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ABSTRACT. Thyroid transcription factor-1 (TTF-1), a member of 
the Nkx2 family of homeodomain-containing proteins, is involved in 
binding to and in activating the promoters of several important genes in 
the thyroid, lungs, and brain, and in regulating expression of these tissue-
specific genes. We investigated potential roles of sheep (Ovis aries) TTF-1 
in regulating cell fate and organ morphogenesis and in controlling puberty 
and reproductive capability of females. We amplified and cloned the 
sheep TTF-1 full-length DNA for the first time, analyzed its functional 
domains and regions, predicted molecular structure of its homeodomain 
and DNA-binding sites, and examined its expression in pituitary, brain, 
thyroid gland, ovary, and hypothalamus. We found that sheep TTF-1 has a 
high degree of homologous identity with that of other mammals, and it has 
several important domains including domain N, DNA-binding domain, 
domain C, TN-domain, domain I, and NK2-SD. The DNA-binding 
domain of sheep TTF-1 has 10 potential DNA-binding sites and is a novel 
mammalian homeodomain that shows considerable sequence homology 
with the corresponding rat homeodomain. Several functional regions in 
sheep TTF-1 share high sequence identity with rat TTF-1, indicating that 
these regions may have the same activity as in the rat. Expression of TTF-
1 in several specific tissues implies that sheep TTF-1 in involved in sheep 
sexual development and reproductive capability. These results suggest a 
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role of sheep TTF-1 in enhancing sheep reproduction performance and we 
propose it as a candidate gene for selection.
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INTRODUCTION

Thyroid transcription factor-1 (TTF-1, product of the Nkx2.1 gene), also known as 
thyroid specific enhancer-binding protein (T/EBP), belongs to the Nkx family of homeodo-
main-containing proteins that regulate regional specification, cell fate determination, and 
organ morphogenesis during embryonic development (Joba et al., 1999; Carré et al., 2009; 
Anagnostou et al., 2009). The TTF-1/Nkx2.1 is restrictively expressed during embryonic de-
velopment in the thyroid, lung (type II pneumocytes and Clara cells), diencephalon, part of 
the forebrain, and respiratory epithelium (De Felice and Di Lauro, 2004; Trueba et al., 2005), 
and the 42-kDa protein is involved in the regulation of the thyroid and lung and in interneuron 
specification and migration during ventral forebrain development (Mastronardi et al., 2006; 
Butt et al., 2008; Nobrega-Pereira et al., 2008).

TTF-1 contains several highly conserved domains and functional regions. The home-
odomain, a 60-amino acid region, is involved in DNA binding and shares high sequence identity 
among mammalian TTF-1 (Damante et al., 1994). The short tin domain (TN-domain or NK deca-
peptide) is a NK decapeptide domain of unknown function at the N-terminal region of most NK2 
proteins, and the NK2-specific domain (NK2-SD) is located in a C-terminal region separated 
from the homeodomain by a short amino acid stretch, which is thought to mediate protein-protein 
interaction (Harvey, 1996; Watada et al., 2000). In TTF-1, there are several important functional 
regions that may be involved in transcriptional activation of the promoters of important genes in 
thyroid, lung, and brain (Lee et al., 2001; Mastronardi et al., 2006; Carré et al., 2009).

TTF-1 plays an important role in neuroendocrine function and is involved in the con-
trol of mammalian puberty and adult reproductive function. Previous investigations revealed 
that TTF-1 gene expression significantly increases at mammalian puberty. After the TTF-1 gene 
was ablated from differentiated neurons of mice, the animals grew normally and had normal 
basal ganglia/hypothalamic morphology, but exhibited delayed puberty, decreased reproductive 
capacity, and a disruption of initial estrous cyclicity (Lee et al., 2001; Mastronardi et al., 2006). 
Additionally, TTF-1 enhances the transcriptional activity of LHRH, GnRH, erbB2, KiSS1, and 
proenkephalin genes by binding to specific recognition motifs in their promoter regions. These 
genes are required for the facilitatory control of puberty (Lee et al., 2001; Ojeda et al., 2006a), 
suggesting that TTF-1 may be involved in controlling female sexual development and regulat-
ing mammalian reproductive capability (Mastronardi et al., 2006; Ojeda et al., 2006b).

In this study, we first cloned the TTF-1 gene from the sheep (Ovis aries) genomic 
library, compared its nucleotide and amino acid sequences to other mammalian TTF-1 se-
quences, analyzed its functional domains and regions, predicted the molecular structure of the 
highly conserved homeodomain, and assessed expression levels of sheep TTF-1 in different 
tissues. Our results suggest that sheep TTF-1 has a single intron and two exons in the coding 
sequence, and shares high homologous identity with other reported mammalian TTF-1, and 
that its domains and regions may play important roles as in rat TTF-1 in regulating cell fate 
and organ morphogenesis and in controlling puberty and reproductive capability. The expres-
sion of sheep TTF-1 indicated that TTF-1 may serve as a candidate gene in sheep breeding for 
enhancing sheep reproduction performance. Taken together, it is necessary to further investi-
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gate physiological roles of TTF-1 in sheep sexual development and reproductive capability.

MATERIAL AND METHODS

Animal blood and tissue collection

Multiparous Small-tail Han sheep used for blood collection were obtained from Hua-
jia Biotech Fine-Breeding of Cattle and Sheep Co., Ltd., Lintao, Gansu, China. The blood 
samples were collected via the jugular vein, 1 mL ACD anticoagulant was added to the 6-mL 
blood samples, which were then stored at -20°C until used for genomic DNA extraction.

Four female Small-tail Han sheep, six months old, were used for collection of pitu-
itary, brain, thyroid gland, ovary, and hypothalamus within 10 min after slaughter. The sam-
ples were flash-frozen using liquid nitrogen, and stored at -80°C until used.

Isolation of genomic DNA from blood

DNA was purified according to the method devised by Sambrook and Russell (2001) 
with modifications. The genomic DNA was stored at -20°C before PCR analysis.

PCR primers

To isolate TTF-1 from genomic DNA of sheep, the oligonucleotide primers were de-
signed based on the sequences of several other mammalian TTF-1 published at the National 
Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) (Figure 1).

Cloning and sequencing of sheep TTF-1 DNA

The TTF-1 genes were isolated from sheep genomic DNA by PCR using three primer 
pairs SP1/SP2 (SP1: 5'-ATCCAACAAGATCGGCGTTA-3' and SP2: 5'-CTGTTCCGCATG
GTGTCCT-3'), SP3/SP4 (SP3: 5'-CAAAGCACACGACTCCGTTC TC-3' and SP4: 5'-AAGC 
GTCGCTCCAGCTCATACA-3'), and SP5/SP6 (SP5: 5'-GGACGTGAGCAAGAATATGG-3' 
and SP6: 5'-GACTGACGCYGCAAATACAA-3', Y: T/C) according to published methods 
(Sambrook and Russell, 2001). Recombinant plasmids containing DNA fragments of interest 
were sequenced.

DNA sequence analysis

Intron delimitation within genomic sequences was made by comparison with other 
mammalian TTF-1 cDNA sequences. The nucleotide and amino acid sequences of sheep TTF-
1 were subjected to BLAST search at the National Center for Biotechnology Information web-
site. Multiple alignment and comparisons of the nucleotide and amino acid sequences were 
performed using BioEdit (Version 7.0.5.3) and DNAMAN (Version 5.2.2). The secondary 
structure of sheep TTF-1 was predicted by DNAMAN and DNAStar Protean (Version 5.01).

Real-time PCR

Total RNA was isolated from the pituitary, brain, thyroid gland, ovary, and hypothala-
mus of adult female Small-tail Han sheep using the Trizol reagent (Invitrogen), and then re-
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verse-transcribed and amplified by real-time PCR using the primer sets (TTF-1: 5'-CCGTTGA
GACCAAGGGAA-3'/5'-CACGGTGTACCCAGAGTGAAG-3' and β-actin: 5'-CATCGGCA
ATGAGCGGTTC-3'/5'-ACAGCACCGTGTTGGCGTAG-3') as described previously (Romero 
et al., 2002; Shahab et al., 2005).

RESULTS AND DISCUSSION

Sheep TTF-1 gene

TTF-1 was originally identified as one of the three transcription factors (TTF-1, TTF-2, 
and Pax8) that regulate the expression thyroid-specific genes such as thyroperoxidase (TPO) and 
thyrotropin receptor (TSHr) (Damante and Di Lauro, 1994; Damante et al., 2001). To investi-
gate the molecular characterization of sheep TTF-1, full-length DNA was amplified from sheep 
genomic DNA. The fragments of interest, TTF-1a (about 457 bp), TTF-1b (about 1459 bp), and 
TTF-1c (about 1462 bp), were obtained with the primer pairs SP1/SP2, SP3/SP4, and SP5/SP6, 
respectively (Figures 1 and 2). Assembly of the TTF-1 gene fragments generated a full-length 
TTF-1 DNA (2972 bp, GenBank accession No. FJ177515), which includes an intron, two exons 
encoding 370 amino acids with 42-kDa molecular weight, 3'-untranslated region (3'-UTR), and 
5'-untranslated region (5'-UTR) (Figure 3). The ORF sequence of the sheep TTF-1 showed 98.4, 
94.2, and 92.5% identity with that of cattle, human, and rat, respectively (Figure 4).

Figure 1. Strategy for amplification of the sheep thyroid transcription factor (TTF-1) genomic DNA. The primers 
SP1/SP2 for TTF-1a (457 bp), SP3/SP4 for TTF-1b (1459 bp), and SP5/SP6 for TTF-1c (1462 bp) were designed 
based on sequences of human, mouse, chimpanzee, cattle, dog, pig, horse, and chicken for amplifying full-length 
genomic DNA of TTF-1 including exon 1 (373 bp) (shaded box), exon 2 (740 bp) (shaded box), an intron (933 bp) 
(gray bold line), the 3'-untranslated region (3'-UTR) (bar pattern), and the 5'-UTR (bar pattern).

Figure 2. Amplification of thyroid transcription factor (TTF-1) full-length DNA from sheep genomic DNA. Lanes 
1 and 5 = DNA marker; lane 2 = amplified fragment of 457 bp (TTF-1a) with primers SP1/SP2; lane 3 = amplified 
fragment of 1459 bp (TTF-1b) with primers SP3/SP4; lane 4 = amplified fragment of 1462 bp (TTF-1c) with 
primers SP5/SP6.
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Figure 3. Nucleotide sequence of sheep thyroid transcription factor (TTF-1) genomic DNA and its deduced amino-
acid sequence. Positions of the nucleotides (2972 bp) and amino acids (370) are indicated on the left. The open 
reading frame and encoded protein are boxed. The 3'-untranslated region (3'-UTR) and the 5'-UTR are underlined. 
The intron region is italicized. There is no signal peptide or membrane-anchoring domain.
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Functional domains of sheep TTF-1

To analyze the functional domains of sheep TTF-1, we compared its amino acid se-
quence with other mammalian TTF-1 and predicted its secondary structural elements, find-
ing that sheep TTF-1 contains three primary domains: an N-terminal transactivation domain 
(Domain N, residues 51 to 123), a DNA-binding domain (homeodomain) (residues 160 to 
220), and a C-terminal transactivation domain (Domain C, residues 293 to 370). As previously 
reported (De Felice et al., 1995; Watada et al., 2000; Dentice et al., 2005; Zhou et al., 2008; 
Cao et al., 2010), the sheep transcription factor was found to have three other highly conserved 
domains: TN-domain, Domain I, and NK2-SD (Figure 5).

Figure 4. Clustal multiple sequence alignment of several mammalian thyroid transcription factor (TTF-1) genes. 
The cDNA coding sequence encoding TTF-1 of sheep is compared with several other mammalian TTF-1 cDNA, 
indicating that the sheep TTF-1 shares 98.4, 94.2, and 92.5% homology identity with cattle, human, and rat, 
respectively.
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Figure 5. Analysis of structures and domains of mammalian thyroid transcription factor (TTF-1). The amino acid 
sequence alignment of the sheep, cattle, human, and rat TTF-1 and prediction of secondary structural elements 
are performed by the DNAMAN software (prediction identity = 96.98%). Broad arrows and wavy belts above 
the sequences denote potential β-sheets and α-helices, respectively. Sheep TTF-1 contains three primary domains: 
an N-terminal transactivation domain (Domain N, residues 51 to 123), a DNA-binding domain (homeodomain) 
(residues 160 to 220), and a C-terminal transactivation domain (Domain C, residues 293 to 370). In addition, these 
transcription factors contain three highly conserved domains: TN-domain, Domain I, and NK2-SD.

Previous investigations have indicated that TTF-1 interacts with the regulatory re-
gions of target genes by forming a complex with other transcription factors including forkhead 
box (Fox) proteins, surfactant protein (SP)-B, nuclear factors, retinoic acid receptors, mem-
bers of the AP-1 family, and BR22 (De Felice et al., 1995; Yan et al., 2001; Shu et al., 2001; 
Carlsson and Mahlapuu, 2002; Zhou et al., 2008; Cao et al., 2010). The tin domain, DNA-
binding domain, inhibitory domain, and NK2-specific domain in the sheep transcription factor 
are highly conserved among mammalian TTF-1 (Figure 6a), suggesting that sheep TTF-1’s 
functions and roles in regulating transcription may be partly speculated by those previously 
reported TTF-1 (Esposito et al., 1996; Schwede et al., 2003; Arnold et al., 2006; Zhou et al., 
2008; Cao et al., 2010). The short tin domain (TN-domain or NK decapeptide) is found in the 
N-terminal region of most NK2 proteins (Bodmer, 1995), which is likely involved in the earli-
est stages of mesodermal patterning (Harvey, 1996) (Figure 6b). The DNA-binding domain 
is a highly conserved homeodomain, which can recognize the DNA sequence 5'-CAAG-3' (or 
5'-TAAT-3') (Damante et al., 1994) (Figure 6c). The inhibitory domain (Domain I) is found on 
the glutamine-rich region (amino acids 221-299), but the glutamine-rich regions are very often 
found within transcriptional activating domains (Gerber et al., 1994) (Figure 6d). The NK2-
specific domain (NK2-SD) is unique to NK2 proteins and has a hydrophobic core sequence, 
VAVPVLV, in which the central Pro260 may prevent helix formation. A previous report indi-
cated that the NK2-SD may function as an accessory DNA-binding domain or as a protein-
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protein interaction interface (Apergis et al., 1998; Watada et al., 2000) (Figure 6e). Altogether, 
these highly conserved domains of sheep TTF-1 may function as in rat TTF-1, and possibly 
play a central role in the regulation of embryonic development, cell differentiation, and cell 
fate during morphogenesis and differentiation through its functional domains and regions (De 
Felice et al., 1995; Watada et al., 2000; Dentice et al., 2005; Zhou et al., 2008; Cao et al., 2010).

Figure 6. Sheep thyroid transcription factor (TTF-1) contains several functional domains. a. Sheep TTF-1 
functional domains. TN = TN-domain; N = N-terminal transactivation domain (Domain N); HD = DNA-binding 
domain; I = inhibitory domain (Domain I); SD = NK2-SD; C = C-terminal transactivation domain (Domain C). b. 
TN (tin) domain (NK decapeptide), consensus is FS(I/V)xx(I/L)(L/M). c. Homeobox domain, core region of the 
highly conserved DNA-binding domain. d. Inhibitory domain (Domain I). e. NK2-specific domain (NK2-SD; also 
called the NK2 domain). The NK2-SD is composed of a hydrophobic core sequence VAVPVLV, with a central 
proline that prevents helix formation, and is flanked by basic amino acids.

Structure analysis of sheep TTF-1 homeodomain

To further understand the homeodomain of sheep TTF-1, we sought to restructure the 
spatial molecular structure of its NK2 homeodomain using molecular modeling. The sequence 
of the sheep TTF-1 homeodomain (161-227) was submitted to remodeling the structure based 
on the rat NMR structure (PDB ID, 1FTT) (Esposito et al., 1996; Guex and Peitsch, 1997; 
Schwede et al., 2003; Arnold et al., 2006). We found that sheep TTF-1 homeodomain folds in 
the same manner as the ‘classical’ homeodomain, with three helices (α1-helix, α2-helix, and 
α3-helix), a loose loop between α1-helix and α2-helix, and a tight turn between α2-helix and 
α3-helix (Figure 7a). The α1-helix and α2-helix run approximately antiparallel, and both are 
approximately perpendicular to the α3-helix (Figure 7b). In the N-terminal of the homeodo-
main, the hydrophobic Val6 and Leu7 residues are quite close to the N-terminal end of the third 
helix in the homeodomain structure, which may act as subsidiary determinants of DNA-binding 
specificity. There exists a hydrophobic core composed of several hydrophobic residues including 
Val6, Leu7, Phe8, Val13, Leu16, Phe20, Leu26, Leu34, Ala35, Ile38, Leu40, Val45, Trp48, and 
Phe49 in the sheep NK2 homeodomain, which tightly packs the secondary-structure elements of 
the HD molecule as previously reported (Esposito et al., 1996; Damante et al., 1996; Gümral et 
al., 2008) (Figure 7b). The α3-helix, as a recognition helix, is linked by the tight turn to α2-helix 
forming a well-known helix-turn-helix motif, which directly contacts the major groove of the 
polynucleotide target. Cleft analysis on rat and sheep indicated that there are ten potential DNA-
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binding sites (Figure 7b and d). Mutagenesis of the NK2 homeodomain has showed that the 
amino acids outside of the recognition α3-helix are actually critical for the DNA-binding activity 
(Del Vecchio et al., 2008), in which a tyrosine residue at amino acid 54 of the homeodomain is 
unique to NK2 homeodomain proteins and may be involved in forming crucial contacts with the 
5'-CAAG-3' core motif of the binding site (Damante et al., 1994; Tell et al., 1999).

Figure 7. Three-dimensional structure model and potential DNA-binding sites of sheep NK2 homeodomain. a. Chains 
of sheep and rat NK2 homeodomain. The three helixes were labeled α1, α2, and α3; β, beta turn; γ, gamma turn. b. 
Three-dimensional model of sheep NK2 homeodomain restructured based on the crystal structure of rat TTF-1 (PDB 
ID, 1FTT; sequence identity = 100%) by molecular replacement (modeled residue range: 161-227), which contains 
three helixes: α1-helix, α2-helix, and α3-helix, N = N-terminal; C = C-terminal. Left graph = several hydrophobic 
residues form a hydrophobic core, including V6, L7, F8, V13, L16, F20, L26, L34, A35, I38, L40, V45, W48, and F49 displayed 
with stick style, and the novel Tyr54 (Y54) is displayed with sky-blue CPK style. Right graph = the HD and its soft 
solid surface viewed from the side of the loose loop where a hydrophobic core was composed of several hydrophobic 
residues. c. Cleft analysis on sheep NK2 homeodomain based on rat TTF-1. Each cleft denotes a potential DNA-binding 
site. The sheep TTF-1 has 10 potential DNA-binding sites (BSs) as rat TTF-1, in which the two HD share 100% 
sequence identity. d. DNA-binding sites of sheep HD, which are displayed with different color and arrows.
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Potential functional regions of sheep TTF-1

Previous investigation had mapped the potential functional regions of TTF-1 involved 
in transcriptional activation through expression vectors encoding deletion mutants of TTF-1 in 
HeLa cells (De Felice et al., 1995). We found that the corresponding functional regions between 
sheep and rat TTF-1 share very high sequence identity (Figure 8), indicating that the regions of 
sheep TTF-1 may contribute to its transactivating function. There are at least five potential re-
gions in sheep TTF-1, the same as in rat: R1 (residues 1-50), R2 (residues 51-123), R3 (residues 
160-220), R4 (residues 221-293), and R5 (residues 294-370), which share 100.0, 98.6, 100.0, 
90.8, and 96.1% sequence identity with rat TTF-1 corresponding regions, respectively. The 
R1, with a short NK decapeptide (TN-domain), may function either as an activator or as an in-
hibitor of transcription in a promoter-specific manner. R2, in fact the Domain N, may show the 
presence of a transcriptional activating domain to the homeodomain. R3 is the DNA-binding 
domain (HD). R4 is a glutamine-rich region (residues 221-299) with an inhibitory domain (Do-
main I) and NK2-specific domain (NK2-SD). However, this inhibitory region is glutamine-rich, 
even though glutamine-rich regions are very often found within transcriptional activating do-
mains (Gerber et al., 1994). R5 is Domain C. As the NH2-terminal domain, the COOH-terminal 
domain could activate the basal transcriptional machinery through an essential intermediary fac-
tor that is present in the cells at a relatively low concentration (De Felice et al., 1995). As previ-
ously reported, these highly conserved functional regions of sheep TTF-1 may play crucial roles 
in regulating embryonic development, cell differentiation, cell fate, and organ morphogenesis 
and in controlling puberty and reproductive capability, suggesting that TTF-1 may function as a 
candidate gene for enhancing sheep reproduction performance (Lee et al., 2001; Mastronardi et 
al., 2006; Ojeda et al., 2006b; Carré et al., 2009; Anagnostou et al., 2009).

Figure 8. Potential functional regions of sheep thyroid transcription factor (TTF-1). Analysis of sequences of sheep 
and rat TTF-1 indicates that the sheep TTF-1 has several potential functional regions: R1 (residues 1 to 50), R2 
(residues 51 to 123), R3 (residues 160 to 220), R4 (residues 221 to 293), and R5 (residues 294 to 370), which share 
100.0, 98.6, 100.0, 90.8, and 96.1% high sequence identity with rat corresponding regions, respectively.

Expression of TTF-1 in sheep tissues

As a member of the homeodomain transcription factor family, TTF-1 plays an im-
portant role in the expression of select genes within the thyroid, lung and the central nervous 
system. Previous reports showed that TTF-1 knockout mice lack these organs (Losada et al., 
2000; Boggaram, 2009; Son et al., 2009), indicating that expression of TTF-1 is essential for 
morphogenesis of the thyroid, lung and ventral forebrain.
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In this study, to further analyze physiological roles of TTF-1 in sheep reproduction 
performance, the expression level of TTF-1 mRNA was determined in the pituitary, brain, 
thyroid gland, ovary, and hypothalamus samples of adult female Small-tail Han sheep using 
real-time PCR. Our data showed that the expression of TTF-1 mRNA was detected in all these 
tissue samples, which correlate with mammalian puberty and adult reproductive function (Fig-
ure 9), indicating that sheep TTF-1 may be a crucial player in sheep sexual development and 
reproductive capability as reported for TTF-1 in rats, further suggesting that TTF-1 is a poten-
tial candidate gene for application in sheep breeding and reproduction.

Figure 9. Expression levels of sheep thyroid transcription factor (TTF-1) mRNA relative to β-actin mRNA. The 
mRNA from adult female Small-tail Han sheep pituitary, brain, thyroid gland, ovary, and hypothalamus samples 
was used for assessing expression levels of the sheep TTF-1 in different tissues related to puberty and reproductive 
capability by quantification real-time PCR. Error bars represent means ± SE (N = 4).
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