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The expression of the human SREBP-2 gene is transcriptionally regulated in a cooperative
manner by sterol regulatory element-binding proteins (SREBPs) and the general transcrip-
tion factor NF-Y [Sato, R., Inoue, J., Kawabe, Y., Kodama, T., Takano, T., and Maeda, M.
(1996) J. Biol. Chem. 271,26461-26464]. To understand the sterol-dependent transcription-
al regulation by these factors in detail, we have examined the regulation of the 3-hydroxy-
3-methylglutaryl coenzyme A (HMG CoA) synthase and squalene synthase genes, whose
promoters have multiple potential sterol regulatory elements (SRE, SREBP binding site)
and NF-Y binding sites. The promoter of the human HMG CoA synthase gene was cloned,
sequenced, and functionally characterized by means of reporter gene assays. The results
indicate that an inverted CCAAT box, two SRE motifs and two Spl sites localized in a 90-bp
region coordinately regulate the transcription. In the case of the human squalene synthase
promoter, two SRE motifs and an inverted CCAAT box between the motifs localized in a
51-bp region are responsible for the sterol-regulated transcription of the gene. Gel mobility
shift assay reveals that these two inverted CCAAT boxes are recognized by NF-Y. The
involvement of multiple responsive elements in the transcription of HMG CoA synthase and
squalene synthase seems to induce a higher level of sterol-dependent regulation (3.5 to
5.8-fold) compared with that of the SREBP-2 promoter, which contains a single pair of SRE
motif and CCAAT box (1.8 to 2.6-fold). Reporter gene assays using constructs containing
various nucleotide spacing lengths between the SRE motif and the CCAAT box demonstrate
that the 16 to 2O-bp spacing range is required for maximal transcriptional regulation. These
results agree with the findings that the distances between the two motifs in the known sterol
responsive elements in several genes, including the human HMG CoA synthase and
squalene synthase genes, are in this range.
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The intracellular cholesterol level is well regulated by a squalene synthase, and the LDL receptor (1-5). The
feedback control mechanism which governs the transcrip- 5'-flanking regions of these genes contain either a 10-bp
tionof genes for enzymes of cholesterol synthesis, as well as stretch of nucleotides (5'-ATCACCCCAC-3'), designated
the low density lipoprotein (LDL) receptor. Increases in the sterol regulatory element-1 (SRE-1), or related motifs,
intracellular cholesterol content elicit the suppression of Two structurally related transcription factors, designated
transcription of the genes for HMG CoA synthase, HMG sterol regulatory element binding protein (SREBP)-l and
CoA reductase, farnesyl diphosphate (FPP) synthase, -2, bind to the element and activate transcription of these

genes {6, 7). SREBPs are synthesized as 125-kDa mem-
1 This work was supported by Grants-in-Aid from the Ministry of brane-bound precursors which are localized on the nuclear
Education, Science, Sports and Culture of Japan. The nucleotide envelope and the endoplasmic reticulum (8, 9). In sterol-
sequence data reported in this paper will appear in the GSDB, DDBJ, d e p l e t e d c e l l s t h e precursors are proteolytically cleaved to
EMBL, and NCBI nucleotide sequence databases with the accession , , , , fTTJ , • i c ± A • •
number AB006075 generate soluble NH2-terminal fragments containing an
2 To whom correspondence should be addressed. Tel: +81-6-879- a c i d i c transactivation domain and a basic-helix-loop-helix-
8187, Fax: +81-6-879-8189, E-mail: rsato@phs.osaka-u.ac.jp leucine zipper (bHLH-Zip) region that mediates protein
Abbreviations: bHLH-Zip, basic-helix-loop-helix-leucinezipper; CB, dimerization and DNA binding. The NH2-terminal frag-
CCAAT box; FCS, fetal calf serum; FPP, farnesyl diphosphate; HEK, ments translocate to the nucleus and activate transcription,
human embryonic kidney; HMG CoA, 3-hydroxy-3-methylglutaryl w ^ s t erols accumulate within cells, the precursors are no
coenzyme A; LDL, low density lipoprotein; LPDS, lipoprotein-defi- j t e o l d b u t r a t h e r r e m a i n b o u n d t o t h e m e m .
cient serum; PCR, polymerase chain reaction; SRE, sterol regulatory , •,.• j ,• . • ,- r . i
element; SREBP, sterol regulatory element-binding protein. b r a n e s > resulting in a decline in transcription of sterol-

regulated genes.
© 1998 by The Japanese Biochemical Society. The binding of SREBPs to the SRE motif is not in itself
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sufficient for the sterol-dependent transcriptional regula-
tion of these genes. The promoter of the LDL receptor gene
has two binding sites for the universal transcription factor
Spl, and an SRE-1 site between them. Mutations which
abolish Spl binding to either of the two sites significantly
reduce transcription of the gene (10). Gel mobility shift
analyses have revealed that SREBP binding to SRE-1
stimulates Spl binding (11). Recent studies have further
demonstrated that the transcription of the genes for fatty
acid synthase and acetyl CoA carboxylase are also regulated
by SREBPs and Spl (12, 13, 15).

Another general transcription factor NF-Y (also named
CBF, CCAAT-binding factor), instead of Spl, is required
for the sterol-dependent transcriptional regulation of
certain genes. We previously found that the gene for
SREBP-2 is regulated by sterol levels in cultured cells and
that the promoter has an SRE-1 site and a CCAAT box that
is recognized by NF-Y (14). Both sites are required for
efficient sterol regulation of transcription. An example of
coordinate transcriptional regulation by SREBPs and NF-Y
is FPP synthase (3). The binding of SREBP-1 to an
SRE-like site within the FPP synthase promoter is en-
hanced by the binding of NF-Y to the CCAAT box (16). It
has also been demonstrated that overexpression of a
dominant negative form of NF-Y suppresses transcription
of HMG CoA synthase (3). NF-Y forms a heterotrimeric
molecule composed of three different subunits, NF-YA,
NF-YB, and NF-YC, all of which are needed for DNA
binding. These subunits show a high degree of sequence
identity with Saccharomyces cerevisiae HAP3, HAP2 and
HAP4, respectively (17).

The promoters of the SREBP-2 and FPP synthase genes
contain only a single pair of SREBP and NF-Y binding sites.
The promoter of human squalene synthase, in contrast, has
an approximately 90-bp nucleotide-stretch that contains
two CCAAT boxes and three SRE-like motifs (4). The
promoter of hamster HMG CoA synthase also has three
SRE-like motifs and a CCAAT box localized between the
first and second SRE-like motifs (1). Although it seems
likely that both the SREBPs and NF-Y control the tran-
scription of these genes, little is known about which motifs
are required for this regulation. The present studies were
designed to address the roles of the multiple motifs,
especially SRE and the CCAAT box, involved in the sterol
regulation of these genes. We have cloned the promoter of
human HMG CoA synthase and we show here that two of
the three SRE-like motifs in the hamster gene are con-
served in human and that NF-Y is essential for efficient
transcriptional regulation. We have also characterized the
human squalene synthase promoter and defined the region
responsible for sterol-dependent regulation. Furthermore,
we have shown, by means of luciferase assays, that the
specific nucleotide spacing between the SREBP and NF-Y
binding sites is critical for maximal transcriptional activa-
tion.

MATERIALS AND METHODS

Cloning of the 5' -Flanking Region of the Human HMG
CoA Synthase Gene—A 5' primer (named SI) was designed
to hybridize to a 17-base region beginning at nucleotide
number —511 (Fig. 1) in the 5'-flanking region of the
hamster HMG CoA synthase gene (the first letter of the

ATG initiation codon is base number +1). Two 3' primers
(named S2 and S3) were designed to hybridize to 17 bases
of the opposite strand beginning at nucleotides number
- 7 0 and - 8 7 , respectively (18). The first PCR was
performed with the SI and S2 primers using human
genomic DNA (14). The second PCR was performed with
the Si and S3 primers. The 430-bp PCR product was cloned
into the PCR II vector (Invitrogen). The resulting clone,
designated pHMG S-TA, was sequenced by the dideoxy
chain termination method (19) using a Silver Sequence™
DNA sequencing system (Promega).

Cloning of the 5' -Flanking Region of the Human Squa-
lene Synthase Gene—A 5' primer (named Primer A) was
designed to hybridize to a 16-base region beginning at
nucleotide number — 200 of the 5' -flanking region of human
squalene synthase gene (the cytidine at the transcription
start site is base number +1) (4). A 3' primer (named
Primer B) was designed to hybridize to 20 bases of the
opposite strand beginning at nucleotide number +67. The
resulting 270-bp PCR product was cloned directly into the
PCR II vector. The clone, designated pSS200-TA, was
sequenced.

Tissue Cultures and Cell Transfection—Human embry-
onic kidney (HEK) 293 cells were cultured as described
previously (14) with a minor modification. To diminish the
detachment of the cells during transfection, the culture
dishes were pre-coated with type I collagen derived from
porcine skin (Cellmatrix) according to the manual provided
by the Nitta Gelatin (Osaka). Cell transfection and lucifer-
ase assay were performed as described previously (14).

Construction of Reporter Genes Containing the Human
HMG CoA Synthase Promoter for Luciferase Assay—An
expression plasmid for an active form of SREBP-2,
pSREBP2(l-481), was described previously (14). To gen-
erate pHMG S-WT, the 430-bp Bglll-HindUl fragments
were ligated to the same restriction sites in the reporter
basic vector (PicaGene™ Basic Vector 2, Toyo, Tokyo,
identical to pGL3 basic vector by Promega). To disrupt
CB1, ATTGGC was replaced by the EcoRl recognition
sequence. The antisense primer S4 (5'-CCAGTTGAATTC-
GACGGAGCTGCG-3', nucleotides - 4 3 6 to -416 in Fig.
1) containing five point mutations (underlined) was coupled
with SI to produce a 100-bp fragment (named Megaprim-
erl). To generate pHMG S-CB1KO, the second PCR was
performed with S3 and Megaprimerl using pHMG S-WT
as a template to produce a 430-bp fragment containing the
CB1 mutation. The antisense primers S5 (5'-GAGAGACT-
GACCTCGAGATCAACGAG AGCCC AG- 3', nucleotides
- 4 1 6 to -384) for pHMG S-SRE1KO (GCCACCTCAC-*
TGATCTCGAG, mutated nucleotides underlined) and S6
(5'-CAGGGCCGAGGAAACTAGTATCAAGACTGACGT-
GA-3', nucleotides - 3 9 8 to -364) for pHMG S-SRE2KO
were designed to generate pHMG S-SRE1KO and pHMG
S-SRE2KO, respectively. To disrupt the two Spl binding
sites, 5'-Spl was replaced by the Xbal site and 3'-Spl was
replaced by the Dral site. The antisense primer S7 (5'-AT-
ATCT AG AG AC A A AGTCTC AGGGC - 3 ' , nucleotides
— 369 to -354 in Fig. 1) was coupled with SI to produce a
170-bp fragment. The sense primer S8 (5'-TATTCTAGA-
TCTTCTCTTTAAACTTCC- 3', nucleotides -347 to -330)
was coupled with S3 to produce a 200-bp fragment. These
two fragments were combined using the Xbal site and
inserted into the basic vector (named pHMG S-SplKO).
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Construction of Reporter Genes Containing the Human
Squalene Synthase Promoter for Luciferase Assay—
pSS200 was constructed by PCR using Primer A with a
Xbal site at the 5' end and Primer B with a Hindlll site at
the 3' end. The PCR fragments using pSS200-TA as a
template were digested with Xbal and HindLIl, and re-
cloned into the Nhel-Hindlll site of a luciferase reporter
basic vector. To generate pSS90, the PCR fragments were
digested with Nhel and Hindlll, and re-cloned into the
Nhel-Hindlll site of a luciferase reporter basic vector. To
disrupt SRE1, Primer C with 4 mutations (ATCA^TGAT)
starting from nucleotide — 200 and Primer B were used to
generate pSS200-SRElKO. To disrupt CBl, Primer D with
5 mutations (ATTGG-»GAATT) starting from nucleo-
tide — 200 and Primer B were used to generate pSS200-
CB1KO. To disrupt SRE2, GTGTGA was replaced by the
Sail recognition sequence (GTGA->CGAC). The antisense
primer (Primer E) with GTCGAC starting from nucleo-
tide —143 was coupled with Primer A to produce a 70-bp
fragment. The sense primer (Primer F) with GTCGAC
starting from nucleotide —138 was coupled with Primer B
to produce a 210-bp fragment. These two fragments were
combined using the Sail site and inserted into the reporter
vector (named pSS200-SRE2KO). To generate pSS200-
SRE1-2KO, PCR was performed with Primers C and B
using pSS200-SRE2KO as a template to produce a 270-bp
fragment containing the SRE1 and SRE2 mutations. To
generate pSS200-CBl • SRE2KO, PCR was performed with
Primers D and B using pSS200-SRE2KO as a template to
produce a 270-bp fragment containing the CBl and SRE2
mutations.

Gel Mobility Shift Assay—A double-stranded DNA
fragment of human SREBP-2 gene corresponding to nu-
cleotides —140 to —57 (14) was 3' end-labeled with a

Digoxigenin-11-ddUTP using Dig gel shift kit (Boehringer
Mannheim). The nuclear extract from HEK293 cells was
prepared as described (14). Anti-NF-YB polyclonal anti-
bodies recognizing the B subunit of NF-Y were generously
provided by Dr. Roberto Mantovani (20). The reaction
conditions were described previously (14). In competition
assays, an excess amount of an unlabeled 24-bp fragment
containing CBl in the human squalene synthase promoter
(SS-WT, nucleotides -172 to - 1 4 9 in Fig. 3), the mutant
inverted CCAAT box (SS-Mut, ATTGG^GAATT), CBl in
the human HMG CoA synthase promoter (HMG S-WT,
nucleotides — 433 to — 410 in Fig. 1) or the mutant inverted
CCAAT box (HMG S-Mut, ATTGG^GAATT) were added
prior to addition of the labeled probe.

Construction of Reporter Genes with Various Lengths of
Spacing between the SRE Motif and the CCAAT Box—To
generate the reporter gene constructs containing various
lengths of nucleotide spacing, pl40-Luc (14) was mani-
pulated. A restriction site for EcoRV was introduced
between SRE-1 and an inverted CCAAT box (nucleo-
tides - 1 1 8 t o - 1 1 3 ) . The first PCR was performed with
the sense primer with five mutations (5' -CATCACCCCA-
CGATATCCTTCGCTCGC-3', the SRE-1 sequence writ-
ten in bold italic letters) starting from nucleotide —129 and
the antisense primer from nucleotide +172 (S9) using
pl40-Luc as a template to produce Megaprimer 2. The
sense primer from nucleotide —140 (S10) was coupled with
Megaprimer 2 to produce a 300-bp fragment containing an
EcoRV recognition sequence. The resulting construct was
designated pLucEcoRV. Subsequently, three primers S l l :
(5'-ATATAGTACTTTTAAAGATATCGTTAACCTCCyl7T-
GGCTGAGATGAGCC-3'; inverted CCAAT box in bold
italic letters); S12:(5'-ATATAGTACTTTTAAAGATAT-
CGTTAACGCCTCC^TTGGCTGAGATGAGCC-3'); S13:

Human -497: CACTTAGTCC—CAATTGGTCGGAGAACCTCTCACTCCGCTCC -457

454Hams t e r - 5 1 1 : T(^TCCCGATCTCCTCTCAC-T-GACCTTCAATTGGTCAGAGAACCTCTCACrCCGCTCC

S1 CB1
jaatt

-456 : CGTTGGCTCTCGCCGTATCTCGCAG-CTCXrGTC &TTGG 2—A-ACTGGGCTCTCGI 3CCA

-453 : CGTTCGCTCTCGCCGTCTCTCGCCGTC-CCGCC ATTGG ;CGAGA-T—GTTCTCGG 3CCA

SRE1 SRE2

tgrat

teg g tgatactagt t taga
- 4 0 0 : -CCTCAC 3TCA—GTCI ^TCACACCAC rTCCTCGGCCCTGAGACTTTGTC XCGCC TCTT

- 3 9 7 :CCCT-AC 3TCACCG—1 7TCACCCCAC rTCCCCGGTCCTCCGACTTTGTC XCGCC X T T

Sp1

-343: LTCCTAGCGAGTCATCGCCTCTAGTTTCCTTT -

-340: C-CCCX:ACCCTTCCAGCCGCGAGGGAAAACCCTAGCGAGTCACCGCCTCTCCTTTCCTTC

-2 83 : TGATTGGTAG-AAGCCGG-ACTGGGGGGCGGGCGCTGCCGGGCAACTCT-ACCGGC-C-G

* * * * * * * * * * * * * * * • * * * * * * * * * * * * * * * * * * * * * * * * *

-281:CCATTGGCAGAAAG-CGGTA-TGAGGGGCGGGAGCTGACGAGCGAGTCTGA GCTCTG

- 2 2 8 :CGATTGGCTCTGGGAGCCACCGTCCCGCCTX:CX^^-CGACrcTCGGCGGTGCCX3GAGTCG

- 2 2 6 :GGATTGGCTGCGGCAGCCGCCATCCa^C-CCCTGCCGCCrCCCGGCGGTGCGGGAGTCG

- 1 6 9 :GGTGGGTTGGCGGCTATAAACXri«nX3-GCGAAG-GGGAGGCGCCX3CGG ACTGTC
* * * * * * * * * * * *;* * * * * * j * * * * * * * * * * * * * * * * * * * * * *

- 1 6 7 : GGTGGGTCGGTGGCTATAAAbCTGCTGAG-G--GCGGGA-G-G-CAC--AGTGCACTGTG

,' S3 f S2
- 1 1 6 : CTTTCGTGGCTCACTCCCTTTCCTCTCGTGCOGCTCGGTCACGCTT-G

* * * * * * * * * * * * * * * * * * * * * * * * * * * *
- 1 1 5 : C-TCCGTGGATTGCT-CCITIX^Tl<X:CCCGGGT<XXX?rCGTGTTTGG

-401

-398

-344

-341

284

-282

- 2 2 9

-227

- 1 7 0

- 1 6 8

-117

-116

-70

-70

Fig. 1. Conservation of DNA se-
quences of the human and hamster
HMG CoA synthase promoter re-
gion. The promoter region sequences
for the human and hamster HMG
CoA synthase (28) were aligned for
determination of homology. Aster-
isks denote identical nucleotides.
Position +1 is assigned to the A of
the ATG codon specifying the initia-
tor methionine; negative numbers
refer to the 5'-untranslated sequence.
The sites of transcription initiation
(1, 18) are indicated by dots (•). The
dashed box denotes a possible TATA
box. The potential regulatory ele-
ments are boxed. The arrows indicate
the primers used for the cloning. The
SRE-2 found in the hamster sequence
is underlined. The mutant sequences
for reporter gene constructs used in
the following experiments are shown
by italic letters above the individual
original sequence.
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(5'-ATATAGTACTTTTAAAGATATCGTTAACAGGCC-
TCC^TTGGCTGAGATGAGCC-3') containing Seal,
Dral, EcoKV, Hindi, and Stul recognition sites (under-
lined) were coupled with S9 (containing the Hiradlll recog-
nition site at the 5' end) to produce 300-bp fragments. To
generate pLuc derivatives containing 8-32 nucleotide
spacings, these 300-bp fragments were digested with Scal-
Hindlll, Dral-Hindlll, EcoRV-Hindlll, Hindi-HindUI,
or Stul-Hindlll and subcloned into the EcoRV-Hindlll
sites of pLucEcoRV.

RESULTS

Cloning of the 5' -Flanking Region of the Human HMG
CoA Synthase Gene—To analyze the transcriptional regu-
lation of the human HMG CoA synthase gene, we first
cloned its 5'-flanking region by PCR (14). The nucleotide
sequence is compared with that of hamster sequence (Fig.
1). Pairwise comparison reveals that 82% of the nucleotides
are identical and two of the three SRE-like motifs in the
hamster gene are conserved in humans. The human SRE
motifs (SRE1 and SRE2) fit with a consensus sequence
(5'-PyCAPyNPyCAPy-3', Py = pyrimidine) present in the
known sterol responsive regions of several genes (21),
suggesting that SREBPs are likely to recognize these

motifs. Two adjacent Spl sites exist between the SRE
motifs and a potential TATA box in the human gene,
whereas only the upstream Spl site is conserved in the
hamster promoter. Two CCAAT box sequences (ATTGG
around — 485-bp and CB1) are found upstream of the SRE
motifs in both species.

Identification of the Elements Responsible for Sterol-
Regulated Transcription of Human HMG CoA Synthase—
We next studied the promoter function of the cloned
5'-flanking region. HEK 293 cells were transfected with one
of the reporter gene constructs and cultured with 5%
lipoprotein-deficient serum (LPDS) in the presence of
either cholesterol plus 25-hydroxycholesterol (suppressing
conditions) or a HMG CoA reductase inhibitor, pravastatin,
plus mevalonate (inducing conditions) for 2 days. The
amount of induction of luciferase activity by cholesterol
depletion was calculated (fold regulation by sterols in Fig.
2A). The wild-type construct (pHMG S-WT) yielded a
3.5-fold regulation by sterols. Mutation of CB1 (pHMG
S-CB1KO) or SRE1 (pHMG S-SRE1KO) abolished sterol
responsiveness, suggesting that these motifs are essential
for sterol-mediated regulation. These results thus indicate
that neither the inverted CCAAT box around — 485-bp, the
SRE2 site, nor the Spl site is able to compensate for the
roles played by CB1 and SRE1. Disruption of SRE2 (pHMG

-500 -400 -300 -100

CB1 SRE2

-HMD- LucH*r*M
-497 SRE1 Sp1 -87

CB1 SRE2

—• • • BMD-
SRE1 Sp1

CB1 SRE2

-DHD-
SRE1 Spl

CB1 SRE2

-B M i MB-
SRE1 Sp1

CB1 SRE2

- B 1 1 1 HMD-
SRE1 Sp1

CB1 SRE2

SRE1 Sp1

B
Fold Regulation

by Sterols
Fold Regulation

by SREBP2

pHMG S-WT

pHMGS-CBIKO

pHMGS-SREIKO

pHMG S-SRE2KO

pHMGS-Sp1KO

•

. 1 . 1 1 1

6 8

Fig. 2. Sterol-mediated regulation of reporter genes containing
the HMG CoA synthase promoter in transfected HEK293 cells.
Reporter gene constructs are shown together with the scale on the top.
Potential regulatory elements are indicated in marked boxes. The site
of transcription initiation is indicated by an arrow. (A) HEK 293 cells
were transfected with one of the reporter constructs (200 ng) and
cultured with 5% LPDS in the presence of either 10^g/ml of
cholesterol plus 1 /zg/ml of 25-hydroxycholesterol (S, suppressing
conditions) or 50 pM pravastatin plus 50 //M mevalonate (I, inducing
conditions) for 2 days. The fold activation (luciferase activity under
inducing versus suppressing conditions) is shown. The luciferase
activity was normalized with respect to the protein content of cell

extracts. Data are the mean±SD of 9 independent transfection
experiments. The increase in fold regulation by pHMG S-WT,
-SRE2KO, or -SP1KO is statistically significant. (B) HEK 293 cells
were transfected with the indicated reporter constructs and either an
expression plasmid for the active form of SREBP-2 or the vector
without the insert. The cells were incubated in the medium containing
7% FCS. The fold activation (luciferase activity with the active
SREBP-2 versus without it) is shown. Data are the mean of 3
independent transfection experiments. The luciferase activities ob-
tained by the reporter genes used in (A) under suppressing conditions
and (B) without the active SREBP-2 were in the range of about 2,000
to 4,000 relative light units///g protein.
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S-SRE2K0) reduced sterol responsiveness but still retain-
ed a 1.7-fold induction by sterol depletion. Furthermore,
double mutation of the Spl sites (pHMG S-SplKO) result-
ed in a similar reduction of the increased induction, sug-
gesting that the SRE2 and the two Spl sites participate in
the upregulation of sterol responsiveness only when both
CB1 and SRE1 are intact. To confirm the involvement of
SREBP in this regulation, HEK 293 cells were cotransfect-
ed with one of the above reporter genes and an expression
plasmid encoding the active form of SREBP-2 (amino acids
1-481). Similar results were obtained by co-expression of
the active SREBP-2 (Fig. 2B). Although more than 2-fold
induction of luciferase activity was observed in all the
reporter gene constructs due to overexpression of the active
SREBP, mutation of any one of the elements resulted in a
reduction of the increased induction. Thus, CB1 and SRE1
are the sites mainly responsible for sterol-dependent
transcriptional regulation of human HMG CoA synthase
and the SRE2 and the two Spl sites may assist in the
regulation.

Characterization of the Human Squalene Synthase
Promoter—We cloned the human squalene synthase pro-
moter, which contains several CCAAT boxes and SRE
motifs, so as to characterize which motifs are functional in

SRE1KO CB1KO
tgat gaact

5 ' - TCTAGAGTCTTATCACGCCAGTCTCCTTCCGCGACTGATTGGCCGGGGTC - 1 5 1

L—*-pSS200 SRE1 CB1

SRE2KO
cgac

TTCCTAGTGTGAGCGGCCCTGGCCAATCAGCGCCCGTCAGCCCACCCCAC -101

SRE2 CB2 SRE3
GAGGCCGCAGCTAGCCCCGCTGGCGGCCGAGGCCGGTTGAAGTGGGCGGA -51

GCGGCGGGCGGGGCGTCGCCGTACTAGGCCTGCCCCCTGTCCGGCCAGCC -1

CCTCGAAGCACCTACTCCACAGGTCCAGCCGGCCGGTGAGCGCCTGGGGA +50

CCGCAGAGGTGAGAGTCGCGCCCGGGAGTCCGCCGCCTGCGCCAGGATG-3 • +99
Met

Fig. 3. Sequences of the human squalene synthase promoter
and its mutant derivatives. The nucleotide sequence from —200
to +99 (the third letter of the initiation codon) is shown. The site of
transcription initiation (•) is indicated. Potential regulatory elements
are underlined. The sites used for preparation of truncated reporter
gene constructs are indicated by the arrows. Compared with the
previously published sequence (4), a mismatch nucleotide in SRE3
(5'-cCCACCCCAC-3', a thymidine reported substituted for the
underlined cytidine) was found. The mutant sequences for reporter
gene constructs are shown by italic letters above the individual
original sequence.

-200 -150 -100 +1 +100

C81 CB2

- Q • O-

-200

SRE1 SRE2 SRE3

CB1 CB2

-•—O • D •
SRE1 SRE2 SRE3

+67

CB1 CB2

-MO M O • D-

-200

SRE1 SRE2 SRE3

CB1 CB2

• II IB I
SRE1 SRE2 SRE3

CB1 CB2

-200 • 0 H D-
SRE1 SRE2 SRE3

CB1 CB2
-200

-200

SRE1 SRE2 SRE3

CB1 CB2

sill "

PSS200

pSSM

PSS200-SRE1KO

PSS200-C81KO

PSS200-SRE2KO

PSS20O-SRE1-2KO

pSS200-CO1SflE2KO

B

Fig. 4. Sterol-mediated regulation of reporter genes containing
the squalene synthase promoter in transfected HEK293 cells.
Reporter gene constructs are shown together with the scale on the top.
Potential regulatory elements are indicated in marked boxes. The site
of transcription initiation is indicated by an arrow. (A) HEK293 cells
were transfected and cultured as described in the legend to Fig. 2. Data
are the mean±SD of 8-12 independent transfection experiments. The
increase in fold regulation by pSS200, pSS200-SRElKO, or -SRE-

Fold Regulation
by Sterols

Fold Regulation
by SREBP2

8 0 10 15 20 25
1 1 ' 1

]

1

1 . 1

10 15 20 25

6 8

2KO is statistically significant. (B) Cells were cotransfected with the
indicated reporter gene constructs and either an expression plasmid
for the active form of SREBP-2 or the vector without the insert, and
cultured as described in the legend to Fig. 2. Data are the mean of 3
independent transfection experiments. The luciferase activities ob-
tained with the reporter genes used in (A) under suppressing condi-
tions and (B) without the active SREBP-2 were in the range of about
7,000 to 24,000 relative light units/^g protein.
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the sterol-regulated transcription of this gene. It has been
demonstrated that an approximately 200-bp segment of
this gene is important for sterol-responsiveness (4). The
cloned 5'-flanking region is shown in Fig. 3 and the putative
SRE motifs and CCAAT boxes are underlined. Previous
analyses (4, 22) revealed that recombinant SREBP- la or -2
bound to a sequence containing SREl (5'-ATCACGCCAG-
3'), SRE2 (5'-GTAG-3'), or SRE3 (5'-TCCACCCCAC-3')-
We also confirmed, by gel mobility shift analysis, that a
double-stranded 24-bp probe containing SRE2, but not the
4-bp mutant SRE2 (5'-CGAC-3'), was recognized by re-
combinant SREBP-2 protein (data not shown).

The luciferase assays demonstrated that the highest
induction of activity was observed after transfection with
pSS200 (Fig. 4A). Deletion of all the elements (pSS90)
abolished cholesterol-dependent transcriptional regulation,
suggesting that the 110-bp region is essential for regula-
tion. To characterize further the role of each element,
various reporter genes with one or two mutated motifs
introduced into them were constructed. Mutation of SREl
(pSS200-SRElKO) or SRE2 (pSS200-SRE2KO) similarly
maintained a 2- to 3-fold induction. Disruption of both
SREl and 2 (pSS200-SREl-2KO), however, abolished
sterol responsiveness, suggesting that these two SRE
motifs are essential for regulation. Furthermore, mutation
of CB1 (pSS200-CBlKO) also abolished sterol responsive-
ness. A combination of SRE2, CB2, and SRE3 (pSS200-
CB1K0) did not stimulate transcription. Similar results
were obtained by co-expression of the active SREBP-2 (Fig.
4B). Mutation of any one of SREl, 2, and CB1 resulted in
a significant reduction of the increased induction. These
results indicate that SREl, 2, and CB1 are essential for
sterol-dependent transcriptional regulation of the human
squalene synthase gene and that multiple bindings of
SREBPs to SRE motifs close to a CCAAT box induce an

SS HMG S

Competitor W
Anti-NF-YB - +

Lane 1 2 3 4 5 6
Supershifted —

Bound —• M ^* u

Free
Fig. 5. NF-Y binds to the ATTGG sequence in the squalene
synthase (SS) and HMG CoA synthase (HMG S) promoter.
Double-stranded DNA corresponding to nucleotide —140 to —57 of
the SREBP-2 promoter was 3' end-labeled with digoxigenin 11-
ddUTP and used in the presence of 6 tig of HEK293 nuclear extract
(lane 1). Following the addition of 0.5 n% of antibody to NF-YB, the
reaction mixture was placed on ice for 30 min (lane 2). In lanes 3-6,
a 1,000-fold excess amount of unlabeled 24-bp fragment was added to
the reaction (WT, a wild-type fragment; Mut, a mutant fragment
with GAATT instead of ATTGG). DNA-protein complexes trans-
ferred to nitrocellulose membrane were detected with anti-digo-
xigenin antibodies (14).

additively higher level of regulation.
NF- Y Binds to the CCAA T Box—In a previous paper we

showed that the promoter of the human SREBP-2 gene
contains an inverted CCAAT box that binds to NF-Y. To
determine whether NF-Y binds to the inverted CCAAT box
in the HMG CoA synthase or squalene synthase promoter,
we performed competition assays using gel mobility shift
analysis. When digoxigenin-labeled probes encoding the
CCAAT box in the promoter region of the human SREBP-2
gene were incubated with nuclear extracts of HEK 293
cells, a shifted band due to DNA-NF-Y complex formation
was detected (Fig. 5, lane 1). This band was supershifted by
antibodies against the B subunit of NF-Y (lane 2) and
disappeared upon the addition of an excess of unlabeled
probe with the first CCAAT box in the squalene synthase
promoter or the CCAAT box in the HMG CoA synthase
promoter (lanes 3 and 5), but not upon addition of mutant
versions of the probes (lanes 4 and 6). These results
indicate that a general transcription factor, NF-Y, is
probably involved in sterol-regulated transcription of these
two genes, carrying out this activity by binding to the
CCAAT boxes present in their promoter regions.

Effect of the Specific Spacing between the SRE Motif and
the CCAAT Box on Promoter Activity—Although a direct
interaction of SREBPs with NF-Y in solution has not yet
been shown, it is likely that SREBPs interact with NF-Y on
DNA for coordinate regulation of transcription (16). Such
interaction might require a specific spacing between the
SRE motif and the CCAAT box. In order to study the effect
of the length of spacing on transcriptional activation, we

8 10 12 14 16 18 20 22 24 26 28 30 32

Space (bp)

Fig. 6. Effect of length of the spacing between the SRE motif
and the inverted CCAAT box on activation of the SREBP-2
promoter by SREBP-2. The diagram at the bottom depicts the
relevant features of the plasmids used in the study. The horizontal
axis shows the length of the spacing between the SRE motif (SRE) and
the inverted CCAAT box (NF-Y). HEK293 cells were cotransfected
with the indicated plasmid (200 ng) and either pSREBP2(l-481) or
the vector without the insert (300 ng), and cultured with a medium
containing 7% fetal calf serum for 2 days. The fold activation
(luciferase activity in the presence of the active form of SREBP-2
versus that in the absence) is shown. The luciferase activities obtained
by the reporter plasmids in the absence of the active form of SREBP-2
were in the range of about 1,400 to 3,600 relative light units/^g
protein.
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chose the promoter of the human SREBP2 gene, which has
a single pair of sites, the SRE-1 motif and the inverted
CCAAT box, with an 18-bp spacing. We constructed 13
versions of reporter genes with 8-32 nucleotide spacings
between the SRE motif and the inverted CCAAT box. HEK
293 cells were transfected with one of the reporter gene
constructs together with an expression plasmid as an active
form of SREBP-2 in order to produce higher induction,
since the original reporter gene containing the SREBP-2
promoter produced only a 2-fold induction in response to
cholesterol depletion. One big peak of fold-increase induc-
tion (3.2 to 4.8-fold) was observed in reporter genes with a
16-20 nucleotide spacing (Fig. 6). These results are in good
accord with the facts that the distances between the two
motifs in the known sterol responsive elements found in the
human SREBP-2, HMG CoA synthase, squalene synthase,
and FPP synthase genes are all in this range.

DISCUSSION

We have shown that both a general transcription factor
NF-Y and SREBPs are involved in sterol-dependent tran-
scriptional regulation of human HMG CoA synthase and
squalene synthase, and we have identified the DNA ele-
ments responsible for this regulation. In the promoter of
the human HMG CoA synthase gene, hamster SRE-2
(5'-CGTCCCGC-3', underlined in Fig. 1), which had previ-
ously been thought to be the putative sterol regulatory
element (1), is not conserved. The remaining two SRE
motifs conserved in human HMG CoA synthase (SREl and
2) work together with an adjacent CCAAT box as critical
cis-elements (Fig. 2). Interestingly, two Spl sites localized
23-bp downstream from the second SRE motif are partly
involved in sterol-dependent transcriptional regulation
(Fig. 2A). In an earlier study, in contrast, mutation of the
Spl site in the hamster gene, which has only a single Spl
site corresponding to the first site in the human promoter,
did not affect sterol responsiveness (1). In this study, when
cells were transfected with a reporter gene together with an
expression plasmid to give an active form of SREBP-2,
mutation of the two Spl sites (pHMG S-SplKO) attenuat-
ed the increase in the luciferase activity produced by the
wild-type reporter gene (pHMG S-WT), indicating that
these Spl sites assist in SREBP-dependent regulation (Fig.
2B).

The current results show that the first and second SRE
motifs (SREl and 2) and the first inverted CCAAT box
(CB1) participate in the sterol-dependent transcriptional
regulation of human squalene synthase (Fig. 4). A similar
combination of SRE2, 3, and CB2 did not respond to
cholesterol depletion (pSS200-CBlKO in Fig. 4). This
might be due to the shorter spacing between CB2 and SRE2
or SRE3 (i.e., less than 13 nucleotides). Guan et al. recently
demonstrated that an inverted Y-box sequence containing
CB2 together with SREl and 2 can participate in sterol-
dependent transcriptional regulation of the human squa-
lene synthase gene (22). The results reported here clearly
show that CB1 rather than CB2 is critical for such regula-
tion. This discrepancy might be due to differences in the
host cells (Hep G2 versus HEK 293) used for the luciferase
assays, since they are derived from different organs. Based
on the results of current investigation into the requisite
spacing between the CCAAT box and the SRE motif (Fig.

6), the distance from CB2 to SREl (51 bp) might be rather
far apart for these sites to communicate with each other.

It has been reported that expression of endogenous
mRNA for HMG CoA synthase or squalene synthase is
greatly increased when cultured cells are grown under
inducing conditions (cholesterol starvation), as compared
with expression of the LDL receptor or SREBP-2 (23, 24,
14). The data presented here clearly show that multiple
SRE motifs and the CCAAT box localized in the promoter
of HMG CoA synthase or squalene synthase are responsible
for this phenomenon. Two SRE motifs, a CCAAT box and
two Spl sites coordinately upregulated the transcription of
the HMG CoA synthase gene by 3.5-fold (Fig. 2A). In the
case of the squalene synthase promoter, two SRE motifs
and a CCAAT box regulated transcription sterol- depen-
dently, resulting in a 5.8-fold increase of induction (Fig.
4A). The promoter of the human SREBP-2 gene, in con-
trast, has a single paired SRE motif and CCAAT box,
thereby generating only an 1.8- to 2.6-fold upregulation by
sterols (14). Briggs et al. have also demonstrated this using
chloramphenicol acetyltransferase assays in which a re-
porter gene containing four copies of the SRE motifs plus a
single copy of the Spl site yields a 14-fold greater sterol-
dependent transcriptional activation, whereas only a 2.5-
fold increase in induction is observed for a reporter gene
containing a single pair of the SRE motif and the Spl site
(25). These results indicate that multiple SRE motifs close
to a CCAAT box induce a higher level of sterol-dependent
transcriptional regulation of the genes for human HMG
CoA synthase and squalene synthase.

It is clear from the current results that the combination
of SREBPs and NF-Y is critical for sterol-dependent
transcriptional regulation of these two genes. Our next task
was to identify how many nucleotides between the CCAAT
box and the SRE motif are needed for sterol-dependent
transcriptional regulation. To answer this question, we
constructed a series of reporter genes with various nucleo-
tide spacing lengths from 8 to 32 nucleotides, because the
distances between the two motifs in the known sterol
responsive elements are in this range. We found that a 16
to 20-bp spacing is the range which gives the highest
induction of the luciferase activity. Because a 14-bp spacing
did not give significant induction (Fig. 6), we prepared
another reporter gene construct with a 15-bp spacing, as
found in the human HMG CoA synthase promoter. This
construct indeed induced luciferase activity to the same
level as the construct with a 20-bp spacing (data not
shown). These results are in good accordance with the
findings that the distances between the two motifs in the
known sterol responsive elements [i.e., human SREBP-2
(Ref. 14), 18 bp; human HMG CoA synthase, 15 bp; human
squalene synthase, 16 and 16 bp; human FPP synthase
(Ref. 26), 21 bp] are all in this range, except for a singular
9-nucleotide spacing observed in the promoter of the gly-
cerol-3-phosphate acetyltransferase gene (27). Further-
more, the current results clearly support the previous
findings that a 4-bp insert between two motifs in the FPP
synthase promoter, generating a 25 nucleotide spacing,
abolished sterol-regulated transcription (16). When cells
were co-transfected with an expression plasmid encoding
an active form of SREBP-la instead of SREBP-2, similar
results were obtained (data not shown), suggesting that
either isoform might require a 16 to 20 nucleotide spacing
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range for interaction with NF-Y. Further experiments are
required to answer the question as to whether less than 8 or
more than 32 nucleotide spacing permits the interaction.

We thank Dr. Roberto Mantovani for antibodies to NF-YB, and Drs.
Masayoshi Imagawa and Yoshiki Kawabe for helpful suggestions. We
also thank Dr. Kevin Boru for reviewing the manuscript.
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