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Mice were subjected to different dietary manipulations to
selectively alter expression of hepatic sterol regulatory element-
binding protein 1 (SREBP-1) or SREBP-2. mRNA levels for key
target genes weremeasured and compared with the direct bind-
ingof SREBP-1 and -2 to the associatedpromoters using isoform
specific antibodies in chromatin immunoprecipitation studies.
A diet supplemented with Zetia (ezetimibe) and lovastatin
increased and decreased nuclear SREBP-2 and SREBP-1,
respectively, whereas a fasting/refeeding protocol dramatically
altered SREBP-1 but had modest effects on SREBP-2 levels.
Binding of both SREBP-1 and -2 increased on promoters for
3-hydroxy-3-methylglutaryl-CoA reductase, fatty-acid syn-
thase, and squalene synthase in livers ofZetia/lovastatin-treated
mice despite the decline in total SREBP-1 protein. In contrast,
only SREBP-2bindingwas increased for the lowdensity lipopro-
tein receptor promoter. Decreased SREBP-1 binding during
fasting and a dramatic increase upon refeeding indicates that
the lipogenic “overshoot” for fatty-acid synthase gene expres-
sion known to occur during high carbohydrate refeeding can be
attributed to a similar overshoot in SREBP-1 binding. SREBP
co-regulatory protein recruitmentwas also increased/decreased
in parallel with associated changes in SREBP binding, and there
were clear distinctions for different promoters in response to
the dietary manipulations. Taken together, these studies reveal
that there are alternative molecular mechanisms for activat-
ing SREBP target genes in response to the different dietary
challenges of Zetia/lovastatin versus fasting/refeeding. This
underscores themechanistic flexibility that has evolved at the
individual gene/promoter level to maintain metabolic home-
ostasis in response to shifting nutritional states and environ-
mental fluctuations.

3-Hydroxy-3-methylglutaryl (HMG)3-CoA reductase cata-
lyzes a critical early reaction in the biosynthetic pathway for

isoprenoids and cholesterol and is subject to multivalent regu-
lation to ensure optimal pathway activity (1). The molecular
events targeted for regulation include primary transcriptional
as well as translational and post-translational mechanisms (2).
The principal transcriptional regulators for HMG-CoA reduc-
tase gene expression are the basic helix-loop-helix (bHLH)
leucine zipper sterol regulatory element-binding proteins
(SREBPs), which have unique features that distinguish them
from other bHLH leucine zipper transcription factors. The first
of these is the presence of two closely spaced membrane-span-
ning helices that bisect the coding sequence and target the
SREBPs to the endoplasmic reticulum membrane. These are
followed by a carboxyl-terminal domain that interacts with reg-
ulatory proteins and controls their trafficking, proteolytic acti-
vation, and membrane release (3, 4). SREBPs also have a signa-
ture tyrosine residue in the basic DNA-binding domain that is
not present in any other bHLH proteins; this one amino acid is
key for allowing specific recognition of both the canonical
inverted-repeat E-box site, characteristic of most bHLH pro-
teins, and the SREBP-specific direct-repeat-binding element or
SRE (5). The dual DNA binding specificity is important to their
roles in lipid regulation (6).
There are three major SREBP isoforms in mammals that are

encoded by two genes. The Srebf-1 gene produces two overlap-
pingmRNAs that differ only in their specific 5�-terminal exons.
The resulting proteins, SREBP-1a and SREBP-1c, are identical
except for unique amino-terminal activation domains, which
are responsible for their differential co-activator interactions
(7). There is a separate Srebf-2 gene and a single SREBP-2 pro-
tein with a potent activation domain similar to SREBP-1a. The
full-length membrane-bound precursor SREBPs are substrates
for regulated intramembrane proteolysis in response to lipid-
associated nutritional cues (3). Low cholesterol levels result in
membrane release of SREBP-2, whereas low cholesterol and
fatty acids trigger release of SREBP-1 (8). The available mouse
knock-out studies reveal that there are overlapping but distinct
physiological roles for the three SREBPs, but target gene selec-
tivity and the potential roles of SREBP homo- and het-
erodimers, which have distinct activation properties (9), are not
well understood. In the current studies, we fed mice different
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diets that selectively altered expression of nuclear forms of
hepatic SREBP-1 or -2 and performed chromatin immunopre-
cipitation (ChIP) studies with isoform-specific antibodies to
probe target gene specificity and promoter selectivity in SREBP
function. The results shown here reveal unique features for
SREBP binding and activation of different target promoters
along with condition-dependent differential co-regulatory pro-
tein recruitment.

MATERIALS AND METHODS

Mouse Studies and RNAAnalyses—B6/129mice (6-week-old
males), purchased from Taconic, were fed a normal rodent
chow diet and allowed to adapt for 2 weeks to a 12-h light/12-h
dark cycle; they were sacrificed at the end of the dark cycle (8
a.m.). The feeding regimens were as follows. Mice were sepa-
rated into four groups of 4–6 animals/group. One group was
maintained on a normal chow diet, and one group was fed nor-
mal chow supplemented with a mixture of ezetimibe (Zetia
from Merck/Schering-Plough Pharmaceuticals, 0.021%, w/w)
and lovastain (Mylan Pharmaceuticals Inc., 0.1%, w/w). The
other two groups were subjected to a fasting or fasting/refeed-
ing protocol as described previously (10). All food manipula-
tions were staggered so that animals were all sacrificed at the
same time by CO2 asphyxiation at the end of the dark cycle. All
of the results reported here were repeated at least twice, and
two independent feeding studies were performed with similar
results across all experimental measurements.
Where the feeding protocol was combined with adenovirus

delivery, mice were administered a total of 1 � 109 plaque-
forming units of virus by intravenous injection at the start of the
experiment. Replication-defective recombinant adenoviruses,
A-CREB and green fluorescent protein (GFP) (11) (gifts from
Dr.M.Montminy, Salk Institute), were propagated in 293 cells,
purified by CsCl gradient centrifugation, and titered by plaque
assay on 293 cells.
After asphyxiation, livers were removed, and �20% of them

were frozen in liquid nitrogen and stored at �80 °C until RNA
had been isolated. Total RNA was isolated using TRIzol
(Invitrogen) according to the manufacturer’s instructions.
cDNA was synthesized and use as template for qPCR as
described (10, 12). The remaining 80% was used directly for
chromatin isolation as described below for the chromatin
immunoprecipitation assays. Primers used for qPCR analysis of
mRNAs were taken from the following previous reports (12–
14). All qPCR reactions were performed in triplicate.
Chromatin Immunoprecipitation—Equal portions (80–90%

total wet weight) of freshly isolated livers from 4 mice/feeding
group were pooled and placed in 40 ml of ice-cold phosphate-
buffered saline containing a mixture of protease inhibitors (1
�g/ml leupeptin, 1.4 �g/ml pepstatin, 2 �g/ml phenylmethyl-
sulfonyl fluoride, 1 mM EGTA, and 1 mM of EGTA). The tissue
was disrupted in a “Tissue-Mizer” at the lowest setting, form-
aldehyde was added from a 37% stock (v/v) to a final concentra-
tion of 1%, and samples were rotated on a shaker for 6 min
followed by the addition of glycine to a final concentration of
0.125 M. The samples then were returned to the shaker for an
additional 5 min. Cells were collected by centrifugation (2 K in
a Sorval RC3B at 4 °C). The cell pellet was washed once with

homogenization buffer A (10mMHEPES, pH 7.6, 25 mMKCl, 1
mM EDTA, 1 mM EGTA, 2 M sucrose, 10% glycerol, 0.15 mM
spermine, plus protease inhibitors as listed above). The final
pellet was resuspended in buffer A and homogenized in a
Dounce homogenizer with a B-pestle to release the nuclei. The
solution was layered over buffer A and centrifuged in a Beck-
man Ultracentrifuge (1 h at 26 K and 4 °C); the nuclear pellet
was resuspended in nuclear lysis buffer (1% SDS, 50 mM Tris,
pH 7.6, 10 mM EDTA); and nuclei were disrupted using an
ultrasonic model W-220F sonicator, five times for 10 s each, to
shear chromatin. Chromatin size was checked by agarose elec-
trophoresis to ensure that the average sizewas between 200 and
500 bp. Aliquots were then used for immunoprecipitation
experiments with antibodies described below (under “SDS-
PAGE and Immunoblot Analysis”) and processed as described
previously (15). Final DNA samples were analyzed by quantita-
tive PCR in triplicate with a standard dilution curve of the input
DNA performed in parallel. The data were analyzed by Stu-
dent’s t test, and unless noted otherwise in the individual figure
legends, the pairwise comparisons were all significantly differ-
ent with p values of �0.05.
The qPCR oligonucleotide pairs for the mouse promoters

were as follows: HMG-CoA reductase, forward (�274)
5�-GCTCGGAGACCAATAGGA-3� and reverse (�64)
5�-CCGCCAATAAGGAAGGAT-3�; LDL receptor, forward
(�166) 5�-GAACTTCCCACTGCTGC-3� and reverse (�4)
5�-CACGCCCAGAGTCATTC-3�; squalene synthase, forward
(�245) 5�-ATCGCGCCAGGCTCCTCCGGCTTC-3� and
reverse (�27) 5�-CTCCCGCTCCCACCTGTGTTTAGA-3�;
fatty-acid synthase promoter, forward (�115) 5�-GCGCAGC-
CCCGACGCTCATT-3� and reverse (�20) 5�-CGGCGC-
TATTTAAACCGCGG-3�.
Transient Transfection Assay in Drosophila SL2 Cells—Dro-

sophila SL2 cells (16) were cultured in Shields and Sang insect
medium (Sigma) containing 10% heat-inactivated fetal bovine
serum and were seeded at 480,000 cells/well in 6-well dishes on
day 0.Onday 1, cells were transfected by the calciumphosphate
co-precipitation method with each dish receiving 2 �g of each
test plasmid, 10.75 �g of salmon sperm DNA, and 1 �g of the
control plasmid, pPAC-�-gal, containing the coding region of
the Escherichia coli �-galactosidase gene driven by the Dro-
sophila actin 5C promoter. The pPAC constructs used for acti-
vation studies in SL2 cells contained the coding regions of the
Sp1 or SREBP-1a (residues 1–490) or SREBP-2 (residues
1–486) gene under the control of the Drosophila actin 5C pro-
moter and have been described previously (17). The pPAC
NF-Y constructs containing the coding regions for the three
individual CBF/NF-Y subunits (A, B, and C) were also
described previously (18). Cells were harvested on day 3, and
luciferase and �-galactosidase activity were measured in cell
extracts as described previously (18). pPAC CREB was
described previously (19); the coding sequences for the CREB
mutants containing point mutations that inactivate the kinase-
inducible domain (KID) (M1 and L141) or �Q2 (which deletes
the constitutive glutamine domain (20, 21)) were inserted into
the pPAC vector for expression in SL2 cells as well. The expres-
sion levels forCREB andCREBmutant proteinswere compared
using an antibody raised against human CREB (gift from M.
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Montminy). Briefly, transfection experiments were performed
as described abovewith differing amounts of expression vectors
as described in the legend to Fig. 5 and a constant amount of the
pPAC-�-gal control plasmid. Protein extracts from the trans-
fected cells were first normalized for transfection efficiency by
measuring the �-galactosidase activity of individual extracts,
and normalized amounts were analyzed by immunoblotting as
described below. All transfections were repeated at least twice
with similar results.
SDS-PAGE and Immunoblot Analysis—SL2 nuclear extracts

and liver chromatin extractswere analyzed for immunoblotting
as described (22, 23). The antibodies used were as follows: a
polyclonal raised against human CREB (a gift from M. Mont-
miny (24)) pCREB (Cell Signaling, catalogNo. 9191), polyclonal
antibodies raised against mouse SREBP-1 and SREBP-2 (gifts
from J. Horton (13)), polyclonal antibody against TORC2 (gift
from Paul Brindle (25)), CBP (Santa Cruz Biotechnology,
sc-369), FXR (Santa Cruz Biotechnology, sc-H130), NF-Y A
subunit (Rockland, catalog No. 100-401-100), Ac-H3 (Upstate,
catalog No. 06-599), and �-actin (Sigma, catalog No. A1978).
The blots were developed with the ECL kit from Pierce.

RESULTS

Wewere interested in exploring the overlapping and unique
functional properties of SREBP-1 and SREBP-2. Because they
are co-expressed inmany of the same tissues, we conducted this
evaluation by combining different feeding protocols designed
specifically to alter the levels of either the SREBP-1 or -2 protein
in liver cell nuclei, using gene expression and promoter-specific
ChIP studies with antibodies that react specifically with each
SREBP isoform.
Mice were fed a standard laboratory chow diet and separated

into a control group and three treatment groups. In one treat-
ment group, the chow was supplemented with a mixture of
lovastatin and Zetia (Z/L) for 7 days. The remaining two groups
were subjected to a 24-h fast and either sacrificed at the end of
the fasting period or refed a high carbohydrate chow for an
additional 12 h after fasting prior to sacrifice. The time of the
dietary modifications were staggered so that all animals were
sacrificed at the same time, which was at the end of the 12-h
dark cycle.
Lovastatin and Zetia were added to limit cholesterol synthe-

sis and uptake, respectively. The statin inhibits HMG-CoA
reductase activity to limit endogenous cholesterol synthesis (2),
and the Zetia inhibits the NPC1L1-mediated absorption of die-
tary sterol (26). Under these conditions, SREBP-2 nuclear pro-
tein levels were induced 10-fold, whereas the levels of nuclear
SREBP-1 actually declined 60–70% (Fig. 1A).
In response to fasting, SREBP-1 protein declined to almost

undetectable levels, whereas 12 h of refeeding following the fast
resulted in a superinduction to a value severalfold higher than
that observed in control animals. In contrast, nuclear SREBP-2
protein declined slightly by the fasting protocol and did not
return to control levels over the acute high carbohydrate
refeeding protocol. The SREBP-1 antibody used here reacts
with both the SREBP-1a and -1c isoforms (13), which differ only
by unique amino-terminal activation domains (27). Our immu-
noblotting and ChIP experiments likely reflect changes in

nuclear SREBP-1c protein. This is because the ratio of
SREBP-1c to -1a mRNA is �10:1 in the liver (28), the residual
SREBP-1a is difficult to detect when SREBP-1c is specifically
deleted (13), and the protein levels follow fluctuations similar to
those of SREBP-1c mRNA (see below).
SREBP-1c mRNA levels paralleled the changes in SREBP-1

protein, declining significantly as a result of both Z/L feeding
and fasting and rising well above the control value in response
to the refeeding regimen (Fig. 1B). SREBP-1a mRNA levels
declined with fasting but did not exhibit the dramatic shifts
displayed by SREBP-1c, and there was only a minor change in
response to Z/L (Fig. 1C). SREBP-2 mRNA was increased by
Z/L, as would be predicted because it contains a SREBP site in

FIGURE 1. Dietary regulation expression of SREBPs in mouse liver.
A, immunoblot showing nuclear expression of SREBP-1 (BP-1), SREBP-2 (BP-2), or
FXR (NR1H4) across different treatment groups as described under “Materials
and Methods.” Chromatin were prepared from freshly isolated pooled liver
nuclei (from 4 animals/treatment group) and processed for immunoblotting
as described under “Materials and Methods.” ZL, Zetia plus lovastatin; C, chow
control; F, fasted; RF, fasted and refed. The immunoblot shown here is repre-
sentative of the results obtained form several different gels analyzed with
samples from at least four different feeding experiments. These patterns of
expression are consistent with those reported by others for similar feeding
protocols (13, 30, 31). B–F, total RNA from mice from the same pools from A
were analyzed for expression of SREBP-1c (B), SREBP-1a (C), SREBP-2 (D), cho-
lesterol 7 �-hydroxylase (CYP7A1) (E), or PEPCK (F) by qPCR as described under
“Materials and Methods.” Expression of each mRNA indicated was normalized
to the expression of ribosomal protein L32 in each sample, and the ratio in the
chow sample was set at 1.0. All values are plotted relative to this value (F.I. �
-fold induced). Student’s t test was used to evaluate statistical significance,
and values that are statistically significant (p � 0.05) are indicated by different
numbers at the top of each bar. Comparisons between individual samples that
resulted in p 	 0.05 are labeled with the same number.
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its promoter (29); however, there were only minor changes in
response to the fasting/refeeding (Fig. 1D). Nuclear SREBP-2
protein levels are increased more robustly than the mRNA
because in addition to the SREBP-2 gene being SREBP-respon-
sive, the processing of the extranuclear membrane-bound pre-
cursor is also increased by sterol deprivation (30). Phos-
phoenolpyruvate carboxykinase (PEPCK) and cholesterol 7
�-hydroxylase RNA levels were analyzed as controls. Bothwere
induced by fasting, and PEPCK was dramatically decreased by
the refeeding protocol as predicted (Fig. 1, E and F (10)).

Next, we analyzed both the expression of HMG-CoA reduc-
tasemRNAand SREBPbinding to its promoter usingChIP (Fig.
2). The mRNA was induced over 30-fold by the Z/L feeding
protocol, and as reported previously, the fasting level declined
and returned to the control level following high carbohy-
drate refeeding (31). The dramatic induction of the mRNA

by Z/L was paralleled by a similar
dramatic increase in SREBP-2 pro-
tein binding to the promoter.
However, the levels of promoter-
associated SREBP-2 during the
fasting and fasting/refeeding treat-
ments were not significantly differ-
ent from those found in the chow-
fed control group.
As mentioned above, total

nuclear SREBP-1 protein levels
declined following the Z/L treat-
ment, but interestingly, the binding
of SREBP-1 to the HMG-CoA
reductase promoter was actually
increased by more than 3-fold. In
contrast, promoter association of
SREBP-1 declined significantly fol-
lowing fasting and returned to con-
trol levels following the refeeding,
which paralleled changes in HMG-
CoA reductase mRNA.
In a previous study, we showed

that cholesterol depletion in cul-
tured cells results in an increase in
binding of the SREBP co-regulatory
transactivators NF-Y and CREB,
which is accompanied by a substan-
tial increase in acetylation of pro-
moter proximal histone H3 (32).
Therefore, we also analyzed the
binding of NF-Y and CREB as well
as H3 acetylation in our animal
feeding studies (Fig. 3). The binding
of both NF-Y and CREB was
increased by the 7-day Z/L feeding
regimen, and histoneH3 acetylation
also increased significantly.
NF-Y association declined and

rebounded following the fasting and
fasting/refeeding protocols, respec-
tively, whereas CREB binding was

not altered and actually declined during the refeeding. Addi-
tionally, there were no significant changes in histone H3 acety-
lation by the relatively acute fasting/refeeding treatment.
Immunoblotting results showed that there were no changes in
the total nuclear concentration of the A-subunit of NF-Y or
CREB across any of the samples. Because CREB and SREBP
both interact with the transcriptional co-activator CBP (33), we
also measured its association with the HMG-CoA reductase
promoter. CBP binding increased with Z/L treatment and was
increased by the refeeding protocol as well, although at a lower
level. The increase in HMG-CoA reductase mRNA from the
fasting nadir back to the base-line levels following the refeeding
protocol corresponded to a large increase in HMG-CoA reduc-
tase mRNA (10-fold). This was accompanied by an increase in
CBP binding between the two groups; the binding level was also
significantlyhigher than in thecontrolgroup.However, the levelof

FIGURE 2. mRNA expression for and SREBP binding to the HMG-CoA reductase gene. mRNA expression
(left panel) and binding of SREBP-1 or SREBP-2 by ChIP. RNA was analyzed as described in the legend for Fig. 1.
ChIP analyses were performed with antibodies to either SREBP-1 or SREBP-2 as described under “Materials and
Methods.” The level of binding was assessed by qPCR following immunoprecipitation, and the value obtained
for chow (C) was set at 1.0; all values are plotted relative to this value (F.I. � -fold induced). qPCR reactions were
performed in triplicate, and the resulting error bars are displayed. The relative amount of PCR product gener-
ated when a control IgG fraction was used in the immunoprecipitation is also provided (IgG). Significance was
evaluated as described for Fig. 1. ZL, Zetia plus lovastatin; C, chow control; F, fasted; RF, fasted and refed.

FIGURE 3. SREBP co-regulatory protein and histone H3 acetylation at HMG-CoA reductase promoter. The
binding of NF-Y (A) and CREB (B), acetylation level of histone H3 (C), and binding of CBP (D) to the HMG-CoA
reductase promoter were analyzed by ChIP as detailed under “Materials and Methods.” All symbols and nota-
tions are as described in the legend for Fig. 2. Immunoblots measuring expression of the A-subunit of NF-Y and
CREB are also displayed. Significance was evaluated as described for Fig. 1. There was no significant difference
in any of the GFP or PEPCK samples.
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RNA in the refeeding group was about the same as the control
sample.This apparentparadox likely reflects the fact that theacute
refeeding phase was not a steady homeostatic state as seen in the
control sample. The acute increase in CBP caused by refeeding
ensured a rapid increase inHMG-CoAreductase gene expression,
and when homeostasis was reestablished the level of CBP binding
would likely return to the control level.
The KID of CREB contains a consensus phosphorylation site

for cAMP-dependent protein kinase (PKA), and upon phos-
phorylation KID interacts with the CBP co-activator to stim-
ulate target gene expression (33). Our current results show
that the increased expression of SREBP-2 due to Z/L feeding
results in an increase in the recruitment of CREB to the
HMG-CoA reductase promoter without a change in total
CREB levels (Fig. 3) or phosphorylation status (data not
shown). To evaluate whether the increase in CREB binding
plays a direct role in activation of HMG-CoA reductase
expression by Z/L, we repeated the feeding study; but along
with the dietary changes, we injected additional groups of
mice with an adenovirus expressing GFP and a dominant
negative version of CREB (11) or a control virus expressing
only GFP (Fig. 4).

We observed a dramatic increase
in HMG-CoA reductase mRNA
expression in the control animals;
this was significantly attenuated in
the group expressing the dominant
negative CREB protein (Fig. 4A).
Expression of another gene of the
early cholesterol synthetic pathway,
HMG-CoA synthase, was also sig-
nificantly elevated by the Z/L treat-
ment; however, its expression was
not decreased by the dominant neg-
ative CREB virus (Fig. 4B). Addi-
tionally, there were minimal effects
of the dominant negative CREB
virus on PEPCK gene expression
following Z/L treatment, and both
viruses showed equal infectivity, as
indicated by the similar levels of
GFP expression across all treatment
groups (Fig. 4, C and D).
In addition to the KID, CREB

contains another activation domain
that is reported to function consti-
tutively (20, 34). During fasting, the
KID is phosphorylated through glu-
cagon and cAMP signaling, and
TORC proteins interact with the
b-zip region of CREB to stimulate
gene expression (24). However,
HMG-CoA reductase expression is
repressed during fasting, which sug-
gests that CREB phosphorylation and
TORC recruitment might not con-
tribute to HMG-CoA reductase acti-
vation. Additionally, because SREBPs

also interact with the b-zip domain of CREB4 (19), we reasoned
that concerted activation by SREBPs andCREBwould not require
TORCbecauseof steric limitations and that synergymight instead
occur through the constitutive activation domain instead of KID.
To test these ideas, we investigated the requirements for

SREBP-CREB activation using an SL2-based transfection assay
(Fig. 5) where high levels of expression from the HMG-CoA
reductase promoter requires the addition of exogenously sup-
plied expression vectors for SREBP and co-regulatory proteins
CREB and NF-Y (22). The activity of the HMG-CoA reductase
promoter transfected alone was set at 1, and the addition of the
expression vector for SREBP did not change this low value,
consistent with our previous observations (22). When an
expression vector for full-length wild type CREB was included
at two different concentrations, a low level of activation was
observed. The addition of expression vectors for all three NF-Y
subunits stimulated the promoter �8-fold, and the additional
inclusion of an expression vector for wild type CREB further
stimulated promoter activity significantly.

4 M. K. Bennett, Y.-K. Seo, S. Datta, D.-J. Shin, and T. F. Osborne, unpublished
observations.

FIGURE 4. CREB is required for induction of HMG-CoA reductase in response to Zetia and lovastatin.
Groups of mice (3/group) were fed a chow diet or a diet supplemented with Zetia and lovastatin as
described for Figs. 1–3. Animals on each diet were infected with a control adenovirus construct expressing
GFP or an adenovirus expressing A-CREB, a dominant negative version of CREB. RNA was harvested and
pooled for analysis by qPCR as described for Figs. 1–3 and under “Materials and Methods.” Genes analyzed
were: A, HMG-CoA reductase (Red); B, cytosolic HMG-CoA synthase (Syn); C, adenovirally encoded GFP
(GFP); and D, PEPCK. The significance was evaluated as described for Fig. 1. There were no significant
differences in the GFP or PEPCK control groups across all samples. F.I. � -fold induced.
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Similar results were observed when two mutant CREB
expression constructs that inactivate the KID were substituted
(M1 and L141 (35)), whereas a mutant with a deletion of the
constitutive activation domain (�Q2 (20)) failed to stimulate
HMG-CoA reductase promoter activity beyond that achieved
by NF-Y. When NF-Y subunits were omitted, stimulation by
the CREB constructs was very low, but the same trends were
observed. Because all of the tested mutants were expressed at
levels similar to those of wild type CREB, these results indicate
that the constitutive activation domain of CREB is essential for
stimulation of the HMG-CoA reductase promoter in collabo-
ration with SREBP, but the KID is not required.

The data so far presented indicate
that the increase in HMG-CoA
reductase in response to a low cho-
lesterol signal in animals requires
SREBPs working with CREB
through its constitutive activation
domain. As mentioned above, we
did not think that the CREB-inter-
acting TORC proteins would be
involved in SREBP activation. How-
ever, to investigate a putative role of
TORCs in SREBP-CREB synergy,
we analyzed TORC recruitment to
the HMG-CoA reductase promoter
using an antibody to the major
hepatic form of TORC, TORC2, in a
ChIP study (Fig. 5C (25)). The
results show that there was no
change in TORC recruitment to the
HMG-CoA reductase promoter fol-
lowing Z/L feeding or during fast-
ing/refeeding, indicating that the
increased recruitment of CREB fol-
lowing Zetia/lovastatin treatment is
not likely to be accompanied by the
co-recruitment of TORC proteins.
To extend our investigation of

differential SREBP binding to other
key target gene promoters, we ana-
lyzed the LDL receptor (Fig. 6).
Induction of LDL receptor RNAwas
much more modest, 3.3-fold, fol-
lowing Z/L feeding, and the fasting/
refeeding regimen did not result in
any significant change from the
chow fed control. The more modest
increase in LDL receptor mRNA
was also paralleled by a more mod-
est 5-fold increase in binding of
SREBP-2 to the promoter relative to
the more than 25-fold increase
observed for HMG-CoA reductase.
There was no significant change in
SREBP-2 association by fasting;
however, this association was
reduced in the refeeding treatment

group. There was no increase in SREBP-1 binding to the LDL
receptor promoter following Z/L feeding, highlighting a signif-
icant difference with HMG-CoA reductase. SREBP-1 binding
decreased following fasting and was increased in the refeeding
group to a level higher than observed in the chowcontrol group.
For the LDL receptor promoter, the identified SREBP co-

regulatory proteins are Sp1 and Sp3 (17). There was a modest
increase in binding of Sp3 in the Z/L group but no clear changes
in the pattern of binding for either Sp1 or Sp3, which correlate
with LDL receptor gene expression. There were also no signif-
icant changes in total Sp1 or Sp3 levels caused by the feeding
conditions.

FIGURE 5. Activation of HMG-CoA reductase promoter by SREBP, NF-Y, and CREB in SL2 cells. A, transient
DNA transfection. All samples received HMG-CoA reductase reporter plus an SREBP-2 expression vector. Open
symbols indicate no NF-Y, and closed symbols indicate plus all three NF-Y subunits. The amount of DNA for each
CREB or mutant CREB expression vector included in the transfection is noted on the x axis. Mutations M1 and
L141 are in the KID; �Q2 denotes the deletion of the “constitutive” glutamine-rich domain. B, protein extracts
from SL2 cells transfected with the wild type (Wt.) or the indicated CREB mutant were analyzed for protein
expression by immunoblotting with an antibody to CREB. C, TORC2 binding to HMG-CoA reductase promoter
under the different feeding conditions was analyzed by ChIP. There was no statistical difference between the
different feeding groups, but the difference between all samples and the IgG control was significant at p �
0.05. Refer to the legend for Fig. 2 for symbols and notations.

FIGURE 6. LDL receptor promoter and mRNA analysis. mRNA expression (left panel) and binding of SREBP-1
or SREBP-2 by ChIP for the LDL receptor gene was performed essentially as described in the legend for Fig. 2 but
with primers specific for the LDL receptor gene mRNA and promoter. The amount of PCR product generated
when a control IgG fraction was used in the immunoprecipitation is also provided (IgG). The binding and
expression of Sp1 and Sp3 was also evaluated by ChIP and immunoblotting, respectively. All symbols and
notations are as described in the legend for Fig. 2.
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Fatty-acid synthase (FAS) mRNA was induced 5-fold by Z/L
feeding and displayed its signature lipogenic response to fasting
and refeeding,whereRNA levels declined 10-fold by fasting and
increased to 14-fold higher levels than the chow control in the
refeeding group (Fig. 7). The binding of both SREBP-1 and
SREBP-2 was induced by Z/L treatment, similar in magnitude
to the mRNA increase. The association of SREBP-2 with the
FAS promoter in the fasting and refeeding group declined in
parallel with the decline in total SREBP-2 nuclear protein levels.
Interestingly, SREBP-1 binding declined significantly in the
fasting group and was elevated to a value 5 times above the
control by the high carbohydrate refeeding. The two SREBP
co-regulatory proteins identified for the FAS proximal pro-
moter include Sp1/Sp3 and NF-Y (18). Sp3 and NF-Y recruit-
ment was induced by Z/L treatment, whereas there was no
change in Sp1 binding across all treatment groups. The binding
of Sp3was not altered by the fasting and refeeding protocol, but
the binding of NF-Y was reduced by fasting and returned to the
control level by refeeding.
Squalene synthase mRNA was induced 9-fold by Z/L treat-

ment, repressed by fasting, and rebounded to the control level
during the acute refeeding following a fast. The ChIP analyses
showed that binding of both SREBPswas induced 4-fold byZ/L.
The binding of both SREBPs declined upon fasting; however,
only SREBP-1 binding returned to the control value after
refeeding, suggesting that SREBP-1 is important for the
increase in squalene synthase mRNA expression by refeeding
treatment in contrast to the Z/L response, where both SREBP-1
and -2 are involved.

DISCUSSION

Although the existence of gene families and overlapping
mRNAs in higher eukaryotes has been known since the 1970s,
the extensive clusters of highly related genes and the almost

ubiquitous nature of alternative
mRNA processing was not fully
realized until the sequence of the
human genome was reported 7
years ago (36, 37). The sequencing
of genomes from several other spe-
cies has confirmed this as a basic
feature of all complex eukaryotic or-
ganisms. Thus, a major goal now is
to define precisely the unique and
common roles for the different pro-
teins produced from overlapping
transcripts and for closely related
proteins in the same family. This is
complicated when the proteins are
co-expressed in the same cells and
function as dimers/multimers in
which the individual molecules can
form homo- or heteromers as in the
case of the mammalian SREBPs.
The current study was designed

to investigate selective binding by
SREBP-1 versus SREBP-2 at target
gene promoters in vivo and to deter-

mine howpromoter binding correlates with target gene expres-
sion and recruitment of SREBP co-regulatory transcriptional
proteins. The use of ChIP with SREBP-selective antibodies,
combined with feeding regimens that preferentially alter levels
of SREBP-1 or -2 in liver nuclei, has provided several new
insights into the molecular mechanism for this key metabolic
regulatory system.
The fasting and refeeding protocol to alter expression of

SREBP-1c was adapted from Horton et al. (31) and was based
on the dramatic regulation of SREBP-1c expression by this pro-
tocol with relativelyminor effects on SREBP-2. The selection of
Zetia (ezetimibe) plus lovastatin feeding to induce SREBP-2 is
new and represents an important upgrade to a protocol using a
combination of a bile acid sequestrant along with a statin-class
HMG-CoA reductase inhibitor that has been known for more
than 2 decades to induce cholesterol-regulated genes in the
liver (38). This combination was shown to increase SREBP-2
nuclear protein levels but not those for SREBP-1 (30). The bile
acid sequestrant prevents bile acid reabsorption and to a lesser
extent cholesterol absorption as well. This establishes a meta-
bolic demand for elevated flux through the linked cholesterol to
bile acid synthetic pathway.We reasoned that by blocking cho-
lesterol absorption specifically with Zetia, the treatment would
be more precise in preventing cholesterol absorption without
off-target effects on bile acidmetabolism as reported previously
(39). Thus, our feeding protocol more accurately reflects
changes due to cholesterol depletion without complications
resulting from changes in bile acid metabolism.
In response to Z/L, SREBP-2 protein levels increased dra-

matically in liver nuclei, whereas SREBP-1 protein levels
declined. The increase in SREBP-2 was due to cholesterol
depletion, whereas the decline in SREBP-1 levels was because
cholesterol depletion also reduces the concentration of endog-
enous cholesterol-derived oxysterol liver X receptor agonists.

FIGURE 7. Fatty-acid synthase mRNA and promoter analysis. mRNA expression (left panel) and binding
of SREBPs and co-regulatory proteins to the proximal FAS promoter were analyzed with gene-specific
primers as described under “Materials and Methods.” All symbols and notations are as described in the
legend for Fig. 2.
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This reduces transcription from the SREBP-1c promoter,
which is the major liver form of SREBP-1 and is a target of liver
X receptor signaling (40).
Our experiments first analyzed HMG-CoA reductase in

detail, and we then extended the study to include a select hand-
ful of other SREBP-regulated genes for comparative purposes.
The 35-fold increase in HMG-CoA reductase mRNAmediated
by Z/L feeding was accompanied by a 25-fold increase in bind-
ing of SREBP-2 to the promoter, detected by ChIP. Addition-
ally, even though the total SREBP-1 protein level declined, there
was an almost 4-fold increase in its binding to the promoter.
This observation and our other results are unlikely to be due to
a cross-reaction of SREBP-1 with the SREBP-2 antibody or vice
versa. This is because both antibodies were made from protein
fragments that are unique to each SREBP (13), the immuno-
blotting results with the two antibodies followed a predictable
pattern and were very distinct (Fig. 1), and the recruitment of
SREBP-1 to the LDL receptor promoter was not enhanced in
the Z/L treatment group (Fig. 6).
The reason for the increased binding of SREBP-1 to the

HMG-CoA reductase promoter, despite a decrease in its abso-
lute concentration, was unexpected and could be the result of
two interesting but difficult to distinguish possibilities. The first
is that the robust increase in SREBP-2 protein by Z/L could
result in an increase in the concentration and promoter binding
of SREBP-1/SREBP-2 heterodimers that would be recognized
by the SREBP-1 antibody. Alternatively, there are two closely
spaced SREBP binding sites in the HMG-CoA reductase pro-
moter (41), and it is also possible that enhanced SREBP-2
homodimer binding to one recognition site stimulates the bind-
ing of a SREBP-1 homodimer to the second motif.
In support of the first model, we have shown that SREBP-1/

SREBP-2 heterodimers form in vitro and in vivo, and they are
competent to activate gene expression (9). In favor of the sec-
ondmodel are the data for SREBP binding to the other promot-
ers revealed in the present study. As in HMG-CoA reductase,
there are multiple SREBP recognition sites in both the FAS and
squalene synthase promoters (42, 43), and binding of SREBP-1
to these additional promoters was also enhanced by Z/L treat-
ment (Figs. 7 and 8). In contrast, there is a single SREBP recog-
nition site in the LDL receptor promoter (44), where SREBP-1
binding was not enhanced by Z/L (Fig. 6).
In analyses of SREBP-co-regulatory transcriptional regula-

tors, we showed thatCREBbinding to theHMG-CoA reductase
promoter in the Z/L group was induced and that a dominant
negative version of CREB blunted the induction of HMG-CoA

reductase mRNA by Z/L treatment.
Utilizing co-transfection studies,
we have also demonstrated that
SREBP-CREB synergy on the pro-
moter requires the CREB constitu-
tive activation domain but probably
does not require the kinase-induc-
ible domain. Additionally, the KID-
selective CREB co-regulatory pro-
teinTORC2was not recruited to the
HMG-CoA reductase promoter
even though CREB binding was

enhanced by Z/L. This is probably because SREBP and TORC
both interact with the CREB b-zip domain, and simultaneous
interactions are likely to be sterically unfavorable.
The association of NF-Y was also enhanced by Z/L feeding,

consistent with an important role for this heterotrimeric pro-
tein in activation of HMG-CoA reductase expression in vivo.
There was also a more modest yet significant increase in acety-
lation of promoter-proximal histone H3. The binding studies
for SREBPs are novel and support interesting interactions
between SREBP-1 and SREBP-2 in promoter activation. The
observations for CREB, NF-Y, and H3 are consistent with our
original study in cultured cells, where cholesterol depletion
resulted in an increase in the binding of both SREBP co-regu-
latory proteins and an increase in H3 acetylation at the HMG-
CoA reductase promoter (32). Along with the new information
noted above, these similarities reinforce the validity of evaluat-
ing the mechanism for cholesterol regulation in cultured cells
as a predictor of regulatory mechanisms that operate to main-
tain homeostasis in an intact animal model.
The fasting/refeeding protocol was designed to analyze the

role of SREBPs in which the expression of SREBP-1c fluctuates
significantly (31, 45). HMG-CoA reductase mRNA declined
and rebounded to the control level following fasting and refeed-
ing, respectively, consistent with previous observations (31).
This was accompanied by a similar biphasic association of
SREBP-1, but not SREBP-2, with the promoter. Binding of
NF-Y followed a decline and rebound similar to themRNA level
and binding of SREBP-1.However, CREB association did not go
down during fasting but did decline slightly during the acute
high carbohydrate refeeding phase.
These results suggest that SREBP-1 synergy with NF-Y is

responsible for the fasting/refeeding response of HMG-CoA
reductase. Thus, the ChIP results, with samples from the
different feeding studies, have uncovered interesting differ-
ences in the molecular mechanisms for activating the HMG-
CoA reductase promoter in response to Z/L feeding versus
fasting/refeeding.
Induction of LDL receptor mRNA by Z/L treatment was

muchmoremodest compared withHMG-CoA reductase. This
was accompanied by a similar moremodest increase in binding
of SREBP-2 to its promoter. However, SREBP-1 binding was
not different between the control and Z/L groups. The compar-
ison with HMG-CoA reductase demonstrates for the first time
that the differing relative strengths of SREBP binding correlate
with the difference in magnitude of gene activation. Also, the
lack of induction of SREBP-1 binding to the LDL receptor pro-

FIGURE 8. Squalene synthase mRNA and SREBP binding. mRNA expression (left panel) and binding of SREBPs
to the squalene synthase promoter were analyzed by qPCR and ChIP, with gene-specific primers, as described
under “Materials and Methods.” All symbols and notations are as described in the legend for Fig. 2.
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moter has revealed a significant difference between SREBP reg-
ulation of HMG-CoA reductase and LDL receptor genes in the
liver. Binding of the co-regulatory protein Sp3 to the LDL
receptor promoter was also stimulated by Z/L, but the binding
of Sp1 did not change, suggesting that the Z/L treatment
increased expression of the LDL receptor mRNA through the
concerted action of SREBP-2 and Sp3.
LDL receptor mRNA expression did not change significantly

following the fasting/refeeding protocol, despite a significant
decrease in binding of SREBP-1 to the promoter by fasting and
a superinduction to a level above the control following the high
carbohydrate refeeding phase (Fig. 6). It is possible that even
though the binding was increased, the RNA level would not
change because SREBP-1c, themajor SREBP-1 isoform induced
during refeeding, is a weak transcription factor (7). Addition-
ally, it is possible that the LDL receptor mRNA would not
decline during fasting because the mRNA is relatively stable,
and the more acute changes in promoter occupancy by
SREBP-1 is insufficient to change the total mRNA level.
The analysis of FAS showed some intriguing differences with

both the LDL receptor and HMG-CoA reductase promoters.
FASmRNAwas induced 5-fold byZ/L treatment, and therewas
a similar increase in binding of both SREBP-1 and SREBP-2. As
mentioned above, we could not distinguish between SREBP-1/
SREBP-2 homo- and heterodimer binding to the different
closely spaced recognition sites. The elevated mRNA expres-
sion and SREBP binding by Z/L was also accompanied by a
similar increase in the association of NF-Y and Sp3 at the pro-
moter. Similar to the LDL receptor promoter, binding of Sp1
did not change. These results suggest that both SREBP-1 and -2
are responsible for activation of the FAS promoter by Z/L and
that the two key co-regulatory proteins for mRNA induction
under these conditions are NF-Y and Sp3.
Consistent with many other studies, FAS mRNA declined

10-fold following the fasting and was superinduced to a level
more than 10-fold higher than the chow-fed control group dur-
ing the refeeding program. The binding of SREBP-1 but not
SREBP-2 closely followed this pattern of mRNA expression.
Importantly, the mRNA “overshoot” by the acute high carbo-
hydrate refeeding phase has been observed in other studies (46)
but a mechanism for this effect has not been uncovered. Our
studies suggest that this overshoot phenomenon is likely due to
the dramatic increase in the binding of SREBP-1.
We also have shown that the binding of NF-Y to the FAS

promoter declines with fasting and returns to the control level
by refeeding. Neither Sp1 nor Sp3 exhibited significant changes
during the fasting/refeeding process. These results indicate that
SREBP-1 and NF-Y play key roles in the fasting/refeeding
response of FAS. BecauseNF-Y binding did not exhibit an over-
shoot, it is possible that additional proteins such as upstream
stimulatory factor and/or carbohydrate response element-
binding protein (CHREBP) are involved, as these two proteins
have been shown to play key roles in the fasting/refeeding
response of FAS in prior studies (47, 48).
Overall, these studies reveal that there are alternative molec-

ular mechanisms that utilize different SREBPs in combination
with distinct co-regulatory proteins to activate the correspond-
ing target genes in response to the different dietary challenges

evoked by Zetia/lovastatin versus fasting/refeeding. This
underscores the mechanistic flexibility that has evolved at the
individual gene/promoter level to maintain metabolic homeo-
stasis in response to shifting nutritional states and environmen-
tal fluctuations.
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