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Sterol regulatory element-binding protein (SREBP)-1c is a
key regulator of fatty acid metabolism and plays a pivotal role
in the transcriptional regulation of different lipogenic genes
mediating lipid synthesis. In previous studies, the regulation
of SREBP-1¢c mRNA levels by thyroid hormone has remained
controversial. In this study, we examined whether T; regu-
lates the mouse SREBP-1c mRNA expression. We found that Ty
negatively regulates the mouse SREBP-1c¢ gene expression in
the liver, as shown by ribonuclease protection assays and
real-time quantitative RT-PCR. Promoter analysis with lucif-
erase assays using HepG2 and Hepal-6 cells revealed that Ty
negatively regulates the mouse SREBP-1¢ gene promoter

(=574 to +42) and that Site2 (GCCTGACAGGTGAAATCGGC)
located around the transcriptional start site is responsible for
the negative regulation by T;. Gel shift assays showed that
retinoid X receptor-a/thyroid hormone receptor-g heterodimer
bound to Site2, but retinoid X receptor-a/liver X receptor-«
heterodimer could not bind to the site. In vivo chromatin im-
munoprecipitation assays demonstrated that T; induced thy-
roid hormone receptor-B recruitment to Site2. Thus, we dem-
onstrated that mouse SREBP-1c¢ mRNA is down-regulated by
T, in vivo and that T; negatively regulates mouse SREBP-1¢
gene transcription via a novel negative thyroid hormone re-
sponse element: Site2. (Endocrinology 147: 4292-4302, 2006)

STEROL REGULATORY ELEMENT-BINDING proteins
(SREBPs) are transcription factors that belong to the
basic helix-loop-helix leucine zipper family (1, 2). The mam-
malian genome encodes three SREBP isoforms, designated
SREBP-1a, SREBP-1¢, and SREBP-2 (1). SREBP-2 is encoded
by a gene on human chromosome 22q13. Both SREBP-1a and
-1c are derived from a single gene on human chromosome
17p11.2 through the use of alternative transcription start sites
that produce alternate forms of exon 1, designated 1a and 1c
(1). SREBP-1a is a potent activator of all SREBP-responsive
genes, including those that mediate the synthesis of choles-
terol, fatty acids, and triglycerides. High-level transcriptional
activation is dependent on exon 1a, which encodes a longer
acidic transactivation segment than does the first exon of
SREBP-1c. SREBP-1c preferentially enhances the transcrip-
tion of genes required for fatty acid synthesis but not cho-
lesterol synthesis (3). Liver X receptors (LXRs) bind to an
LXR-binding site in the SREBP-1c promoter and activate
SREBP-1c transcription in the presence of LXR agonists such
as oxysterol (4, 5). Both thyroid hormone receptor 8 (TR-B)
and LXRs form heterodimers with retinoid X receptor (RXR)
and bind to the DNA binding site direct repeat 4 (DR-4) with
identical geometry and polarity (6—8). We recently showed
that TR-B and LXR-« interact on the mouse cholesterol 7a-
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hydroxylase (CYP7A1) gene promoter, suggesting cross talk
between the two receptors (9).

To date it remains controversial how thyroid hormone
regulates SREBP-1c gene expression. Viguerie et al. (10) re-
ported that SREBP-1c mRNA is down-regulated by T; in
human adipocytes, as shown by DNA microarray analysis,
whereas Zhang et al. (11) reported that T; induces an increase
of chicken SREBP-1 mRNA in chick embryo hepatocytes
(CEH) under glucose administration. Furthermore, in a re-
cent report, Kawai et al. (12) concluded that T; induces hu-
man SREBP-1c mRNA in HepG2 cells derived from human
hepatocytes. To resolve this controversy and find possible
differences among species, we studied mouse SREBP-1c gene
regulation by Ts.

We initially hypothesized that TR- could bind to the
LXR-binding site in the SREBP-1c gene promoter, DR-4, and
would positively regulate SREBP-1c gene transcription; how-
ever, the results of this study revealed that thyroid hormone
down-regulates mouse SREBP-1c mRNA levels in the liver.
We also showed here that T; negatively regulates the mouse
SREBP-1c gene promoter through TR-B, and that its DNA
binding site responsible for the negative regulation is not the
LXR-binding site, but is Site2, which surrounds the tran-
scriptional start site in the promoter. We confirmed the data
above using Hepal-6 cells, which are derived from mouse
hepatocytes, and demonstrated that the human SREBP-1c
gene promoter is also negatively regulated by thyroid
hormone.

Materials and Methods
Animals

Four-week-old male C57/BL6 mice were employed for the study. All
aspects of animal care were approved by the Institutional Animal Care
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and Use Committee of Gunma University Graduate School of Medicine
(Maebashi, Gunma, Japan). Animals were maintained on a 12-h light/
12-h dark schedule (light on at 0600 h) and fed laboratory chow as
indicated and given water ad libitum. The mice were rendered hypo-
thyroid by the inclusion of 0.1% methimazole (MMI) in the drinking
water and 1% (wt/wt) propylthiouracil (PTU) in the chow for 21 d (13,
14). To introduce a thyrotoxic status, the mice were injected daily with
10 pg per 100 g body weight T; for an additional 5-d period. The number
of mice receiving each treatment was indicated in the figure legends.
Serum free T, levels were determined using a GammaCoat RIA kit
(DiaSorin, Inc., Stillwater, MN), and free T; levels were determined
using an AMERLEX-MAB kit.

Plasmids

The mouse SREBP-1c promoter (—574/+42) plasmid, which con-
tained the region from —574 to +42 bp of the mouse SREBP-1c gene, was
generated by genomic PCR using 5-GTGTAAGCTTGGATCCA-
GAACTGGATCATCAGCCCC-3" as a sense primer and 5-GTGTA-
AGCTTCCTAGGGCGTGCAGACGCTACCCCGA-3' as an antisense
primer (15). A HindIII restriction enzyme site was introduced into the
primer sequences so that the PCR product could be subcloned into the
pA3-Luc vector. The deletion constructs of the mouse SREBP-1c gene
were generated using PCR site-directed mutagenesis (Expand 20kb Taq
Long PCR system, Roche Molecular Biochemicals, Mannheim Germany)
(16). All human TR-B1 and mutant cDNAs were placed into an SV40
expression construct, pSG5. All PCR-generated constructs were verified
by sequencing the DNA. The human SREBP-1c promoter pGL4-Luc
vector was a kind gift from Drs. E. J. Tarling and A. Bennett (University
of Nottingham Medical School, Nottingham, UK) (17).

Transfections and luciferase assay

For the luciferase assay, we employed HepG2 cells, which were
derived from human hepatocytes, or CV-1 cells, which were derived
from the kidney of the African green monkey, or Hepal-6 cells, which
were derived from mouse hepatocytes. Hepal-6 cells were purchased
from RIKEN BioResource Center (Tsukuba, Ibaraki, Japan) (18). Two
micrograms of the reporter plasmid and 0.1 ug of TR-B1 or its mutants
in pSG5 were transfected per well of a six-well plate into HepG2 or
Hepal-6 cells using the calcium-phosphate method. Sixteen hours after
transfection, cultures were treated with serum-free DMEM for 8 h in the
absence or presence of 10~ ® M of T. All transfections were equalized for
the same total amount of expression vector using an empty vector as
needed. We performed -gal assays to confirm the transfection efficiency
of the luciferase assay for each experiment at least once and found no
significant difference in transfection efficiency among the plates. Data
are presented as fold basal activation expressed as fold induction over
vector (pSG5) in the absence of T, stimulation * sem. Luciferase activity
was expressed as arbitrary light units per microgram of cellular protein.
All transfection experiments were repeated at least twice with triplicate
determination.

Western blotting

For analysis of the protein expression of TR-B1 and its mutant con-
structs, 3 pug of TR-B1 and its mutants in pSG5 were transfected per
10-cm-diameter plate into CV-1 cells using the calcium-phosphate
method. Western blotting of whole cell lysates from CV-1 cells was
performed using a rabbit anti-TR-B1 polyclonal antibody (06-539; Up-
state Biotechnology, Inc., Lake Placid, NY).

RNA preparation, Northern blot analysis, and ribonuclease
protection assay (RPA)

Total RNA was extracted from mouse liver using ISOGEN (Nippon
Gene, Tokyo, Japan), and 20 g of total RNA was subjected to Northern
blot analysis or RPAs as indicated in the figure legends. Mouse
SREBP-1a and -1c probes (19) were a gift from Dr. lichiro Shimomura
(Osaka University, Osaka, Japan). A rat cDNA probe for rat 5’
deiodinase(5'DI) was a gift from Dr. C. N. Mariash (University of Min-
nesota, Minneapolis, MN). The probe for cyclophilin was purchased
from Ambion (pTRI-cyclophilin-mouse antisense control template; Am-
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bion, Inc., Austin, TX). Northern blot analysis and RPAs were performed
using of [a->*P]UTP-labeled antisense riboprobes. RPAIIl (Ambion) was
employed for RPAs. The hybridization bands were quantitatively mea-
sured using Adobe Photoshop 4.0 (Adobe Systems Corp., San Jose, CA)
and NIH Image (Scion Corp., Frederick, MD), and standardized against
cyclophilin controls. All Northern blots and RPAs were repeated at least
three times with similar results, and a representative result is shown.

Real-time quantitative PCR

Real-time quantitative PCR assays were performed using an ABI 7700
sequence detector (Applied Biosystems, Foster City, CA). Briefly, 1 ug
of mouse liver total RNA was reverse transcribed with random hex-
amers using the Tagman Reverse Transcription Reagent kit (Applied
Biosystems) according to the manufacturer’s protocol. Mouse SREBP-1c
mRNA expression was analyzed using SYBR Green PCR master mix
(Applied Biosystems). The following primers were chosen to generate
the PCR fragment: forward, 5'-ATCGGCGCGGAAGCTGTCGGGG-
TAGCGTC-3; reverse, 5'-ACTGTCTTGGTTGTTGATGAGCTGGAG-
CAT-3’" (19). The PCR product was 116 bp. The primers were designed
to be exon-spanning to avoid amplification of contaminating genomic
DNAs (the PCR product should be 3194 bp in that case). To confirm that
there was no genomic contamination, the bands were resolved on 1.5%
agarose gels stained with ethidium bromide. The PCR results were
normalized to mouse glyceraldehyde-3-phosphate dehydrogenase ex-
pression using a probe and primers from previously developed assays
for glyceraldehyde-3-phosphate dehydrogenase (Applied Biosystems).
The number of mice is indicated in the figure legends.

Gel-shift assays

EMSAs (gel-shift assays) were performed as described previously
(17). Mouse LXR-«, human TR-B1, wild-type and human RXR-« recom-
binant proteins were synthesized from constructs in the pSG5 expression
vector, using the TNT T7 quick coupled transcription/translation sys-
tem (Promega, Madison, WI). Binding reactions contained 20 mm
HEPES (pH 7.6), 50 mm KCl, 12% glycerol, 1 mm dithiothreitol, 1 ug of
poly(dI-dC)-poly(dI-dC), and 4 ul of each of the synthesized nuclear
receptors. Double-stranded oligonucleotides (DR-4 in rat cholesterol
7a-hydroxylase, ~CYP7A1):5-TGTTTGCTTTGGTCACTCAAGTTCAA-3/,
ASRE1-3 (see Fig. 5A); Site2 (as indicated in Fig. 5A); and LXR response
element (LXRE):5'-TGACCGCCAGTAACCC-3' in the mouse SREBP-1c
promoter (5) were labeled with [a-**P]deoxy-CTP by a fill-in reaction
using a Klenow fragment of DNA polymerase. Binding reactions were
performed at room temperature for 30 min, and the protein-DNA com-
plexes were resolved on a 5% polyacrylamide gel in 0.5X TBE (45 mm
Tris-base, 1 mm EDTA) on ice. T; was dissolved in 20 mm NaOH as a
1 mm stock solution and diluted to the indicated concentration in 20 mm
Tris, pH 7.5. All gel-shift assays were repeated at least three times with
similar results, and a representative result is shown.

In vivo chromatin-immunoprecipitation (ChIP) assay

In vivo ChIP assays were performed as we previously reported using
a kit from Upstate Biotechnology (9, 22). We employed mouse liver
tissue excised from nontreated or hypothyroid or thyrotoxic mice.
Briefly, each sample of liver tissue (60—80 mg) was weighed and incu-
bated in 1% formaldehyde (1 ml/20 mg tissue) at 37 C for 20 min with
agitation. The tissue was then washed twice with ice-cold PBS buffer
(PBS/1 mM PMSE/1 ug/ml aprotinin) and resuspended in 1000 ul of
lysis buffer [1% sodium dodecyl sulfate/50 mm Tris-HCI (pH 8.1)/10
mM EDTA/1 mm phenylmethylsulphonylfluoride/1 ug/ml aprotinin)
for 10 min at 4 C. The lysate was sonicated three times with 10-sec pulses
using a sonicator set at 70% of maximum power to reduce the DNA
length to between 200 and 1000 bp. Chromatin solution (500 ul) was used
for each ChIP assay with 5 ul of a rabbit anti-TR-f1 polyclonal antibody
(06-539; Upstate Biotechnology), goat anti-LXR-a polyclonal antibody
(sc-1201; Santa Cruz Biotechnology, Santa Cruz, CA), or rabbit anti-
RXR-a polyclonal antibody (sc-774; Santa Cruz Biotechnology). As a
negative control, normal mouse IgG antibody (sc-2025; Santa Cruz Bio-
technology) was used. PCR was performed in 50 ul with Ampli Taq
(PerkinElmer, Wellesley, MA) for 30 cycles (annealing temperature,
60 C). The set of primers used for Site2 was as follows: forward,
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5'-CATTCAGAGCACCGGGAGAAACCCG-3'; reverse 5'-TAGGGCG-
TGCAGACGCTACCCCGACA-3'. The predicted PCR product length
was 204 bp. The set of primers used for DR-4 was as follows: forward,
5'-TCCAGGCAAGTTCTGGGTGTGTGCG-3"; reverse, 5'-CGGGTT-
TCTCCCGGTGCTCTGAATG-3'. The primers comprised two DR-4 sites
in the mouse SREBP-1c promoter. The predicted PCR product length
was 238 bp. The set of primers used for exon18, which is the 3’ exon for
mouse SREBP-1c, was as follows: forward, 5'-TCTCAGGTATTCCTA-
CATGAGGCCAC-3'; reverse, 5'-CGCTGATTTCTGTAAGTCAGCTC-
TCA-3'. The predicted PCR product length was 201 bp. All PCR signals
stained with ethidium bromide in 1.5% agarose gels were quantified
with the Molecular Imager FX (Bio-Rad Laboratories, Hercules, CA). The
values were corrected using the input values, and the relative OD is
shown as a graph (see Fig. 6). All in vivo ChIP assays were repeated at
least three times with similar results, and a representative result is
shown.

Statistical analyses

Values are expressed as the mean = sem. The significance of differ-
ences between the mean values was evaluated using the unpaired Stu-
dent’s t test. Sample groups showing heterogeneity of variance were
appropriately transformed.

Results

To examine whether thyroid hormone regulates mouse
SREBP-1c gene expression, we performed RPAs using mouse
liver total RNA. For this purpose, we rendered the mice
thyrotoxic or hypothyroid. We measured serum free T; and
T, levels and confirmed that Ty and MMI/PTU treatment
made the mice thyrotoxic and hypothyroid, respectively (Ta-
ble 1). The 5'DI type 1 gene is positively regulated by thyroid
hormone in the liver (23) and is a good indicator of thyroid
status in mice. As shown in Fig. 1, during hypothyroidism,
5'DI mRINA levels were undetectable. However, 5'DI mRNA
levels were strongly induced by T; up to 10-fold compared
with the control level. These data demonstrated that the T;
and MMI/PTU treatments for the mice had the expected
effects.

As shown in Fig. 2A, T; reduced SREBP-1c mRNA levels
by 40-50% compared with the control. In hypothyroid status,
however, SREBP-1c mRNA levels were increased 1.5~2-fold
compared with the control. In contrast, SREBP-la mRNA
levels were almost identical with both treatments. To confirm
these data, we performed real-time quantitative PCR with
mouse liver total RNA. As shown in Fig. 2B, SREBP-1c
mRNA levels were increased in the hypothyroid status by
about 1.5-fold compared with the control, and thyrotoxic
treatment reduced the mRNA levels by about 50% compared
with the control level. These data were fully compatible with
the RPA data. Thus, these two lines of data indicate that
mouse SREBP-1c gene expression in the liver is negatively
regulated by thyroid hormone.

The mouse SREBP-1c promoter contains binding sites for
specificity protein 1 and nuclear factor-Y (15). These sites
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Fia. 1. 5'DItype 1 mRNA expression in the mouse liver. C57/B6 mice
(4-wk-old male) were rendered thyrotoxic with T; and hypothyroid
with a MMI/PTU diet. As a control, they were fed normal chow. Each
treatment involved six mice. Liver total RNA was isolated, and 20 ug
of total RNA were subjected to Northern blot analysis. Representative
Northern blots of 5'DI type 1 are shown. Relative OD (mean =+ SE) was
controlled for cyclophilin mRNA levels using NIH image software. OD
levels in mice fed normal chow were assigned a value of 100% for each
group. N.D., Not detectable. The asterisks indicate that the difference
between the denoted pairs is significant at a confidence level of P <
0.001 (**) by ¢ testing.

together with Ebox and sterol response element 3 (SRE3)
comprise the SRE complex, and the promoter also contains
two DR-4 sites (Fig. 3; also see Fig. 5A). We subcloned mouse
SREBP-1c promoter (—574/+42 bp) by genomic PCR and
ligated it to the luciferase reporter (pA3-Luc). We also pre-
pared deletion constructs of the SREBP-1c promoter by PCR
mutagenesis and used these reporters together with the pSG5
vector or TR-B1 to transfect HepG2 cells. We also employed
the TR-B1 A337T mutant, which is deficient in ligand bind-
ing, as a control (24). As shown in Fig. 3, the —574/+42
promoter fused with the luciferase reporter showed ligand-
independent activation by TR-B1 (~2-fold). T5 (10~ ® m) re-
duced the —574/+42 promoter luciferase activity by 50%. In
contrast, the TR-B1 A337T mutant did not show ligand-de-
pendent repression. A shorter reporter (—381/+42) contain-
ing the DR-4 site was more active in the luciferase assay than
the —574/+42 reporter. We speculated that this could have
been due to the higher transfection efficiency of the shorter
construct. The —381/ +42 reporter also showed negative reg-
ulation by TR, as did the —574/+42 reporter. Interestingly,
the —108/ +42 reporter, which does not contain the DR-4 site,
was also negatively regulated by TR, indicating that the DR-4
site was not required for negative regulation by TR. The
—77/+42 and —50/+42 reporter activities were apparently
reduced compared with that of the —574/+42 reporter, but
these reporters were still negatively regulated by TR.
Next, we cotransfected several types of mutant TR-81 and
the —574/+42 reporter into CV-1 cells, which are known to
be deficient for endogenous TRs (25). The GS125 mutant is

TABLE 1. Free T, and free Ty at baseline (normal chow) T, treatment, and during T, deprivation (MMI + PTU)

Normal chow

Ty MMI + PTU

Free T, (ng/dl)
Free T; (pg/dD)

2.57 = 0.18 (6)
3.77 £ 0.16 (6)

2.04 = 0.18 (7) 0.49 = 0.07 (7)*
86.79 * 11.44 (7)* 1.01 = 0.32 (7

Results are expressed as mean * SEM. Numbers in parentheses are animals in each group.
¢ Statistical differences between normal chow and T treatment (T3) or during T5 deprivation (MMI + PTU), P < 0.0001.
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Fic. 2. Ty  suppresses SREBP-1c
mRNA expression in vivo. A, C57/B6

mice (4-wk-old male) were rendered 0

thyrotoxic with T; and hypothyroid
with a MMI/PTU diet. Some of them
were fed only normal chow (control).
Each treatment involved six mice.
RPAs were performed with liver total
RNA using SREBP-1a- and/or SREBP-
lc-specific riboprobes. The levels of
mRNA expression were normalized to
that of cyclophilin, and the results are
expressed as the mean relative to the
expression in control mice (mean * SE),
which was set to 100%. Representative
RPA data are shown in this figure. The
asterisk indicates that the difference be-
tween the denoted pairs is significant at
a confidence level of P < 0.01 (¥) by ¢
testing. B, The expression of mouse
SREBP-1c mRNA was monitored by
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real-time quantitative PCR assays.
Each treatment involved six mice. Re-
sults (mean = SE) are expressed as fold-
activation relative to the expression in
control mice, which was set to 1. The
asterisk indicates that the difference be-
tween the denoted pairs is significant at
a confidence level of P < 0.01 (¥) by ¢
testing.

deficient in binding DNA (26), and the E457A mutant is
deficient in binding coactivators such as steroid receptor
coactivator (SRC)-1 (27). As shown in Fig. 4, the E457A mu-
tant negatively regulated the —574/+42 reporter, as did
wild-type TR-B1. In contrast, GS125 as well as the A337T
mutant did not demonstrate negative regulation of the
mouse SREBP-1c promoter. These data indicate that both
DNA and ligand binding are necessary for negative regula-
tion of the SREBP-1c promoter by TR-S1.
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As shown in Fig. 3, the —77/+42 and the —50/+42
SREBP-1c promoters were negatively regulated by T; and the
activities of these short reporter constructs were apparently
weaker than that of the —574/ +42 reporter, and therefore we
examined whether TR could bind to the SREBP-1c promoter
around the transcriptional start site. For this purpose, we
performed gel-shift assays using oligonucleotides (Fig. 5A,
ASRE1-3) which divided the —50- to +40-bp region of the
mouse SREBP-lc promoter sequence into three sites. As
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Fia. 3. TR-B negatively regulates transcription of the mouse SREBP-1c gene promoter. The mouse SREBP-1c¢ promoter (—574/+42 bp) coupled
to the luciferase reporter construct (pA3-Luc) or deletion mutants of the SREBP-1c promoter were cotransfected into HepG2 cells in the presence
or absence of an expression vector for wild-type human TR-81, A337T mutant (TR-B1A337T) or empty expression vector, pSG5 (vector). Top,
Schematic representation of the deletion mutants of the SREBP-1c promoter. Relative luciferase activity (mean = SEM, n = 3) represents the
luciferase activity of the reporter construct (—574/+42 pA3 Luc) in the presence of the vector (pSG5) and in the absence of T; (10~® M). Raw
data are shown for the —77/+42 and the —50/+42 reporters (inset). ALU, Arbitrary light units. The asterisk indicates that the difference between
the denoted pairs is significant at a confidence level of P < 0.05 (*) or P < 0.01 (*¥) by ¢ testing.

shown in Fig. 5B, the RXR-TR heterodimer was formed on the
ASRE2 probe, which contains the transcriptional start site,
but not on the ASRE1 or ASRE3 probes. We then analyzed
ASRE?2 precisely and focused on the sequence 5'-GCCTGA-
CAGGTGAAATCGGC-3’, referred to as ‘Site2’, which is lo-
cated at the center of the ASRE2 probe. As a positive control,
we employed the DR-4 (5-TGTTTGCTTTGGTCACT-
CAAGTTCAA-3’, rat CYP7A1l promoter) oligonucleotide.
We prepared two mutant probes for Site2 and performed
gel-shift assays (Fig. 5C). As shown in Fig. 5C, TR-1 and
RXR-a formed a heterodimer on the DR-4, ASRE2, and Site2
probes, but the RXR-TR heterodimer did not bind to the m1
and m2 mutant probes. We also used cold Site2 oligonucle-
otide as a competitor, and found that the RXR-TR het-
erodimer band diminished in proportion to the dose of the
competitor (data not shown). We also employed a native
DR-4, which is a LXRE located at —234 to —219 bp in the

promoter, as another positive control probe. As shown in Fig.
5C, the RXR-TR heterodimer clearly bound to this site.

Because LXRs share a DNA binding site with TR, we
checked whether the RXR-LXR heterodimer could bind to
ASRE2 and/or Site2. As shown in Fig. 5D, RXR-LXR het-
erodimer formation was not observed on ASRE2, Site2, or its
mutant probes. These lines of data indicated that TR-B1 di-
rectly binds to Site2 in the mouse SREBP-1c¢ promoter, form-
ing a heterodimer with its partner, RXR-a.

To confirm our findings, we performed an in vivo ChIP
assay using mouse liver tissue from nontreated (control),
thyrotoxic, and hypothyroid, mice. As shown in Fig. 6 (eft
panels), in the thyrotoxic status, TR-B1 but not LXR-a was
recruited to Site2, and in the hypothyroid status, the recruit-
ment was totally inhibited. RXR-a, which is a heterodimer-
ization partner for TR-B1, was also recruited to Site2, and T,
administration significantly increased RXR-a recruitment to

Ze0z ¥snbny |z uo isenb Aq GEE€8ZG2/2621/6/ L1 L/9101E/OpUS/WOD dNO"dlWaPEeDE//:SdiY WOl PEPEOJUMOQ



Hashimoto et al. ® Mouse SREBP-1c¢ Negative Regulation by Ts

-574/+42
£
1.5 T s
E .
ﬁ 10T T I - O -m
§ |
5 T
= T
g * -
g 0.5+
o
[+
o
vector TRR1  A337T GS125 E457A

Blot:TRE1 W ——

Fic. 4. DNA binding and ligand binding of TR-1 are required for
negative regulation of the SREBP-1c gene promoter by T5. The —574/
+42 pA3 Luc reporter plasmid and wild-type or mutant TR-B1 con-
structs were cotransfected into CV-1 cells. Relative luciferase activity
(mean * SEM, n = 3) represents luciferase activity of the reporter
construct (—574/+42 pA3 Luc) in the presence of vector (pSG5) and
in the absence of T (1078 M). The asterisk indicates that the difference
between the denoted pairs is significant at a confidence level of P <
0.05 (*) by ¢ testing. The expression of wild-type and mutant TR-B1s
in CV-1 cells is shown in the lower panel. The characteristics of the
mutant TR-Bls are as follows: A337T, ligand-binding defective;
GS125, DNA-binding defective; E457A, coactivator-binding defective.

the mouse SREBP-1c¢ promoter. On the other hand, immu-
noprecipitation with normal mouse IgG as a negative control
showed only background levels as a negative control. We
also performed in vivo ChIP assays using primers that con-
tained two DR-4 sites on the mouse SREBP-1c promoter.
Interestingly, thyroid hormone clearly induced TR-B1 re-
cruitment to the DR-4 sites, and the recruitment was unde-
tectable in the hypothyroid status (Fig. 6, center panels).
RXR-a was bound to the DR-4 sites more efficiently than
TR-B1 was in the euthyroid status. RXR-« recruitment to the
DR-4 sites was induced by T; administration, and hypothy-
roid treatment diminished the recruitment. LXR-a was
present on the DR-4 sites under all three treatment condi-
tions, and its recruitment to the DR-4 sites was slightly but
not significantly affected by T, administration. Normal
mouse IgG demonstrated no specific bindings to the DR-4
sites (Fig. 6, center panels). We employed a set of primers that
encompassed exon 18, which is the 3’ exon of the mouse
SREBP-1¢, as an additional control to verify the relevance of
the in vivo ChIP assays. Expectedly, no binding of TR-S1,
LXR-a, or RXR-« to the exon was observed (Fig. 6, right
panels). These data indicated that TR-81 was recruited to Site2
and the DR-4 sites on the mouse SREBP-1c promoter in a Ty
dose-dependent manner.

To confirm that Site2 is functionally responsible for the
negative regulation of the mouse SREBP-1c promoter by
TR-B1, we deleted Site2 from the —574/+42 luciferase re-
porter. As shown in Fig. 7, the mutant reporter did not show
negative regulation by TR although its basal luciferase ac-
tivity was almost identical to that of the wild-type reporter
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(—574/+42). We also used the mutant —574/+42 reporter,
which harbored the same mutation as the gel-shift probes
(m1, m2), and found no negative regulation by TR (data not
shown).

To examine whether the human SREBP-1c promoter was
negatively regulated by thyroid hormone, we employed the
human SREBP-1c promoter (—843/+62) in pGL4-Luc. This
construct was cotransfected with pSG5 vector or TR-B1 con-
struct into HepG2 cells derived from human hepatocytes. As
shown in Fig. 8A, the human promoter activity was signif-
icantly suppressed by T; via TR-B1. To examine whether
there were differences among species, we used Hepal-6 cells
that were derived from mouse hepatocytes for the luciferase
assays with the mouse SREBP-1c promoter (—574/+42) in
pA3-Luc. As shown in Fig. 8B, the mouse promoter activity
was significantly reduced by T; via TR-B1, as observed in
HepG2 cells. We also confirmed that Site2 was important for
the negative regulation of the gene by T; in Hepal-6 cells
(data not shown). These data indicate that there are no dif-
ferences between mice and humans in SREBP-1c gene reg-
ulation by thyroid hormone.

Discussion

In this current study, we demonstrated that T; down-
regulates mouse SREBP-1c mRNA both in vivo and in vitro.
Until now it has been controversial how T; regulates the
mouse SREBP-1c promoter. Viguerie et al. (10) reported
that thyroid hormone represses SREBP-1c mRNA in hu-
man adipocytes by about 50% in human cDNA expression
array and reverse transcription-competitive PCR assays.
They speculated that the down-regulation of SREBP-1c
might constitute a link between hyperthyroidism and in-
sulin resistance (10). On the other hand, Kawai et al. (12)
showed in a recent study that the mouse SREBP-1c gene
promoter is up-regulated by T, through RXR-TR het-
erodimer binding to the DR-4 site. Their data are in direct
opposition to our data regarding SREBP-1c gene regula-
tion by T;. Those authors constructed a mouse SREBP-1c
promoter-TK (thymidine kinase proximal promoter) lu-
ciferase plasmid for their luciferase assays. They did not
examine native mouse SREBP-1c promoter activity. Be-
cause TK is well known to be up-regulated by Tj; (28), their
data, in which the mouse SREBP-1c gene promoter was
up-regulated by T, are questionable. Moreover, they used
CV-1 cells from the kidney of the African green monkey
for the luciferase assay. Because SREBP-1c is expressed in
human and rodent liver (19), it would be rational to em-
ploy hepatocytes for the reporter assay. The difference
between our data and theirs might be due to the cell type
difference. They also concluded that T; induces SREBP-1c
mRNA in HepG2 cells using semiquantitative RT-PCR. In
our study, we performed RPAs and real-time quantitative
PCR using mouse liver total RNA and demonstrated that
thyroid hormone repressed SREBP-1c mRNA expression
in vivo. We speculate that the discrepancy between
Kawai’s data and ours is due to differences between con-
ditions in vitro and in vivo. Zhang et al. (11) reported that
T; induced chicken SREBP-1 gene expression in chick em-
bryo hepatocytes, especially under glucose administra-
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Fic. 5. RXR-TR heterodimer but not RXR-LXR binds to Site2. A, Mouse SREBP-1c promoter sequences surrounding a cognate transcription
start site. We divided the sequences (—50/+42) into three parts (ASRE1-3). The Site2 sequence is boxed. The bold letter “A” is the cognate
transcription start site. Italics represent mutations in Site2 (m1, m2). The two DR-4 (LXRE) sites are indicated by arrows. B, Four microliters
of in vitro-translated TR-B1 and RXR-« protein generated from rabbit reticulocyte lysates were incubated with 32P-radiolabeled DNA probes
(ASRE1-3). T5, 100 nMm. C, Four microliters of in vitro-translated TR-81 and RXR-«a protein generated from rabbit reticulocyte lysates were
incubated with 32P-radiolabeled DNA probes (DR-4, ASRE2, m1, m2, Site2, and LXRE). T;, 100 nM. D, Four microliters of in vitro-translated
LXR-a and RXR-a protein generated from rabbit reticulocyte lysates were incubated with 3**P-radiolabeled DNA probes (DR-4, ASRE2, m1, m2,

Site2). N.S., Nonspecific bands.

tion; however, they observed whole SREBP-1 mRNA, in-
cluding both 1a and 1c isoforms, and did not examine
SREBP-1c mRNA specifically.

Using several types of mutant TR, we showed that DNA
binding of TR and ligand binding to TR are crucial to the
negative regulation of the promoter. The necessity for DNA
binding of TR for negative regulation by T; remains contro-
versial, especially regarding the necessity of direct TR bind-
ing to promoter DNA (26, 29). Nevertheless, we concluded
that DNA binding of TR (RXR-TR heterodimer) is required
for negative regulation of the mouse SREBP-1c gene pro-
moter based on the current data (Fig. 4). Another interesting
observation was that a mutant TR (E457A) that was unable
to interact with coactivators such as steroid receptor coacti-

vator-1 was still able to negatively regulate the mouse
SREBP-1c promoter. This is intriguing because the same mu-
tant receptor has been shown to be unable to negatively
regulate the pituitary TSH-B gene promoter (30). This di-
vergence indicates that requirement of coactivators for neg-
ative regulation by TR could be tissue specific.

The mouse SREBP-1c promoter contains two DR-4 sites
(LXREs), and LXRs stimulate promoter activity through
binding to the sites. Because LXRs and TRs share the DR-4
site, we first speculated that TRs would also regulate the
mouse SREBP-1c promoter through binding to the DR-4 site.
In fact, our EMSA data clearly showed that the RXR-TR
heterodimer bound to both the DR-4 site and LXRE.

However, this RXR-TR heterodimerization on the DR-4
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Fic. 6. TR-B1 together with RXR-« are recruited to Site2 and DR-4 (LXRE) sites in a T5-dependent manner in vivo. In vivo ChIP assays were
performed using mouse liver tissue for Site2 (left panels), DR-4 (LXRE) sites (center panels), and exon 18 (right panels). C57/B6 mice (4-wk-old
male) were rendered thyrotoxic (T) with T or hypothyroid (H) with a MMI/PTU diet. Some of them were fed normal chow only (controls, C).
Each treatment involved six mice. Liver tissue homogenate from each treatment group was immunoprecipitated with a TR-B1 antibody (« TRB)
or an LXR-a antibody (e« LXRa), or an RXR-a antibody (« RXRa), or mouse normal IgG as a negative control. The input was a nonimmuno-
precipitated sample used as a positive control. Relative OD (mean =+ SE) was controlled for the input level using NIH image software. N.D.,
Not detectable. The asterisk indicates that the difference between the denoted pairs is significant at a confidence level of P < 0.01 (¥) by ¢ testing.
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Fic. 7. Site2is functionally responsible for the negative regulation of
mouse SREBP-1c gene promoter by TR-B1. The mouse SREBP-1c
promoter (—574/+42 bp) coupled to the luciferase reporter construct
(pA3-Luc) or the Site2 deletion mutant was cotransfected into HepG2
cells in the presence or absence of an expression vector for wild-type
human TR-B1, A337T mutant (TR-B1A337T), or empty expression
vector, pSG5 (vector). Relative luciferase activity (mean * SEM, n =
3) represents the luciferase activity of the reporter construct (—574/
+42 pA3 Luc) in the presence of the vector (pSG5) and in the absence
of T5 (103 M). The asterisk indicates that the difference between the
denoted pairs is significant at a confidence level of P < 0.05 (¥) by ¢
testing.

site was not used for gene regulation; that is, T3 and TR did
not transactivate the mouse SREBP-1c promoter through the
DR-4 site. On the contrary, T; repressed the mouse SREBP-1c
promoter activity through RXR-TR heterodimer binding to
Site2 located around the transcription start site.

In vivo ChIP assays demonstrated that TR- together with
RXR-a are recruited to Site2 in a T; dose-dependent manner.
We also observed that T; induced TR-B and RXR-« recruit-
ment to the DR-4 sites (LXREs) in the mouse SREBP-1c pro-
moter. These data are compatible with a recent report by Liu
et al. (31) showing that TR-B was recruited to the TREs in a
T;-dependent manner in a time-course study. This induction
by T; was not seen in EMSA; however, this divergence be-
tween the ChIP assay and EMSA could be due to differences
between in vivo and in vitro conditions. In the control status,
no detectable TR-B recruitment to the DR-4 sites (LXREs) was
observed, although minimal binding of TR-B to Site2 was
detected. This is also congruent with the report by Liu et al.
(31) indicating that the requirement for TR-g binding to the
TREs depends on the specific gene promoter. In in vivo ChIP
assays, RXR-a was still bound to Site2 but not to the DR-4
sites (LXREs) under hypothyroid status. We think that this

Hashimoto et al. ® Mouse SREBP-1c Negative Regulation by Ty

difference could be a key point in explaining how Site2 func-
tions as a negative (TRE).

Differences in gene regulation by thyroid hormone among
species are often seen. For example, thyroid hormone in-
creases the rat hepatic enzyme cholesterol 7a-hydroxylase
(CYP7A1) gene expression (32-35). However, very recently,
Drover et al. (36) reported that T; represses the human
CYP7A1 promoter. In this regard, we employed Hepal-6
cells, which were derived from mouse hepatocytes, and a
human SREBP-1c promoter construct to confirm our data
(Fig. 8, A and B). We confirmed that the mouse SREBP-1c
promoter was negatively regulated by thyroid hormone in
the Hepal-6 cells. Tarling et al. (17) reported that although
the human and mouse SREBP-1c promoter sequences share
conserved elements such as Sp1, SRE, NF-Y and LXRE sites,
the two sequences are very different (42.0% similar). We
found no similar sequences to Site2 in the human promoter
sequence (GenBank accession no. NT_010718). However,
negative regulation of the human SREBP-1c promoter by T,
was also observed. Therefore, we concluded that no differ-
ences between human and mouse were seen in SREBP-1c
gene regulation by thyroid hormone. Negative TREs distinct
from Site2 may be present in the human promoter, and
further analysis will be needed to examine this possibility.

TR seems to regulate lipid metabolism-related genes in
various ways. Huuskonen et al. (37) reported that human
ATP-binding cassette transporter Al (ABCA1) gene pro-
moter was negatively regulated by TR. They showed that
RXR-TR heterodimer bound to the DR-4 site, and they con-
cluded that T; represses gene promoter activity through the
binding of RXR-TR heterodimer to the DR-4 site. Drover et
al. (36) demonstrated that TR bound to two distinct sites on
the human CYP7A1 gene promoter. They also showed that
T; represses the human CYP7A1 promoter, but it requires
only one of the two sites to which TR binds.

Site2 (GCCTGACAGGTGAAATCGGC) is recognized as a
negative TRE (38). Although no consensus negative TRE has
been identified to date, Sasaki ef al. (39) studied the Tj-
dependent repression of transcription mainly using TSH-«
and -3, both of which contain a conserved sequence called the
Z-element (CAAAG) (39, 40); however, Site2 has no Z-ele-
ment motif. Moreover, no hexametric binding motif of the
consensus sequence RGKTCA (R =A or G;K = GorT) (6,
42, 43) was seen in Site2. Our mutation study revealed that
the RXR-TR heterodimer cannot bind to mutated Site2. Thus,
it is clear that this site is responsible for RXR-TR binding,
although, the molecular mechanism by which negative reg-
ulation by T; using Site2 must be clarified in future studies.

We speculate that the repression of SREBP-1c gene ex-
pression by Tj is physiologically related to insulin resistance
in the hyperthyroid state. Foretz et al. (44) reported that
increased SREBP-1c expression overcomes the insulin de-
pendency of glucokinase expression. Because SREBP-1c is a
master gene for the regulation of lipid and glucose metab-
olism in the liver (45, 46), decreased endogenous activity of
SREBP-1c in the hyperthyroid state should induce insulin
resistance (21).

In this study, we have provided evidence that T; represses
mouse SREBP-1c expression at the transcriptional level. It is
noteworthy that RXR-TR heterodimer binding to the novel
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A HepG2 cells B Hepal-6 cells
Human SREBP-1¢ promoter in pGL4 -Luc (-843/+62) Mouse SREBP-1c promoter in pA3-Luc (-574/+42)
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Fi1G. 8. No differences between human and mouse are observed in SREBP-1c gene regulation by thyroid hormone. A, The human SREBP-1c
gene promoter is also negatively regulated by T;. The human SREBP-1c promoter (—843/+62 bp) coupled to the luciferase reporter construct
(pGL4-Luc) was cotransfected into HepG2 cells in the presence or absence of an expression vector for wild-type human TR-B1 or empty expression
vector, pSG5 (vector). Relative luciferase activity (mean = SEM, n = 3) represents the luciferase activity of the reporter construct (—843/+62
pGL4-Luc) in the presence of the vector (pSG5) and in the absence of T, (108 M). The asterisk indicates that the difference between the denoted
pairs is significant at a confidence level of P < 0.01 (¥) by ¢ testing. B, The mouse SREBP-1c gene promoter is also negatively regulated by T4
in Hepal-6 cells. The mouse SREBP-1c promoter (—574/+42 bp) coupled to the luciferase reporter construct (pA3 Luc) was cotransfected into
Hepal-6 cells in the presence or absence of an expression vector for wild-type human TR-B1 or empty expression vector, pSG5 (vector). Relative
luciferase activity (mean = SEM, n = 3) represents luciferase activity of the reporter construct (—574/+42 pA3-Luc) in the presence of the vector
(pSG5) and in the absence of T, (10~ 8 M). The asterisk indicates that the difference between the denoted pairs is significant at a confidence level
of P < 0.01 (*) by ¢ testing.
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