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Acetyl-coenzyme A synthetase is a lipogenic enzyme
controlled by SREBP-1 and energy status
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Atsushi Iwama, and Nobuhiro Yamada. Acetyl-coenzyme
A synthetase is a lipogenic enzyme controlled by SREBP-1
and energy status. Am J Physiol Endocrinol Metab 282:
E222-E230, 2002; 10.1152/ajpendo.00189.2001.—DNA mi-
croarray analysis on upregulated genes in the livers from
transgenic mice overexpressing nuclear sterol regulatory el-
ement-binding protein (SREBP)-1a, identified an espressed
sequence tag (EST) encoding a part of murine cytosolic acetyl-
coenzyme A synthetase (ACAS). Northern blot analysis of the
livers from transgenic mice demonstrated that this gene was
highly induced by SREBP-la, SREBP-1c, and SREBP-2.
DNA sequencing of the 5’ flanking region of the murine
ACAS gene identified a sterol regulatory element with an
adjacent Spl site. This region was shown to be responsible
for SREBP binding and activation of the ACAS gene by gel
shift and luciferase reporter gene assays. Hepatic and adi-
pose tissue ACAS mRNA levels in normal mice were sup-
pressed at fasting and markedly induced by refeeding, and
this dietary regulation was nearly abolished in SREBP-1
knockout mice, suggesting that the nutritional regulation of
the ACAS gene is controlled by SREBP-1. The ACAS gene
was downregulated in streptozotocin-induced diabetic mice
and was restored after insulin replacement, suggesting that
diabetic status and insulin also regulate this gene. When
acetate was administered, hepatic ACAS mRNA was nega-
tively regulated. These data on dietary regulation and
SREBP-1 control of ACAS gene expression demonstrate that
ACAS is a novel hepatic lipogenic enzyme, providing further
evidence that SREBP-1 and insulin control the supply of acetyl-
CoA directly from cellular acetate for lipogenesis. However, its
high conservation among different species and the wide range of
its tissue distribution suggest that this enzyme might also play
an important role in basic cellular energy metabolism.
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INTRACELLULAR CHOLESTEROL and fatty acid synthesis are
regulated at the transcriptional level, mainly by sterol

regulatory element-binding proteins (SREBPs), tran-
scription factors belonging to the basic-helix-loop-helix
leucin zipper family (2—4, 28). SREBPs are synthesized
in a membrane-bound form. Upon sterol deprivation,
nuclear SREBPs are cleaved to enter the nucleus and
activate the transcription of genes involved in choles-
terol and fatty acid synthesis by binding to sterol regu-
latory elements (SREs) or to palindromic sequences
called E boxes within their promoter regions (3, 5, 26,
28). SREBPs consist of three isoforms (SREBP-1a,
SREBP-1¢, and SREBP-2), where SREBP-1a and -1c
are generated from a single gene through alternative
splicing (14, 31).

Cumulative lines of evidence, including normal,
transgenic, and knockout mice on diet studies, estab-
lished that SREBP-1 plays a role in regulating the
transcription of genes involved in fatty acid synthesis,
whereas SREBP-2 is actively involved in the transcrip-
tion of cholesterogenic enzymes (13, 24). SREBP-1a is a
stronger activator than SREBP-1c because of a longer
transactivation domain, and it has a wider range of
target genes involved in both cholesterol and fatty acid
synthesis (22, 23). Transgenic mice overexpressing nu-
clear SREBP-1a in the liver demonstrated a marked
induction of cholesterogenesis and lipogenesis result-
ing in engorged fatty livers (22).

Lipogenic enzymes, which are involved in energy
storage through synthesis of fatty acids and triglycer-
ides, are coordinately regulated at the transcriptional
level during different metabolic states (9, 11). Recent
in vivo studies demonstrated that SREBP-1c plays a
crucial role in the dietary regulation of most hepatic
lipogenic genes. These include studies of the effects of
the absence or overexpression of SREBP-1 on hepatic
lipogenic gene expression (22—24), as well as physio-
logical changes of SREBP-1c protein in normal mice
after dietary manipulations, such as placement on high
carbohydrate diets, polyunsaturated fatty acid-en-
riched diets, and fasting-refeeding regimens (12, 15,
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25, 29, 30). Recent studies suggest that insulin or
insulin-facilitated glucose uptake mediates lipogenesis
through SREBP-1c induction (7, 10, 18).

Acetyl-CoA synthetase (ACAS) is an intracellular
enzyme that catalyzes the formation of acetyl-coen-
zyme A (acetyl-CoA) from coenzyme A and acetate (17).
ACAS is known to be involved in ethanol and acetate
metabolism of bacteria, and its molecular characteriza-
tion has been well described from a microbiological
point of view (8, 27). ACAS activity has also been well
known among researchers in ruminology to play a
crucial role in energy production of ruminants, because
volatile fatty acids (also known as short-chain fatty
acids), produced through fermentation of cellulose and
other fibers in rumen, are their main source of energy.
Even in other mammals, including rodents and hu-
mans, acetate, a major component of volatile fatty
acids, can contribute considerably as an energy source
as a result of fermentation of dietary fibers (20).

Beyond this limited information, the molecular char-
acterization of ACAS in mammals has not been well
understood. Because ACAS produces acetyl-CoA,
which is a key branching molecule for different meta-
bolic pathways, it could play an important role in
energy metabolism in mammals. In a search for new
targets of SREBP-1, we cloned the murine ACAS cDNA
and analyzed its gene promoter. Investigation of the
tissue-specific expression profile and nutritional regu-
lation demonstrated a new aspect of this gene as a
lipogenic enzyme.

MATERIALS AND METHODS

Materials. Mice (C57BL/6NCrj) were obtained from
Charles River Japan (Yokohama, Japan). All animal experi-
ments had been approved by a review of the institutional
board of animal welfare. Streptozotocin was purchased from
Sigma (St. Louis, MO). TRIzol reagent (GIBCO-BRL, Rock-
ville, MD) was used to isolate total RNA. [a-32P]dCTP and
Hybond-N+ membrane were purchased from Amersham
Pharmacia Biotech (Uppsala, Sweden). The BcaBEST Label-
ing Kit (TaKaRa Biomedicals, Kyoto, Japan) was used to
label radioactive probes. The BAS 2000 system (Fuji Photo
Film, Tokyo, Japan) was used to detect the signals of North-
ern and dot blot analysis. NIH Image version 1.62 (free
software distributed by the National Institutes of Health,
Bethesda, MD) was used to quantify intensity of the detected
bands.

c¢DNA cloning of the murine ACAS gene and its promoter
region. Poly(A)* RNA samples were isolated from livers of
male SREBP-1a transgenic and male normal control mice
(C57BL/6NCrj) of 8 wk of age and applied to Gene Expression
Microarray serviced by Incyte Genomics (St. Louis, MO). A
514-bp expressed sequence tag (EST) (AA537637), which
encoded a part of the murine ACAS ¢cDNA, was located, and
homologs and other searches were performed in the National
Center for Biotechnology Information (NCBI) database to
collect the related ESTs. 5'-Rapid amplification of cDNA ends
(RACE) was performed by using the 5 RACE system version
2.0 (GIBCO-BRL) to extend a known sequence to get further
upstream probes for more efficient screening of libraries. A
probe was obtained by PCR with a forward primer, S39,
GGACAAGGTGTTCGGAACTTG, and a reverse primer,
AS209, ACAGAACGCCGGTGCAGCTC.
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A liver ¢cDNA library of SREBP-1a transgenic mice was
prepared in the pCMV7 vector. The library was screened for
full-length ¢cDNA of ACAS using the probe just described.
Obtained clones were sequenced three times by dye-termina-
tor cycle sequencing using the Dye Primer Cycle Sequencing
Kit (Perkin-Elmer, Wellesley, MA) and chemiluminescence
sequencers (model 377, ABI 100, Perkin-Elmer) and were
analyzed by ABI Prism software version 3.0 (Perkin-Elmer).

Luciferase promoter assay of ACAS gene. We obtained a
clone containing the 5’ flanking region of the ACAS gene by
screening the BAC library of mouse genomic DNA (Incyte
Genomics). An EcoRI fragment (a 7.8-kb fragment) contain-
ing the promoter and 5'UTR of ACAS was subcloned into the
pGEMBSZf vector (Promega, Madison, WI), was designated as
pGEM3/ACAS/BAC/EcoRI 5' flanking region of the ACAS
gene, and was sequenced. Three DNA fragments (sizes from
676, 463, and 331 bp 5’ upstream of the ACAS coding region)
of the ACAS gene promoter were obtained by PCR with
forward primers pS676, ACTAGCTAGC GGAAGGTTCA
TATTGGGGAT CTGTGC; pS436, ACTAGCTAGC GTAAC-
CCAAC CCTTGTCACT CCAAG; and pS331, ACTAGCTAGC
GCCTCCTCGC CTGTCACCTC TG, and a 3’ primer, pAS1,
TCCGCTCGAG CGCATCAAGT TCCGAACACC TTGTC.
They were ligated into Xhol-Nhel sites of the pGL3-Basic
vector (Promega) and designated as pGL3-ACAS676,
ACAS463, and ACAS331, respectively. Transfection and lu-
ciferase assays were performed as previously described (1)
except that pRL-SV40 (Tokyo Ink, Tokyo, Japan) was used as
a reference plasmid instead of pSVBgal. Either an expression
plasmid of SREBP-1a, -1c, or -2, under the regulation of the
CMV early promoter (pCMV-SREBP-1a, -1¢c, -2) (0.2 pg) or an
empty vehicle vector (pCMV7) (0.2 pg) as a control, was
cotransfected with the indicated luciferase construct and
pRL-SV40 (0.2 pg) into HepG2 cells by using SuperFect
reagent (Qiagen, Hilden, Germany). The cells were incubated
in DMEM with 10% FCS and cholesterol (10 pg/ml) and
25-hydroxycholesterol (1 wg/ml) to suppress endogenous
SREBP activity. The Dual Luciferase System (Picagene Dual
Seapansy, Toyo Ink, Tokyo, Japan) was used to measure
firefly and seapansy luciferase activities with a luminometer,
Lumat LB9507 (Berthod, Berlin, Germany), according to the
manufacturer’s instruction.

Gel shift assay. The DNA probe was prepared by annealing
both strands of the SRE (see Fig. 3) containing sequence of
the mouse ACAS gene promoter, GGGCTACACCCCAT-
CACTCCACGGGCC, and was labeled with [a->2P]dCTP by
the Klenow enzyme, followed by purification on G50 Seph-
adex columns. The labeled DNA was incubated with a recom-
binant SREBP-1 protein (100 ng) in a mixture containing 10
mM Tris-HCI, pH 7.6, 50 mM KCI, 0.05 mM EDTA, 2.5 mM
MgCls, 8.5% glycerol, 1 mM dithiothreitol, 0.5 wg/ml poly(dI-
dC), 0.1% Triton X-100, and 1 mg/ml nonfat milk for 30 min
on ice. The DNA-protein complexes were resolved on a 4.6%
polyacrylamide gel.

ACAS gene expression profile in various tissues. Tissue
survey of murine and human ACAS mRNA levels was per-
formed using Poly(A)" RNA dot blots that were normalized
by eight different housekeeping genes (RNA Master Blots
and Human Multiple Tissue Expression Array; Clontech,
Palo Alto, CA) according to the manufacturer’s instructions.
Probes used for murine and human blots were produced by
PCR with a forward primer S39 and a reverse primer AS209
(for murine blots) and a forward primer, h3S, GA-
CACTCTCGTGTGGGACAC, and a reverse primer, h2AS,
CCTTGTTGTCTGTCCTGTGAGC (for human blots), respec-
tively, which were set on the basis of reported ESTs
(AW007194 and AW242634).
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Fig. 1. Expressmn of the acetyl-CoA synthetase (ACAS) gene in
livers from wild-type (WT) and transgenic mice overexpressing sterol
regulatory element-binding protein (SREBP)-1a, -1c, and 2. North-
ern blot analysis of total RNA from livers of SREBP-1a, -1c, and -2
transgenic mice is shown. Mice were fed on a high-protein/low-
carbohydrate diet for 2 wk to induce the phosphoenolpyruvate car-
boxykinase (PEPCK) promoter used for transgene expression. This
diet suppresses the basal level of the ACAS mRNA.

Animals and dietary manipulation. Mice were housed in
colony cages with a 12:12-h light-dark cycle and were fed a
regular chow diet until the dietary manipulations. C57BL/6
mice 8 wk of age were used for dietary and streptozotocin (STZ)
studies. Mice homozygous for the disrupted SREBP-1 gene
allele B (SREBP-1""") were handled as previously described
(24). Transgenic mice overexpressing human nuclear
SREBP-1a, -1c, and -2 in the liver have been previously
described (22). The fasting (24 h) and refeeding (12 h) proto-
col was as previously described (24). To prepare diabetic
mice, STZ (100 mg/kg) or saline was administered by perito-

ACAS AS A LIPOGENIC ENZYME

neal injection of 8-wk-old C57BL/6 mice. Some of the diabetic
mice received subcutaneous insulin administration (100—-400
U-kg '-day !, Novolet N, Novo Nordisk, Bagsvaerd, Den-
mark) for 7 days to correct their blood glucose levels. The effect
of acetate on the hepatic ACAS gene was estimated by giving
water containing indicated concentrations of acetic acid for 24 h.

RESULTS

Cloning of mouse ACAS gene. Results of the microar-
ray analysis identified an EST clone, expression of
which was highly (10-fold) increased in the livers of
transgenic mice overexpressing nuclear SREBP-la
(22) compared with that of wild-type mice. This clone
(AA537637) had a high similarity to bacterial ACAS.
The increase of this gene transcript by SREBP-1a was
confirmed by Northern blot analysis of total RNA from
livers of SREBP-1a transgenic mice (Fig. 1). The he-
patic mRNA level of this gene was also elevated by
SREBP-1¢c and SREBP-2, demonstrating that any
member of the SREBP family can induce this gene. On
the basis of the high similarity to bacterial homologs
and the data we will present later, we assumed that this
clone was a part of the murine ACAS gene. We cloned a
whole ACAS cDNA by screening a mouse liver cDNA
library using the 5 RACE method. The murine cDNA
sequence of ACAS open reading frame consisted of 2103
bp coding for 701 amino acids (Fig. 2). The sequence is

(=3

atggggcttcccgaggagcggcgcaagageggcagtggaagocgg
M GLPETETRRIKSG GSUGSR T G S Y VT
46 gctcgtgaggagaccggcgccgagggccgggtacaagattagtcc 1176 ggtgecactagtgttttgtttgaggggatccccacatacccagat
AR EETGAETGRVRGWS G ATSVLEFETGTITFP P D
91 ccgcegeeggaggtcagacgcteggegeacgtecectetctgcad 1171 gaagggegettgtggageattgtggacaaatacaaggtgaccaa
ER R EN R RS AHYPSLQ EeRLN S IV DY VK
136 cgctnccgcgugctgcaccggcgttctgtggaggagccucgggng
R YRELUHRTE RSV
181 ttttgggganncnttgccanggnattttnctggaannctgcntgc
FWGNTIAKETFYWEKTATC
226 cctggcccattoctccagtacaactttgatgtgactanagggoaa
P GPFFLQYNTFTD K
271 atattcactgagtggatgaaaggagcaactacaaacatctgetac
I FTEWMEKG GATTHNTIOCY
316 aacgtgctggatcgaaatgtccatgagaaaaaacttggegacaaa
N VLDRNVHEIKIKIL D K
gttgctttttactgggagggcaatgagecaggggagaccaccaag
VAFYWNEGNEPGETTK
496 atcacataccgtgaactcctggtccaggtgtgtcagttcageaat

1081 tggatcactggtcattcctatgtcacctatgggecactggetaat
W Y

1216 ttctacacggcaccaacagccatccggatgetcatgaagtttgga
FYTAPTATIRMLMEKTFG

1261 gatgatcctgtcaccaagecatagecgggeatecctgeaggtgetg
bDDPVYTKHSRASLZGQVL

1306 ggcacagtaggtgaacccatcoaccctgaagectggetatggtac
G TV GEPTIMNPEAWLWY

1351 caccgggtagtaggttcccagecgetgocccattgtagacaccttc
HRVY &GS QRCPIUVDTEF

1396 tggcaanacaganacaggtggccatatgctgacccctetecctgge
W QTETOGOGHMLTUPLEPG®G

1441 gccacacccatgaoacctggttctgettettteccattetteggt
ATPMEKPSGSASFPFTFG

1486 gtagcgectgcaatcctgaatgagtccggggaggagetggaagag
S GEELESG

36

ey

Fig. 2. cDNA and amino acid se-
quences of the mouse ACAS gene. This

> gene. Thi ITYRELLVQVCQFSN el
cDNA sequence was essentlally>ldelltl- 451 gttctccgtaaacagggeattcagaagggtgaccgagtggecate 1537 gaagetgaaggttatctggtgttcaagcagccctggecagggate
cal to a clone that was registered by VL QG QP WPGI
P. S. Haghighi and co-workers in the 436 tacatgcctatgatcttggaacttgtggtggctatgctggeatat 1576 gqigegeacagtctatgggaaccacacacggtttgagaccacctac
Y MPMTILELVVYABMLAC Pt -

NCBI GenBank as a .murine ACAS 541 gctegecttggagetttgeactccattgtgtttgeaggettetet
cDNA (AF216873) with four mis- ARLGALEHSTIVFAGETFS

matched amino acids (amino acids 586 gcagagtctctctgtganaggatcttggattccagttgctgectg
498-500; LQS instead of PAI; amino AESLCERTILDSSCCL

. ) 631 ctcatcact tgccttctaca aacttgt
acid 655; L instead of P) and another f ; c?-c -?Wga g e f S S

=

1621 tttaagungttccctggctactntgtgaccggngatggctgccga
FKKFPGYYVTGDGC

1666 cgggatcaggatggctuttnctggntcm:gggcngguttgutgnc
RDQDGYYWTITGRTITD

1711 atgct:aatgtgtctggacntctcctgogtncagcagaggtggau
M LNVYSGHLLSTAEVE

reportEd»SeCUlence (19). 676 ctgaaggagctggctgatgagtccttggagaagtgccgagagaag 1756 tcggcacttgtggaacacgaggctgtcgcagaggcagctgtagtg
721 ;gc:tcgca;tg:gaEgctgcattétgétc:aaEntgtg;ggﬁgg AN LY

1801 tcatcctgt tgcctctactgetttgtt
G FPVRCCIVYKHLGR EQC;GC;C ;0 ;cggzagggcgaacch CYCICCQCF \%

766 gcagagctgggeatgaatgactcccccagecagtecccaccagtt
A ELGMNTIDSZPSOQSPPYV

811 aagaggccatgtccagatgtccagatetgctggaacganggggtt
K R P C I CWNEGYV

1846 accttgtgtgatggccataccttcagccccacactcacagaggaa
TLCDGHTT FSPTLTEE

1891 cte gcagatt aagattggecccattgecacacca
L KKQIREIKTIGSGTPTI TP

856 gacttatggtggcatgaactcatgcagcaggcaggagacgagtat 1936 gactacatccagaatgcacctggettgcctaaaacacgctcaggg
DL HE L G C Y I QNAPGLFP G

901 gagcctgagtogtgtgatgctgaggacceactcttcatcttgtac 1987 gaaatcatgaggegagttctccggaagattgctcagaatgaccat
EPEWCDATETDTFP 7 T K R VLREKTIADQ Q D H

946 accagtggctccacaggcaaacctaagggtgtggtgcacacaatt
T 5 S TGKP KOGV VHTI

991 ggaggctatacgctctatgtggctacaactttcoagtatgtgttt
G 6YTLYVATTTFIEKTYWVETF

1836 gatttccocccggoagatgtgttctggtgcacagecagacatcgge
DFHPEDVFWCTADTIG

20826 gacctgggggatacatctacggtggctgacccatctgteatcaac
D LG6GDTSTVADPSVIN

2871 catctcttcagtcaccgctgectgaccacccagtga 2186
HLFSHRTCLTTO® GQH®*
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5" -TAAGTTGGACATTAATTGCCAGGAGTTGGTTGTTTCAGACTTCGGATTCATTCTTGTA

Nkx-2
1201 GTT AW AAGAATCCTTG GﬁCAGTCTGWT AGGATGAGTTAGTCCTTGTTGATAACTGTAGGAAGGAAGTGGAGGTTGTCCTTGLTCGE

CTTCCTTTTGGTTGAAGAGGATAGAGGGACGCCGGAGGGAAGTAAACTCAATTTGTGGCAGATAGGTGTGTACTTAGGTGAATTAAAGAATGTAATTTTT

1001

o
TCTGACCATAACTTGATCTTTATCTGCTCCCCGACTTTGTGACATTTCCCTTCCTTTTCTGAATTTACCTTTAGTGCTAAGAGAATTTGTGCGTTTGGAG

801

TGGGAGAGAATCAGAACGAGTTAGCAGGAAGGTTCATATTGGGGATCTGTGCCCTCAAGGTCGLGGAGGAATTTTTCCATGGGAACGGAATAGGGGTGLT

601

TGCACAACGGATGACACAATGCCTCTTATTAGCCAGCCTTTCATGTCTCAAGCTGCGCGGCGCCGTAACCCAACCCTTGTCACTCCAAGACCCTAACTTG

40

-

SRE
CTCCACTGTCATTCCAAGGCCCCACCCCTCTCCTGTCATTCCCTGACCATTCCTTCTGCTTTCACTACGECTCCACCCCTTCCGGCAAGTCAGCTLCGEC

201

TCCTCTTTATACTTGTATTA ATATTGCATAGACCTTGTATTTTAAGATCTGGCTTTCTGTTTATGTTAGTAAAAACAAGCAATACAAGAACTCAGA
CCAATATCTGAAGGATCCTCCTCGTCTTCACTTAAGAGTCTTGTACTTTACATCAGGATGGAGATTTATGGAGGCAAAAAGAATGACATGTCCTAAGAGG
GTTCGGTGGGAGACTGTGGAGTGTCACCCAGAAGGAACTGTATCTGCACTTGGCTATCCAACTCTGGAGTGACAGGGTCACGCAATCAGACCACGGTAAT

BPo
GTCAGTGCACAGCCTTGCCTCCTCTCGT GTCAC;\TCCﬂGCCGGGCTa\CﬁCCCWGGGCCCGCCTCCTCGCCTGTCACCTCTGGCCECGECC

Fig. 3. DNA sequence of 5' flanking
region of the mouse ACAS gene. The
promoter and a part of the 5'UTR se-
quence of the mouse ACAS gene is
shown and numbered in relation to the
putative translation initiation site. A
sequence (ATCACTCCAC) highly sim-
ilar to the sterol regulatory element
(ATCACCCCAC) and inverted Sp1 site
(CCCCGCCCO), two Nkx6.1 sites, and
two C/EBP sites were found and under-
lined.

CTTACCCCCTTGTCTTCAGLGGTTTTTGCTGACCCCGCCCCTTCACGCACGGCCCTACCCACTATTGGATGCCTAGAGCACGGCCTCTAGCCTCAGGCTC

CGLCCTCACCCGAGGCCCCGCCTCTAGGGTCGACCTGTTTTCCCCGLCCCGGCACCCGLAGCGACCGCAACGGLGGACAAGGTGTTCGGAACTTGATGLG

highly preserved among many species; i.e., 92% homol-
ogous with human, 74% with Drosophila, 63% with
Caenorhabditis elegans, 58% with Saccharomyces cer-
evisiae (yeast), and 64% with Escherichia coli at the
amino acid level. This cDNA was essentially identical
to a clone that was registered by P. S. Haghighi and
co-workers in the NCBI GenBank as a murine ACAS
cDNA (AF216873). Very recently, Luong et al. (19)
reported the amino acid sequences of human and mu-
rine ACAS and their regulation by SREBP and, fur-
thermore, demonstrated that they have an ACAS ac-
tivity when overexpressed in the cultured cells.
Promoter analysis of the ACAS gene. We obtained a
clone containing the mouse ACAS gene from a mouse
genomic DNA BAC library. DNA sequencing of the 5’
flanking region of the mouse ACAS gene is shown in
Fig. 3. We identified a sequence (ATCACTCCAC at
—350 bp) that is highly similar to a classic SRE (AT-
CACCCCACQC). The only mismatched base (6th T in-
stead of C) was at the position of a residue that sepa-
rates two direct repeats of PyCAC in the consensus and
is not conserved among SREs in different SREBP tar-
get genes. Downstream of this SRE, a binding site of
Spl (CCCCGCCCCO), an essential cofactor required for
activation by SREBPs, was also found in an inverted
orientation, which made this region a highly probable
binding site for SREBPs. Upstream of the SRE, the
computer-assisted search found two Nkx6.1 sites and
two C/EBPa sites, suggesting that this gene could be

nSREBP1a

®@ @C
alalalalal

+ + +

expressed and participate in energy metabolism in
pancreatic B-cells.

For the promoter analysis, the luciferase reporter
gene containing this region (668 bp) was constructed
and tested for SREBP activation in transfection stud-
ies in HepG2 cells, a hepatic cell line of human origin
(Fig. 4). The marked increase in luciferase activity of
the ACAS promoter was observed by expression of
nuclear SREBP-1a by cotransfection. Deletion of the
promoter sequence upstream of the SRE did not essen-
tially change the luciferase activity, whereas further
deletion of the SRE completely abolished the SREBP
activation. The data demonstrate that the SRE is ab-
solutely required for SREBP activation of this gene.
Activation of the ACAS promoter was compared among
isoforms of the SREBP family. Expression of nuclear
SREBP-1a, -1c, and -2 resulted in 89-, 57-, and 45-fold
relative increases in luciferase activity, respectively.
The data demonstrate that every member of the
SREBP family can activate this ACAS promoter, al-
though SREBP-1a has the highest transcriptional ac-
tivity. Similar activation by nuclear SREBP-1a, -lc,
and -2 was also observed in transfection studies with
human embryonic kidney 293 cells (27-, 13-, and 6.6-
fold, respectively). Replacement of the tyrosine residue
for arginine in the basic region of SREBP (YR muta-
tion) has been shown to result in loss of its binding
activity to an SRE (16). Transfection of the YR mutant
SREBP-1a and -1c did not cause any significant acti-

Fig. 4. Deletion studies with the SRE-containing pro-
moter region of the ACAS gene. Luciferase reporter
genes containing the mouse ACAS promoter region
(668 bp) and its sequential deleted fragments in the
context of presence or absence of the SRE were con-
structed and transfected with a CMV promoter ex-
pression vector of nuclear SREBP-1a or an empty
control vector, and pRL-SV40 as a reference plasmid
into HepG2 cells. Luciferase activity was measured
and normalized to the sea urchin activity. Values are
represented as degree of change compared with the

0 20 40 60

empty control vector.
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Fig. 5. Activation of the ACAS promoter luciferase gene by SREBPs.
A firefly luciferase reporter gene containing the mouse ACAS pro-
moter region (668 bp) was constructed and transfected with a CMV
promoter expression vector of nuclear SREBP-1a, -1c, 2 or an empty
control vector, and a reference plasmid into HepG2 cells. A mutant
version of SREBP-1a (1aM) and -1c (1cM) expression plasmids,in
which the tyrosine residue in the basic region of SREBP was replaced
by arginine, was also tested. Firefly luciferase activity was measured
and normalized to the seapansy luciferase activity. Values are rep-
resented as degree of change compared with the value from the
empty control vector.

vation (Fig. 5), suggesting that SREBP activation of
the ACAS promoter is mediated through its binding to
the SRE. To confirm the direct binding of SREBP to the
SRE in the ACAS promoter, gel mobility shift assays were
conducted (Fig. 6). The labeled SRE probe was shifted by
incubation with SREBP-1 protein, and the specific binding
was confirmed by a supershift after addition of SREBP-1
antibody. These promoter studies confirmed that the SRE
in the ACAS gene promoter is responsible for SREBP
activation of ACAS gene expression.

ACAS gene expression profile in various tissues. The
tissue survey of human and mouse ACAS gene expres-
sion is shown in Fig. 7, A and B, respectively. In both
species, ACAS was ubiquitously expressed in almost
every tissue tested. Particularly in mice, it was highly
expressed in kidney, liver, submaxillary gland, epi-
didymus, and testis.

Effects of fasting and refeeding on ACAS expression
in mice. Recently, SREBP-1 has been reported to play
a crucial role in hepatic expression of lipogenic enzyme
genes, especially in nutritional regulation, as was ob-
served in fasted and refed mice (24). As shown by
Northern blot analysis in Fig. 8, ACAS expression was
significantly downregulated in a fasted state and
markedly upregulated by refeeding in both liver and
adipose tissue. This nutritional change is similar to
changes of other lipogenic enzymes that are controlled
by SREBP-1 (24). This refeeding induction of the ACAS
gene was nearly abolished in the livers and adipose
tissue of SREBP-1 knockout (KO) mice (Fig. 8), indi-
cating that lipogenic induction of the ACAS gene by
refeeding is controlled mainly by SREBP-1. At the
same time, a slight but significant increase in ACAS
RNA was seen in the SREBP-1 KO mice as well as
wild-type mice, suggesting that other factors contrib-
ute to expression to a lesser degree.

Effect of insulin-depleted diabetes on ACAS expres-
sion. Because insulin has also been known to be impor-
tant for lipogenic enzyme expression, we estimated the
effects of insulin depletion and its supplementation on

ACAS AS A LIPOGENIC ENZYME

the hepatic mRNA level of ACAS. As shown in Fig. 9,
STZ-induced diabetic mice showed markedly decreased
ACAS expression in the livers compared with normal
control mice, expression that was totally restored by
insulin administration.

We also investigated the consequence of ACAS ex-
pression after overloading the substrate of the enzyme
in drinking water. Acetic acid loading resulted in a
significant decrease of ACAS expression in both fasted
and fed mice (Fig. 10). A dose-dependent suppression
was observed for acetate concentrations between 0 and
10% in fasted animals. In fed animals, acetate overload-
ing also suppressed ACAS expression. There was no
significant difference in either food or water consump-
tion that might have affected SREBP-1c expression.

DISCUSSION

ACAS is a new member of the family of lipogenic
enzymes. The current study clearly demonstrates that
expression of the mouse acetyl-CoA synthetase gene is

seil
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Fig. 6. Gel mobility shift assay demonstrating a direct binding of
SREBP to the SRE in the mouse ACAS gene promoter. A double-
stranded DNA fragment containing the SRE in the mouse ACAS
gene promoter was labeled with [a-3?P]dCTP and incubated in the
reaction mixture with (lanes 2-4) or without (lane I) recombinant
nuclear SREBP-1c protein. The shifted band of the DNA probe and
protein complex is indicated by the arrow (lane 2). In a competition
assay, a 1,000-fold molar excess of an unlabeled SRE probe was
added (lane 3). Specificity of SREBP-1 binding to the SRE probe was
confirmed by a supershift after the addition of anti-human SREBP-1
monoclonal antibody (2A4, ATCC, 25 ng/ml; lane 4).
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nutritionally regulated in the same fashion as all other
known lipogenic enzymes. Hepatic/adipose ACAS ex-
pression was suppressed by fasting and highly induced
by refeeding, which is a typical feeding response of
lipogenic genes. It was also suppressed in a state of
insulin depletion by administration with STZ and was
restored by insulin supplement, also a well known

response of lipogenic enzymes in a diabetic state.
Therefore, nutritional regulation of ACAS followed a
lipogenic pattern. This is not surprising, as ACAS is
one of the enzymes responsible for the production of
acetyl-CoA, an initial substrate for lipogenesis. In a
nutritional state favorable for lipogenesis, acetyl-CoA
is produced from glycolysis and transported from mi-
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Fig. 8. Nutritional regulation of ACAS gene expression in livers and
adipose tissue from WT and SREBP-1-deficient mice after fasting
and refeeding treatment. Five male WT and SREBP-1-deficient
knockout (KO) mice were fasted (24 h) and refed (12 h) with a
high-carbohydrate diet. Total RNA was extracted from livers and
adipose tissue of each group and subjected to Northern blot analysis
using a radio-labeled mouse ACAS ¢cDNA probe.

tochondria to the cytosol through a sequence of steps.
However, lipogenic induction of cytosolic ACAS sug-
gests that direct production of acetyl-CoA from free
acetate in the cytosol might play a role in lipogenesis.
The relative contribution of this pathway to lipogenesis
remains unknown, and it awaits gene KO mice of this
gene to estimate this. This enzyme could be more
important in ruminants in which glycolytic activity is
low and acetate is a main source of energy.

The ACAS gene is a target of SREBPs. The expres-
sion of the EST clone from the ACAS gene was upregu-
lated by SREBP-1a, which led us to clone this gene.
Recently, we reported that SREBP-1c is a dominant
factor for the expression of most lipogenic genes in the
liver (24). Absence of hepatic/adipocytic induction of
the ACAS gene in refed SREBP-1 KO mice in the
current study supports the notion that ACAS is an-
other target of SREBP-1 as a lipogenic enzyme. Up-
regulation of the ACAS gene by SREBPs has already
been shown in the first report of this gene (19). The
SRE sequence was found in the promoter region of the
ACAS gene and was confirmed to be responsible for
SREBP activation by promoter analysis. Luciferase

Fig. 9. Insulin dependency of ACAS gene expression in livers from
treated diabetic mice. Streptozotocin (STZ)-treated diabetic mice
(C57BL6) (D) and insulin-supplemented mice (I) were prepared as
described in MATERIALS AND METHODS. N, normal control mice. Total
RNA was extracted from livers of each group and subjected to
Northern blot analysis using a radio-labeled mouse ACAS ¢cDNA
probe.
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Fig. 10. Acetic acid loading resulted in a significant decrease of
ACAS expression in both fasted and fed mice. Mice (C57BL6) were
fed ad libitum (A) or fasted (B) and were given water containing the
indicated concentration of acetic acid for 24 h. Total RNA was
extracted from livers of each group and subjected to Northern blot
analysis by use of a radiolabeled mouse ACAS ¢cDNA probe. (Note
that “fed” and “fasted” experiments were done separately so that
basal signal levels of these separate studies cannot be compared
directly.)

assays showed that the ACAS promoter was activated
by SREBP-1a, -1c, or -2, consistent with the observa-
tion that the ACAS mRNA was increased in livers from
transgenic mice overexpressing any of the SREBPs.
The relative activity of each SREBP isoform for the
ACAS SRE as estimated by Northern blot analysis of
transgenic livers (Fig. 1) was similar to that of classic
SRE: SREBP-1a > SREBP-2 > SREBP-1c (21). This is
presumably due to a high similarity between the SRE
in the ACAS promoter and the classic SRE originally
found in the low-density lipoprotein receptor promoter.

The current studies with STZ-induced diabetic mice
demonstrated that insulin regulates ACAS gene ex-
pression. This is consistent with the previous report on
changes in hepatic ACAS enzyme activity in STZ-in-
duced rats (21). Because insulin is important for
SREBP-1c expression, insulin-dependent ACAS ex-
pression can be explained at least partially by its
activation of SREBP-1c.

Physiological roles of ACAS gene in mammals. The
decreased ACAS expression in the mouse liver by oral
administration of acetate is implicative. The suppres-
sion of the enzyme expression by excess substrate is a
good contrast to the regular mechanism of lipogenic
enzyme regulation, in which conversion of excess en-
ergy to lipids is free from a negative feedback control.
There may be a regulatory system for cytosolic produc-
tion of acetyl-CoA by excess exogenous acetate. In
addition, this gene is highly expressed in many other
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tissues, as well as in lipogenic organs. We also ob-
served a considerable expression of this gene in cul-
tured cells such as 293 cells (data not shown). The
ACAS gene expression in the cultured cells is reported
to be partially under sterol regulation, as predicted
from the control by SREBPs (19). These observations
suggest that ACAS might have some physiological
roles other than in lipogenesis. From this standpoint, it
is important to identify and clone a mitochondrial
ACAS. This enzyme produces acetyl-CoA in mitochon-
dria and would be involved in ketogenesis or ATP
production in the tricarboxylic acid cycle and should be
regulated in a different way from the cytosolic enzyme.

Crabtree et al. (6) have proposed futile cycling of
acetate between free acetate and acetyl-CoA though
cytoplasmic and mitochondrial pathways. One hypoth-
esis of why such a pathway exists is to provide a means
by which free acetate levels can be controlled (i.e.,
buffered). This hypothesis is attractive when one con-
siders that ACAS is expressed in all tissues studied.
There could be other functions for ACAS as well. Fur-
ther studies are needed to clarify the physiological
roles and regulation of both enzymes in cellular energy
metabolism.

In the current studies, we cloned and identified the
murine ACAS gene as a target of SREBPs and a new
member of the lipogenic enzyme family. Acetyl-CoA
plays a pivotal role in cellular fuel metabolism. Further
studies on ACAS might open up a new aspect of glucose
and fatty acid metabolism and have therapeutic impli-
cations, because acetate is known to be a better fuel
source than glucose, especially for individuals with
impaired glucose tolerance and diabetes.
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