative to nonspecific target

control (Cont). *, p < 0.05, when compared with controls.

labeled with 1 ml of M199 containing 4.0 and 1.0 uCi of
[1-**CJacetic acid for either 15 min or 3 h as indicated in the
figure legends. Hepatocytes were washed twice with 1% bovine
serum albumin in phosphate-buffered saline at 37 °C, and cel-
lular lipids were extracted (21). Aliquots of the lipid extracts
from the cells were separated by TLC on 0.25-mm Silica Gel G
plates in hexane:ethyl ether:acetic acid (80:20:1, v/v) together
with synthetic lipid standards (Sigma and BioChemika) in par-
allel. The **C-labeled lipids in aliquots of the total lipid extracts
and lipids scraped from iodine vapor-stained TLC plates were
quantified using liquid scintillation counting (LS6000IC,
Beckman).

Analysis of Composition of Free Fatty Acids—Fifty hours after
plating or siRNA transfection, lipids were extracted (21) and
total intracellular free fatty acids were separated by TLC on
0.25-mm silica gel G plates in hexane:ethyl ether:acetic acid
(80:20:1, v/v). Isolated free fatty acids were methylated in 3 N
methanolic HCI at 100 °C for 90 min. The fatty acids methyl
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affected reporter gene activity of
PPAR-« (Fig. 1C). Based upon these
findings, we sought to further char-
acterize the role of ACSL3 in mod-
ulating hepatic gene expression to
control energy metabolism.
Effectiveness of ACSL3 siRNA and
Lack of Compensation by Other
ACSL Isoforms—To confirm that the effect of the ACSL3
siRNA was not due to off-target effects, we developed an addi-
tional ACSL3 siRNA targeting a different region of ACSL3
mRNA and confirmed its efficacy. Quantitative RT-PCR
revealed that the level of ACSL3 mRNA was reduced by >70%
in cells transfected with ACSL3 siRNA targeting different
regions of the ACSL3 gene (Fig. 24). Both ACSL3 siRNAs also
decreased the level of ACSL3 protein expression at 50 h follow-
ing transfection (Fig. 2B). Subsequently, we tested whether
other ACSL or FATP isoforms had compensational expression
in response to knockdown of ACSL3. To test this possibility,
mRNA of each ACSL or FATP isoform was analyzed in ACSL3
siRNA-transfected cells after 50 h of transfection, which is the
time point that the protein level of ACSL3 is suppressed.
Although the expression of ACSL5 mRNA was modestly up-
regulated in cells transfected with one of the ACSL3 siRNA
(ACSL3-b siRNA), the expressions of the other ACSL or FATP
isoforms were not significantly affected by the low expression of
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FIGURE 3. Knockdown of ACSL3 suppresses the activity of lipogenic transcription factors in rat primary
hepatocytes. ACSL3-a or ACSL3-b siRNA were transfected in rat primary hepatocytes, and reporter gene
activities were quantified after 50 h. A and B, for SREBP, firefly luciferase reporter of SRE sequence on FAS gene
were transfected for reporter gene assay. Cells in B were also transfected with pCMV-SREBP1-c, a constitutively
active form of SREBP. C and D, firefly luciferase reporter driven by the ACC carbohydrate response element-
containing promoter region was transfected for measurement of ChREBP in cells treated with 5 mm (C) and 25
mm glucose (D). E and F, pSG5-GAL4-hPPAR-vy expression plasmids were co-transfected with TK-MH-UAS-Luc
reporter plasmids in cells treated with DMSO (E) or 10 um rosiglitazone (F) for 18 h to determine whether
synthetic ligands normalize PPAR-vy. G and H, pCMX-hLXR-a expression plasmid and TK-hcyp7a-LXRE(X3)-Luc
reporter plasmid were used for measurement of LXR-« activity in cells treated with DMSO (G) or 15 um
T0901317 (H) for 18 h. Values shown are mean = S.E. from a representative experiment performed in triplicate
that was repeated two or three times. *, p < 0.05 when compared with controls.

2D), when compared with control
siRNA-transfected cells. As we
observed for the first ACSL3 siRNA,
the second ACSL3 siRNA also sup-
pressed PPAR-y activity by 55%
(Fig. 3E).

ACSL3 siRNAs Decrease the
Transcriptional Activity of ChREBP,
SREBP1-¢c, and LXR-a—Although
most characterization of PPAR-y
has been reported in adipocytes (2,
23), this transcription factor has
also been linked to lipogenesis and
lipid accumulation in liver (3, 24,
25). Thus, based on our initial find-
ings that PPAR-y was suppressed by
ACSL3 knockdown, we wanted to
further characterize how ACSL3
influenced other transcription fac-
tors such as SREBP-1c, LXR-q,
and ChREBP, all of which contrib-
ute to the regulation of lipogenic
gene expression. ACSL3 siRNAs
decreased reporter gene activity of
SREBP1-¢ (25 and 30%) and
LXR-a (50 and 55%) (Fig. 3, A and
G). Thereporter gene activity assays
for SREBP were performed with
reporter plasmids containing sterol
regulatory elements, but SREBP
itself was not overexpressed. To
determine if endogenous SREBP or
its subsequent processing were lim-
iting, we overexpressed the consti-
tutively active nuclear form of
SREBP-1c in hepatocytes in con-
junction with reporter plasmids.
However, ACSL3 siRNA-mediated
suppression of SREBP reporter gene
activity was not overcome by over-
expression of SREBP-1c (Fig. 3B).
ChREBP is thought to be the pri-
mary glucose-responsive transcrip-
tion factor that governs the expres-
sion of glycolytic and lipogenic
genes (6, 9). Similar to the other
lipogenic transcription factors,
ACSL3  knockdown suppressed
ChREBP reporter gene activity (Fig.
3C). Additionally, we challenged the
cells with high (25 mm) glucose con-
centrations to stimulate ChREBP
activity. ACSL3 siRNAs suppressed
ChREBP under high glucose condi-

ACSL3 (Fig. 2C). These data indicate that the expression of the  tions and largely prevented the increase in ChREBP activity
other isoforms of ACSL or FATP do not compensate for a defi- following exposure to high glucose. Specifically, control cells
ciency of ACSL3. Transfection of ACSL3 siRNAs decreased exhibited a 25-fold increase in ChREBP activity in response to
total acyl-CoA synthetase activity 25 and 60%, respectively (Fig.  high glucose, whereas cells with suppressed ACSL3 expression
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only responded with a 3- to 3.5-fold increase (Fig. 3D). There-
fore, ACSL3 appears to inhibit basal ChREBP activity and its
glucose-mediated induction. To determine if ligands for these
transcription factors can rescue PPAR-y or LXR-« activity in
cells transfected with ACSL3 siRNA, we incubated cells with 10
uM rosiglitazone or 15 um T0901317, synthetic ligands for
PPAR-y and LXR-«, respectively. Exposure to these ligands
increased PPAR-7y (~8-fold) or LXR-a (~2.5-fold) activity (Fig.
3, F and H). However, these ligands were unable to restore
PPAR-y or LXR-« activity in response to ACSL3 knockdown.

ACSL3 siRNAs Decrease Lipogenic Gene Expression—Be-
cause the reporter gene assays showed that ACSL3 affects the
activity of numerous transcription factors involving lipogene-
sis, we determined if the expression of lipogenic genes was
altered in response to ACSL3 knockdown. Compared with con-
trol siRNA-transfected cells, ACSL3 siRNAs down-regulated
the expression of numerous genes involved in fatty acid metab-
olism and, more specifically, lipogenesis, including ACC-g,
SCD-1, and L-PK, with a trend for decreased ACC-« and FAS
(Fig. 4A). Additionally, the expression of CD36, a known target
gene of PPAR-vy, was also decreased. However the expression of
the transcription factors ChREBP, LXR-«, SREBP-1c, and
PPAR-+y were not changed (Fig. 4B). Because ChREBP showed
the most decline in activity following ACSL3 knockdown, we
also analyzed protein expression of ChREBP to explore the pos-
sibility that protein levels were affected by ACSL3 knockdown.
Consistent with mRNA expression, the level of ChREBP pro-
tein was unchanged following ACSL3 knockdown (Fig. 4C).
These data suggest that the down-regulation of lipogenic gene
expression by ACSL3 knockdown was due to the reduced tran-
scriptional activity of these transcription factors rather than
changes in their expression. PGC-1 is known to co-activate
several lipogenic transcription factors (11, 26), thus, it is possi-
ble that ACSL3 may have modulated PGC-1 as a means to
down-regulate lipogenic gene expression. However, we did not
observe any changes in PGC-1f expression (Fig. 4B). Taken
together, these data indicate that ACSL3 mediates lipogenic
gene expression through altered transcriptional activity rather
than changes in expression of the individual transcription fac-
tors or a common co-activator.

ACSL3 Knockdown Suppresses Lipogenesis—The above re-
sults suggest that ACSL3 has a significant role in modulating
the expression of lipogenic genes. To determine if the
changes of hepatic lipogenic gene expression by ACSL3
knockdown translated to altered rates of lipogenesis, cells
were labeled with [1-'*C]acetic acid, and the amount of
radiolabeled acetic acid converted to total lipids was deter-
mined. Compared with cells transfected with the control
siRNA, incorporation of [1-**C]acetic acid into total lipids was
reduced by ~40% in ACSL3 siRNA-transfected cells (p < 0.01)
(Fig. 5A). Subsequent partitioning of newly synthesized lipids
into different types of storage lipids (phospholipid and TG) was
also decreased to a similar extent (Fig. 5B). These data indicate
that the decreased expression of lipogenic genes results in
decreased rates of de novo lipogenesis. Initial rates of de novo
lipogenesis measured at 15 min after [1-'*C]acetic acid incuba-
tion, which is more reflective of utilization of fatty acid derived
from de novo lipogenesis rather than lipid turnover, was also
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FIGURE 4. ACSL3 knockdown decreases lipogenic gene expression. Rat
primary hepatocytes were plated at 0.5 X 10° cells/22-mm well and trans-
fected with 1 ug of siRNA per well. After 50 h of siRNA transfection, total RNA
was isolated and mRNA expression of lipogenic genes (A) or transcription
factors and co-activators (B) were quantified using quantitative RT-PCR and
normalized to RPL-32. C, proteins were harvested at 50 h after transfection
and subjected to Western blotting for measurement of ChREBP. From left to
right, the lanes represent control, ACSL3-a, and ACSL3-b siRNA, respectively.
Values are reported as mean = S.E. in duplicate from four individual experi-
ments performed and indicated relative to the cells transfected with control
siRNA. ¥, p < 0.05 when compared with controls.

decreased in ACSL3 siRNA-transfected cells (Fig. 5, C and D).
Thus, ACSL3 knockdown decreased rates of de novo fatty acid
synthesis in agreement with the observed changes in lipogenic
gene expression.

ACSL3 Knockdown Alters the Composition of Intracellular
Free Fatty Acids—We further analyzed the composition of
intracellular free fatty acids to determine how ACSL3 knock-
down affects their content and composition in cells. ACSL3
siRNA-transfected cells had 82% more free fatty acids (p =
0.08) and a 1.7-fold increase in saturated fatty acid content
compared with control cells (Fig. 6A4). The saturated fatty acids
C16:0 and C18:0 were increased 50—-55% following ACSL3
knockdown and represented the largest changes of any individ-
ual free fatty acids (Fig. 6B). In addition, several polyunsatu-
rated fatty acids species were decreased in response to ACSL3.

ACSL3 Knockdown Does Not Change AMPK Phosphoryla-
tion—AMPK is a major energy sensor in cells that regulates
numerous transcription factors, including many of the lipo-
genic transcription factors influenced by ACSL3 knockdown
(27). The ACSL enzymes utilize the equivalent of two molecules
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of ATP per reaction and produces AMP, thus lowering the
ATP/AMP ratio, which may impact AMPK activation. Recently
studies have shown that the acyl-CoA synthetase activity plays
a key role in altering AMPK activation (28). Thus, ACSL3
knockdown could potentially alter AMPK activation, which is
known to regulate numerous transcription factors to control
gene expression (29, 30). However, neither total AMPK nor
phosphorylation of AMPK at Thr-172 were changed by ACSL3
knockdown (Fig. 7) indicating that the effects of ACSL3 on
lipogenesis were not mediated through AMPK signaling.

Hepatic ACSL3 Expression Is Increased in ob/ob Mice and High
Sucrose-fed Mice—Data from the current study along with previ-
ous data on ACSL3 (18, 31, 32) suggest that this enzyme may have
a synthetic role in energy metabolism. To gain insight into the in
vivo regulation of ACSL3, we measured ACSL3 mRNA and pro-
tein from livers of genetically obese (0b/0b) mice, which are known
to have high rates of de novo lipogenesis (33). ACSL3 mRNA was
increased nearly 30% in 5-week-old 0b/0ob male mice. An even
more robust increase in ACSL3 protein abundance was observed
in 0b/ob mice compared with wild-type mice (Fig. 8, A and B).
Also, compared with C57/BL6 mice fed a chow diet, expression of
ACSL3, in parallel with other lipogenic genes, was up-regulated
~2-fold in mice fed a 45% sucrose diet for 1 week (Fig. 8C). These
data further provide evidence that ACSL3 has an integral role in
lipogenesis and hepatic energy metabolism.

DISCUSSION

Previous studies support distinct roles of individual ACSL or
FATP isoforms in fatty acid trafficking and partitioning to dif-
ferent metabolic pathways (17, 19, 34). However, the current
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TG

FIGURE 5. Knockdown of ACSL3 suppresses de novo lipogenesis. At 72 h after transfection, cells were
labeled with 1 uCi of [1-"*Clacetic acid per 0.5 X 10° cells for 3 h (A and B) and 15 min (C and D). Lipids were
extracted from the cells and quantified as described under “Experimental Procedures.” Data are indicated as
mean =* S.E.from a representative experiment performed in triplicate that was repeated three times. *, p < 0.05

brain tissue (35), which contains
phospholipids that are highly
enriched in polyunsaturated fatty
acids (36). Based upon these data, it
has been predicted that ACSL3 has
an active role in phospholipid or
eicosanoid metabolism (36). ACSL3
has a broad range of substrate preferences toward C,4-C,, fatty
acids (35, 37). Although few studies have focused on the phys-
iological function of ACSL3 (16, 35), its localization on lipid
droplets or endoplasmic reticulum membranes (31, 32) sug-
gests that this enzyme is likely involved in lipid synthesis. Pro-
teomic analyses have revealed that ACSL3 is located on the
surface of lipid droplets and is physically associated with lipid
droplets fractions in 3T3-L1 adipocytes (32), human hepato-
cytes (31), and A431 human epithelial cells (38). In addition, the
expression of ACSL3 is correlated with the oleate-induced for-
mation of lipid droplets in conjunction with the increased pro-
duction of acyl-CoAs (31). Triacsin C, an inhibitor of ACSL1,
-3, and -4, decreased the formation of lipid droplets and subse-
quent lipid species (TAG and cholesterol ester) along with sup-
pression of ACSL3 protein (31). Also triacsin C decreases
[1-'*C]oleic acid incorporation into TAG by 70% in rat hepato-
cytes (39). Yao and Ye (18) found that ACSL3 mediates the
synthesis of phosphatidylcholine that is necessary for the
assembly of very low density lipoprotein in human hepatoma
celllines. Also recent animal studies demonstrated that expres-
sion of mRNA of ACSL3 was down-regulated in 48-h-fasted
rats (16). Taken as a whole, these data strongly support a syn-
thetic role of ACSL3 in energy metabolism.

Increased rates of de novo lipogenesis in obesity (40), hyper-
lipidemia (41), fatty liver disease (29), and type 2 diabetes (41)
subjects suggests that conversion of surplus carbohydrate to
lipids modulates hepatic function and contributes to the devel-
opment of steatosis, insulin resistance, and dyslipidemia. Fatty
acids derived from de novo lipogenesis are preferentially incor-
porated into storage lipids such as TAG and secreted as very

PL
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FIGURE 6. Composition of total cellular free fatty acids. At 50 h after trans-
fection of siRNAs, lipids were extracted from the cells and free fatty acids were
separated by TLC. Methyl esters of fatty acids were quantified by gas chroma-
tography. A, sum of free fatty acids and fatty acid classes was calculated.
Amount of total free fatty acids in control siRNA-transfected cells was 4.1
ng/mg of protein. B, composition of each different species of free fatty acids.
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; and PUFA,
polyunsaturated fatty acids. Data represent triplicate samples. Data are indi-
cated as mean = S.E. ¥, p < 0.05 when compared with controls.
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FIGURE 7. ACSL3 siRNA-mediated knockdown does not alter the phos-
phorylation of AMPK. Total proteins were harvested at 50 h after transfec-
tion of siRNAs and were subjected to Western blotting for measuring expres-
sion of AMPK and phosphorylated AMPK at Thr-172.

low density lipoprotein rather than mitochondrial oxidation
(19, 42). Additionally, an intermediate in de novo fatty acid syn-
thesis, malonyl-CoA, allosterically inhibits carnitine palmitoyl
transferase to suppress B-oxidation (43), which may further
exacerbate the development of steatosis. Several animal models
with alterations of lipogenic enzyme expression or transcrip-
tion factors also support the etiological role of de novo fatty acid
synthesis in metabolic diseases. Transgenic mice that overex-
press SREBP-1c in the liver exhibit liver steatosis and have
increased lipogenic gene expression (44). Insulin-resistant ani-
mals (45, 46) have elevated levels of SREBP-1c¢, and high levels
of SREBP-1c exacerbate insulin resistance through inhibition of

OCTOBER 30, 2009+VOLUME 284 -NUMBER 44

ACSL3 Regulates de Novo Lipogenesis

A) 1.6

1.2 4
1.0 4
0.8 -
0.6 -
0.4 -
0.2 -
0.0 -

mRNA abundance
(ACSL3 : RPL-32)

ob/ob

B)
80kDa

4 m ‘ - “ ...‘7 Aeses

4502 e CEEPEED S ERDEE -/ tin
L | L |
WT mice ob/ob mice
C) 7.0
*
g 6.0 1 wmcontrol diet
(3] . .
% = 50 | OHigh sucrose diet
m u
B
So 40 *
-
< g 3.0 4 *
25
3 2.0
1.0
0.0 -
ACC-a SCD-1 ACSL3

FIGURE 8.Expression of ACSL3 is up-regulated in ob/ob mice and C57/BL6
mice fed a high sucrose diet. A and B, expression of ACSL3 was compared in
liver tissue of 5-week-old male 0ob/ob (n = 5) and lean wild-type (WT) C57/BL6
mice (n = 4) fed chow diets. A, total RNA was extracted, and the abundance of
mRNA for ACSL3 was quantified using quantitative RT-PCR and normalized to
RPL-32. *, p < 0.05 when compared with WT mice. B, total proteins were
subjected to Western blot, and expression of B-actin was analyzed as an inter-
nal control. G, expression of ACSL3 was compared in liver tissue of 5-week-old
male C57/BL6 mice (n = 4 per group) fed AIN-93 diet (control diet) or high
sucrose (45%) diet for 1 week. Values are reported as mean * S.E. and are
expressed relative to the mice fed the control diet. *, p < 0.05 when compared
with control diet.

insulin receptor substrate-2 signaling in liver (47). Also, a syn-
thetic LXR-« ligand increases hepatic SREBP-1c¢ mRNA levels
and increases mRNA abundance of lipogenic enzymes resulting
in fatty liver and hypertriglyceridemia (48). In contrast, inhibi-
tion of lipogenic transcription factors protects animals from
fatty liver and insulin resistance. Liver-specific knockdown of
ChREBP in 0b/0b mice decreases lipogenic gene expression (e.g.
L-PK, ACC, FAS, and SCD-1) and lipid accumulation (e.g. glyc-
erol-3-phosphate acyltransferase) and consequently decreases
free fatty acid concentrations and hepatic fat accumulation
(49). Also inhibition of ChREBP significantly restores insulin
sensitivity in liver as evidenced by normalization of Akt signal-
ing and improves metabolism in skeletal muscle by reducing
hyperlipidemia (49). Because our data show that ACSL3 medi-
ates de novo lipogenesis through transcriptional mechanisms,
ACSL3 may be a potential therapeutic target for correcting
alterations in liver energy metabolism commonly observed in
numerous metabolic diseases.
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Although our findings show that ACSL3 governs transcrip-
tional control of hepatic energy metabolism, the mechanisms of
how ACSL3 elicits these effects are not known. Synthetic
ligands were unable to normalize transcriptional activity of
LXR and PPAR-vy suggesting that ACSL3 regulates transcrip-
tional control via a ligand-independent mechanism. Addition-
ally, our data do not support a role for AMPK in mediating the
effects of ACSL3 on gene expression. Quantification of the
intracellular free fatty acid pool revealed that ACSL3 knock-
down increased the content of saturated fatty acids and
decreased polyunsaturated fatty acids. However, saturated fatty
acids have been proposed to increase lipogenesis (11), whereas
polyunsaturated fatty acids are potent inhibitors of lipogenic
gene expression (50). Thus, it is unlikely that changes in specific
free fatty acids can explain the effects of ACSL3 knockdown on
hepatic gene expression. Because ACSL3 knockdown resulted
in decreased activity of all the lipogenic transcription factors
measured, it is logical to suggest that a common co-activator or
co-repressor is regulated by changes in a specific pool of metab-
olites as a result of ACSL3 activity. It is also possible that ACSL3
itself through protein-protein interactions elicits the effects on
gene expression. Ongoing characterization of the role of
ACSL3 in lipid formation and channeling should further our
insights into the mechanism mediating its effects.

In summary we demonstrate for the first time that ACSL3
uniquely regulates lipogenic transcription factors to control
hepatic energy metabolism. Our findings, which are in agree-
ment with other studies showing that intracellular lipids pools
and fatty acid trafficking have a regulatory role in lipid metab-
olism through transcriptional regulation (1, 51, 52), suggest
that ACSL3 may have an integral role in regulating lipogenesis
and, potentially, the development of hepatic steatosis and its
co-morbidities.
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