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L-CPT I isotype is the main locus of control for liver
CFA oxidation. T3 levels have been described as con-

rolling L-CPT I gene expression, and in this paper we
emonstrate that rat liver CPT I promoter responds to
3. Using deleted reporter constructs we located the

hyroid hormone-responsive element between 22935
nd 22918, consisting of a DR4. This response is medi-
ted by the binding of the thyroid to this sequence as a
onomer, homodimer, or heterodimer with RXR. © 2000

cademic Press

The carnitine shuttle is utilized in mammalian cells
or entry of long-chain fatty acids into the mitochon-
rial matrix, where they undergo b-oxidation. The first
eaction, between the acyl-CoA molecule and carnitine,
s catalyzed by carnitine palmitoyltransferase I (CPT I)
nd takes place on the outer side of the mitochondrial
embrane, generating free CoA and acylcarnitine. The

econd reaction, between acylcarnitine and CoA, takes
lace in the matrix and is catalyzed by CPT II on the
nner side of the inner membrane. The acyl-CoA gen-
rated is the substrate for the b-oxidation pathway.
wo isoforms of CPT I have been described and are
eferred to as L-CPT I and M-CPT I, since they are
ainly expressed in liver and muscle, respectively (1).
It is generally accepted that the L-CPT I isotype is

he main locus of control for liver LCFA oxidation
hrough three different mechanisms: (i) changes in

Abbreviations used: CPT, carnitine palmitoyltransferase; LCFA,
ong-chain fatty acids; PPAR, peroxisome proliferator-activated re-
eptor; RXR, retinoid X receptor; hRXRa, human 9-cis-retinoic acid
eceptor; T3, triiodothyronine; TRE, thyroid hormone-responsive el-
ment; TR, thyroid hormone receptor; DR4, direct repeat separated
y four nucleotides; EMSA, electrophoretic mobility shift assay;
CAD, medium-chain acyl-CoA dehydrogenase.
1 Predoctoral fellow from the Generalitat de Catalunya.
2 To whom correspondence and reprint requests should be ad-

ressed at Department de Bioquı́mica i Biologia Molecular, Facultat
e Farmàcia, Avda. Diagonal, 643, E-08028 Barcelona, Spain. Fax:
3 402 18 96. E-mail: dharo@farmacia.far.ub.es.
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alonyl-CoA, a lipogenic intermediate and a potent
nhibitor of the CPT I isotypes; (iii) modification in the
ensitivity of L-CPT I to malonyl-CoA inhibition [re-
iewed in (1)].
Rat liver CPT I activity is known to increase during

he fetal to neonatal life transition and also during the
ed to starved state in the adult animal (2, 3). In cul-
ured fetal rat hepatocytes AMPc and LCFA stimu-
ated the transcription of the L-CPT I gene and these
ffects were antagonized by insulin (4). Thus, the in-
rease of L-CPT I mRNA levels during the fetal to
eonatal transition is probably triggered by changes in
he insulin/glucagon rates and the increase in LCFA
oncentration. It is also known that hypothyroidism
auses a decrease in L-CPT I mRNA abundance, and
yperthyroidism increases the mRNA levels in rats (5).
hyroid hormone differs from insulin and other hor-
ones in the coordinate regulation of fatty acid oxida-

ion and synthesis. These two pathways are regulated
n a reciprocal manner by insulin (6). However, the
ctivity of both pathways is increased by thyroid
ormone, and both pathways decrease in hypothyroid-

sm (7).
The thyroid hormones influence a variety of physio-

ogical processes, including cell growth and metabo-
ism in mammals, initiation of metamorphosis in am-
hibia, and development of the vertebrate nervous
ystem (8). The actions of the thyroid hormones are
ostly mediated by thyroid hormone nuclear receptors

TRs). The TRs are encoded by two genes (a and b) and
re expressed as several isoforms (TRa1, TRb1, and
Rb2) (9). The TRs belong to the same subgroup of
uclear receptor family as the retinoic acid receptors
RARs), the retinoid X receptors (RXRs), the vitamin D
eceptor (VDR), and the peroxisome proliferator-
ctivated receptors (PPARs). The TR binds to a target
NA sequence known as TRE, composed of two half

ite core motifs (AGGTCA) with specific nucleotide
pacing and orientation (10, 11). TR binds to a TRE as

monomer, homodimer or heterodimer, particularly
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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with retinoic X receptors (RXR) (12). These complexes
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hen activate the transcription of target genes in a
igand-dependent manner. The control of positively
egulated genes is dictated by receptor binding to DNA
egulatory elements and the recruitment of corepresors
n the absence of ligand, leading to a transcriptional
epression. These correpresors, like SMRT (13, 14) and
coR (15), in turn assemble a repression complex made
p mainly of histone deacetylases (HDACs) (16) which
romote histone deacetylation and chromatin remodel-
ng. In the presence of ligand, correpresors are disso-
iated and coactivators bind to promote histone acety-
ation and stimulation of gene transcription (17).

In this study, we report that T3 is able to regulate
he gene expression of the rat L-CPT I through the
Rs. We have characterized a TRE in the promoter of
he L-CPT I responsible for the transactivation caused
y T3. This element, in the absence of T3, binds TR and
epresses gene transcription. Ligand binding of the
eceptor causes transcriptional activation of the L-CPT
gene. Consequently, thyroid hormone is an important
odulator of the long chain fatty acids mithochondrial
-oxidation.

XPERIMENTAL

59 RACE. A Rapid Amplification cDNA End (RACE) kit from
lontech was used following the manufacturer’s instructions.
riefly, 2 mg of poly(A)1 mRNA from the liver of an adult rat was the

emplate of the first-strand cDNA synthesis, using RT5 (59-
ACCACGATAAGCCAGCTGGACG) rat-specific reverse primer. Af-

er the RNA degradation an anchor sequence (39-ggagacttccaaggtct-
agctatcacttaagcac; nucleotides designated in lower case indicates
on L-CPT I sequences) was ligated to the 39 end of the cDNA first
trand with T4 RNA ligase. The 59 end of the cDNA was subse-
uently amplified by PCR with an anchor primer (59-
tggttcggcccacctctgaaggttccagaatcgatag) and AMP5 (59-
agcttgaattcGATGATGCCAT TCTTGAACG) primer, a L-CPT I
pecific primer located upstream of RT5. The PCR product was
loned into pBSSK1 taking advantage of an EcoRI restriction site
ntroduced in the anchor sequence and AMP5 primers (bold in the
espective sequences) and used as a probe for the screening of a rat
enomic library.

Screening of rat genomic library. Two independent screenings
ere carried out with the RACE product probe and the 59 region
robe (described below). Both screenings were carried out using rat
enomic library Lambda FIX II (Stratagene) following the instruc-
ions supplied by the manufacture. Briefly, 300,000 clones were
nalyzed in each screening, plated in LB agar plates, transferred to
A nitrocellulose filters from Millipore and hybridized with

a-32P]dCTP random priming labeled probe. Positive plaques were
ubmitted to three rounds of purification and finally lambda DNA
as extracted using the Qiagem Lambda Maxi kit.

Genomic Southern blot. Genomic Southern blot was performed as
escribed in Maniatis (20) using 10 mg of digested rat genomic DNA.

Plasmids. Oligonucleotides DH164 (59-aactgCAGAGAGCTCT-
CCAAGACCAGG, position 2969 to 2946, nucleotides designated

n lowercase were added to provide restriction sites) and DH159
59-acgcgtcgacGGACGGCGGCGGCGGAATGAG, position 121 to
3) were used to amplify the proximal promoter of the liver CTP I

ene using rat genomic DNA as a template. The PCR product was
igested with PstI and SalI and cloned into the PstI/SalI sites of the
82
ransferase), generating the plasmid LCPTICAT. This plasmid was
sed as a template to amplify with oligonucleotides DH234 (59-
tgcaggctagCAGAGCTCTTCCAAGACCAGG, from 2969 to 2946)
nd DH236 (59-gaattcctcgagGGACGGCGGCGGCGGAATGAG, posi-
ion 121 to 23) a PCR product that was digested with NheI and XhoI
nd ligated into the NheI/XhoI sites of the pGL3 Basic (firefly lucif-
rase reporter vector). The new construct was called p965CPTI.
igestion of p965CPTI with NheI and XhoI liberated an insert of
pproximately 1 kb that was used as a probe for the screening of the
at genomic library. The isolated clone contained exon 2 and 1 and
ore than 8 kb of the 59 region of the rat CPT I gene. A 3-kb fragment

esulting from the EcoRI and SalI digestion of this clone was cloned
nto EcoRI and SalI sites of BluescriptSK1 to generate plasmid
1600BS. This fragment contained exon 2 and 1 and 1642 bp of the
roximal 59 region. A l XhoI/EcoRI 3-kb fragment that contained the
istal 59 region of the rat L-CPT I (24489 to 21641) was cloned into
hoI/EcoRi sites of BluescriptSK1 to generate construct p4500BS.
1600BS was digested with SacI to generate a fragment of 690 bp
hat was cloned into the SacI site of p965CPTI in order to create
lasmid p1600CPTI. KpnI/EcoRI digestion of p4500BS produced a
-kb fragment that was subcloned into the KpnI/EcoRI sites of
1600CPTI. The resulting plasmid was called p4500CPTI and con-
ained approximately 4500 bp of the 59 region. Deletions of the
romoter were constructed by cloning into KpnI/EcoRI sites of
1600CPTI KpnI/EcoRI digested PCR products amplified using oli-
onucleotides DH265 (59-atggtaccCCAGCACTACACAGAC, position
3975 to 23959) and DH268 (59-CTTTGCATCCGTCTGGATTGG,

rom 21519 to 21540) for deletion p4000CPTI, oligonucleotides
H266 (59-atggtaccCTGTCCTCATGGAACC, position 22935 to
2919) and DH268 for deletion p2950CPTI and oligonucleotides
H323 (59-ctgcagggtaccCAACATTATTAT GGGATAG, from 22793

o 22774) and DH268 for deletion p2800CPTI. Plasmid 22935/
2793CPTI contained a PCR product amplified with oligonucleo-

ides DH266 and DH330 (59-ctgcaggctagCTATCCAATAAT AAT-
TTG, from 22773 to 22792) digested with NheI and KpnI and

loned into pGL3 Promoter NheI/KpnI sites. Plasmid 2XTRE was
enerated by annealing the oligonucleotides DH371 (59-
CTGTCCTCATGGAACCTGGTACCCTGTCCT CATGGAACC) and
H372 (59-tcgaGGTTCCATGAGGACAGGGTACCAGGTT CCAT-
AGGACAGGgtac) and cloning into the KpnI and XhoI sites of pGL3
romoter (which contains the SV40 promoter upstream of the firefly

uciferase reporter gene). Mutation of the promoter was assessed by
verlap extension PCR (18). First two PCRs were performed using
ligonucleotides DH367 (59-GTACCTTTTACTGCTGAGC, position
3283 to 23264) and DH364 (59-GCGTCACCAGaaTCCATGAG-
ACA GCGGCGTTGTC, position 22910 to 22945) and primers
H363 (59-ACGCCGCTG TtCTCATGGAttCTG GTGACGCTGGC,

rom 22941 to 22906, the mutated nucleotides are designated in
nderlined lowercase) and DH368 (59-TGGAAAGAATAAGATAG-
G, position 22452 to 22471), respectively. The two PCR products
ere combined in a third PCR producing a mutated product of 790 bp

hat was digested with BstXI and Mph11031. The BstXI/Mph1103I
ragment from p4500CPTI was substituted by the mutated fragment
btained by PCR to generate plasmid p4500CPTIM. Automatic se-
uencing using the fluorescent terminator kit (Perking–Elmer) was
erformed to check all constructs.

Cell culture and transfections. HepG2 cells were cultured in min-
mal essential medium supplemented with nonessential amino acids
nd 10% fetal bovine serum. Cells were co-transfected by the calcium
hosphate method (19, 20) with 2 mg of the reporter CPT I-Luciferase
ene construct and 500 ng of eukaryotic expression vectors encoding
or TRa (pSG5-CEA) or an equal amount of salmon sperm DNA. In
ll experiments 40 ng of pRL (cytomegalovirus promoter-renilla lu-
iferase) was included as internal control in transfections. Cells were
reated with 1 mM T3 for 24–42 h. Cell extracts were prepared by
assive lysis and luciferase assays were performed following the
nstructions of the Dual Luciferase Reporter Assay System (Pro-
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ega). Luciferase activity was measured using the TD-20/20 lumi-
ometer (Turner Designs).

In vitro transcription and translation. cDNAs for the human
RXRa receptor and pSG5 as an unprogrammed lysate, were tran-
cribed and translated using a commercially available kit according
o the instructions of the manufacturer (Promega).

Electrophoretic mobility shift assay. Four hundred nanograms of
TRa (purchased from Santa Cruz Biotechnology) with or without
nprogrammed lysate or hRxRa synthesized in vitro was preincu-
ated on ice for 10 min in 10 mM Hepes, pH 7.9, 80 mM KCl, 1 mM
TT, 5% glycerol, and 2 mg of poly(dI–dC). When indicated 1 mM T3
as added. For competition experiments the unlabeled probe was

ncluded during preincubation. The 22935/22793 probe was gener-
ted by PCR using oligonuleotides DH 266 and DH330 and
4500CPTI as a template. The CPTI TRE probe resulted from the
nnealing of oligonucleotides DH266 and DH357 (59-tcgAG-
TTCCATGAGGACAGggtac, position 22918 to 22935). The Mut
RE probe resulted from the annealing of oligonucleotides DH363
nd DH364. The unrelated probe consisted on the annealing of
ligonucleotides DH262 (59-CTAGCGTACAGGAGCTCAAAGTTC-
AGTTCAC) and DH263 (59-TCGAT GAACTTGAACTTTGAGCTC-
TGTACG). The second half site mutated probe corresponds to the
nnealing of oligonucleotides DH375 (59-ATGGTACCCTGTt CT-
ATGGAACC) and DH 376 (59-TCGAGGTTCCATGAGaACAGGG-
AC). The first half site mutated probe corresponds to the annealing
f oligonucleotides DH377 (59-ATGGTACCTTGTCCTCATGGttCC)
nd DH 378 (59-TCGAGGaaCCATGAGG ACAGGGTAC). Two nano-
rams of 32P-labeled probe was then added and the incubation was
ontinued for 15 min at room temperature. The final volume for all
eactions was 20 ml. Samples were electrophoresed at 4°C on a 5%
olyacrylamide gel in 0.53 TBE buffer (45 mM Tris, 45 mM boric
cid, 1 mM EDTA, pH 8.0).

FIG. 1. Genomic organisation of rat liver CPT I gene. (A) Scheme
y black boxes. Genomic sequences obtained through rat lambda lib
, 2, 3, 4, and 8 was determined by Southern blot and DNA sequenci
ata (21). Restriction sites are showed as follows: B, BamHI; E, EcoR
rganisation. First blot (lanes 1 to 3) was hybridised with RACE pro
robe. Restriction enzymes are indicated under each lane.
83
ESULTS

enomic Organization of Rat L-CPT I Gene

Figure 1A shows the organization for the 59 end of
at L-CPT I gene. This organization differs from that
reviously reported by Park et al. (21). We proposed
his new organization of the L-CPT I gene following the
nalysis of l genomic clones and Southern blot analysis
f rat genomic DNA. Two different probes were used in
his study: a 59 RACE product and the 59 flanking
egion. The 59 RACE probe corresponds to the rat
-CPT I cDNA, from position 11 to 1255 (using the
ranscription star site as 11), and extends 57 nucleo-
ides from the 59 end of a previously isolated cDNA
lone (22). These data were in agreement with a pre-
iously reported L-CPT I 59 RACE experiment (21).
he 59 flanking region probe (from position 2969 to
21) was amplified by PCR from rat genomic DNA
sing primers designated from previously reported
-CPT I gene sequence (21).
Figure 1B shows the organization of two genomic

lones, l6C and l9C, obtained with the 59 RACE probe.
he identification of exon 3 in l9C clone and exons 3
nd 4 in l6C clone was performed by restriction frag-
ent analysis (data not shown) and DNA sequence

lignment, which allowed the partial characterization
f those clones. Thus, both clones contained exon 3 but

wing the new proposed genomic organisation. Exons are represented
y screening are designated as l9C, l6C and l1D. Location of exons
Location of exons 5, 6, and 7 was deduced from previously reported
) Southern blot analysis of rat genomic DNA confirms the proposed
nd second blot (lanes 4 to 6) was hybridised with 59 flanking region
sho
rar
ng.
I. (B
be a
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ot exons 1 and 2. This result is in disagreement with
he published genomic organization of rat L-CPT I,
ince the size of l9C clone was large enough to contain
xon 1 and 2. Figure 1B also shows the organization of
third genomic clone, l1D, obtained with the 59 flank-

ng region probe. This clone contained more than 8 kb
f DNA upstream of exon 1, and more than 8 kb down-
tream of exon 2 but did not contain exon 3. This result
as also in disagreement with previously published
ata describing that intron 2 was 5.5 kb long (21).
Sequence analysis and DNA walking experiments

ndicated that clone l9C was not overlapping with
lone l1D. Therefore, to confirm L-CPT I 59 genomic
rganization Southern Blot experiments were carried
ut with rat genomic DNA using the 59 RACE product
r the 59 flanking region as probes. Figure 1B shows
hat intron 2 is more than 15 kb long since an EcoRI
igestion produced a fragment of 15 kb which hybrid-
zed with the 59 RACE product or the 59 flanking region
robes. A second fragment of 6.5 kb (see lane 1 of Fig.
B) was also detected with the 59 RACE probe, as
xpected from the genomic organization of exons 3 and
in clone l6C. The proposed genomic organization was

onfirmed by single or double enzymatic restriction
igestion (Fig. 1B). Thus, these data support the
enomic organization presented here and indicate that
he previous genomic organization, in which exon 2 is
.5 kb long, is mistaken.

at Liver CPT I Promoter Responds to T3

To determine whether the promoter of the Rat
-CPT I responds to T3 in HepG2, we performed tran-
ient transfection assays with plasmid p4500CPTI. It
as been reported that most of the cultured cell lines do
ot respond to T3 because they lack TR (23). To achieve
uch a response, the cells were also cotransfected with
he expression plasmid of TRa (pSG5-CEA). As shown
n Fig. 2, in the absence of T3, reporter gene expression
as reduced more in the cells transfected with

FIG. 2. Rat liver CPT I promoter responds to T3. Construct
4500CPTII was cotransfected with or without pSG5-CEA into
epG2 cells and when indicated treated with 1 mM T3 for 42 h.
verage values of renilla normalized luciferase activity (means 6
D), from three independent transfections with two plates each, are
xpressed as “fold induction” with the activity in the absence of
xpression vector and treatment defined as 1.
84
ells transfected with p4500CPTI alone. This reduced
xpression probably results from the repression by TR
f the basal promoter activity. When p4500CPTI co-
ransfected with pSG5-CEA was treated with T3, the
eporter gene response increased more than 5-fold.
hese results indicate that rat L-CPT I promoter is
egulated by T3.

ocalization of the TRE Element in the Rat L-CPT I
Promoter

To identify the location of the TRE in the rat L-CPT
promoter, several 59-deletion constructs of the pro-
oter, using luciferase activity as a reporter, were

ested for their expression in HepG2 cells. All the re-
orter gene plasmids were cotransfected with pSG5-
EA in absence or presence of T3 and luciferase activ-

ty was measured. As shown in Fig. 3 all the reporter
ene plasmids except p2800CPTI responded to T3, in-
icating that nucleotides up to position 22935 were
eleted without loss of the response to T3, which was

FIG. 3. Localization of the T3 response element of the CPT I gene
y progressive deletion analysis. (A) Deleted constructs of the human
PT I promoter. The number at the left denotes the coordinate of the
9 deletion end point of the construct. The asterisk denotes the
osition of the three point mutation in the mutated construct. (B)
uciferase reporter constructs containing the indicated position of
he 59-flanking region of the CPT I gene were cotransfected with
SG5-CEA into HepG2 cells and with or without T3 treatment.
verage values of renilla normalized luciferase activity (means 6
D), from three independent transfections with two plates each, are
xpressed as “fold induction” relative to the activity of each construct
n the absence of T3.
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liminated by further deletion up to nucleotide 22793.
o confirm the existence of the TRE, we cloned the
egment between 22935 and 22793 into the pGL3
romoter vector (22935/22793CPTI), a plasmid con-

aining the luciferase gene under the control of the
V40 promoter, showing that this sequence conferred
3 responsiveness to the SV40 promoter (Fig. 3).
Figure 4 shows that 22935 through 22793 labeled

ragment was retarded in the presence of cTRa (lane
). A 21-fold molar excess of unlabeled probe competed
or the binding (lane 3), but a 50- or 100-fold molar
xcess of an unrelated 30-bp-long probe did not com-
ete for the binding (lanes 4 and 5), showing that the
inding of TR to the 22935/22793 probe is specific.
To determine the location of the TRE, we used sev-

ral shorter probes that covered the entire nucleotide
equence of 22935 through 22793, as unlabeled com-
etitors for the 22935/22793 32P-labeled probe in an
MSA (data not shown). We found that the annealed
ligonucleotides DH266 and DH357 competed with the
adioactive probe. This probe was called CPTI TRE and
ontains a TRE motif (Fig. 5) similar to the consensus
RE sequence (A/GGGTCANNNNA/GGGTCA) (24)
omposed by a direct repeat separated by four nucleo-
ides (DR4). The 32P-labeled CPTI TRE probe was able
o bind to TR in EMSA experiment. This binding was
ompeted by 12.5- to 50-fold molar excess of unlabeled
robe while a mutated probe (Mut TRE), obtained by
he annealing of oligonucleotides DH363 and DH364,
id not compete the binding.

FIG. 4. Electrophoretic mobility shift assay of the 22935/22793
robe. The 22935/22793 probe was amplified by PCR and labeled
ith [g-32P]dATP and the T4 polynucleotide kinase. The probe was

ncubated as described under Materials and Methods with 2 ml of
nprogrammed lysate (lane 1), 500 ng of TR (lane 2), 500 ng of TR
nd 21-fold excess of unlabeled probe (lane 3), 500 ng of TR and
0-fold excess of an unlabeled unrelated probe (lane 4) and 500 ng of
R and 100-fold excess of the unlabeled unrelated probe (lane 5).
85
Two copies of the rat L-CPT I TRE (22935 to 22918)
ere cloned upstream of the SV-40 promoter of plas-
id pGL3 Promoter and this construct, called 2XTRE,
as activated by 2.5-fold in the presence of T3 when

otransfected with TR (Fig. 6). Therefore, the sequence
ocated from 22935 to 22918 was able to confer T3
ositive responsiveness to the SV-40 promoter. When
e tested the plasmid pGL3 promoter for T3 respon-

iveness we observed that the SV-40 promoter behaved
s a typical T3 negatively regulated promoter (17). The
eporter activity was stimulated in the presence of TR
data not shown) and repressed by the addition of the

FIG. 5. Electrophoretic mobility shift assay of the TRE probe. (A)
he nucleotide sequence between 22935 and 22918 is shown. Ar-
ows over the sequence indicate the motifs and their orientation. The
RE probe (22935 to 22918) was labeled with [a-32P]dATP using the
lenow fragment of DNA polymerase I and incubated with lysate

lane 1) or 500 ng of TR (lanes 2–9). Lanes 3, 4, and 5 contain,
espectively, 12.5-, 25-, and 50-fold molar excess of unlabeled CPT I
RE probe. Lanes 7, 8, and 9 contain, respectively, 12.5-, 25-, and
0-fold molar excess of unlabeled mutated CPT I TRE (Mut TRE)
robe (the mutated bases are shown in A). Lane 10 contains Mut
RE probe incubated with 500 ng of TR.

FIG. 6. The CPTI I TRE confers T3 positive responsiveness to
V40 promoter. HepG2 cells were cotransfected with the expression
ector for TRa and the reporter plasmid pGL3 Promoter that con-
ains the luciferase gene under the control of the SV40 promoter or
he plasmid 2XTRE that contains two copies of the CPT I TRE cloned
nto pGL3 Promoter. Cells were incubated with or without 1 mM T3
or 42 h. Average values of renilla normalized luciferase activity
means 6 SD), from three independent transfections with two plates
ach, are expressed as relative luciferase activity in which the activ-
ty of each construct in the absence of T3 was calculated as 100%.
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ormone. The presence of the CPT I TRE not only
everts the negative regulation of the SV40 promoter
ut also is able to confer positive regulation of the SV40
romoter by T3.
To confirm the relevance of the 22935/22918 se-

uence in the T3 response we introduced in p4500CPTI
hree point mutations in the located TRE. Figure 4
hows the point mutations generating the plasmid
4500CPTIM. Figure 3 shows that this reporter con-
truct was not activated by T3.

haracterization of the L-CPTI TRE

Figure 7A shows that cTRa binds to the 32P-labeled
PTI TRE probe, in the absence of RXR, basically as a
onomer. A less intense second further retarded com-

lex that corresponds to the homodimer form also ap-
ears. The intensity of this retarded band varied
hrough different experiments but was always less in-
ense than the one corresponding to the monomeric
orm. The presence of T3 avoids the formation of the
omodimeric complex. In the presence of RXR the het-
rodimeric complex appears and shows a mobility sim-
lar to the homodimeric complex. We confirmed that
his new complex corresponded to the heterodimeric
orm performing competition assays with increasing
mounts of RXR (Fig. 7B). In these conditions the
ntensity of the lower mobility band increases and the
ntensity of the binding of the monomeric form de-
reases, confirming that the lower mobility band cor-
esponds to the heterodimeric complex TR/RXR.

To characterize the TRE we performed EMSA with
ndependent 59 or 39 half site-mutated probes. Figure 8
hows that when 39 half site was mutated TR did not
ind the element. Only when RXR was added did a
mall fraction of TR–RXR complex bind the element.
hen the 59 half site was mutated the binding of TR

ecreased, especially the homodimer binding. The het-

FIG. 7. Electrophoretic mobility shift assay of the TRE probe
ith TR and RXR. (A) The labeled TRE probe was incubated with

ysate (lane 1), 500 ng of TR (lane 2) or 500 ng of TR and 2 ml of in
itro synthesized RXR (lane 3). Lanes 4 and 5 are identical to lanes
and 3 but in presence of 1 mM T3. (B) Competition experiments
ith labeled TRE incubated with lysate (lane 1), 500 ng of TR (lane
) or 500 ng of TR and 0.5, 1, 2, 4, or 8 ml of in vitro synthesized RXR
lanes 3–7). Lane 8 contains labeled TRE probe and 8 ml of RXR.
rotein concentration was normalized in all lanes by the addition of
nprogrammed lysate.
86
ut more weakly than to the wild type element. These
esults indicate that this element is a typical TR in
hich RXR binds to the 59 half site and TR to the
9 one.

ISCUSSION

The L-CPTI promoter contains a typical TRE located
rom 22935 to 22918 consisting on a DR4. In the
bsence of a ligand, TR strongly represses transcrip-
ion and in the presence of a ligand T3 transcription is
timulated. Consequently, a very large dynamic range
n the level of transcriptional activity is achieved. TR
inds this element as monomer, homodimer and het-
rodimer with RXR. The TR homodimer seems rela-
ively unstable and T3 prevents its formation probably
ue to ligand-induced conformational changes that im-
air double TR occupancy of the response element,
hereas such an event does not prevent TR/RXR het-
rodimers from binding to the TRE. Independent mu-
ations of both half sites indicate that TR binds to the
9 half site and RXR binds to the 59 half site. When the
9 half site is mutated no TR and minor heterodimer is
ble to bind, indicating that the binding of RXR and the
omodimeric form depends on the binding of TR to the

FIG. 8. Characterisation of both half sites by mutagenesis and
MSA assays. (A) The nucleotide sequence between 22935 and
2918 is indicated as CPT I TRE. Mutated probes are shown below.
robe Mut TRE A includes a point mutation in the 39 half site of the
R4. Probe Mut TRE B includes two point mutations in the 59 half

ite of the TRE. (B) EMSA with the CPT I TRE (lanes 1 to 3), Mut
RE A (lanes 4 to 6) and the Mut TRE B (lanes 7 to 9). Lanes 1, 4, and
correspond to free probe. In lanes 2, 5, and 8 probes were incubated
ith 500 ng of TR and in lanes 3, 6, and 9 probes were incubated with
00 ng of TR and 2 ml of in vitro synthesised RXR.



39 half site. Mutation of the 59 half site makes ho-
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odimer and heterodimer formation difficult, indicat-
ng that the 59 half site is recognized by RXR in the
eterodimeric complex or by TR in the homodimeric
omplex.

During development the L-CPT I gene expression is
ighly regulated in accordance with cellular fatty acid
xidation rates. Immediately after birth the rat is fed
ith a high-fat low-carbohydrate diet and the capacity

or fatty acid oxidation develops rapidly in many pe-
ipheral tissues including the liver. The activation of
he L-CPT I is a postnatal event that allows ATP
roduction by mitochondrial b-oxidation and ketone
odies formation (25). It is known that the regulation of
he L-CPT I expression is dependent upon hormonal
nd/or nutritional factors rather than on the precise
tage of development (4). An important increase of
xpression of the L-CPT-I is also observed in the fed to
tarved state in adult rats (2, 3). Both activity and
RNA abundance of L-CPT I are known to increase in
yperthyroidism (5).
Recently, the static view of thyroid hormones being
aintained at a basal level just to keep the metabolic
achinery working in the proper rate has changed.
hyroid hormones have an important role in postnatal
itochondrial differentiation and are able to promote a

ifferential response in gene activation for those nu-
lear genes coding for mitochondrial proteins (26). Sev-
ral genes, such as the b-F1-ATPase (27) or the MCAD
28), which are implicated in the fatty acid oxidation or
TP production and increase markedly after birth are

egulated transcriptionally by T3. This data, in con-
unction with our study, is consistent with recent re-
ults supporting a role for thyroid hormone in the
ostnatal regulation of oxidative enzymes expression
n various developing tissues.

In addition to changes in thyroid hormone that occur
n development, thyroid hormone levels are subject to

ajor physiologic regulation during the transition
rom the fed to the starved state. Starvation rapidly
uppresses T4 and T3 levels in order to reduce the
bligatory use of energy stores (reviewed in 29). As
hyroid hormones paradoxically increase both the lipo-
enic and the lipolytic pathways, the falling in thyroid
ormones produced by starvation would probably
ause a decrease in both pathways. The suppression of
he lipogenic pathway should provide a way of ener-
etical saving. However, in this special situation the
xpression of L-CPT I is required to obtain energy from
atty acids which are the main energetic substrates
nd also to allow the production of ketone bodies that
ill be used by peripheral tissues like the brain. Con-

equently, during starvation the levels of L-CPT I
hould not only be maintained but increased. This in-
uction is probably produced by changes in the insulin/
lucagon rates and the increase in circulating fatty
cids. In fetal hepatocytes peroxisome proliferators in-
87
hat the induction of this gene by fatty acids occurs
hrough PPAR. In the PPARa-null mouse the peroxi-
ome proliferators response is lost (30) but the gene is
trongly induced by starvation (31). This induction can
e explained by the confluence of other hormones sig-
aling pathways like glucocorticoids or glucagon. All
hese findings reveal the multihormonal complexity of
-CPT I regulation.
We postulate that the postnatal induction of the

-CPT I is regulated by T3, probably in coordination
ith other hormones. This activation would be pro-
uced to initiate a program of mitochondria matura-
ion and to satisfy the energy requirements of the
ewborn. In adults the basal level of thyroid hormone
hould set and maintain the basal metabolic rate and
ontrol the L-CPT I basal level of expression. During
he transition from fed to starved state the T3 levels
re suppressed in order to slow down the energetical
ate, but the expression of the L-CPT I is induced. This
xpression is probably caused by other hormones
nd/or metabolites than T3. How these hormones or
etabolites promote the L-CPT I gene transcription

emains unknown.

CKNOWLEDGMENTS

This research was supported by Grant PB97-0958 from the Direc-
ión General de Investigación Cientı́fica y Técnica and the Fundació
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