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Abstract

The novel heterodimeric glycoprotein hormone thyrostimulin consists of two unique subunits, A2 and B5. To understand its yet unknown
transcriptional regulation, we characterised the 3.1-kb immediate 5′-flanking region of the human A2 gene localised on chromosome 11q13. In
transient transfection assays this sequence exhibited promoter activity, which could be confined to nucleotides−506 to−347 relative to the ATG
start codon. Interestingly, this minimal promoter appeared to be non-tissue-specific. Deletional, mutational and gel shift analyses revealed regulatory
elements that are essential for the regulation of the A2 gene expression. Another noteworthy feature of this gene is the presence of silencer elements
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pstream and downstream of the promoter. To surmise, our results provide an initial step toward a detailed analysis of the underlying
echanisms of the human thyrostimulin gene expression.
2005 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Classically, the synthesis of thyroid-stimulating hormone
TSH) in the anterior pituitary is stimulated by thyrotropin-
eleasing hormone (TRH) produced in the hypothalamus. In
he thyroid, the binding of TSH to the G protein-coupled TSH
eceptor (TSHR) facilitates the stimulation of adenylyl cyclase,
hereby causing enhanced production of cAMP (Vassart and
umont, 1992). The cAMP in turn activates further downstream
ignalling leading eventually to the production of thyroid hor-
ones T4 and T3. However, recent progress has implicated,
lbeit indirectly, a new pituitary hormone, thyrostimulin, in the
stablished view of thyroid axis.

TSH, follicle-stimulating hormone (FSH), luteinising hor-
one (LH) and chorionic gonadotropin (CG) are members of

he glycoprotein hormone family that consist of two subunits,
he�- and�-subunits. The�-subunit is common to all members
f this family but the�-subunit is unique and confers specific
iological activity to each heterodimeric protein (Shupnik et al.,
989). In 2002, a novel heterodimeric glycoprotein hormone,

ermed thyrostimulin, was discovered (Nakabayashi et al.). It

contains two unique subunits A2 and B5 [recorded in GenB
as glycoprotein hormone A2 (GPHA2) and glycoprotein
mone beta 5 (GPHB5), respectively] that were identified
homology search of the human genome. A2 is 35% iden
at an amino acid level to the common glycoprotein�-subunit,
whereas B5 is approximately 30% identical to TSH-�, FSH-
� or LH-�. Despite such modest similarity, they contain al
the cysteine residues required to form the characteristic cys
knot structure found in the related glycoprotein hormone fa
members.

The intriguing finding that purified thyrostimulin stimulat
cAMP production via the TSHR in cultured thyroid cells a
increased T4 levels in TSH-suppressed rats in vivo (Nakabayash
et al., 2002), raised the question about the functional sig
icance of this new hormone.Ikekubo et al. (2005)described
two euthyroid patients with persistently undetectable leve
TSH, TSHR antibodies and thyroid stimulating antibodies
with almost normal levels of free thyroid hormone. This st
suggested that an unknown factor, such as thyrostimulin, s
lated the thyroid. On the other hand, no apparent phenotyp
found in mice lacking the B5 gene (Macdonald et al., 2005),
indicating that the normal function of thyrostimulin rema
∗ Corresponding author. Tel.: +49 731 500 24306; fax: +49 731 500 24745.
E-mail address: ulrich.loos@medizin.uni-ulm.de (U. Loos).

uncharacterised.
In this paper, we continue to unravel the role of thyrostim-

ulin by studying its yet unknown transcriptional regulation. To

erved
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do so, we have cloned and functionally analysed the promoter of
the human A2 subunit in pituitary and non-pituitary cell lines.
The gene for this subunit is located on chromosome 11q13 and
contains the ORF encoded by three exons. The latter extend
from nucleotides 37229 to 37331, 37518 to 37696 and 37813 to
37919, with the translational start site ATG positioned at 37229
nt. Our results provide an initial step toward a detailed analysis
of the underlying molecular mechanisms of the human thyros-
timulin gene expression.

2. Materials and methods

2.1. Plasmid construction

DNA fragment from the human thyrostimulin A2 subunit 5′-flanking region
(−3119 to−37, the A in the ATG initiation codon is designated as +1) was
amplified from human brain genomic DNA (BioCat, Heidelberg, Germany) by
PCR using the following primers: F, 5′-CTTGCAGCTCTCTCTTCCCGTTT-3′
and R, 5′-GTATTTAAAGAACTCGCCATCCCACCTG-3′. It was inserted into
the pCR-XL-TOPO vector (Invitrogen, Karlsruhe, Germany) and the resulting
construct was cleaved byMluI and XhoI. After separation on agarose gel and
purification using the QIAquick gel extraction kit (Qiagen, Hilden, Germany),
the fragment that contains sequence from−3119 to−37 was inserted into the
luciferase reporter vector pGL3-Basic (Promega, Mannheim, Germany) using
MluI andXhoI sites. This construct was designated−3119/−37.

Progressively shorter 5′ prime truncations (−2066/−37, −1586/−37,
−1046/−37,−506/−37 and−373/−37) were generated using a PCR strategy
that employed−3119/−37 as a template, reverse primer 5′-TAAAGAACTCG-
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CTCGAGGATCCGA-3′ and 5′-GCTGGCAAATAAAAGCCTGGACTCGAG-
GATCCGA-3′, respectively.

The substitution mutants were generated by a two-step PCR procedure using
overlapping inner primers with an incorporatedEcoRI site that introduced a 6-
bp mutation. The outer forward and reverse primers contained 5′ MluI and 3′
XhoI, respectively. The two products were digested withEcoRI and ligated. The
purified ligation product was again subjected to PCR using the outer primers. The
resulting product was cleaved withMluI andXhoI and ligated into theMluI and
XhoI sites of pGL3-Basic. To generate the mutations 1–14, the A2min construct
was used as a template, with forward and reverse primers listed inTable 1.

Because regions−347/−37 and−1046/−506 appeared to down-regulate
the A2min plasmid, we set to analyse them for the presence of silencer ele-
ments. Designated s1 and s2, these regions were amplified from the−3119/−37
clone with primer pairs containingKpnI (F: 5′-CGAGATCGGTACC-
CTGGGGAGGGTCTGGGAATGT-3′ and R: 5′-AAGAACTCGCCATCCC-
ACCTGGGTACCGATCCGA-3′ for s1, F: 5′-CGAGATCGGTACCGTTCA-
AGACCACCATGGGCAA-3′ and R: 5′-CTTCAGGCAGGGGAGGCTGGT-
GGTACCGATCCGA-3′ for s2). The products were inserted into theKpnI site
of pGL3-Basic (resulting in s1-s-B [sense], s1-as-B [anti-sense], s2-s-B and s2-
as-B), pGL3-Promoter (s1-u-s-P [upstream of the SV40 promoter]) (Promega),
s1-u-as-P, s2-u-s-P and s2-u-as-P) and A2min (s1-u-s-m [upstream of the A2min
promoter]), s1-u-as-m, s2-u-s-m and s2-u-as-m). The regions s1 and s2 were
also cloned into theHindIII site downstream of the SV40 and A2min promoters
of pGL3-Promoter and A2min plasmids, respectively, using the same primers
as above but with incorporatedHindIII. These constructs were called s1-d-s-P
(downstream of the SV40 promoter), s1-d-as-P, s1-d-s-m (downstream of the
A2min promoter), s1-d-as-m, s2-d-s-P, s2-d-as-P, s2-d-s-m and s2-d-as-m.

All constructs were confirmed by sequence analysis.

2.2. Cell culture
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CATCCCACCTGCTCGAGGATCCGA-3 and forward primers with th
ollowing sequences: 5′-CGAGATCACGCGTCCTGGCAAACAAGGACCC-
GGT-3′, 5′-CGAGATCACGCGTTTCTTGCTCAAGTGTAGTTTAGCACC-
TGG-3′, 5′-CGAGATCACGCGTGTTCAAGACCACCATGGGCAACATG-
′, 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ and
′-CGAGATCACGCGTGTGAGCTCGCTGAGGCAGGAGGA-3′, respective
y. They were designed with a 3′ XhoI (reverse primer) and 5′ MluI (forward
rimers) (italicised) to facilitate subsequent cloning into theMluI andXhoI sites
f pGL3-Basic.

The fragments−540/−347,−1046/−347,−1586/−347 and−2066/−347
ere constructed by the same method as described above (reverse
′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′ and forward
rimers: 5′-CGAGATCACGCGTGATCGCTCTGAGGCTTCAGGCAGG-3′,
′-CGAGATCACGCGTGTTCAAGACCACCATGGGCAACATG-3′, 5′-CG-
GATCACGCGTTTCTTGCTCAAGTGTAGTTTAGCACCATGG-3′ and 5′-
GAGATCACGCGTCCTGGCAAACAAGGACCCAGGT-3′, respectively).

The minimal promoter (designated−506/−347 or A2min for simplicity)
as cloned by PCR with−3119/−37 as a template, forward primer contain
luI (5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′)
nd reverse primer containingXhoI (5′-CTCGCTGAGGCAGGAGGAGCT
TCGAGGATCCGA-3′) and ligated into pGL3-Basic usingMluI and XhoI
ites. The same strategy was exploited to prepare deletions of the A2m
truct, with the latter serving as a template in PCR. The primers for 5′-deletions
−489/−347, −481/−347 and−468/−347) were as follows: reverse prim
′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′and forward
rimers, 5′-CGAGATCACGCGTGAGGGCGTGGCTCCAAAATGCTG-3′,
′-CGAGATCACGCGTGGCTCCAAAATGCTGGCAAT-3′ and 5′-CGAGA-
CACGCGTTGGCAAATAAAAGCCTGGAGAGC-3′, respectively. Th
rimers for 3′-deletions (−506/−357,−506/−373,−506/−383,−506/−393,
506/−403,−506/−413,−506/−423,−506/−433 and−506/−443) were a

ollows: forward primer, 5′-CGAGATCACGCGTTTGAAAGCCGATCTCC-
AGAGGGCGT-3′ and reverse primers, 5′-AAGTGGTGAGCTCGCTGAG
CACTCGAGGATCCGA-3′, 5′-TGTTCCTGGGCCTCGGAAGTGCTCGA-
GATCCGA-3′, 5′-CAAGCCGCTCTGTTCCTGGGCCTCGAGGATCCGA-
′, 5′-AGGAAAACTGCAAGCCGCTCTCTCGAGGATCCGA-3′, 5′-GCAG-
AGGCACAGGAAAACTGCCTCGAGGATCCGA-3′, 5′-CTGGAGACCA-
CAGGAGGCACACTCGAGGATCCGA-3′, 5′-CAGCACCAAGCTGGAG-
CCAGCCTCGAGGATCCGA-3′, 5′-CCTGGAGAGCCAGCACCAAGCT
r:

-

The human embryonic kidney 293, human pancreatic carcinoma PA
nd MIA PaCa-2, mouse gonadotrope�T3 and mouse thyrotrope T�T1 cell lines
ere cultured in DMEM containing 10% FCS, 4.5 mg/ml glucose, 100 U
enicillin and 0.1 mg/ml streptomycin (Gibco, Karlsruhe, Germany). The T�T1
ells were seeded on Matrigel-coated plates (BD Biosciences, Heidelber
any) which facilitated adhesion. Matrigel was diluted 20-fold with DM
efore coating the plates and allowed to dry before plating cells. The m
ammary HC11 cells were maintained in DMEM supplemented with
BS, 100 U/ml penicillin, 0.1 mg/ml streptomycin (Gibco), 5�g/ml insulin and
0 ng/ml recombinant human epidermal growth factor (Sigma, Taufkirchen
any). The rat somatolactotrope GH3 cell line was grown in MEM conta
5% FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin (Gibco). The

hyroid PC Cl3 cells were cultured in Coon’s modified Ham’s F-12 med
Biochrom, Berlin, Germany) supplemented with 5% CS (Gibco) and a
ormone mixture (1.5 mU/ml TSH, 10�g/ml insulin, 10 ng/ml somatostati
�g/ml transferrin, 3.6 ng/ml hydrocortisone and 10 ng/ml glycyl-l-histidyl-l-

ysine acetate; 6H medium) (Sigma).

.3. Transfection and luciferase assay

GH3, �T3, T�T1, 293, PC Cl3, HC11, PANC-1 or MIA PaCa-2 ce
ere seeded onto 12-well plates. At ca. 70–85% confluence, 300 ng o
ids were transfected into appropriate wells with the Effectene transfe

eagent (Qiagen). After 48 h, luciferase activity was determined using the L
B9501 luminometer (Berthold, Wildbad, Germany). For normalisation o

uciferase activities the protein content was measured by the BioRad
ein assay (BioRad, Munich, Germany). Three independent experiments
one in triplicate, were performed and gave similar results. Figures sho
ean of all experiments with error bars giving the standard deviation o
ean.

.4. Preparation of nuclear extracts and EMSA

Nuclear extracts from 293 and GH3 cells were made using the NE-PE
Pierce, Bonn, Germany) as described by the manufacturer. For each prep
a. 40 mg of cell paste was used. All procedures were carried out at 4◦C.
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Table 1
Sequences of the primers used to generate thyrostimulin A2 subunit promoter mutations

Mutation
generated

PCR Forward primer Reverse primer

m1
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-CTTCAGGCAGGGGAGGCTGGTTGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCCCGATCTCCAAGAGGGCGTGGC-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTGAATTCCCGATCTCCAAGAGG-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m2
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-GGGGAGGCTGGTTTGAAAGCCGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCAAGAGGGCGTGGCTCCAAAATG-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGGAATTCAAGAGG-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m3
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-GGTTTGAAAGCCGATCTCCAAGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCTGGCTCCAAAATGCTGGCAAAT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGGAA-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m4
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-AGCCGATCTCCAAGAGGGCGTGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCAAATGCTGGCAAATAAAAGCCT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m5
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-AGAGGGCGTGGCTCCAAAATGCGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCATAAAAGCCTGGAGAGCCAGCA-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m6
1a 5′-CGAGATCACGCGTGAGGCCTGGGCTGTGGGTAGCTT-3′ 5′-TGGCTCCAAAATGCTGGCAAATGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCCTGGAGAGCCAGCACCAAGCTG-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m7
1a 5′-CGAGATCACGCGTGATCGCTCTGAGGCTTCAGGCAGG-3′ 5′-AATGCTGGCAAATAAAAGCCTGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCCAGCACCAAGCTGGAGACCAGC-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m8
1a 5′-CGAGATCACGCGTGATCGCTCTGAGGCTTCAGGCAGG-3′ 5′-AAAAGCCTGGAGAGCCAGCACCGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCGAGACCAGCAGGAGGCACAGGA-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m9
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-ACCAAGCTGGAGACCAGCAGGAGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCGGAAAACTGCAAGCCGCTCTGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m10
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-GAGGCACAGGAAAACTGCAAGCGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCGTTCCTGGGCCTCGGAAGTGGT-3′ 5′-TAAAGAACTCGCCATCCCACCTGCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m11
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-GGAAAACTGCAAGCCGCTCTGTGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCGCCTCGGAAGTGGTGAGCTCGC-3′ 5′-TAAAGAACTCGCCATCCCACCTGCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m12
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CAAGCCGCTCTGTTCCTGGGCCGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCGTGGTGAGCTCGCTGAGGCAGG-3′ 5′-TAAAGAACTCGCCATCCCACCTGCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m13
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTGTTCCTGGGCCTCGGAAGTGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCTCGCTGAGGCAGGAGGAGCT-3′ 5′-TAAAGAACTCGCCATCCCACCTGCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-CTCGCTGAGGCAGGAGGAGCTCTCGAGGATCCGA-3′

m14
1a 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-GGCCTCGGAAGTGGTGAGCTCGGAATTCGATCCGA-3′
1b 5′-CGAGATCGAATTCCAGGAGGAGCTCTGGGGAGGGT-3′ 5′-TAAAGAACTCGCCATCCCACCTGCTCGAGGATCCGA-3′
2 5′-CGAGATCACGCGTTTGAAAGCCGATCTCCAAGAGGGCGT-3′ 5′-GCTCGGAATTCCAGGAGGAGCTCTCGAGGATCCGA-3′

The mutations correspond to those listed inFig. 3. The mutated nucleotides are underlined. The introducedMluI andXhoI restriction sites are italicised. PCR 1a and
1b correspond to the two products generated by PCR 1.

The complementary oligonucleotides containing the wild-type or mutated
sequences (Fig. 4B) were labelled separately using the biotin 3′ end DNA
labelling kit (Pierce) and then annealed.

Gel shift assays were performed using the LightShift chemiluminescent
EMSA kit (Pierce) according to manufacturer’s instructions. The binding reac-
tion consisted of 20 fmol labelled double-stranded oligonucleotide (wild-type
or mutated,Fig. 4B) and 2�l nuclear extract in a total volume of 20�l. The
whole reaction was run on a 6% polyacrylamide gel and electrophoretically
transferred to a Biodyne B nylon membrane (Pierce). The transferred DNA was
cross-linked to membrane at 120 mJ/cm2 using a UV-light cross-linker (Biome-

tra, Göttingen, Germany) (45 s exposure), detected by chemiluminescence and
exposed to CL-Xposure X-ray film (Pierce) for 2 min. As a specific competitor,
4 pmol unlabeled wild-type oligonucleotide (200-fold excess) was used.

2.5. RT-PCR

Total RNA was isolated from GH3,�T3, T�T1, 293, PC Cl3, HC11, PANC-
1 and MIA PaCa-2 cells using the QIAshredder and RNeasy mini spin column
(Qiagen). A DNAse I RNAse-free treatment was performed to eliminate DNA
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contamination. Single-stranded oligo(dT)-primed cDNA was generated from
250 ng total RNA using Superscript II reverse transcriptase (Invitrogen). PCR
conditions were as follows: denaturation at 95◦C (1 min), annealing at 62◦C
(30 s) and extension at 72◦C (2 min) for 35 cycles. Primers for human, rat and
mouse thyrostimulin�-subunit were F: 5′-ATCCCAGGCTGCCACTTGCAC-
3′, R: 5′-TGTCGCCTCTCTCGCTACTAG-3′, F: 5′-ATCCCAGGCTGCCAC-
TTGCAC-3′, R: 5′-TGCCGTCTCTCCCGCTACTAG-3′ and F: 5′-ATCCCA-
GGCTGCCACTTGCAC-3′, R: 5′-TGCCGTTTCTCCCGCTACTAG-3′,
respectively; they produce an amplicon of 308 bp. Omission of the RT step led
to loss of the PCR products. Primers for the GAPDH gene were: 5′ primer,
5′-ACCACAGTCCATGCCATCAC-3′ and 3′ primer, 5′-TCCACCACCCT-
GTTGCTGTA-3′ (BD Biosciences). The amplification yielded a 452 bp DNA
product.

2.6. In silico analysis

Analysis of the sequences for transcription factor binding sites was con-
ducted with the program MatInspector (Quandt et al., 1995) and AliBaba2
(Grabe, 2002) using the selected matrix library (vertebrate section) and opti-
mised thresholds.

3. Results

3.1. Cloning and deletional analysis of the A2 subunit
promoter

The tentative transcription start site for the A2 gene was
determined by identifying the 5′ end of the respective mRNA
(
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with the strongest activation being detected for the−506/−347
fragment in 293 cells of 50-fold and in GH3 cells of 14.8-fold.
This indicated that the−506/−347 fragment contains the mini-
mal promoter.

To delineate the minimal promoter region, we performed
5′ and 3′ deletions of the−506/−347 fragment. The 293 and
GH3 cells were transfected with luciferase expression constructs
containing each of the deleted promoters. Results of these exper-
iments are shown inFig. 2. Deletion of sequence between−506
and−489 resulted in a 5.7-fold decrease in the activity in 293
cells and 6.2-fold in GH3 cells. On the other hand, when the
regions from−489 to −481 and from−481 to −468 were
deleted, the promoter activity was almost completely abolished
in both cell lines studied. From the 3′ end, deletion from−357
to −347 resulted in a strong decrease in the activity of the
−506/−347 fragment (11.1-fold in 293 cells and 13.9-fold in
GH3 cells). Curiously, further deletion of extra 16 nt (−373 to
−347) reduced this inhibitory effect to only 2.7-fold and 1.2-
fold in 293 and GH3 cells, respectively. Further deletions from
−433 to−373 showed ca. two- to three-fold drop in the pro-
moter activity in both cell lines, leading us to conclude that the
minimal promoter region for A2 gene lies between the−506
and−347 nt. We designated this minimal promoter−506/−347
or A2min.

3
p

bsti-
t
m ctor
b lysis
( t of
t ced
u Each
m rans-
f with
l tated
p -

F erase e
t emat o
g rent ea
t that t
GenBank accession no. NM130769) and mapped to−427 nt
elative to the ATG site. The amplified−3119/−37 genomic
NA fragment of the A2 5′-flanking region was sub-cloned

ront of the luciferase reporter gene in the promoterless pG
asic vector to analyse the A2 promoter activity in pituit
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448 nt, showed only moderate promoter activity (2.5-fol
93 and 4.4-fold in GH3 cells), indicating the presence of
tive DNA regulatory elements. We performed increment′
eletions extending to−373 (Fig. 1). There was a similar ove
ll decrease in activity between−3119 and−373 in both cel

ines. However, when the region between−373 and−37 was
eleted, we observed a striking increase of the promoter ac

ig. 1. Transient expression analysis of the A2 promoter activity. Lucif
ransfected into 293 and GH3 cells. The constructs are represented sch
ene. The luciferase values were expressed as fold stimulation of the pa

hree experiments done in triplicate. The absence of error bars indicates
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.2. Substitution mutant analysis of the A2 subunit
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Our next approach was to introduce a series of 6-bp su
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uciferase expression constructs containing each of the mu
romoters, and the results are shown inFig. 3C. The muta
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Fig. 2. Transient expression analysis of the A2 promoter deletion constructs. The experimental design and the calculation of data were the same as forFig. 1.

tion of the first half of the putative Sp1 site (m3), the middle
of the TATA box (m6) and the TTF-1 site partially overlap-
ping the TATA box (m7) resulted in a profound decrease of
activity of 25-, 16.7- and 4.3-fold in 293 cells and of 32.7-,
49- and 10.9-fold in GH3 cells, respectively. In contrast, the
mutation of the NF-1 site (m8) lowered transcriptional activ-
ity only slightly (by 1-fold in 293 cells and by 1.7-fold in
GH3 cells), suggesting that this region does not contain a stim-
ulatory element. In 293 cells, five mutants m10, m11, m12,
m13 and m14 (which correspond to the mutated GAGA, two
Ets, c-Myb and AP-1 sites) exhibited strongly reduced pro-

moter activities of 16.7-, 9.2-, 7.5-, 13.2- and 9-fold, respec-
tively. The same mutations also decreased transcriptional activ-
ity in GH3 cells, although to a slightly lesser extent (by 16.3-,
10.9-, 6.1-, 6.1- and 3.6-fold, respectively). The mutations m1
(mutated LSF site), m2 (mutated unknown adjacent region), m4
(mutated second half of the Sp1 site) and m5 (mutated Oct-
1 site) markedly lowered promoter activities by 3.8-, 2.6-, 3.3-
and 3.6-fold in 293 cells and by 3.6-, 3.6-, 2.8- and 4-fold in GH3
cells. Strongly reduced promoter activity was observed with m9
(mutated Pax-5 site) in GH3 (of 7.5-fold) but not in 293 cells
(of 2.5-fold).
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ig. 3. Luciferase activity of the A2 minimal promoter substitution mutants. The
elative to the transcription start site (bent arrow) is schematically indicated.
re boxed or underlined (A). The consensus transcription factor binding sites
onstructs, with the mutated nucleotides marked by black boxes on the vertical
alues were expressed as fold stimulation of the parent promoter-less vector p
n triplicate. The absence of error bars indicates that the error was too small to
location of each mutation (dotted arrow with heads pointing in opposite directions)
The TATA box is shaded in grey and the predicted transcription factor binding sites
are schematically drawn (B). 293 and GH3 cells were transfected with the mutation

axis (C). All numbering is relative to the ATG start codon of the A2 gene.The luciferase
GL3-Basic, which was set to one, and represent mean± S.D. of three experiments done
display in these columns.
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Fig. 4. Sequence of the wild type and mutated probes used in EMSA. The location of each probe (arrow with heads pointing in opposite directions) relative to the
transcription start site (bent arrow) is schematically indicated. The TATA box is shaded in grey and the predicted transcription factor binding sites are boxed or
underlined (A). The mutations are indicated by m (dotted box) (B).

3.3. Characterisation of the factors binding the
functionally relevant sites within the A2 subunit promoter

To further assess whether the putative elements revealed
by an in silico analysis and transient transfection assays were
functional, we performed EMSAs with 293 and GH3 nuclear
extracts. A series of double-stranded biotin-labelled oligonu-
cleotide probes were generated by PCR amplification (Fig. 4A

and B). The incubation of 293 and GH3 extracts with probe
2 revealed two protein-DNA complexes 2a and 2b, though the
latter was much more intense in 293 extracts (Fig. 5). Three com-
plexes 3a, 3b and 3c were detected when nuclear extracts from
both cells types were incubated with probe 3. Here, the com-
plexes 3a and 3b also appeared more abundant in 293 extracts.
Probe 4 yielded a single complex 4a, which, again, was more
intense in 293 extracts. The shift pattern observed with probe

F es in d
r mme d wi
a

ig. 5. EMSA shows complexes formed on the wild type and mutated prob
eaction contained unlabeled competitor (u) in 200-fold excess as diagra

t the left.
nuclear extracts from 293 and GH3 cells. Probes numbered as inFig. 4. Every secon
d on top of each gel. The shifted complexes and free probe (F) are marketh arrows
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5 (complexes 5a, 5b, 5c and 5d) was similar to that obtained
with probe 3, except that an added low-intensity complex 5d
was formed in extracts from 293 cells. Furthermore, complexes
5a and 5c were far more abundant in extracts from 293 cells
compared to those in GH3 extracts. One complex was formed on
probe 1, whereas probe 6 resulted in the formation of three com-
plexes in extracts from both cell lines tested (data not shown).

In competition experiments, 200-fold excess of unlabeled
probes 1–6 abolished all complex formation in nuclear extracts
from both cell lines, with an exception of 293 extracts where
complexes 3b and 3c were strongly reduced (Fig. 5). We next
prepared biotin-labelled probes containing mutated potential
transcription factor binding sites (that eliminated promoter func-
tion in luciferase assays,Figs. 3A and 4B) to see if the observed
complexes involve the mutated nucleotides. The equal amounts
of the mutated and wild-type probes (20 fmol) were used to make
sure that they possess similar specific activity. As a result, in 293
extracts the formation of complex 5b was abolished on probes
5m1 and 5m3 and in GH3 extracts two complexes 3b and 5b
were eradicated on the corresponding probes 3m1, 3m2, 3m3,
5m1, 5m2 and 5m3 (Fig. 5). The abundance of the following
complexes was diminished: complex 3b formed on probes 3m1
and 3m3, complex 5d on 5m1, 5m2 and 5m3 (293 extracts) and
complex 4a on 4m (GH3 extracts). With regard to the remain-
ing few complexes, we found their formation unaffected on the
mutated probes (data not shown).
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t e
m ter
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tive regulatory elements. The fragments s1 and s2 were placed
in both orientations upstream and downstream of the minimal
promoter of the A2min plasmid. Similarly, the same fragments
were placed in both directions upstream and downstream of the
SV40 promoter of the pGL3-Promoter vector. These fragments
were also cloned in both orientations into the promoterless vec-
tor pGL3-Basic. The resulting plasmids were transfected into
pituitary (GH3) and non-pituitary cells (293) and their activities
compared with the activity of the corresponding parent plasmids.

The fragment s1 fused to pGL3-Basic (s1-s-B [sense] and s1-
as-B [anti-sense]) markedly suppressed the basal transcription
mediated by pGL3-Basic in both cell lines (Fig. 6). When s1 was
cloned upstream of the respective promoters of the A2min (s1-u-
s-m and s1-u-as-m) and pGL3-Promoter (s1-u-s-P and s1-u-as-
P), a strong inhibitory effect was observed in 293 (4- and 2.3-fold
of A2min, 4- and 44-fold of pGL3-Promoter). The decrease was
even stronger in GH3 cells (4- and 8-fold of A2min, 32- and
511-fold of pGL3-Promoter). Strikingly, the placement of the
same fragment downstream of the respective promoters of the
A2min (s1-d-s-m and s1-d-as-m) and pGL3-Promoter (s1-d-s-P
and s1-d-as-P) resulted in a nearly complete abolishment of the
transcription of these reporter genes in both cell lines studied.

We further examined how the fragment s2 altered the activ-
ity of parent reporter plasmids. No transcriptional activity was
demonstrable in either cell line when s2 was fused to pGL3-
Basic (s2-s-B and s2-as-B) (Fig. 7). The placement of s2
u 2-u-
s ty (by
2 lls).
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t tically .
.4. Characterisation of the upstream and downstream
andidate silencer elements of the A2 subunit promoter

The observation that regions−347/−37 (s1, downstream
he minimal promoter) and−1046/−506 (s2, upstream of th
inimal promoter) reduced the activity of the minimal promo

ed us to next test them for the presence of silencer or n

ig. 6. Region s1 represses transcription from native and heterologous p
alues after transfection into 293 and GH3 cells represent mean± S.D. of three
oo small to display in these columns. The constructs are drawn schema
-

pstream of the minimal promoter of the A2min plasmid (s
-m and s2-u-as-m) only moderately suppressed the activi
.4- and 3.3-fold in 293 cells and by 2- and 5-fold in GH3 ce
owever, when s2 was cloned upstream of the SV40 prom
f the pGL3-Promoter (s2-u-s-P and s2-u-as-P), the activity
educed more efficiently by 3.5- and 5.7-fold in 293 cells
y 8.2- and 23-fold in GH3 cells. As in the case of s1, the p

ioning of s2 downstream of the respective promoters o

ters in a position- and orientation-independent manner. The resultingrelative luciferas
eriments done in triplicate. The absence of error bars indicates that the e
on the vertical axis, with the A2 minimal promoter designated as A2min
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Fig. 7. Region s2 represses transcription from native and heterologous promoters in a position- and orientation-independent manner. The experimental design and
the calculation of data were the same as forFig. 6.

A2min (s2-d-s-m and s2-d-as-m) and pGL3-Promoter (s2-d-s-P
and s2-d-as-P) resulted in an almost complete abrogation of the
promoter activity of these genes.

3.5. Comparative analysis of the A2 subunit promoter in
different cell types

We first examined the expression of A2 in diverse cell lines
by the RT-PCR analysis. As shown inFig. 8A, the A2 transcript
consistent with an expected size of 308 bp was found in 293,
GH3, HC11, PANC-1, MIA PaCa-2,�T3 and T�T1 cell lines,
but was not detected in PC Cl3 cells. The pituitary cell lines GH3,
�T3 and T�T1 showed the highest expression of A2. After that,
the above eight cell lines were transiently transfected with the
A2min plasmid to elucidate cell-specific regulation of the A2
gene (Fig. 8B). We were able to demonstrate strong promoter
activity in all cell lines, the former being at its highest in 293
cells.

4. Discussion

Although much is currently known about the glycoprotein
hormone�-subunit transcription, nothing is known about the
transcriptional regulation of the thyrostimulin A2 subunit. In an
effort to explore how A2 expression is regulated transcription-
ally, the 5′-flanking region of the A2 gene extending from−3119
t to
l asic
T site
a was
l
i itary
r t was
f g a
s ctiv-

ity to a rather short stretch of DNA between−506 and−347.
We next subjected it to further deletions from both ends of the
molecule. The results of this deletional analysis provided direct
evidence that the region from−506 to−347 indeed represents
the minimal sequence which supports full activity. For simplic-
ity, we have termed this minimal promoter A2min. Moreover,

F r in
v 11,
P
G sient
expression analysis of the A2 promoter activity in aforementioned cells. The
luciferase values were expressed as fold stimulation of the parent promoter-less
vector pGL3-Basic, which was set to one, and represent mean± S.D. of three
experiments done in triplicate.
o −37 nt relative to the ATG initiation codon was fused
uciferase reporter gene in the promoter-less vector pGL3-B
his fragment contained the putative transcription initiation
t−427 nt relative to the ATG and an AT-rich sequence that

ikely to function as a TATA box at−462 to−448 nt. Follow-
ng transfection into human embryonic kidney 293 and pitu
at somatolactotrope GH3 cell lines, the 3082-bp fragmen
ound to exhibit promoter activity in both cell types. By usin
eries of deletion constructs we were able to confine this a
.

ig. 8. Expression of A2 and luciferase activity of its minimal promote
arious cell lines. (A) RT-PCR analysis of A2 transcript in 293, GH3, HC
ANC-1, MIA PaCa-2, PC Cl3,�T3 and T�T1 cells. Amplification of the
APDH message levels reflected differences in cDNA loading. (B) Tran
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deletional analysis revealed that the sequence between−506
and−468 appears essential for A2min activity. We also note
a curious behaviour. In the three cell lines studied, deletion
of sequence from−357 to −347 inhibited promoter activity
almost completely, however, further removal of nucleotides from
−373 to−357 restored this activity to ca. two-fold of wild-type.
According to the in silico analysis, the region between−357
and−347 contains the half site for the transcription factor AP-1,
whereas the region from−373 to−357 contains the other AP-1
half site, an adjacent c-Myb binding motif and the half site for
the Ets factor. Essentially, the c-Myb transcription factor is com-
posed of three functional domains responsible for DNA binding,
transcriptional activation and negative regulation (Gonda, 1998).
It seems possible, therefore, that the simplest explanation of the
aforementioned behaviour is masking of the c-Myb negative
regulatory domain (NRD) by the Jun and Fos proteins binding
to their AP-1 site in A2min (nucleotides−506 to−347). This
is further supported by the observation that the NRD contains
a leucine zipper-like motif (Biedenkapp et al., 1988). Because
leucine zippers generally mediate protein-protein interactions,
it seems likely that the Myb leucine zipper promotes association
between c-Myb and another protein which inhibits Myb function
(Tavner et al., 1998). The silencing of the activity of A2min by
the removal of base pairs from−357 to−347 could be caused
by the disturbed binding of Jun and Fos that frees the c-Myb
NRD, thereby rendering it functional. Such repression might be
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for Sp1 was in accord with data obtained by employing dele-
tional analysis, where the Sp1-containing region from−506 to
−468 appeared essential. Abolition of promoter activity of m6
was caused by the mutation of the central part of the TATA
box, while the near inhibition of m7 activity can be due either
to the mutated TTF-1 motif overlapping with the TATA box or
to the mutated last two bases of the TATA box. The promoter
was down-regulated relatively strongly by mutations of the puta-
tive binding sites for the Late SV40 Factor (LSF) (m1), region
adjacent to the LSF site (m2, unidentified by in silico analysis),
second half of the Sp1 site (m4), Oct-1 factor (m5) and Ets fac-
tors (m11 and m12) in the above cell types. Of these factors,
LSF has been suggested to play a role in the regulation of cell
cycle progression and cell survival (Powell et al., 2000; Bruni
et al., 2002), however, LSF-regulated genes have not yet been
identified. Similarly, the Ets gene family has been implicated in
a variety of biological pathways that regulate cell growth, differ-
entiation and apoptosis, but no clear unifying theme has emerged
(Sharrocks, 2001). Sp1 is a known regulator of gene expression
of multiple target genes, which acts through the GC-box or GT-
box elements in the promoter/enhancers (Li et al., 2004;Zhao
and Meng, 2005). Protein Oct-1, which is probably contained
in all proliferating eukaryotic cells, controls numerous house-
keeping and tissue-specific genes. The latter include the genes
for gonadoliberin (Chandran et al., 1999), prolactin (Voss et al.,
1991), TSH (Pruijn et al., 1988), TTF-1 (Bingle and Gowan,
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yb markedly increases its transcriptional activation capa

Kalkbrenner et al., 1990; Sakura et al., 1989).
We also accessed the tissue specificity of A2min by te

ts activity in the A2-producing mouse thyrotrope T�T1, mouse
onadotrope�T3, mouse mammary HC11, human pancre
arcinoma PANC-1 and MIA PaCa-2 cells and the A2-n
roducing rat thyroid PC Cl3 cell line, in addition to the A
roducing 293 and GH3 cells. As a result, A2min was found
ery active in transient transfections in all cell lines tested,
esting that this promoter might be non-tissue-specific. Acc

ng to the hypothesis ofCedar (1988), DNA methylation in vivo
ay be responsible for the transcriptional inhibition of tiss

pecific genes in non-expressing cells. Hence, the endog
2 gene may be inactive because it is methylated in PC Cl3
ut the exogenous A2 promoter construct is active becaus
on-methylated.

By analogy with the�-subunit gene, whose tissue-spec
ene expression was conferred by an enhancer (Delegeane e
l., 1987), the observed non-specificity of A2min could also
ttributable to the presence of a tissue-specific enhancer a

he A2 gene.
We have further introduced substitution mutations into po

ial binding sites for transcription factors predicted by in si
nalysis. All mutations were generated in the context of A2
ith the 6 bp replaced by anEcoRI restriction site. This mutan
nalysis identified three mutations that resulted in an al
omplete loss of promoter function in 293 and GH3 cell lin
ere, in construct m3, the strong effect of the mutated hal
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996) and Pit-1 (Delhase et al., 1996). It therefore seems plau
le that these ubiquitously expressed transcription factors
egulate A2 gene expression. In case where the Pax-5 mot
utated (m9), the promoter activity was profoundly diminis
nly in GH3 cell line. It seems reasonable to suspect that in
ells the additional, not yet mutated, nucleotides are invo
n Pax-5 binding. Since there was almost no effect on the a
ty when the binding motif for Nuclear Factor-1 (NF-1) w

utated, it is difficult to ascertain whether this site corresp
o authentic control element. To investigate the possibility o
F-1 activity being redundant with the activities of the nei
ouring factors, simultaneous mutations of the binding site

he latter proteins are needed.
We used EMSAs to subject the regions containing the i

ified transcription factor recognition sites to further functio
nalysis. Nuclear extracts from 293 and GH3 cell lines w
mployed to bind probes comprising the above-described
robe 2 encompassed the site for the region adjacent to L
ell as the Sp1 consensus sequence. Two specific comple
nd 2b were seen in the nuclear extracts from the two cell line
xamined, with both shifts being in much higher concentra

n 293 extracts. The complex 2a most likely contains Sp1. O
ther hand, the labelled probe 2m, where the mutated ha

or Sp1 resulted in the absence of promoter activity, still for
he 2a complex. One possible explanation is that the Sp1 p
etains binding affinity for its partially mutated recognition m
ut fails to participate in transcriptional activation. This is s
orted by the study ofPfau and Taylor (1998)where the mutate
oxR protein strongly bound to DNA but failed to activate tr
cription from thectx promoter. In addition, several mutatio

n the DNA-binding domain of Myb-related proteins have b



178 E. Breous et al. / Molecular and Cellular Endocrinology 245 (2005) 169–180

described that can bind DNA but are defective for transcriptional
activation (Grasser et al., 1992; Goff et al., 1991). Further, three
specific complexes 3a, 3b and 3c were seen bound to probe 3
in nuclear extracts from both cell lines. This probe includes the
TATA box and the binding sites for Oct-1 and TTF-1, both of
which partially overlap with the former. The intensity of 3a, 3b
and 3c was the highest in 293 extracts, indicating that the pro-
teins contained are more abundant in these cells. Interestingly,
each of the individual mutations of the sites for the aforemen-
tioned factors (labelled probes 3m1, 3m2 and 3m3) appeared to
abolish the formation of complex 3b in extracts of both cell lines
tested (with the exception of 293 extracts, where 3b formation
was eliminated by 3m1 and 3m3 and strongly reduced by 3m2).
Probe 3 encompasses the nucleotides from−44 to −11 rela-
tive to the tentative transcription start site. Because the TFIID
DNase I footprint often extends from−40 to +50 (Burley and
Roeder, 1996), we think that the abolition of 3b formation could
be caused by the TFIID binding across all probe, thereby requir-
ing all the three sites disturbed in probes 3m1, 3m2 and 3m3. As
TFIID does not contact all of the bases in the footprint (Chiang
et al., 1993), it remains to be determined whether the Oct-1 and
TTF-1 factors bind in a sequence-specific fashion within these
“open” regions or they exert their effects indirectly, perhaps by
interacting with TFIID. With regard to probe 4 that contains
Pax-5 binding site, a single specific complex 4a was formed in
the extracts from both cell lines studied. We were able to show
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positions and in both orientations, properties characteristic of a
transcriptional silencer. To determine whether s1 can exert its
effect on a heterologous promoter, we inserted it in both direc-
tions into the enhancer-less pGL3-Promoter vector upstream and
downstream of the SV40 promoter. As anticipated, the resul-
tant down-regulation was even more intense than that of A2min.
Our results therefore provide direct evidence that the s1 negative
regulatory region can repress the basal activity of a strong het-
erologous constitutive promoter and functions as a silencer in a
position- and orientation-independent manner. Above all, based
on the computer-assisted sequence analysis, s1 was found to
contain binding sites for several transcription factors, including
a site for the transcription repressor CBF1/RBP-J� at position
−338, Oct-1 site at−282, GATA-1 site at−233 and PEA3 site at
−135. Among these, the C-promoter binding factor 1 (CBF1 or
RBP-J�) is a known mediator of transcriptional silencing (Makar
et al., 2001). The ubiquitous POU homeodomain protein Oct-1
has also been shown to possess silencing activity (Kim et al.,
1996). Furthermore, the erythroid transcription factor GATA-1
was found to repress various genes (Nerlov et al., 2000; Li et
al., 1998), as well as a member of the Ets transcription factor
family PEA3 that was shown to repress the erbB-2 oncogene
(Menendez et al., 2005). It seems possible, therefore, that these
elements are responsible for transcriptional repression of the
A2min and SV40 promoters by s1. We used the same positional
cloning approach to analyse the second region s2 and hence
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egative regulatory elements residing in regions from−347
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rn-3 at−828. Previous studies have identified three dis
rn-3 factors, Brn-3a, Brn-3b and Brn-3c, of which Brn-3b w

ound to repress transcription from several promoters (Dawson
t al., 1996; Latchman, 1996). Because of the repressor abilit
f the abovementioned transcription factors, we propose
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o sum up the role of silencers in A2min modulation, furt
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re required for silencer activity or whether sub-fragments s
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In this paper, for the first time we describe the cloning
he minimal promoter of the human thyrostimulin A2 subu
hose regulation appears slightly different in 293 and G
ell types. Various nuclear levels of transcription factors m
ontribute to this difference. The transcriptional control of
2 gene is also different to that of the�-subunit, which wa
hown to be regulated by TRH via pathways mediated b
-Lim and CREB transcription factors (Hashimoto et al., 2005).

ndeed, TRH treatment of 293 and GH3 cells transiently tr
ected with the minimal promoter did not affect the transc
ional behaviour of the latter (unpublished observations)
lso revealed silencer elements upstream and downstrea
romoter that underscores the complexity of the control o

ranscription. Future work will need to further characterise
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regulatory elements uncovered in our study and to determine
how these factors interplay with one another to regulate the A2
subunit gene.
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