Pituitary NR4A1 is negatively regulated by thyroid hormone without direct binding of

thyroid hormone receptors on the gene.
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1. Introduction

Thyroid hormone is an important factor not only for the neuronal development of the fetus
and growth, but also for the homeostasis of lipid and amino acid metabolism, cardiac function,
and the coagulation pathway (Yen, 2001, Horacek et al., 2015; Shupnik et al.,, 1985;
Costa-e-Sousa and Hollenberg, 2012: Brent, 1994). Thyroid hormone serum levels are mainly
regulated by the hypothalamo (thyrotropin-releasing hormone, TRH) - pituitary
(thyroid-stimulating hormone, TSH) - thyroid axis. Hypothalamic TRH stimulates the
secretion of TSH from and its synthesis in the pituitary gland, and secreted TSH reaches the
thyroid gland, in which it stimulates the synthesis and secretion of thyroid hormone. As
reported by us and others, secreted thyroid hormone negatively regulates pituitary TSHp and
hypothalamic TRH synthesis, thereby establishing the TRH-TSH-pituitary axis (Shupnik et al.,
1985; Costa-e-Sousa and Hollenberg, 2012; Gurr and Kourides, 1985; Segerson et al., 1987;
Taylor et al., 1990; Shupnik, 2000; Chiamolera and Wondisford, 2009).

Since patients with resistance to thyroid hormone (RTH), who have a kmutatio}n in thyroid
hormone receptor  (TRP), exhibit enhanced TSH secretion, TRP appears to play an important
role in the negative regulation of the TSH gene (Ishii et al., 2004; Nakajima et al., 2010;
Refetoff, 2008; Refetoff et al., 1993). Our previous study on GS125 mutant TR knock-in mice
showing impaired DNA binding demonstrated that the DNA binding domain of TR was
required for the negative regulation of the 7SHS gene (Shibusawa et al., 2003). We also
reported the recruitment of TR to the region between -3 and +37 bp from the transcriptional start
site of the human 7SHf gene using the avidin-biotin complex with DNA and chromatin
immuno-precipitation (ChIP) assays (Shibusawa et al., 2003).  On the other hand, Tagami et al.
showed that negative regulation may be driven through protein-protein interactions in genes

such as a-subunit (TSHa), TSHP, and TRH using mutant TR (Tagami et al., 1997). We also



demonstrated that thyroid hormone negatively regulated the expression of the human
stearoyl-CoA desaturase-1 (SCD-1) gene without the direct binding of TR to the promoter
(Hashimoto et al., 2013). Therefore, it currently remains unclear whether the direct binding of
TR with cognitive DNA, called negative thyroid hormone response elements (nTRE), is
required for the T3-induced suppression of genes (Shibusawa et al., 2003).

The mechanisms responsible for the positive regulation of genes by thyroid hormone have
recently been elucidated (Cheng et al., 2010; Oetting and Yen, 2007; Astapova et al., 2008;
Astapova et al., 2011). In the absence of the ligand T3, TR binds to DNA on the promoter of
positively regulated genes, and favors the recruitment of nuclear receptor co-repressors such as
nuclear receptor CoRepressor (NCoR), which mainly associates with histone deacetylase 3
(HDAC3), leading to the repression of transcription. The presence of T3 induces the release of
NCoR and recruitment of co-activators such as p160 family co-factors including steroid receptor
co-activator 1 (SRC-1) and CREB binding protein and p300 (CBP/p300), which exhibit histone
acetylase activity (HAT). TRAP/DRIP mediators are then recruited, followed by RNA
polymerase I, resulting in the initiation of gene transcription (Cheng et al., 2010; Oetting and
Yen, 2007; Astapova et al., 2008; Astapova et al., 2011).

Astapova et al. recently reported that mice expressing a mutant NCoR (NCoRAID) that does
not interact with the TR had normal TSH levels despite low circulating thyroid hormone levels
(Astapova et al., 2011). Furthermore, a study on a mouse model that allowed for the induction
of NCoRAID expression postnatally demonstrated that NCoR played a critical role in the
thyroid hormone-mediated regulation of the TSH gene in the pituitary gland by regulating the
repressive function of TR (Astapova et al., 2011). These findings also suggest that the
TR-NCoR interaction controls systemic thyroid hormone sensitivity as well as the set point of

the hypothalamic-pituitary-thyroid axis (Astapova et al., 2011).



Nuclear receptor subfamily 4 group A, member 1 (NR4A1), also known as NUR77, NGFI-B,
and TR3, is a member of the NR4A family of nuclear receptors, which belongs to a superfamily
of nuclear receptors that do not have known specific ligands (Milbrandt, 1988). NR4A1 acts
as an early response gene and is activated by many factors, including fatty acids, prostaglandins,
growth factors, calcium, cytokines, peptide hormones, phorbol esters, and neurotransmitters
(Milbrandt, 1988; Martinez-Gonzalez and Badimon, 2005; Fu et al., 2007; Woronicz et al.,
1994; Liu et al., 1994; Maxwell and Muscat, 2006). NR4A1 was previously reported to be
distributed throughout organs and plays roles in hormone regulation, cell differentiation,
proliferation, apoptosis, glucose, lipid metabolism, angiogenesis, vascular remodeling, and
oncogenesis (Martinez-Gonzalez and Badimon, 2005; Maxwell and Muscat, 2006; Zhao and
Bruemmer, 2010; Kim et al., 2014; Pols, Bonta and de Vries, 2007; Wenzl et al., 2015). We
recently reported using TRH knockout mice that TRH acts as a stimulant to specifically induce
NR441 mRNA in pituitary thyrotrophs (Nakajima et al., 2012). An immunohistochemical
analysis of the pituitary gland in TRHKO mice demonstrated that the staining of NR4A1 was
markedly weaker, particularly in thyrotrophs, and in vitro experiments revealed that TRH
increased NR441 mRNA levels by approximately 50-fold within 30 mins in the pituitary cell
line, GH4C1 (Nakajima et al., 2012). We also reported that the overexpression of NR4A1
significantly stimulated the promoter activity of the human 7SHp gene in this cell line.
Therefore, NR4A1 may regulate the expression of the 7SHS gene in conjunction with the
pituitary-specific transcription factor, Pitl, and the hematopoietic transcription factor, GATA2,
which have previously been identified as important factors for TSHS gene expression
(Steinfelder et al., 1991; Gordon et al., 1997).

Based on these findings, we hypothesized that pituitary NR4A1 levels may be regulated by

thyroid hormone and affect the expression of the TSHS gene. In the present study, we



investigated the regulation of NR441 mRNA levels by thyroid hormone in vivo and in vitro, and
demonstrated for the first time that thyroid hormone reduced the basal level, but not early
responsiveness of NR441 mRNA expression within 24 hr in the pituitary gland without the
direct binding of TR to the gene. Our results also highlighted the importance of the release of

TR-NCoR for this machinery.

2. Methods
2.1. Animals

Procedures for animal care and use in this study were approved by the Review Committee
on Animal Use at Gunma University, Maebashi, Japan. Animals were maintained on a 12-hr
light/ dark schedule (lights on at 6.00 h) and fed laboratory chow and tap water ad libitum. All
experiments were performed between 11.00 and 13.00 h. In order to induce experimental
thyrotoxicosis, mice were subcutaneously injected with a pharmacologicai dose of thyroxin (T4,
1.5 pg of L-thyroxine (L-T4)/100 g body weight) every 24 hrs for 2 weeks. Experimental
hypothyroidism was induced by adding 0.1% MMI to drinking water and low-iodine chow with

1% propylthiouracil (PTU) for 14 days.

2.2. RNA Extraction and Real-time PCR

Total RNA was prepared from the mouse pituitary gland using an RNeasy Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. cDNA was then
reverse-transcribed from 200 ng of total RNA (TagMan Reverse Transcription Reagents,
Applied Biosystems, Tokyo, Japan), and 0.5 pl was subjected to real-time PCR. All reactions
were performed in triplicate using TagMan probes and an Applied Biosystems 7500 sequence

detection system (Nakajima et al., 2012). TagMan probes for NR4A1 (Mm01300401), TSHS



(Mm03990915), NCoR (Hs0019620) and GAPDH (Mm99999915, Hs02758991) were
purchased from Applied Biosystems. The expression level of each mRNA relative to that of
GAPDH was calculated using a standard curve, and the relative quantification method was

performed as described in ABI User Bulletin #2.  All experiments were repeated at least twice.

2.3. Mammalian Cell Culture

CV-1 cells (a monkey kidney cell line) (JENSEN, GIRARDI, GILDEN et al., 1964) were
kindly provided by Dr. Sakaki, Hamamatsu University School of Medicine, and grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum

(FBS), as described previously (Lin, Sternsdorf, Tini et al., 2001).

2.4. Plasmid Constructions

Human TRp; cDNAs and human RXRa were subcloned into the vector pKCR'z.k
pCE4-NCoR was kindly provided by Prof. Rosenfeld, Howard Hughes Medical Institute
(Horlein et al., 1995).  F455S and GS125 mutant human TRB| ¢cDNAs were prepared by PCR

mutagenesis and subcloned into the vector pKCRp. The human NR4A1 promoter containing

1,295 bp of the 5' flanking sequence and 152 bp of exon 1 (pA3NR4A1(-1295~+152)-Luc) was

fused to a firefly luciferase reporter plasmid (pA3Luc) (Nakajima et al., 2012). Series of a
deletion  mutants  were made  using  specific PCR  amplification  and
pA3NR4A1(-1295~+152)-Luc as a template, including pA3NR4A1(-337~+152)-Luc,

pA3NR4A1(-147~+152)-Luc, pASNR4A1 (-87~+152)-Luc, and pA3NR4A1(-27~+152)-Luc.

2.5. Cell Transfection and Luciferase Assay



Twenty-four hours before transfection, cells were split into 6-well plates at subconfluency.
Transient transfection was performed using a calcium phosphate precipitation method, as
described previously (Lin et al., 2001). The total amount of the transfected plasmid was
adjusted in all experiments by adding an empty expression vector. Sixteen hours after
transfection, medium was changed to DMEM supplemented with 10% FBS treated with
AG1-X8 resin (Bio-Rad) and activated charcoal (Sigma) in order to remove thyroid hormone,
and cells were incubated further in the presence or absence of T3 at the indicated concentration
(Nakajima et al., 2012).

In order to determine luciferase activity levels, cell monolayers were rinsed twice with PBS,
then lysed with 300 pl of 25 mM glycylglycine (pH 7.8) containing 15 mM MgSQO,, 4 mM
EGTA, 1 mM dithiothreitol, and 1% v/v Triton X-100. Cells were scraped from the dishes and
centrifuged at 12.000% g at 4°C for 5 min. Assays for Luc activity were performed using 150-pl
aliquots of the cell lysate and 210 pl of 25 mM glycylglycine (pH 7.8) containing 15 mM
MgSO,, 4 mM EGTA, 3.3 mM KPO,, 1 mM dithiothreitol, and 0.45 mM ATP. The reaction
was initiated by the addition of 200 pl of 0.2 mM d-luciferin and light emission was measured
for 10 seconds using a luminometer. Luciferase activity was expressed as arbitrary light units
per microgram of cellular protein (Nakajima et al., 2012). All transfection experiments were

repeated at least twice with triplicate determinants.

2.6. Electrophoretic Mobility Shift Assay (EMSA)

An EMSA was performed using radiolabeled probes and a thyroid hormone response element
(TRE). The consensus sequence used as the TRE palindrome was
5'-aagattaaggtcatgacctgaggaga-3'. Double-stranded oligonucleotides were labeled with

[oc32P]dCTP by a fill-in reaction using a Klenow fragment of DNA polymerase I. Human TR



and human RXRo were synthesized by in vitro transcription/translation from pKCR2-TR and
pKCR2-RXRa using T; RNA polymerase and the TNT-coupled reticulocyte lysate system
(Promega Corporation). The binding reaction, gel electrophoreses, and autoradiography were
performed under previously described conditions (Nakajima et al.,, 2012). Gel super-shift

studies were performed with specific antibodies against TR (Thermo Fisher SCIENTIFICS).

2.7. ChIP Assay

ChIP assays were performed according to the manufacturer’s protocol using a kit from
Active Motif (Carlsbad, CA USA). CV-1 cells were transfected with pA3NR4Al
(—1295~+152)-Luc and incubated in medium. After an overnight incubation, medium was
poured off the cells, fixation solution (0.54 ml of 37% formaldehyde was added to 20 ml
minimal cell culture medium) was added, and the cells were then incubated at room temperature
for 10 min in order to crosslink protein to DNA. Cells were harvested using a ChIP-IT Express
kit (Active Motif) using the manufacturer’s protocol. Chromatin was sonicated 3 times with
10-sec pulses using a sonicator set at 70% of the maximum power in order to reduce the DNA
length to between 200 and 1500 bp. Chromatin-protein complexes were immunoprecipitated
using the following antibodies: anti-Thyroid hormone receptor (Thermo Fisher SCIENTIFICS)
and anti-NCoR, kindly provided by Dr. Lazar (Ishizuka and Lazar, 2005), which were added to
magnetic beads. Normal mouse IgG (RPN2124, Amersham Biosciences, UK) was used as a
negative control. Samples were washed and reverse cross-linked. Real-time PCR was performed
to amplify the regions expected to induce TR. The primers used for the region between
-147~+148 bp were as follows: forward primer,

5’-GGGCCGCACCTCCCCCTGGCCGCGTCCC-3° and reverse primer, 5°-



GCTCCTAGACTGGCGCCCCGAGTCTCA-3". Results were expressed as the ratio of IgG.

All ChIP assays were repeated at least three times.

2.8. Small-interfering RNA (siRNA) against NCoR

Pooled siRNA oligonucleotides targeting NCoR were designed and synthesized at Dharmacon
Research (siGENOME SMART pool NCORI1, M-003518-01). Pooled unrelated siRNA
(siCONTROL Non-Targeting siRNA pool, D-001206-13-20) was used as a control. These
siRNAs were introduced into CV-1 cells by the lipofection method as previously reported
(Lipofectamine RNAIMAX™; Invitrogen). Twenty-four hours after the first transfection, a
transient transfection of pA3NR4A1(-1295~+152)-Luc was performed using calcium phosphate

precipitation. Cells were further incubated in the absence or presence of T3.

2.9. Statistical Analysis
Statistical analyses were performed with ANOVA and the Student’s #test or

Wilcoxon/Kruskal-Wallis test using JMP (SAS Institute Inc., Cary NC).

3. Results

3.1. Pituitary NR4A1 mRNA levels were negatively regulated by thyroid hormone in vivo.
In order to determine the effects of the thyroid status on pituitary NR4A1 levels in vivo,

experimental hypothyroidism and thyrotoxicosis were induced by antithyroid drugs (MMI and

PTU) in chow and daily injections of a pharmacological dose of T4 (L-T4 1.5 pg/100 g body

weight) for 2 weeks. We then measured NR44/ mRNA levels in the pituitary gland by

real-time PCR with the TaqgMan probe for NR4AL.  As shown in Figure 1A, pituitary NR4A1

mRNA levels were significantly lower, by 62.1%, in mice injected with T4 (n= 3, p<0.05) than



in control mice. On the other hand, no significant changes were observed in NR44] mRNA
levels between control and hypothyroid mice (Fig. 1A). Based on these results, we
hypothesized that chronic changes in the thyroid status did not affect NR447 mRNA levels, as
observed in hypothyroid mice, whereas subacute changes such as those caused by daily
injections of T4 may have altered NR441 mRNA levels in vivo.

Therefore, we examined changes in NR447 mRNA levels in the pituitary gland 24 hr after a
single peritoneal injection of T4. As shown in Figures 1B and C, NR441 mRNA levels were
significantly decreased to 51+9% of control levels 24 hours after the administration of T4 (T4
group, n=7; control, n=6; p<0.01), while 7SHS mRNA levels in the pituitary gland were also
decreased to 49.1£10.3% of the control (T4 group, n=7 vs. control, n=6; p<0.05), indicating

thyrotoxicosis in mice.

3.2. The promoter activity of the NR4A1 gene was negatively regulated by thyroid
hormone in vitro: Possible involvement of NCoR with a TR-induced ligand-independent
stimulation.

In order to examine the direct effects of thyroid hormone on the NR4AI gene, we
investigated whether thyroid hormone stimulated the promoter activity of the NR4A1 gene in
vitro using CV-1 cells that do not express functional TR. As shown in Figure 2A, while an
incubation with T3 without the expression of TR did not affect the promoter activity of the
NR4A1 gene, the overexpression of TRP in CV-1 cells increased NR4A1 promoter activity to
198.7+ 19.3% of controls not expressing TRB (n=3, p<0.01).  Under the expression of TR,
the incubation with 100 nM T3 induced a marked reduction in NR4A1 promoter activity, which
was significantly less than basal promoter activity (without T3 or the expression of TRp).

Furthermore, the T3-induced suppression of the promoter activity of the NR4Al gene was



dose-dependent (Fig. 2B). An incubation with 0.1 nM T3 suppressed promoter activity by 7.1
+ 5.7% from that without T3; 1 nM T3, a further reduction of 37.4 + 4.9% (n=3, p<0.01); 10 nM
T3, 50.8 £ 2.3% (n=3, p<0.01); 100 nM T3, 43.1 £ 9.2% (n=3, p<0.01); 1000 nM T3, 15.0 +
1.3% (n=3, p<0.05).

The co-repressor, NCoR is known to bind with TR in the absence of T3 in genes positively
regulated by thyroid hormone, and a study on a mouse model with inducible NCoRAID
indicated that NCoR played a critical role in the thyroid hormone-mediated regulation of the
TSH gene in the pituitary gland by regulating the repressive function of TR (Astapova et al.,
2011). Since these findings suggested that the TR-NCoR interaction controls the set point of
the hypothalamic-pituitary-thyroid axis (Astapova et al., 2011), we examined the effects of the
overexpression of NCoR on the T3-induced repression of NR4A1 promoter activity. The
overexpression of NCoR significantly enhanced the ligand-independent stimulation of TRB
(by 180.2 & 16.9%, n=3, p<0.01), and led to a significant reduction in the T3-induced represbsion
of NR4A1 promoter activity (Fig. 3A).

We further confirmed the effects of NCoR on the ligand-independent stimulation with TR by
knocking down NCoR in CV1 cells. As shown in Figure 3B-1, the transfection of siRNA for
NCoR in CV1 cells led to a reduction of 54.4% in mRNA and 65.7% in protein after 48 hr.
Under this condition, the knockdown of NCoR completely abolished the ligand-independent
activation of the NR4A41 gene by TR, but did not affect its repression by T3 (Fig. 3B-2). These

results further suggest that NCoR acts as a co-activator of TR on the NR4AT1 gene.

3.3. Effects of TR mutants that impaired the release of NCoR by T3 and impaired DNA
binding with the T3-induced suppression of NR4A1 promoter activity.

As shown in Figure 4, the ligand-independent transcriptional activation of the NR4A1l



promoter by TR was significantly more potent with the F455S mutant TR, for which impaired
T3-dependent NCoR dissociation from TR was reported, than with the wild-type TR. The
repression of NR4A1 promoter activity by T3 was also impaired (p<0.01)

The NR4A1 promoter activity, examined using GS125 mutant TR, which has a mutated
DNA binding region, showed impairment of ligand-independent activation and inhibition of
T3-induced transcriptional repression, suggesting that the DNA-binding domain of TR was

required for the T3-induced repression of the NR4A1 gene.

3.4. The region responsible for suppressing the promoter activity of the NR4A1 gene by T3
was Jocated between -27 and +152 bp of the transcriptional site.

In an attempt to identify the region responsible for the T3-mediated suppression of the
promoter activity of the NR441 gene, we generated a series of deletion mutants of the NR4A1
promoter and examined the effects of T3. The construct containihg between -1295 and +152
bp from the transcriptional start site of the NR4A4I gene (-1295-+152-Luc) exhibited strong
promoter activity in CV-1 cells, which was approximately 227% that of thymidine kinase (TK)
promoter activity (data not shown).

As shown in Figure 5A, a search for putative transcription binding sites by the web program,
TRANSFAC, demonstrated that the promoter region of the NR44I gene contained putative
myocyte enhancer factor (MEF) 2 response elements (MRE) on the region between - 275 and
-309 bp, and cAMP response element (CREB) at -42 bp, -71 bp, -215 bp, and -235 bp series of
deletion mutants of the (-1295-+152-Luc) construct: (-337-+152)-Luc, (-147-+152)-Luc,
(-87-+152)-Luc, and (-27-+152)-Luc, exhibited weaker promoter activities than that of the
(-1295-+152)-Luc construct, suggesting that the region between -1295 and -337 bp exhibited

enhancer activity. In addition, the activity of (-337-+152)-Luc was weaker than that of



(-147-+152)-Luc, indicating silencer activity in the region between -337 and -147 bp. The
promoter activity of (-87-+152-Luc) was stronger than that of (-27-+152)-Luc, which suggests
that the CREB binding region between -87 and -27 bp is important for promoter activity (Figs.
5A and B).

Using these deletion mutants, we examined ligand-independent activation by TR and
suppression by T3. As shown in Figure 5C, we detected significant ligand-independent
activation and T3 induced suppression, even in the shortest construct, indicating that the region
responsible for the T3-induced suppression of NR4A1 promoter activity was located in the

region close to the transcription start site between -27 and +152 bp.

3.5. Lack of binding of TR to the region between -27 and +152 bp in the NR4A1 gene.

We next determined whether TRp directly binds to the region responsible for the T3-induced
suppression of the promoter activity of the NR441 gene, the region between -27 and +152 bp.
We initially searched for the TR binding site in the region between -27 and +152 bp using the
web program, TRANSFAC. We found 2 putative TR binding sites, AGGAGGGTCGG and
AGGCTAC, in the regions between -29 and -8 bp and between +10 bp and +28 bp, respectively.
We subsequently performed an EMSA study with the fragments containing these regions and
synthetic TRB and RXR generated by TNT systems. As shown in Figure 6, PAL-TRE, a
typical TRE, palindromic TRE containing 5’-agcttcaggtcacaggaggtcagagag-3’ and
5’-aagattaaggtcatgacctgaggaga-3’, showed significant binding with the TRB-RXR heterodimers
(indicated by an arrow), and an incubation with T3 decreased binding with the TRB-RXR
heterodimers. Furthermore, the addition of an antibody against TRp induced a clear super-shift,
which confirmed that these bands were a complex containing TRp.

Under the same conditions, the fragments containing the regions between -29 and -8 bp and



between +10 and +28 bp did not show any binding to either TR or RXR.

3.6. Recruitment of TR and NCoR, and their release by T3 into regions between -147 and
+148 bp in the NR4A1 gene.

Since no direct binding to TRP was detected in the region responsible for T3-induced
suppression, we performed a ChIP analysis in order to determine whether TR is recruited to the
nuclear factor complex on this region.

As shown in Figure 7A, we detected the significant recruitment of TRp into the fragment
containing the region between -147 and +148 bp. Furthermore, the addition of T3 led to a
significant reduction in the recruitment of TRp into this region. No significant recruitment of
TR was observed under any condition tested when IgG was used instead of the antibody
against TRp.

We next examined Whether NCoR was recruited to this region using the ChIP assay with an
anti-NCoR antibody. A previous study reported that the CV-1 cells used in this study express
endogenous NCoR (Cheng et al., 2002). The results of the ChIP assay clearly demonstrated
the significant recruitment of NCoR to the region between -147 and +148 bp without T3, and an

incubation with T3 appeared to induce the release of NCoR from this region (Fig. 7B).

4. Discussion

We herein demonstrated that thyroid hormone clearly suppressed the basal expression level
of NR441 mRNA in the pituitary gland; a daily injection of T4 reduced NR441 mRNA levels in
the pituitary gland in vivo, whereas chronic hypothyroidism induced by MMI and PTU for
weeks did not.  Although many studies have reported the early-responsive effects of NR4A1 to

many factors and hormones, including CRH, GnRH, and TRH, few have found reductions in



NR4AL1 by a factor. The present results appear to show clear reductions in pituitary NR4A41
mRNA levels after an intraperitoneal injection of L-T4, which induced experimental
thyrotoxicosis.

We previously reported the strong (approximately 50-fold) and rapid (within 60 mins)
TRH-induced expression of NR44/ mRNA and its protein within 2 hr (Nakajima et al., 2012).
TRH stimulates the transcription of the NR4A1 gene through TRH receptors and the PKC and
MAPK pathways within 1 hr. In TRH knockout mice, the lack of NR4A1 was specifically
observed in thyrotrophs in the pituitary gland, suggesting TRH-specific effects on
TSH-producing cells in the pituitary gland. The overexpression of NR4A1 also stimulated
TSHP promoter activity in vitro. Furthermore, the presence of NR4Al increased the
responsiveness of TSHP promoter activity to TRH. Taken together with the present results, we
speculate that thyroid hormone indirectly reduces the expression of TSHf, at least in part, by
reducing that of NR4A1 (Fig. 8).

Genes such as the TSHp, aGSU, and TRH have been reported to possess a negative TRE
(nTRE). However, the mechanisms by which T3 negatively regulates the transcription of these
genes currently remain unclear, as does the necessity of the direct binding of TR to nTRE. We
and others have shown that the co-activator and co-repressor, SRC-1 and NCoR, respectively,
induced histone modifications around nTRE (Umezawa et al., 2009; Kim et al., 2005). We
also demonstrated that the co-repressor, NCoR, acted as a co-activator on the TRH gene because
a ligand-independent stimulation by TR was completely abolished in the TRH gene when NCoR
was knocked down (Nakajima et al., 2010). Sung-Woo Kim et al also reported that the
promoter activity of CD44, an adhesion molecule in the extracellular matrix, gene was
negatively regulated by thyroid hormone, and NCoR acted as a co-activator to enhance

TR-mediated basal transactivation in the absence of T3 (Kim et al., 2005). The results of the



present study also support this finding; the overexpression of NCoR significantly enhanced the
ligand-independent stimulation of TR, and the release of NCoR was induced by an incubation
with T3.

Ramaddos et al. investigated TR binding sites in the hypothyroid and hyperthyroid mouse
liver and hypothalamus using a genome-wide profiling study with ChIP-seq (Ramadoss et al.,
2014). They found that TRP bound to different sites or the same sites with different affinities
between the hypo- and hyperthyroid statuses. They also reported that T3 mainly regulated
transcription positively through the direct repeats (DR)4 motif and negatively through the DRO
motif. Furthermore, more than 60% of genes negatively regulated by thyroid hormone were
not related to the binding of TRBJ(Ramadoss et al., 2014). We did not detect the DRO motif
in the NR4A promoter region or the direct binding of TR on the gene. On the other hand, a
ChIP-ChIP analysis performed by Gagne et al. identified 85 sites that recruited TRE in the
developing mouse cerebellum and included the NR4A! gene (Gagne et al., 2013). They also
showed that NR4Al mRNA levels in the mouse liver increased with experimental
hypothyroidism induced by a PTU treatment, and that a NR4A1l binding site located far
upstream of the transcriptional start site was responsible for the T3-induced suppression of
promoter activity in the liver cell line, Hepg2 (Dong et al., 2007). In contrast, we found that
the region responsible for the thyroid hormone-induced suppression of the NR4A1 gene was
located close to the transcriptional start site, without the direct binding of TR in this region.
This discrepancy may be due to tissue-specific differences in the machinery underlying the
T3-induced suppression of NR4A1 mRNA levels between the liver and pituitary gland.

The promoter region of the NR4A1 gene has four CREB responsive elements (CRESs) in the
region between -42 and -235 bp and two MEF2 binding elements in the region between -275

and -309 bp. A previous study reported that CREB is necessary for activating NR4Al



transcription following depolarization in PC12 cells, and MEF2 mainly acts as a repressor in
un-stimulated or non-depolarized PC12 cells in order to restrain the CREB-mediated expression
of NR4A1l (Lam et al., 2010). Our deletion analysis of the promoter region showed no
involvement of T3-induced reductions in promoter activity with these CREB and MEF?2 sites
because the shortest construct, -27-+152Luc, was negatively regulated by thyroid hormone.

The present ChIP analysis demonstrated that TR and NCoR form a complex on the promoter
region in the NR4A1 gene in the absence of T3, following the addition of T3 to induce the
release of TR and NCoR. We reported the similar dissociation of TR from the TRH gene after
a 24-hr exposure to T3 (Umezawa et al., 2009). Furthermore, the knockdown of NCoR led to
a decrease in the TR-induced ligand-independent stimulation, suggesting that NCoR may
interact with TR on the NR4Al gene. In addition, the F455S mutant that impaired the
T3-induced release of NCoR increased the ligand-independent stimulation of the NR4A1 gene
by TR, further supporting the interaction between NCoR and TR on the NR4A1 gene. These
results suggest that a similar molecular machinery exists for the negative transcriptional
regulation of the TRH and NR4A1 genes by thyroid hormone.

5. Conclusion
In conclusion, we demonstrated for the first time the novel effects of thyroid hormone on
NR4A1, which is rather than up-regulator such asyearly responsive gene, negative regulation of
its basal level by thyroid hormone. NR4A1 may be a key regulator of the TSHp gene in the

pituitary gland for regulation by hypothalamic TRH Therefore, and thyroid hormone (Fig. 8).
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Figure legends
Fig. 1. Subacute thyrotoxicosis reduced pituitary NR4AI mRNA levels in mice.

A) NR4A1 mRNA levels were measured in the pituitary glands of wild-type mice and
experimental hypothyroid and thyrotoxicosis mice. Experimental hypothyroid and
thyrotoxicosis were induced by anti-thyroid drugs (MMI and PTU) in chow and daily peritoneal
injections of a pharmacological dose of T4 for 2 weeks. Although daily injections of T4
reduced NR4A1 mRNA levels, chronic hypothyroidism had no effects.

NR4AI mRNA levels (B) and TSHf mRNA levels (C) were measured 24 hr (indicated as 24
h) after a single injéction of the same dose of T4 as that described above. Both levels were
significantly lower than those in the control (control), indicating that the single injection of T4
caused thyrotoxicosis in 24 hr that was sufficient to depress pituitary TSHB mRNA levels,
which led to reductions in NR4A1 mRNA levels. Data are expressed as mRNA levels relative
to the control set as 1.0. . Control indicates the injection of vehicle, saline: T4, injection of T4;
MMI+PTU, experimental hypothyroidism induced by the MMI and PTU treatment.

** p<0.01; *, p<0.05; N.S., not significant.

Fig. 2. Thyroid hormone suppressed the promoter activity of the NR4AI gene in vitro.

A) An incubation with 100 nM T3 did not any change the promoter activity of the NR4A41/
gene containing the promoter region between -1295 and +152 bp of the transcriptional start site
in CV-1 cells that did not express functional TR. An incubation with T3 without the
expression of TRPB did not affect the promoter activity of the NR4Al gene. The
overexpression of TR led to a marked increase in NR4A 1 promoter activity to 198.7+ 19.3%
that of controls. Under the expression of TRp, the incubation with 100 nM T3 induced a

significant reduction in NR4A1 promoter activity, which was less than basal promoter activity



(without T3 or the expression of TRP). Data were expressed as activity relative to that of
controls (without T3 or the expression of TRp).

B) The suppression of the promoter activity of the NR4A1 gene by T3 was dose-dependent.
The suppression of the NR4A1 gene was initially observed from 0.1 nM T3 and a reduction of
85.6 + 1.4% was noted with 1,000 nM T3.

Values are represented as the mean + SEM.  **, p<0.01; *, p<0.05

Fig. 3. Effects of the overexpression of NCoR on T3-induced repression of NR4AI promoter

activity in vitro.

A) We examined the effects of NCoR on the T3-induced repression of NR4A1 promoter
activity using pA3-Luc(-1295~+152). The overexpression of NCoR led to a significant
increase in the ligand-independent stimulation of NR4A1 promoter activity by TR and
impaired reductions by T3-induced repression (far right lane).

B-1 and 2) Effects of the knockdown of NCoR by siRNA on the T3-induced suppression of the

NR4A1 gene in CV1 cells.

B-1) A real-time PCR analysis showed that the transfection of siRNA for NCoR (SiNCoR)
led to 54.4% lower mRNA levels than those by the control (SICONTROL) after 48 hrs (the left
panel). A Western blot analysis demonstrated that the level of the NCoR protein, ~270kDa in
size, was also decreased to 65.7% that of the control, whereas the expression of GAPDH was
not changed as a control (right panel).

B-2) The promoter activity and effects of the overexpression of TR and T3-induced
suppression of the NR4A1 gene were examined in CV-1 cells using pA3-Luc(-1295~+152). In
the control vehicle with SiCONTROL RNA, the significant ligand-independent activation of the

NR4A1 gene by TR and repression by 100 nM T3 were observed (left panel). However, the



knockdown of NCoR abolished ligand-independent activation, but did not affect repression by
T3 (right panel). Data were expressed as luciferase activity relative to the control (in the
absence of the overexpression of TR and T3).

Data are presented as the mean = SE of three experiments (¥, p<0.05; **, p<0.01).

Fig. 4. Effects of TR mutants on T3-induced repression of the promoter activity of the NR4A1
gene in CV-1 cells.

The promoter activity of the NR4A1 gene (pA3-Luc (-1295~+152)) was examined under the
expression of mutant TR instead of wild-type TR. When transfected F455S mutant TRp that
impaired T3-induced release of NCoR in CV-1 cells, a ligand-independent activation by TR was
increased as compared to that of the wild-type TR, and repression by T3 was also impaired (p<0.01).
The NR4A1 promoter activity, examined using GS125 mutant TR, which has a mutated DNA
binding region, showed impairment of ligand-independent activation and inhibition of
T3-induced transcriptional repression. Data were expressed as luciferase activity relative to the
control set as 1.0 (in the absence of the expression of TR or T3).

Data are presented as the mean = SE of three experiments (*, p<0.05; **, p<0.01).

Fig. 5. The region responsible for T3-induced suppression was located close to the
transcriptional start site of the NR4AI gene.
A) The sequence of the promoter region of the human NR4A41 gene.

The promoter region of the NR4A1 gene contains putative myocyte enhancer factor (MEF) 2
response elements (MRE) in the region between -275 and -309 bp, and a putative cAMP
response element (CREB) at -42 bp, -71 bp, -215 bp, and -235 bp of the transcription start site.

B) A series of deletion mutants of the NR4A1 promoter construct showed weaker promoter



activity than that of the (-1295-+152)-Luc construct, suggesting that the region between -1295
and -337 exhibits enhancer activity. The activity of (-337-+152)-Luc was weaker than that of
(-147-+152)-Luc, suggesting silencer activity in the region between -337 and -147 bp.
C) Using these deletion constructs, the ligand-independent activation of NR4A1 promoter
activity by TR and suppression by T3 were examined. @ We detected significant
ligand-independent activation and T3 suppression in all constructs examined, indicating that the
region responsible for the T3-induced suppression of the NR4A1 promoter was located close to
the transcriptional start site (-27bp ~ +152 bp).

Data were expressed as luciferase activity relative to the (-1295-+152)-Luc construct set as
1.0 (in the absence of expression of TR or T3) (Fig. 5B). In Figure 5C, each control (in the
absence of the expression of TR and T3) was set as 1.0. Data are presented as the mean +

SEM of three experiments (*, p<0.05; **, p<0.01).

Fig. 6. The EMSA demonstrated that neither TRf nor RXR bound to putative TR binding
sites.

The EMSA was performed with the fragments containing the putative TR binding sites,
AGGAGGGTCGG and AGGCTAC, in the regions between -29 and -8 bp and between +10 and
+28 bp, respectively, indicated as a probe in the upper column. The typical thyroid hormone
response element, palindromic TRE (PAL-TRE), containing 5’-agcttcaggtcacagga ggtcagagag-3’
and 5’-aagattaaggtcatgacctgaggaga-3’, showed significant binding with the TRB-RXR
heterodimers (lane 12). An incubation with T3 decreased the binding of TRB-RXR
heterodimers (indicated as TRB-RXRa) (lane 13 with 1 nM T3, lane 14 with 100 nM T3).

Furthermore, the addition of an antibody against TR induced a clear super-shift (indicated as



an arrow with Super-shift) (lane 15), confirming that the bands were a complex containing TR.

Under the same conditions, the fragments containing the regions between -29 and -8 bp
indicated as the NR4A1 promoter -29/-8 and between +10 and +28 bp (NR4A1l promoter
+10/+28) did not show any binding to either TRP or RXR. N.S. indicated non-specific

binding by the TNT lysate alone.

Fig. 7. ChIP assays demonstrated that TR and NCoR were recruited to the region between
-147 and +148 bp of the NR4AI promoter.

A) ChIP assays were performed on CV1 cells transfected with pA3-Luc (-1295~+152) and
TRP using an antibody against TRB. The significant recruitment of TR was observed into the
fragment containing the region between -147 and +148 bp. Furthermore, the addition of T3
induced a significant reduction in the recruitment of TRp into this region. No significant
recruitment of TRB was found under any condition tested when IgG was used instead of the
antibody against TRp.

B) The ChIP assay with pA3-Luc (-1295~+152) and an anti-NCoR antibody was performed
using CV-1 cells that expressed endogenous NCoR. A ChIP assay demonstrated that NCoR
was recruited to the region between -147 and +148 bp without T3, while an incubation with T3
induced the release of NCoR from that region.

Values are represented as the mean £ SEM. *, p<0.01.



Fig. 8. Proposed machinery for the involvement of NR4AI with TRH- and T3-mediated
regulation of the TSHp gene in the pituitary gland.

NR4A1 stimulates the promoter activity of the 7SH/ gene in a dose-dependent manner in
pituitary thyrotrophs as previously reported (Nakajima et al., 2012). TRH stimulates NR4A41
mRNA levels through TRH receptors and the PKC and ERK signal transduction pathways. In
the present study, we demonstrated that thyroid hormone negatively regulated the level of
NR4A1 mRNA, possibly via the release of TR and NCoR from the promoter of the NR4A1
gene, and then suppressed its promoter activity (in the dotted line of the frame). NR4A1 may
be a key regulator of the 7SH/3 gene in the pituitary gland for regulation by hypothalamic TRH

and thyroid hormone.
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Pituitary NR4A1 is negatively regulated by thyroid hormone without direct binding of

thyroid hormone receptors on the gene.
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