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ABSTRACT

The expression of mitochondrial HMG-CoA
synthase in the colon has been correlated with the
levels of butyrate present in this tissue. We report
here that the effect of butyrate on mitochondrial
HMG-CoA synthase gene expression is exerted
in vivo at the transcriptional level, and that tricho-
statin A (TSA), a speci®c histone deacetylase inhibi-
tor, also induces transcriptional activity and mRNA
expression of the gene in human cell lines derived
from colon carcinoma. Using chromatin immunopre-
cipitation assays, we show that histone deacetylase
1 (HDAC1) is associated with the endogenous mito-
chondrial HMG-CoA synthase promoter and that
TSA induction correlates with hyperacetylation of
H4 histone associated with the 5¢ ¯anking region of
the gene. Overexpression of HDAC1 activity leads
consistently to mitochondrial HMG-CoA synthase
promoter hypoacetylation and reduces its transcrip-
tional activity. The effect of butyrate and TSA maps
to a single Sp1 site present in the proximal promoter
of the gene, which is able to bind Sp1 and Sp3
proteins. Interestingly, the binding af®nity of Sp1
and Sp3 proteins to the Sp1 site correlates with the
TSA responsiveness of the promoter. Using a
one-hybrid system (GAL4-Sp1 and GAL4-Sp3), we
show that both proteins can mediate responsive-
ness to TSA in CaCo-2 cells employing distinct
mechanisms.

INTRODUCTION

Mitochondrial 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
synthase catalyzes the condensation of acetoacetyl-CoA and
acetyl-CoA to produce HMG-CoA plus free CoA. The HMG-
CoA is then converted, through the actions of HMG-CoA
lyase and D-3-hydroxybutyrate dehydrogenase, into the
ketone bodies acetoacetate and b-hydroxybutirate, which are
used as a source of oxidative fuels in several non-hepatic
tissues (reviewed in 1). The mitochondrial carnitine palmi-
toyltransferase system has been considered important in

regulating the synthesis of ketone bodies by means of substrate
supply, the acetyl-CoA (2,3). However, over the last 20 years
compelling evidence has been provided to show that
mitochondrial HMG-CoA synthase is the key enzyme in
ketogenesis in various physiological situations (e.g. starvation,
high fat diet, fetal-suckling transition, sustained exercise).
Thus, in tissues such as liver and intestine, ketogenesis and
mitochondrial HMG-CoA synthase gene expression are regu-
lated in a coordinated fashion (1).

However, ketogenic tissues do not present an identical
pattern of ketogenesis or mitochondrial HMG-CoA synthase
gene expression. For instance, in the liver and colon, the gene
is expressed throughout an animal's life, while in the small
intestine the gene is only expressed during the neonatal period,
disappearing at weaning (4,5). Therefore, despite certain
common hormonal and nutritional factors (6), the expression
pattern of the mitochondrial HMG-CoA synthase gene
depends on a number of unknown tissue-speci®c mechanisms.

In the colon, the expression of the mitochondrial HMG-
CoA synthase gene has been correlated with the butyrate
levels in this tissue, where it is produced by the bacterial
fermentation of dietary ®ber (7). Thus, the experimental germ-
free statusÐthe absence of intestinal micro¯ora and, conse-
quently, the absence of short fatty acids such as n-butyrateÐ
correlates with a 75% reduction in the colon-expressed levels
of the mitochondrial HMG-CoA synthase gene (7). As
expected, the capacity to generate ketone bodies from n-
butyrate is lower in colonocytes of germ-free animals.

n-Butyrate plays an important role in the homeostasis of the
colonic mucosa by inducing pathways of cell maturation,
differentiation and apoptosis (8±10). Butyrate is able to
modulate the gene expression of a small number of genes
through the inhibition of histone deacetylase (HDAC)
enzymes (11). Histone acetylation and deacetylation involve
the reversible transfer of the acetyl moiety of acetyl-CoA to
the e-amino group of lysine residues in histone proteins. This
reaction is catalyzed by histone acetyltransferases (HATs) and
can be reversed by HDACs. Thus, these two activities
determine the acetylation levels of a given promoter.
Butyrate induces histone hyperacetylation by reducing the
rate of histone deacetylation, through the inhibition of HDAC.
A correlation has been established between hyperacetylated
histones and transcriptionally active chromatin, since acetyla-
tion makes chromatin less condensed and more accessible to
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trans-acting factors. In fact, some co-activators have intrinsic
HAT activities while HDAC activities are present in co-
repressor complexes, as independent entities recruited on gene
promoters (12,13).

The rat mitochondrial HMG-CoA synthase promoter con-
tains sequences that mediate its multihormonal regulation and
tissue speci®city (6). Two of these sequences, a Sp1 binding
site and a nuclear receptor responsive element, are located in
the proximal promoter region of the gene (14 and unpublished
data). Both elements are able to recruit HDAC through
different trans-acting factors (15±18). For this reason, we
wished to investigate the role of butyrate in mitochondrial
HMG-CoA expression in rat colon and human cell lines
derived from colon.

In this paper we demonstrate that acetylation level of
histones associated with mitochondrial HMG-CoA synthase
promoter correlates with the transcriptional activity of the
gene and we show that HDAC1 activity is involved in
regulating the acetylation levels of the promoter. We also
show that HDAC inhibitors, such as butyrate and trichostatin
A (TSA), can strongly activate the transcription of mitochon-
drial HMG-CoA synthase in a CaCo-2 cell line through a Sp1
site located at ±57 to ±48 relative to the transcription start site.
Interestingly, we show that the af®nity for the Sp1 site of Sp1
and Sp3 proteins is critical for the TSA responsiveness.

Thus, our results suggest that in the colon, butyrate
stimulates the transcription of the mitochondrial HMG-CoA
synthase gene by inhibiting the HDAC activities recruited,
mainly, through the Sp1 site present in the proximal promoter
of the gene. Since the mitochondrial HMG-CoA synthase gene
is expressed in tissues with a high capacity for fatty acid
b-oxidation, we propose that butyrate is involved in a positive
feed-forward regulation on its own b-oxidation rate and
accordingly on the levels of this metabolite in the colon.

MATERIALS AND METHODS

Cell culture

The human colon cancer cell lines CaCo-2 and HT-29,
obtained from the American Type Culture Collection
(Rockville, MD), were maintained in Dulbecco's modi®ed
Eagle's medium supplemented with antibiotics and 10% fetal
bovine serum at 37°C and 5% CO2.

Reagents

Sodium butyrate and TSA were obtained from Sigma
(St Louis, MO) and Calbiochem (La Joya, CA), respectively.

Production and characterization of the SMCAT1
transgenic line

The SMCAT1 DNA fragment, containing from ±1148 to +28
of mitochondrial HMG-CoA synthase promoter fused to CAT,
was isolated as SalI±NdeI restriction fragment from
pSMCAT1 plasmid described previously (6) and puri®ed by
electroelution into dialysis bags (19). The DNA was micro-
injected into fertilized ovocytes of hybrid mice (C57BL/
6xSJLF2). Founders and positive offspring were bred with
nontransgenic mice (C57BL/6xSJLF2) to generate hemi-
zygous offspring. Transgenic mice were identi®ed by genomic
Southern blot. Isolation of tail DNA and genomic Southern

blot were performed by standard protocols. The SalI±NdeI
fragment used for microinjection, labeled with [a-32P]dCTP,
was used as a probe. Animal care and euthanasia protocols
were all approved by the ethical committee for animal
research at the University of Barcelona.

Tissue extraction for CAT assays

Protein extracts from three different lines of transgenic
animals fed over 5 days with a normal diet or a diet
supplemented with butyrate (10%, w/w) were prepared by
homogenization of the tissue in 0.25 M Tris±HCl buffer
pH 7.5. The suspension was cleared by centrifugation, and the
total amount of protein content was determined by the
Bradford method (20). All samples assayed for CAT activity
were ®rst incubated at 65°C for 5 min. CAT assays were
performed for either 60 min or 8±10 h, in order to increase the
sensitivity of the method (19). Radioactivity of samples was
measured on an LKB-1217 liquid scintillation counter.

Plasmids

The rat mitochondrial HMG-CoA synthase promoter-
luciferase fusion plasmids ±116pGl3, ±116pGl3(M-PPRE),
±116pGl3(M-Sp1) and ±62pGl3 were constructed by HindIII
subcloning of the ±116 to +28 fragments of pSMpCAT6A,
pSMpCAT6AM and pSMpCAT116(M-Sp1), and the ±62 to
+28 fragment of pSMpCAT6D into the pGL3-BASIC ®re¯y
luciferase reporter gene (Promega). The plasmids
pSMpCAT6A, pSMpCAT6AM and pSMpCAT6D were
obtained as previously described (14,21). Mutant
pSMPCAT116(M-Sp1) was generated from pSMPCAT6A in
which the Sp1 site was mutated by site-directed mutagenesis
using an overlap extension PCR (22). Brie¯y, 100 ng of
pSMPCAT6A plasmid was used as a target in two independent
PCRs. The ®rst PCR used a forward primer, 5¢-AGC-
TGACTTGTTCTGAGACCTTTG-3¢, which corresponds to
co-ordinates ±116 to ±96, and a reverse primer 5¢-CTC-
TGCAAGCtctaGaTCCACTTAGCGAGG-3¢, which corres-
ponds to co-ordinates ±39 to ±69 (nucleotides designated in
underlined lower case correspond to those that were changed
from the wild-type sequence). The second PCR used a forward
primer, 5¢-GCTAAGTGGAtctaGaGCTTGCAGAGGCTGG-
3¢), which corresponds to co-ordinates ±64 to ±34, and a
reverse primer, CAToligo30 (which annealed with the vector
downstream of the polylinker). In the subsequent overlap
extension reaction, 200 ng of each PCR product was used as a
target and the primer corresponding to coordinates ±116 to ±96
and CAToligo30 were used as primers. The PCR product was
cloned in the p-GEM-T vector and subsequently subcloned
into pCAT-Basic, thus generating pSMPCAT116(M-Sp1).

The construct ±62pGl3(Sp1-la) was generated as follows:
two oligonucleotides, 5¢-TAAGTGGgGGCaGGGCTTGCA-
GAGGCTG-3¢ and 5¢-CAGCCTCTGCAAGCCCtGCCgCC-
AC TTAAGCT-3¢, were annealed together. The nucleotides
corresponding to the mutated Sp1 site are shown in underlined
lower case letters. A second pair of oligonucleotides, 5¢-GGG-
TCTTATAAAGCCCAACCCACAGTCGCTGGGCATCTC-
TCCCAGGGGCTGTGGACTGCTGG-3¢ and 5¢-TCGACC-
AGCAGTCCACAGCCCCTGGGAGAGATGCCCAGCGA-
CTGTGGGTTGGGCTTTATAAGACCC-3¢, were also an-
nealed together. The two resulting double-stranded DNA
fragments were ligated together (blunt-end ligation). This
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ligation generated a double-stranded DNA fragment with 5¢
and 3¢ ends compatible with SacI and XhoI, respectively,
which were used to introduce it into SacI/XhoI-cut
pGL3Basic.

The pFA-CMV-LBDg2 plasmid expresses the GAL4 bind-
ing domain fused to the ligand binding domain (LBD) of the
human nuclear receptor PPARg2 (amino acids 203 to end)
(23). PPARg2 was ampli®ed by PCR using the Human Fat Cell
Quick-CloneÔ cDNA (Clontech). Oligonucleotides for PCR
ampli®cation were designed in agreement with the human
described sequence PPARg2 (U79012) and were 5¢-CTG-
CAGCCCGGGGCTGTTATGGGTGAAAC-3¢ (positions ±6
to +11) and 5¢-CTGCAGGCGGCCGCCTAGTACAAGT-
CCTTGTAG-3¢ (positions +1517 to +1498). PPARg2 PCR
product was digested with SmaI and NotI, cloned into
pBSSK+ SmaI/NotI sites and sequenced. The region of
PPARg2 cloned into pBSSK+ was then ampli®ed by PCR
using the primers 5¢-GCAGCTGGATCCATGTCTCATA-
ATGCCATCAG-3¢ (positions +676 to +695) and 5¢-GCA-
GCTTCTAGACTAGTACAAGTCCTTG-3¢ (positions +1517
to +1502). The PCR product was digested with BamHI±XbaI
and cloned into the pFA-CMV expression plasmid.

All construction sequences were con®rmed by the dideoxy-
nucleotide-chain-termination method with the use of an
automated ¯uorescence-based system (Perkin-Elmer).

The pCINeoHDAC1 expression plasmid was a kind gift
from Dr Christian Seiser (University of Vienna) (24). Dr
Yoshihiro Sowa (Kyoto Prefectural University of Medicine)
kindly provided the pM-Sp1, pM-Sp3, pM-DNSp1 and pM-
DNSp3 plasmids (17). The pFR-Luc plasmid (Stratagene) is a
reporter plasmid that contains ®ve GAL4 binding sites
upstream TATA box.

Northern blot analysis

Total RNA was extracted with Trizol (Life Technologies) and
northern blot analyses were performed with 15 mg of total
RNA per lane. The 2.2 kb human mitochondrial HMG-CoA
synthase cDNA used as a probe was obtained by digesting
pBS-MSH (25) with EcoRI. Northern blot analysis was
performed following standard methods (19).

Transient transfection

CaCo-2 cells were seeded at a density of 2 3 104 cells/cm2 12
h before transfection. Cells were transfected by using
FuGENE-6 reagent according to the manufacturer's instruc-
tions (Roche, IN). Twenty-four hours after transfection, half of
the cells were treated with 0.3 mM TSA, 5 mM butyrate or
vehicle when indicated. Twenty-four hours later cell lysates
were collected for luciferase assay. pRL-CMV plasmid was
included in the transfection procedure to correct for variation
in transfection ef®ciency. In all the transfection experiments in
which HDAC1 was overexpressed, the luciferase activity was
corrected by the amount of protein assayed (19), because of
the regulation of the pRL-CMV control plasmid expression by
the expression of HDAC1. In co-transfection experiments, the
amount of transfected DNA was kept constant by including
salmon sperm DNA.

Luciferase and CAT assays

For CAT assays, extracts of harvested cells were prepared by
liquid nitrogen freeze/thaw disruption (three times) after

resuspension in 50 ml of 0.25 M Tris±HCl, pH 7.5. All samples
assayed for CAT activity were ®rst incubated at 65°C for
5 min. CAT assays were performed for 60 min (20).
Radioactivity of samples was measured on an LKB-1217
liquid scintillation counter. For luciferase assays, cells were
harvested using the passive lysis method (Promega) and
luciferase assays were performed following the instructions of
the Dual Luciferase Reporter Assay System (Promega).
Luciferase activity was measured using a TD-20/20
Luminometer (Turner Designs).

Chromatin immunoprecipitation (ChIP) assay

In order to cross-link proteins to DNA, 1.5 3 106 of CaCo-2
and HT-29 cells were treated with formaldehyde to a ®nal
concentration of 1% and incubated at 37°C for 10 min. Cells
were washed with PBS and 1 mM PMSF, scraped and
collected by centrifugation. Cells were then resuspended in
lysis buffer (85 mM KCl, 0.5% NP-40, 1 mM PMSF, 1 mg/ml
leupeptin and aprotinin at pH 8) and homogenized. Nuclei
were isolated by centrifugation at 250 g for 10 min, then
resuspended in sonication buffer (1% SDS, 10 mM EDTA,
50 mM Tris±HCl at pH 8.1) and sonicated for four cycles of
10 s each. The extracts were then centrifuged at 13 000 r.p.m.
for 10 min at 4°C. The cross-linked preparations were diluted
10-fold in ChIP dilution buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris±HCl plus the above
indicated proteases inhibitors, at pH 8.1). The chromatin
solution was pre-cleared with 80 ml of a 50% slurry prot
A-Agarose (Upstate Biotechnology) for 1 h at 4°C. An aliquot
(20 ml) was removed as a control (input). Immunoprecipitation
was performed overnight with antibodies against acetylated
histone H4, HDAC1 (Upstate Biotechnology), Sp1 and Sp3
(Santa Cruz Biotechnology) or preimmune serum (IgG).
Following immunoprecipitation, 60 ml of 50% slurry prot A-
Agarose was added, and incubation continued for 1 h. Agarose
beads were then collected and washed sequentially for 5 min
each time in low salt buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris±HCl, 150 mM NaCl at pH 8.1), high
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris±HCl, 500 mM NaCl at pH 8.1) and LiCl buffer (0.25
M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM
Tris±HCl at pH 8.1). Beads were then washed twice with TE
buffer and extracted twice with 250 ml of 1% SDS±0.1 M
NaHCO3. Eluates were pooled and heated at 65°C for 4 h to
reverse the cross-linking. The chromatin associated proteins
were digested with proteinase K and samples were extracted
with phenol/CHCl3 followed by precipitation with ethanol.
Pellets were resuspended in water and subjected to PCR.
Primers for ampli®cation of the human mitochondrial HMG-
CoA synthase promoter were: (i) 5¢-GGGTTACCTTGG-
GATGTGATAC-3¢ (positions ±305 to ±284) and (ii) 5¢-
GAAAGAGTGCCCAGTGGTGCC (positions +8 to ±14).

The ChIP assay of transfected CaCo-2 cells was performed
using antibodies against Flag peptide (M2 monoclonal anti-
body, Sigma) and acetylated H4 histone antibody (Upstate
Biotechnology). The primers used for ampli®cation of
transfected mitochondrial HMG-CoA synthase promoter in
PCRs were: (i) 5¢-GACTTGTTCTGAGACCTTTGGC-3¢
(positions ±115 to ±94) and (ii) 5¢-CTTTATGTTTTT-
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GGCGTCTTCC-3¢ (corresponding to a sequence in the
pGl3basic vector).

Protein isolation and immunoblot analysis

CaCo-2 cells transfected with the expression plasmid
pCDNA3FlagHADC1 or salmon sperm DNA were harvested
48 h after transfection, and whole cell extracts were obtained
by the following procedure: cells were lysed in RIPA
buffer (50 mM Tris±HCl pH 7.4, 1% NP-40, 0.25%
Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF
and Na3VO4) plus protease inhibitors in a rotating platform for
15 min at 4°C. The lysates were then centrifuged at 14 000 g
for 10 min and the supernatants collected, protein quanti®ed
and stored at ±80°C. SDS±PAGE (10%) was carried out (60 mg
of protein/lane). Western blot analysis was performed with
monoclonal M2 anti-¯ag antibody (Sigma) as recommended
by the manufacturers. Proteins were detected using the ECL
chemiluminescence system (Amersham Pharmacia Biotech).

Electrophoretic mobility shift assay

CaCo-2 cells were harvested in 1.5 ml of ice-cold PBS and
nuclear extracts obtained as described (26). Brie¯y, after
centrifugation the supernatant was discarded and cells were
resuspended in 400 ml of cold hypotonic buffer (10 mM
HEPES, 1.5 mM MgCl2, 10 mM KCl, 2 mM Na3VO4, 2 mM
NaF, 0.5 mM dithiothreitol, 0.5 mM PMSF, 5 mM leupeptin
and 200 U/ml aprotinin, at pH 7.9). After 10 min on ice, cells
were vortexed for 10 s and centrifuged. The pellet was
resuspended in 50 ml of cold high salt buffer (20 mM HEPES,
25% glycerol, 1.5 mM MgCl2, 420 mM KCl, 2 mM EDTA,
0.5 mM dithiothreitol, 0.5 mM PMSF, 5 mM leupeptin and
200 U/ml aprotinin, at pH 7.9). The lysate was centrifuged for
2 min and the supernatant containing the nuclear extracts was
aliquoted and stored at ±70°C.

A doubled-stranded 5¢-overhang oligonucleotide, compris-
ing from ±57 to ±48 of rat mitochondrial HMG-CoA synthase
gene (5¢-agcttGTGGAGGCGGGGCg-3¢; referred to as Sp1
wild-type probe; in bold and capital letters the consensus Sp1
binding site) was used as a probe. Nuclear proteins were
preincubated on ice for 10 min in 10 mM Tris±HCl, pH 8.0,
40 mM KCl, 0.05% (v/v) NP-40, 6% glycerol, 1 mM
dithiothreitol, and 1 mg of poly(dI±dC). Then, 4 ng of Sp1
wild-type probe, 32P-labeled by ®ll-in with Klenow polymer-
ase, was added, and the incubation was continued for 20 min at
room temperature. The reaction mixture was further incubated
for 20 min in the presence or absence of anti-Sp1 or anti-Sp3
antibody (Santa Cruz Biotechnology). Samples were electro-
phoresed at 4°C on non-denaturing 4.5% (w/v) polyacryl-
amide gel in 0.5% TBE buffer (45 mM Tris/45 mM boric acid/
1 mM EDTA pH 8).

The af®nity of Sp1 and Sp3 proteins to the Sp1 wild-type
(see above) and Sp1 mutated probe (5¢-agcttGTG-
GgGGCaGGGCg-3¢; in bold and capital letters the nucleo-
tides corresponding to the consensus Sp1 binding site; in bold
underlined lowercase those nucleotides that have been
changed from the wild-type sequence) was evaluated using
Scatchard assays. Ten micrograms of CaCo-2 nuclear proteins
were incubated, as described above, with increasing amounts
of either labeled wild-type or point-mutated Sp1 probe
(Sp1-la).

RESULTS

Sodium butyrate induces mitochondrial HMG-CoA
synthase gene transcription

To determine whether butyrate plays a direct role in
mitochondrial HMG-CoA synthase gene transcription, we
used transgenic animals in which the reporter CAT gene was
controlled by the rat mitochondrial HMG-CoA synthase
promoter. Figure 1 shows that butyrate induces the transcrip-
tional activity of mitochondrial HMG-CoA synthase promoter
in the liver (Fig. 1A) and the colon (Fig. 1B) independently of
the CAT activity of each independent transgenic line.

TSA induces HMG-CoA synthase mRNA expression in
human colon carcinoma cell lines through
hyperacetylation of histone H4 associated with the
mitochondrial HMG-CoA synthase promoter

To study if the mitochondrial HMG-CoA gene transcription
induction by butyrate was related with a change in the
acetylation levels of histones associated with its promoter we
use TSA, a speci®c inhibitor of histone deacetylase enzymes,
and therefore a hyperacetylating agent. Figure 2A shows that
TSA induces mRNA expression of mitochondrial HMG-CoA
synthase in HT-29 and CaCo-2 cell lines. We next performed
ChIP assays using chromatin isolated from HT-29 and CaCo-2
cells both treated and untreated with TSA. Figure 2B shows
that the mitochondrial HMG-CoA synthase promoter se-
quence was enriched in the immunocomplex containing
acetylated H4 from TSA-treated cells compared with that
from control cells. These results suggest that mitochondrial
HMG-CoA synthase promoter is able to recruit co-repressor
complexes harboring HDAC activities. To con®rm this
observation, we performed a new ChIP assay in which
chromatin isolated from CaCo-2 cells was incubated with
antibodies against human HDAC1. Figure 2C shows that this
antibody is speci®cally able to immunoprecipitate human
mitochondrial HMG-CoA synthase promoter, indicating the
presence of this protein in the complexes present on the
endogenous promoter of the gene.

Overexpression of histone deacetylase 1 (HDAC1) leads
to HMG-CoA synthase promoter hypoacetylation and
reduces its transcriptional activity

The role of histone hypoacetylation in mitochondrial
HMG-CoA synthase expression was next examined by
co-transfection of a reporter luciferase gene under the control
of mitochondrial HMG-CoA synthase promoter and increas-
ing amounts of a plasmid encoding the HDAC1 in CaCo-2
cells. Figure 3A shows that the overexpression of HDAC1
reduces the transcriptional activity of mitochondrial HMG-
CoA synthase promoter. The effect of HDAC1 expression on
mitochondrial HMG-CoA synthase promoter hypoacetylation
is demonstrated by ChIP assay using antibodies against
acetylated histone H4 (Fig. 3B, lanes 2 and 3). The recruitment
of HDAC1 over the transfected mitochondrial HMG-CoA
synthase promoter is demonstrated by using antibodies against
the Flag-epitope-tagged HDAC1 (Fig. 3B, lanes 4 and 5). The
expression of HDAC1 is shown by western blot of whole cell
extracts (Fig. 3B, right).
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TSA activates transcription from the rat HMG-CoA
synthase promoter: analysis of the histone deacetylase
inhibitor responsive elements in CaCo-2 cells

The proximal promoter of the mitochondrial HMG-CoA
synthase gene contains a peroxisome proliferator responsive
element (PPRE, located in position ±104 to ±92) and a Sp1
binding site (located in position ±57 to ±48) (14 and
unpublished data). To analyze the role of these elements on
promoter TSA mediated stimulation, we performed transient
transfection experiments with several constructs containing
the reporter luciferase gene under the control of mitochondrial
HMG-CoA synthase promoter variants (Fig. 4A). Both
elements appear to be critical for promoter activity, since
mutation of either of the two elements, as well as deletion of
the PPRE, dramatically diminished the promoter transcrip-
tional activity in CaCo-2 cell line (Fig. 4B). These constructs
are still active, and in agreement with ChIP assay results (Figs
2C and 3), TSA is able to induce the reporter luciferase
activity driven by the mitochondrial HMG-CoA synthase
promoter variants (Fig. 4C).

Figure 1. Butyrate stimulates reporter CAT activity gene expression driven
by rat mitochondrial HMG-CoA synthase promoter in transgenic mice. CAT
assays of mouse liver (A) and colon (B) from transgenic animals of three
different lines fed with a normal diet (±) or a diet supplemented with
butyrate (+). CAT assays were performed in triplicate as described in
Materials and Methods.

Figure 2. Mitochondrial HMG-CoA synthase, a target gene for HDAC
inhibitors: TSA induces mitochondrial HMG-CoA synthase mRNA
expression through mitochondrial HMG-CoA synthase promoter acetylation
in the chromatin complex. (A) HT-29 and Caco-2 cells were treated with
0.3 mM TSA (+) or DMSO (±) for 24 h. The mitochondrial HMG-CoA
synthase mRNA levels were analyzed by northern blot. Levels of 18S
rRNA are also shown to correct for gel loading variation. (B) ChIPs were
performed using chromatin isolated from HT-29 and CaCo-2 cells either
treated with TSA (+) for 24 h or untreated (±). The chromatin preparations
were immunoprecipitated with antibodies against acetylated histone H4
(a-AcH4) and analyzed by PCR to detect the HMG-CoA synthase promoter
associated to acetylated histones. Aliquots of chromatin were also analyzed
before immunoprecipitation (Input). Relative histone acetylation levels
(Fold of acetylation) were determined by quantitation of PCR product using
BIOPROFILâ image analysis software, BIO-1D (Vilber Lourmat) and by
correction with the input data and represented as the ratio of relative acety-
lation in the presence versus the absence of TSA treatment. (C) ChIP assay
of HDAC1 bound to endogenous mitochondrial HMG-CoA synthase
promoter. CaCo-2 chromatin, isolated as described above, was immuno-
precipitated with increasing amounts of anti-HDAC1 or preimmune serum
(IgG). PCRs shown in (B) and (C) were performed with 5 ml of DNA and
30 cycles of ampli®cation were used.

Figure 3. Recruitment of HDAC1 over transfected mitochondrial
HMG-CoA synthase promoter: deacetylation of promoter associated
histones and down-regulation of mitochondrial HMG-CoA synthase tran-
scriptional activity. (A) Caco-2 cells were transiently co-transfected with
4 mg of the reporter plasmid ±116pGl3 in combination with increasing
amounts of an expression vector for the HDAC1 (pCINeoHDAC1).
Luciferase activities are normalized by micrograms of protein assayed. Data
are means and standard deviations from four independent experiments with
two plates each. (B) ChIP assay to demonstrate histone deacetylation as a
result of expression and recruitment of HDAC1 over mitochondrial HMG-
CoA synthase proximal promoter. Caco-2 cells were transiently transfected
with 10 mg of the reporter plasmid ±116pGl3 (±) or in combination with
5 mg of an expression vector for the Flag-epitope-tagged HDAC1
(pCDNA3FlagHDAC1) (+). Thirty-six hours after transfection chromatin
preparations were obtained and immunoprecipitated with antibodies against
acetylated histone H4 (a-AcH4) and Flag epitope (M2). The immuno-
precipitates were then analyzed by PCR using speci®c primers for
mitochondrial HMG-CoA synthase promoter and luciferase gene. Aliquots
of chromatin were also analyzed before immunoprecipitation (Input). Thirty
cycles of PCR were used. Western blot analysis of Flag-HDAC1 protein in
whole cell extracts from control (±) or pCDNA3FlagHDAC1 transfected (+)
CaCo-2 cells is shown on the right.
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Mutation of mitochondrial HMG-CoA synthase Sp1 site
[±116pGl3(M-Sp1)] causes a dramatic loss in TSA respon-
siveness, while a construct containing only the Sp1 binding
site (±62pGl3) or the Sp1 site and a mutated PPRE
[±116pGl3(M-PPRE)] were highly responsive to TSA.
Therefore, these results suggest that the critical element in
the recruitment of HDAC activities to mitochondrial HMG-
CoA synthase promoter is the Sp1 binding site. Surprisingly,
the wild-type promoter containing the PPRE was only weakly
sensitive (~9-fold induction) to TSA induction. The same
results were obtained when cells were treated with 5 mM
butyrate (Fig. 4D). The low induction of ±116 promoter
produced by TSA treatment was observed even when 5- or 10-
fold lower amounts of plasmid were used in the transfection
assay (data not shown).

High af®nity interaction of Sp1 and Sp3 with the Sp1
binding site is required for the trans-activation of
mitochondrial HMG-CoA synthase promoter by TSA

Previous studies performed with HepG2 cell nuclear extracts
showed that Sp1 and Sp3 proteins can interact speci®cally
with the Sp1 binding site present in position ±57 to ±48 of
mitochondrial HMG-CoA synthase promoter (data not

shown). Figure 5A shows that this sequence is also able to
form shift complexes in the presence of CaCo-2 cell nuclear
extracts. The speci®city of these complexes was assessed by
competition with an excess of cold probe (lane 6). The
addition of anti-Sp1 (lane 3), anti-Sp3 (lane 4) or both
antibodies (lane 5) to the binding reaction results in the
supershift of the upper and the two lower complexes.
Therefore, Sp1 and Sp3 proteins present in the nuclear extract
of the CaCo-2 cell line are able to bind to the Sp1 site of the
mitochondrial HMG-CoA synthase. The shift pattern of the
Sp1 binding site was similar in the presence of nuclear extracts
from CaCo-2 cells regardless of whether they had been treated
or not with butyrate or TSA (data not shown). To directly
address whether Sp1 and Sp3 are associated with the
endogenous mitochondrial HMG-CoA synthase promoter,
we performed a new ChIP assay using antibodies against
either Sp1 or Sp3 proteins. Figure 5B shows that in the CaCo-2
cell line both Sp1 and Sp3 are associated with the proximal
promoter of the gene.

To investigate further the role of such binding in the TSA-
mediated induction on the promoter, we used previously
characterized orthologous genes (25,26). Thus, we knew that
at similar positions from the transcriptional start site, the rat

Figure 4. TSA activates transcription of rat mitochondrial HMG-CoA synthase promoter: 5¢ deletion and mutational analysis of the proximal HMG-CoA
synthase promoter in CaCo-2 cells. (A) The promoter constructs used. (B) The promoter constructs were transiently transfected into CaCo-2 cells. In each
transfection experiment half of the cells were treated with 0.3 mM TSA or 5 mM butyrate for 24 h. Luciferase activities of untreated cells, and TSA or
butyrate treated cells are depicted relative to the respective Renilla activities. (C) Mean fold promoter activation for each construct by normalizing TSA
treated relative luciferase activity to relative luciferase activity from untreated cells. (D) Mean fold promoter activation for each construct by normalizing
butyrate treated relative luciferase activity to relative luciferase activity from untreated cells. Data are means and standard deviations from three independent
experiments with two plates each.
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(from ±57 to ±48), human (from ±63 to ±54), and pig (from
±67 to ±58) HMG-CoA synthase genes have a Sp1 binding site
sequence; and that the pig gene was less responsive to TSA
(data not shown). Since the human and rat Sp1 sequences are
identical, but two nucleotides differ between pig and rat or
human, we introduced two single point mutations in the rat
Sp1 binding site to recreate the orthologous Sp1 site sequence,
and then proceeded to study the binding of Sp1 and Sp3
proteins as well as the TSA responsiveness of the mutated Sp1
site. A Scatchard assay performed with CaCo-2 cell nuclear
extracts with the wild-type or the mutated Sp1 site probe
shows that the mutated Sp1 sequence has less af®nity for Sp1
and Sp3 proteins than the wild-type probe (Fig. 6A).
Interestingly, the mutated low af®nity Sp1 sequence (Sp1-la)
is less responsive to TSA than is the wild-type (Sp1-wt)
(Fig. 6B). These data show that the af®nity binding of Sp1 and
Sp3 proteins to the Sp1 site correlate with the strength of
activation produced by TSA.

Sp1 and Sp3 proteins mediate responsiveness to TSA in
CaCo-2 cells

In order to clarify the possible role of Sp1 and Sp3 in the TSA
induction observed on HMG-CoA synthase promoter, we used
a one-hybrid system in which each of these proteins is fused to
the DNA binding domain of the bacterial transcription factor
GAL4. The ability of these recombinant proteins to trans-
activate the (GAL4)5TATALuc-reporter gene was assayed in
CaCo-2 cell line. Table 1 shows that both recombinant
proteins are able to trans-activate the reporter luciferase gene.
GAL4-Sp1 is a stronger trans-activator than GAL4-Sp3.

However, transcription activity mediated by both recombinant
proteins is similar after TSA treatment, indicating that the
activation induced by TSA is stronger for the GAL4-Sp3 than
it is for the GAL4-Sp1 system (see also Fig. 7). As a control
for the speci®city of the TSA effect over Sp1 or Sp3
recombinant proteins, we also transfected the fusion protein
constituted by the LBD of the nuclear receptor PPARg and the
DNA binding domain of GAL4. This fusion protein (GAL4-
PPARg) is also able to activate transcription from the
luciferase reporter plasmid in the presence of Brl49653, a
speci®c PPARg ligand, and this activity is not affected by the
presence of TSA. Table 1 also shows the effect of HDAC1 co-
transfection in both systems. Interestingly, while HDAC1
represses the GAL4-Sp1 system, no effect was observed in the
GAL4-Sp3 system, thus indicating that Sp1 could play a role
in the down-regulation of mitochondrial HMG-CoA synthase
by HDAC1 (see Fig. 3). In addition, HDAC1 co-transfection is
able to reduce the effect of TSA in both systems, but HDAC1
down-regulation is complete only in the GAL4-Sp3 system
(Table 1) (see Discussion).

To further determine the TSA response region of Sp1 or
Sp3, we used dominant negative forms of both proteins fused
to the DNA binding domain of GAL4 (GAL4-DNSp1 and
GAL4-DNSp3, respectively) (17). Since these proteins lack
their respective trans-activation domains, both showed low
trans-activation capacity, of the (GAL4)5TATALuc-reporter
gene, when compared with their full-length precursors (9.6 6
3.2% of GAL4-DNSp1 versus GAL4-Sp1; and 4.1 6 1.2% of
GAL4-DNSp3 versus GAL4-Sp3). Figure 7 shows that GAL4-
DNSp1 or GAL4-DNSp3 fusion proteins could not be
activated by TSA treatment. These results suggest that the
trans-activation domain of Sp1 or Sp3 mediated the tran-
scriptional activation though the Sp1 site by TSA.

DISCUSSION

The results presented here clearly demonstrate that mitochon-
drial HMG-CoA synthase gene expression is regulated by the
acetylation/deacetylation of the histones associated with its
promoter. We have shown that butyrate affects the transcrip-
tion of the gene in vivo (Fig. 1) and in vitro (Fig. 4D). In
addition, a highly speci®c inhibitor of HDAC activity, as is the
case of TSA, is also a potent stimulator of the transcriptional
activity of mitochondrial HMG-CoA synthase promoter
(Fig. 4C), and this up-regulation correlates with an increase
in the hyperacetylation status of histone H4 (Fig. 2B).

Following transient transfection experiments on CaCo-2
cells, we have also shown that HDAC1 is recruited through the
proximal mitochondrial HMG-CoA synthase promoter
(Fig. 3B), resulting in the hypoacetylation of the transfected
promoter and consequently in a drastic reduction of its
transcriptional activity (Fig. 3A). The results obtained from
these experiments are in agreement with the ChIP assays
performed to detect HDAC1 on endogenous HMG-CoA
synthase promoter in CaCo-2 cells. (Fig. 2C). All these data
demonstrate that the transcriptional activity of both the
endogenous gene and a transfected reporter can be repressed
by recruitment of HDAC1 to the promoter.

The selectivity of the HDAC inhibition effect on gene
expression has been suggested by the small number of genes
whose expression is altered in response to HDAC inhibitors.

Figure 5. Sp1 and Sp3 proteins interact with the main HDAC inhibitor
responsive element. (A) EMSA of the mitochondrial HMG-CoA synthase
Sp1 site probe (GAGGCGGGGC) in the presence of CaCo-2 cell nuclear
extracts (lanes 2±6) and anti-Sp1 (lanes 3 and 5) and anti-Sp3 (lanes 4 and
5) antibodies. Lane 6 contains a 200-fold molar excess of unlabeled probe.
ss, supershifted; tSp3, truncated Sp3. (B) In vivo interaction of Sp1 and Sp3
with mitochondrial HMG-CoA synthase promoter is demonstrated by chro-
matin immunoprecipitation assay. Chromatin isolated from CaCo-2 cells
was immunoprecipitated with increasing amounts of antibodies against Sp1,
Sp3 or pre-immune serum (IgG) and analyzed by PCR. Thirty cycles of
PCR were used. Input sample containing crude chromatin extract prior to
immunoprecipitation and a negative control (water) are also shown.
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Approximately 2% of genes were changed upon TSA
treatment in human lymphoid cell lines (11). Recently,
mitochondrial HMG-CoA synthase has been identi®ed within

a small group of genes up-regulated by demethylation and
HDAC inhibition in human colorectal cancer cells (27). This is
a relevant ®nding since it has been previously suggested that
impaired b-oxidation could be caused by the lack of induction
of the HMG-CoA mitochondrial synthase (28). Therefore, up-
regulation of mitochondrial HMG-CoA synthase by butyrate
could play a signi®cant role in determining the butyrate
oxidation rate (see below).

Mutational analysis of the proximal mitochondrial HMG-
CoA synthase promoter (Fig. 4) has revealed that the main
deacetylase inhibitor responsive element is the Sp1 site
located between ±57 and ±48 relative to the transcription
start site. This Sp1 site is able to bind Sp1 and Sp3 proteins
from nuclear extracts of HepG2 (data not shown) or CaCo-2
cell lines (Fig. 5A). However, the intensity and the pattern of
the protein complexes found in the electrophoretic mobility
shift assay (EMSA) experiments did not reveal any substantial
differences between the complexes obtained when using
nuclear extracts from control or butyrate/TSA-treated cells
(data not shown). Complete mutation of this element in its
natural context removes most of the effect of the TSA (Fig. 4C)
or butyrate (Fig. 4D) treatment. The role of Sp1 and Sp3
proteins in the TSA response of the mitochondrial promoter
was further con®rmed using a two-single point mutation of the
rat Sp1 binding site. This mutation (Sp1-la) allows the binding
of Sp1 and Sp3 proteins, but with a lower af®nity than the
wild-type Sp1 site (Sp1-wt in Fig. 6A). This change in af®nity
(see legend of Fig. 6A for complexes Kd) clearly diminished
the TSA response of the mitochondrial HMG-CoA proximal
promoter (Fig. 6B). Therefore, the strength of the Sp1 and Sp3
protein binding to the Sp1 site correlates with the TSA effect
on promoter transcription. These data suggest that only the
Sp1 binding site with high af®nity for the Sp1 family of
proteins are candidates for recruiting HDAC-containing
complexes.

Recent studies have involved GC-rich Sp1 binding sites as
targets of the butyrate effect over a small list of butyrate
regulated genes, including WAF1/Cip gene (17), thymidine
kinase gene (24), the mouse ferritin H gene (29), Gai2 gene
(30), IGF binding protein-3 gene (31), cyclooxigenase-1 gene
(32), human telomerase gene (33), and the more recently
described human luteinizing hormone receptor (hLHR) gene
(34). Nevertheless, a strict correlation between the chromatin
acetylation level and transcriptional activity of the gene has
not always been shown. The involvement of Sp1 and/or Sp3
proteins, in the role of HDAC activities over these GC-rich
Sp1 binding site sequences, has also been described for
promoters of some of the genes transcriptionally activated by
butyrate. This is the case of the human telomerase gene (33) or
the hLHR gene (34). Interestingly, a differential participation
of Sp1 and Sp3 proteins has been described in the induction of
WAF1/Cip gene by TSA, which seems to be dependent on the
cellular context. Therefore, while only Sp3 is responsible in
mediating the TSA induction of WAF1/Cip gene in MG63
cells (17), both proteins are involved in the regulation of the
same gene by TSA in NIH3T3 cells (35). A similar situation
has been described for the IGF binding protein-3 gene, since
induction by butyrate implies different responsive elements
depending on the cellular context (31,36).

Using one-hybrid assays in CaCo-2 cells (Table 1), we have
shown that Sp1 and Sp3 proteins could be differentially

Figure 6. High af®nity interaction of Sp1 and Sp3 is required for the TSA
trans-activation. (A) Assessment of the dissociation constant (Kd) of wild-
type Sp1 (GAGGCGGGGC) and Sp1 mutated (GGGGCAGGGC) probes by
Scatchard analysis. EMSA was performed using nuclear extracts of CaCo-2
cells and increasing amounts of radiolabeled Sp1 wild-type [Sp1-wt (black
squares)] or mutated [Sp1-la (black dots)] probes. Complexes [Sp1, Sp3 and
the truncated form of Sp3 (tSp3)] and free probe were quanti®ed by a Storm
PhosphorImagerâ (Amersham Pharmacia Biotech). Scatchard analysis
revealed that the Kd was higher for the mutated Sp1 site probe (761.28 pM
for Sp1, 189.68 pM for Sp3 and 791.04 pM for tSp3) than for the wild-type
probe (43.90 pM for Sp1, 27.61 pM for Sp3 and 18.20 pM for tSp3).
(B) Analysis of the induction by TSA of HMG-CoA synthase promoter
containing Sp1-wt or Sp1-la sequences. CaCo-2 cells were transiently
transfected with 4 mg of the rat mitochondrial HMG-CoA synthase
promoter-luciferase constructs containing either Sp1-wt sequence (±62pGl3)
or Sp1-la sequence [±62pGl3(Sp1-la)] in combination with the control
plasmid pRL-CMV. In each transfection experiment half of the cells were
treated with 0.3 mM TSA for 24 h. Luciferase activities of untreated cells
and TSA-treated cells are depicted relative to the respective Renilla
activities.
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involved in the regulation of mitochondrial HMG-CoA
synthase promoter by HDAC1 activity because: (i) GAL4-
Sp3 acts only as a weak trans-activator factor whereas GAL4-
Sp1 protein is able to strongly activate the transcription of the
reporter gene; (ii) overexpression of HDAC1 is able to block
the trans-activation effect of GAL4-Sp1 protein without
affecting the low activity of the GAL4-Sp3 system; (iii) in
the presence of TSA, we observed an inhibitory effect of
HDAC1 especially in the GAL4-Sp3 system.

The direct interaction of Sp1 and HDAC1 has been
described, and a model in which Sp1 transcription regulation
involves a competition between HDAC1 and transcription
factors has been proposed (24). Therefore, Sp1 is able to
cooperate, in addition with HDAC1, with proteins such as
p300 (37,38) with HAT activities. In the case of Sp3, the
interaction with HDAC1 and HDAC2 has been recently
described (39,40). Moreover, HDAC activities could be
involved in the regulation of Sp3 transcription activity since
Sp3 activity is modulated by the acetylation/deacetylation
process (41). Our data will be compatible with a model in
which, in the absence of TSA, GAL4-Sp3 protein is present
mainly in an inactive or weakly active form, which is
converted into a strong activator of transcription in the
presence of TSA. However, the HDAC1 down-regulation,
observed in the GAL4-Sp3 system in the presence of TSA
(Table 1), also suggests a protein±protein interaction, or
protein displacement, in the HDAC1-containing complex that
mediated down-regulation of the Sp3 activity.

Although the Sp1 binding element seems to be the critical
cis element involved in the recruitment of HDAC activities
over mitochondrial HMG-CoA synthase promoter, it would
seem possible that the PPRE-bound proteins could somehow
balance the acetylation status of the histones associated with
mitochondrial HMG-CoA synthase promoter. In fact, the
acetylation levels of histone H4 associated with mitochondrial
HMG-CoA synthase promoter increases following treatment
with PPARg ligands (data not shown). These data could
explain why the promoter construct that has the PPRE and Sp1
site (±116 in Fig. 4) was less responsive to TSA than the
constructs that did not have the element [±116 (M-PPRE) and
±62]. Nevertheless, the identity and relevance of the
co-activators involved in the induction of mitochondrial

HMG-CoA synthase promoter acetylation in response to
PPAR ligands remains to be studied.

The study of mitochondrial HMG-CoA synthase gene
regulation by butyrate in the colon, and the molecular
mechanisms involved in this up-regulation, could be important
in understanding the contrasting effects of butyrate in normal
colonic epithelial cells (in vivo and ex vivo) and in transformed
colonic epithelial cells in vitro. Butyrate has been described as
tending to stimulate cell proliferation in normal colonic
epithelial cells. However, butyrate reduces this proliferation
and stimulates cell differentiation and apoptosis in colon
cancer cell lines (8±10). One of the hypotheses that seeks to
explain the `butyrate paradox' is that normal colonocites are
able to metabolize butyrate ef®ciently, which could result in a
reduction in the intracellular concentration and, therefore, in a
reduction in its growth inhibition capacity (42). This butyrate
metabolizing capability could be lost in colon cancer cell lines
(43). In this context, it has recently been described that a lack
of induction of the mitochondrial HMG-CoA synthase, which
leads to the accumulation of acetyl-CoA and/or b-oxidation
intermediates which are strong inhibitors of acyl-CoA
dehydrogenases, leads to an impaired b-oxidation (28).

As one of the metabolic destinies of the butyrate present in
the colon is the production of ketone bodies (7), we are
currently trying to determine whether the differential expres-
sion of the ketogenic key enzyme, mitochondrial HMG-CoA
synthase, might be responsible in part for these differences in
the metabolism of butyrate. What we do describe in this paper
though is that butyrate up-regulates the expression of a gene
which could modulate the levels of this short fatty acid
inducing its metabolization.
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Table 1. Activation of the luciferase reporter gene by co-transfection with
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(GAL4)5TATALuc reporter fold induction
±TSA +TSA

Gal4-Sp1 17.45 6 5.4 84.26 6 9.83
Gal4-Sp1 + HDAC1 4.70 6 1.2 32.0 6 6.8
Gal4-Sp3 3.81 6 0.63 56.82 6 11.3
Gal4-Sp3 + HDAC1 3.10 6 0.8 4.15 6 0.43
Gal4-PPARg 63.9 6 25.5 69.13 6 24.3

CaCo-2 cells were transfected with 4 mg of pFRLuc reporter plasmid in
combination with 1.3 mg of the effector plasmids (pM, pM-Sp1, pM-Sp3
GAL4-PPAR) and, when indicated, 0.2 mg of pCDNA3FlagHDAC1. In
each transfection experiment half of the cells were treated with 0.3 mM
TSA for 24 h. Luciferase activities were measured as relative light mU
normalized per mg of protein assayed, and expressed as GAL4 reporter fold
induction. Data are means and standard deviations from three independent
experiments with two plates each.

Figure 7. GAL4 dominant negative Sp1 and Sp3 proteins are not activated
by TSA treatment. CaCo-2 cells were transiently transfected with 4 mg of
pFRLuc reporter plasmid in combination with 1.3 mg of the effector
plasmids pM, pM-Sp1, pM-Sp3, pM-DNSp1 and pM-DNSp3. In each
transfection experiment half of the cells were incubated with 0.3 mM TSA
for 24 h. Relative luciferase activities, normalized per microgram of protein,
are represented as fold induction of the activity in the presence of TSA over
that observed in the absence of the TSA. All luciferase assays were carried
out in triplicate.
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