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ABSTRACT Transcription from the housekeeping pro-
moter for the acetyl coenzyme A carboxylase (ACC) gene,
which encodes the rate-controlling enzyme of fatty acid bio-
synthesis, is shown to be regulated by cellular sterol levels
through novel binding sites for the sterol-sensitive sterol
regulatory element binding protein (SREBP)-1 transcription
factor. The position ofthe SREBP sites relative to those for the
ubiquitous auxiliary transcription factor Spl is reminiscent of
that previously described for the sterol-regulated low density
lipoprotein receptor promoter. The experiments provide mo-
lecular evidence that the metabolism of fatty acids and
cholesterol, two different classes of essential cellular lipids,
are coordinately regulated by cellular lipid levels.

Fatty acids and cholesterol are both major constituents of
animal cell membranes and their cellular levels must rise and
fall together to provide a balanced supply for membrane
biosynthesis and turnover during normal cellular growth. In
addition, the liver plays a special role in lipid homeostasis since
cholesterol and fatty acids are packaged into very low density
lipoprotein (VLDL) particles that deliver their lipid to other
sites in the body to maintain fat homeostasis (1). It is likely that
there is a feedback mechanism to modulate the accumulation
of both cholesterol and fatty acids for optimal cell growth and
VLDL assembly.

Coordinate regulation could be accomplished at least in part
through the AMP-dependent protein kinase, which phospho-
rylates and inactivates both 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG CoA) reductase and acetyl coenzyme A
carboxylase (ACC), the rate-controlling enzymes of choles-
terol and fatty acid biosynthesis, respectively (2). While it is
clear that a high ratio of AMP to ATP stimulates the kinase,
other metabolic factors that modulate its activity are not well
understood. Therefore, a role for the kinase in coordinating
regulation in response to cellular lipid levels is unclear.

Transcriptional control of genes that encode important
enzymes of both cholesterol and fatty acid metabolism would
be an alternative level for coordinate regulation to occur, and
recent work has identified a family of activator proteins that
could link the two pathways together. These sterol regulatory
element binding proteins (SREBPs) activate transcription of
the low density lipoprotein (LDL) receptor and HMG CoA
synthase genes, which are essential for cholesterol uptake and
biosynthesis, respectively (3, 4). cDNAs for SREBP-1 and -2
were cloned with specific oligonucleotide probes predicted by
the amino acid sequence of the purified polypeptides (3, 4).
Both SREBP proteins bind the same cis-acting elements in the
LDL receptor and HMG CoA synthase promoters and activate
expression only when cellular sterol levels fall below that
required for optimal cell function (5).

Independently, SREBP-1 was cloned from an adipocyte
cDNA expression library with a DNA recognition site probe
containing a special "E-box" sequence (6). Its mRNA was
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expressed in several different tissues, at exceedingly high levels
in brown fat, and it was induced during adipocyte differenti-
ation in cell culture. Hence, SREBP-1 may be a regulator of
genes that are important for lipid accumulation, and it was
alternatively called the adipocyte determination and differen-
tiation-dependent factor 1 (ADD1).
The above studies indicate that SREBP-1/ADD1 may pro-

vide a direct link between regulation of cholesterol and fatty
acid metabolism. ACC, the rate-controlling enzyme of fatty
acid biosynthesis, forms the three-carbon malonyl CoA mol-
ecule, which donates the two-carbon unit during each cycle of
fatty acid chain growth (7). The ACC gene is transcribed from
two promoters, PI and PII, which result in alternatively spliced
mRNAs containing different 5' noncoding regions (8). PI is
active in white fat and is activated during lipogenesis in the liver
(9). In contrast, PII is a housekeeping type of promoter, which
is active in all tissues at a low level (10). Here we report that
ACC mRNA levels are subject to down-regulation identically
to mRNA levels for genes that control intracellular cholesterol
levels. We further show that the PII promoter for ACC is
specifically regulated by sterols through the action of tran-
scription factor Spl and the SREBP proteins in a manner
reminiscent of the LDL receptor.

MATERIALS AND METHODS
Cloning ACC DNA Fragments. A 409-bp human cDNA

fragment for ACC was cloned by PCR with cDNA prepared
from HepG2 mRNA with a cDNA synthesis kit from Invitro-
gen according to the manufacturer's instructions. PCR primers
were designed to hybridize to 30-bp regions close to the
N-terminus of the protein. The resulting PCR product corre-
sponds to bases 61-570 of the published human ACC mRNA
coding sequence (11). The PCR product was then cloned into
the PCR II cloning vector (Invitrogen), which was subse-
quently excised byEcoRI and inserted into M13mp18. A clone
containing the strand equal to the mRNA was used to prepare
a single-stranded probe for Si nuclease protection analysis as
described (12).
The rat PII promoter from -994 to -238 was isolated by

PCR from rat genomic DNA. This fragment was linked to its
own transcription initiation region (-6 to +10) and inserted
into the multiple cloning site of basic pGL2 (Promega) up-
stream of the luciferase reporter coding sequence. The DNA
sequence of the entire insert was confirmed and shown to be
identical to the published rat sequence (10). Mutant deriva-
tives of the wild-type ACC PII promoter were made by
PCR-assisted deletion from the 5' side (mutants A and B).
Mutant C was made by using PCR to remove bases from the
3' side of mutant B. Mutant D was made by cutting at a natural
Sac I site at -281 and deleting all sequence 3' to this site. ACC
fragments from mutants C and D were inserted upstream of a
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basal TATA box upstream of the luciferase coding sequence
(13).

Cell Culture and DNA Transfections. HepG2 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum and plated on day 0 in
100-mm dishes at 225,000 cells per dish. On day 2, the cells
were fed either induced (DMEM containing 10% lipoprotein-
depleted serum plus 1 ,.M mevacor) or suppressed (the same
but containing 10 Ag of cholesterol per ml and 1 Zg of 25-OH
cholesterol per ml) medium. After a 24-hr incubation, the cells
were harvested and total RNA was prepared as described (14).

All plasmids were analyzed for sterol regulation by a tran-
sient DNA transfection assay in CV-1 cells. This assay has been
described (13). The fold regulation is the ratio of normalized
luciferase activity expressed when transfected cells were cul-
tured in the absence or presence of regulatory sterols. The
standard error and number of individual experiments per-
formed on duplicate dishes for each plasmid are shown in Fig.
2. The non-sterol-regulated cytomegalovirus promoter 3-
galactosidase expression construct was included as an internal
control for normalization.

Drosophila SL2 cells were cultured at 25°C in Shields and
Sang Drosophila medium (Sigma) containing 10% heat-
inactivated fetal bovine serum. They were seeded at 1.2 x 106
cells per 60-mm dish and transfected by a standard calcium
phosphate coprecipitation method (13).
DNase I Footprinting and Gel Mobility-Shift Analyses. The

recombinant human SREBP-1 (amino acids 1-490) and native
human Spl proteins were purified as described (13). Briefly, a
cDNA fragment encoding the above-mentioned fragment was
inserted into the pRSET vector (Invitrogen) and expressed as
a fusion protein to the 6-histidine tag sequence. The resulting
fusion protein was purified by nickel chelation chromatogra-
phy. Spl was purified by DNA recognition site affinity chro-
matography after elution from wheat germ agarose fraction-
ation beginning with a nuclear extract prepared from HeLa
cells. The ACC promoter fragment used as the footprint probe
was labeled on the top DNA strand at position -400. The
conditions for DNase footprinting were essentially as de-
scribed (13).
The binding conditions and electrophoresis for the gel

mobility-shift studies have also been described (13). The LDL
receptor probe contained a single copy each of repeats 2 and
3 of the wild-type human LDL receptor promoter. The ACC
PII promoter probe corresponds to the sequence from -294
to -238 and is underlined in Fig. 4C.
Enzyme Assays. Luciferase activities were measured in a

luminometer with a luciferin reagent from Promega Biotec.
The protein concentration of all samples was determined with
the Bio-Rad kit. P-Galactosidase assays were performed by a
standard colorimetric procedure with o-nitrophenyl P-galac-
toside as substrate (15). The ratio of luciferase activity in
relative light units was divided by 3-galactosidase activity
(activity/hr) for each extract.

RESULTS
Sequence inspection of the rat PII promoter revealed a
potential SREBP binding site beginning at nucleotide position
-977 relative to the mRNA start site that was confirmed by gel
mobility-shift experiments with recombinant SREBP-1 pro-
tein (data not shown). This suggested that ACC mRNA might
be regulated by sterols similar to other SREBP-activated genes
such as the LDL receptor and HMG CoA synthase. Therefore,
we analyzed the expression of ACC mRNA in human HepG2
cells, which were cultured in the presence or absence of
regulatory sterols (Fig. 1).
The results demonstrate that ACC mRNA is high in cells

cultured in the absence of regulatory sterols and is suppressed
when cells are fed sterols (Fig. 1 Top). This expression pattern
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FIG. 1. ACC mRNA expression is regulated by cellular sterol
levels. Total cell RNA was prepared from HepG2 cells cultured in the
presence or absence of regulatory sterols as described. (Top) Fifty-
microgram aliquots of RNA from treated (lane 1) or untreated (lane
2) cells were analyzed for ACC mRNA by an Si nuclease assay (12, 16).
Probe alone (neg) digested with Si nuclease is in lane 3. (Middle)
Fifty-microgram aliquots of the same RNA as above were used for
HMG CoA synthase mRNA detection by a primer-extension assay,
which generates two 5' ends (16). (Bottom) Twenty-microgram ali-
quots of the same RNA as above were used to detect transcription of
ribosomal protein S17 by a primer-extension assay (16).

is characteristic of genes that are regulated by intracellular
sterol levels, such as HMG CoA synthase whose mRNA level
was also analyzed by a primer-extension assay (16) with
aliquots of the same RNA samples (Fig. 1 Middle). In contrast,
the transcript for the non-sterol-regulated ribosomal protein
S17 was present at similar levels in the two RNA samples (Fig.
1 Bottom). Therefore, ACC mRNA expression is regulated by
intracellular sterol levels similarly to the major genes that
control cholesterol metabolism.
To further evaluate regulation of ACC expression by

SREBP and sterols, the sequence of the rat PIl promoter from
-994 to -238, which contains the SREBP binding site at
-977, an E-box beginning at -931, and other potential
important promoter elements, was fused to the luciferase
reporter gene as described. This fragment was chosen since it
contains the elements we wished to evaluate, but it lacked a
more proximal part of the minimal promoter that contains a
basal level enhancer element (10) and could mask potential
sterol regulation in a transient transfection assay. We have
noted a similar basal element in the promoter for HMG CoA
synthase (S. M. Vallett, K. A. Dooley, L. Yieh, and T.F.O.,
unpublished data).
The full-length promoter was analyzed by a transient DNA

transfection assay for sterol regulation and the results are
shown in Fig. 2. When transfected cells were cultured in the
absence of sterols, the reporter was expressed 4.4-fold higher
than in the presence of sterols. This magnitude of sterol
regulation was similar to that observed for the endogenous
ACCmRNA (Fig. 1) and for the wild-type HMG CoA synthase
and LDL receptor promoters analyzed similarly (see legend to
Fig. 2). A deletion of all of the sequence upstream of -400 did
not diminish regulation (plasmids A and B in Fig. 2). In
addition, the activity of the -400 construct was significantly
stimulated by cotransfection with a mammalian expression
vector encoding a transcriptionally active fragment of the
SREBP-1 protein (Fig. 3). In fact, the degree of activation by
SREBP-1 was similar to that observed for the wild-type LDL
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FIG. 2. Regulation ofACC Pll promoter by sterols and identification of novel sterol regulatory elements that are activated by SREBP. Promoter
deletion series is shown. Scale for the DNA sequence of the rat ACC Pll promoter is shown at the top (10). Notable sequence features are

diagrammed on the line corresponding to the wild-type promoter. There is a 10-bp SRE-1-like sequence at -977 (5'-CTCACCCCAT-3'), which
differs from the wild-type human LDL receptor SRE-1 at positions 1 and 10. SREBP-1 binds this site with an affinity comparable to that for the
LDL receptor SRE-1 (S. M. Vallett, K. A. Dooley, L. Yieh, and T.F.O., unpublished observations). An E-box motif (5'-CATATG-3') is present
beginning at -931. Two binding sites for Spl and two potential half-site consensus SRE-1 sites are indicated. The wild-type HMG CoA synthase
and LDL receptor promoters were analyzed similarly and -fold regulation values for these were 7.9 and 3.7, respectively.

receptor promoter (Fig. 3). These studies indicated that the
consensus SRE site at -977 and the E-box at -931 are not
crucial for sterol regulation and suggested that there were

cryptic sterol regulatory DNA elements between -400 and
-238 that bind SREBP.

75

'0

SREBP-1 plasmid, ng

FIG. 3. Activation of ACC Pll promoter by overexpression of
SREBP-1. HepG2 cells were cultured in DMEM and 10% (vol/vol)
fetal bovine serum and transfected with ACC PII plasmid C or

wild-type LDL receptor (LDLR) promoter by a standard protocol
except that a cytomegalovirus promoter-based construct expressing
amino acids 1-490 of the human SREBP-1 protein was included in the
amounts indicated on the abscissa. The fold activation is the ratio of
normalized activity (luciferase/,B-galactosidase) obtained with
SREBP-1 cotransfection divided by the normalized activity in the
absence of cotransfection.

To evaluate SREBP binding in this region, we performed a

standard DNase I protection assay with recombinant
SREBP-1 protein (13) and a DNA fragment labeled at -400
of the ACC promoter. This experiment identified a region of
SREBP binding between -286 and -240 (Fig. 4A, compare

lanes 1-3). This large footprint and the presence of a hyper-
cleavage site in the middle suggested that there might be two
or more separate sites that bind SREBP. Therefore, we

prepared oligonucleotide probes containing the sequence
from -294 to -238 for use in gel mobility-shift experiments
(13). We consistently observed two SREBP-DNA complexes
with this DNA probe (Fig. 4B, lanes 1-5), whereas only one

SREBP-DNA complex formed with a probe containing the
LDL receptor sterol regulatory element (Fig. 4B, lanes 6-10).
These results are consistent with two separate sites for SREBP
in this region of the ACC promoter. It is noteworthy that this
sequence interval does not contain a recognizable SRE-like
site or an E-box motif. However, there are two "half sites"
(noted in Fig. 2) that may each be the core recognition site for
SREBP (3, 18).

This SREBP binding region is close to a binding site for Spl
that was also detected by the DNase I footprint assay with
purified Spl (Fig. 4A, lane 5). There is another SpI binding site
upstream of the SREBP binding region (see Fig. 4 A and C).
A similar grouping of a SREBP binding site between two Spl
sites is critical for sterol regulation of the LDL receptor
promoter (19). When binding of SREBP and Spl were ana-

lyzed together on the ACC promoter, bases normally protected
by SREBP were more accessible to digestion by DNase I (Fig.
4A, compare lanes 2-4). An analogous result was obtained
when SREBP and Spl were both bound to the LDL receptor
(13) and suggests, that Spl partially displaces SREBP from the
DNA. This parallelism suggests that SREBP and Spl activate
the ACC and LDL receptor promoter by a similar mechanism.
Competition studies with oligonucleotides containing either
the LDL receptor SREBP or unrelated nonspecific DNA
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FIG. 4. Binding sites for SREBP and Spl in the sterol regulatory region ofACC Pll promoter. (A) Purified recombinant SREBP-1 (amino acids1-490) or Spl purified from HeLa cell extracts used in a standard DNase I footprint analysis with a probe labeled on the top strand of the ACCpromoter essentially as described (13). Amounts of each protein used are indicated. A chemical DNA sequencing track for G residues (17) wasincluded as a marker. Thick vertical line denotes the SREBP binding area; thin lines mark the Spl binding regions. (B) Oligonucleotides representingbases -294 to -238 of the Pll promoter (10) were used as the ACC probe. A probe for the LDL receptor promoter SREBP binding site and methodsfor mobility-shift assays have been described (13). ACC (lanes 1-5) or LDL receptor (lanes 6-10) probes were incubated with the indicated amountsof purified recombinant SREBP-1 protein (amino acids 1-490). Positions of the SREBP-DNA complexes are indicated. (C) Sequence of rat ACCPII promoter top strand from -330 to -238. Recognition sites for Spl are overlined and are in boldface. SRE half sites CCAT and TCAC areboxed. The natural Sac I site used to delete sequence from the 3' side of plasmid C to generate plasmid D in Fig. 2 is shown. Sequence of theoligonucleotide used in the mobility-shift experiment in B is underlined.

binding sites also confirmed that SREBP binding to the ACC
promoter fragment was the result of a specific interaction (data
not shown).
The potential involvement of these noncanonical SREBP

recognition sites in sterol regulation of the ACC promoter was
evaluated by analyzing two additional promoter fusion plas-
mids. The sequence from -400 to -238, which contains the
two SREBP sites and the adjacent Spl site was inserted next
to a generic TATA site to provide a minimal promoter. This
construct was regulated by sterols as efficiently as the plasmid
that was deleted from the 5' side down to -400 (Fig. 2, plasmid
C). Next, we deleted 47 bases from the 3' side, which included
the proximal Spl site and the adjacent SREBP recognition
sites. When this plasmid was transfected into cells, it was not
regulated by sterols (Fig. 2, plasmid D). Therefore, the region
of the ACC Pll promoter that contains the two noncanonical
SREBP sites and the adjacent Spl site is crucial for sterol
regulation.

To directly evaluate activation of the ACC PII promoter by
SREBP and Spl together, we performed cotransfection stud-
ies with SREBP and Spl expression plasmids in Drosophila
SL2 cells. These cells are devoid of both SREBP and Spl, yet
they retain all of the accessory regulatory proteins to mount a
response to exogenous Spl (20). We hale used this system
previously to demonstrate that SREBP and Spl synergistically
activate the LDL receptor promoter (13). When the ACC
promoter plasmid C was transfected into SL2 cells alone, a verylow level of promoter activity was observed (Fig. 5, lane 1). The
inclusion of plasmids that express either Spl or SREBP alone
did not significantly alter this low level of activity (Fig. 5, lanes
2 and 3); however, when both expression constructs were
added, a 300-fold activation was observed (lane 4). In contrast,
mutant D was not activated (Fig. 5, lanes 5-8). These results
indicated that SREBP-1 and Spl synergistically activate the
ACC Pll promoter through the elements that are essential for
sterol regulation.

Proc. Nati. Acad. Sci. USA 93 (1996)

-280e

SP



Biochemistry: Lopez et al. ~~~~Proc. Natl. Acad. Sci. USA 93 (1996) 1053

001 -

FIG. 5. Activation of ACC Pll promoter by SRI

5L2 cells. ACC Pll promoter mutant C (lanes 1-4J

was transfected (2 jitg of reporter plasmid per dish)
reporter enzyme activity. Plasmids were used alone

with 50 ng of an expression vector encoding Spi

SREBP-1I (lanes 3 and 7) alone or with ng of both

(lanes 4 and 8). Activity obtained when the repc
transfected alone was set at 1.0 and all values are plot
value. These results show a typical experiment perfoi
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