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Nuclear receptor subfamily 5 group A member 2 (NR5A2), also referred to as LRH-1 or FTF,
is an orphan nuclear hormone receptor that is involved in regulating embryonic development,
ovarian granulosa cell differentiation, gonadal sex differentiation, and steroidogenesis in
mammals. However, little is known about how NR5A2 regulates reproduction in sheep. In
this study, we amplified the promoter sequence of NR5A2 and determined that its core
promoter region ranged from -721 nt to -281 nt. A T > G polymorphism at -700 nt was
detected in the core promoter region. Association analysis found that the litter sizes of Hu
ewes at their second and average parities with genotype GG (2.20 + 0.20 and 1.97 + 0.06,
respectively) were significantly higher than those of ewes with genotype TG (1.68 + 0.10
and 1.74 + 0.05, respectively) (p < 0.05) and TT (1.67 = 0.10 and 1.62 + 0.06, respectively)
(0 < 0.05). The litter size of Hu ewes at their third parity with genotype GG (2.10 + 0.10) was
significantly higher than that of ewes with genotype TT (1.56 + 0.12) (p < 0.05). A luciferase
assay showed that the -700G allele increased the Iuciferase activity relative to the -700T allele.
Furthermore, the -700T > G polymorphism created a novel binding site for metal-regulatory
transcription factor 1 (MTF-1). A competitive electrophoretic mobility shift assay confirmed
that MTF-1 specifically bound with the G-type promoter of NR5A2. An overexpression
experiment demonstrated that MTF-1 was involved in the alteration of NRSA2 transcription
activity and further increased NR5A2 gene mRNA expression. Our findings revealed that the
-700T > G polymorphism promoted NR5A2 expression due to the positive effects on NR5A2
gene transcription activity by MTF-1 and thereby increased fecundity in Hu sheep.

Keywords: Hu sheep, NR5A2, core promoter, single nucleotide polymorphism, competitive EMSA, MTF-1

INTRODUCTION

Nuclear receptor subfamily 5 group A member 2 (NR5A2), also referred to as liver receptor
homolog-1 (LRH-1) or fetoprotein transcription factor (FIF) in Drosophila (Galarneau et al., 1996),
is an orphan nuclear hormone receptor. It is widely expressed in all tissues, especially in the ovaries
(Falender et al., 2003; Li et al., 2015), and is involved in embryonic development (Wei et al., 2018),
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ovarian granulosa cell differentiation (Meinsohn et al., 2017),
gonadal sex differentiation (Yan et al., 2018), and steroidogenesis
(Camats et al., 2015; Xiao et al., 2018).

Meinsohn et al. (2017) found that NR5A2 played a role in
granulosa proliferation and follicle growth. The fecundity of
heterozygous mice (NR5A2+/-) significantly decreased (Labelle-
Dumais et al., 2007). Mice lacking NR5A2 in granulosa cells
were sterile as a result of anovulation (Duggavathi et al., 2008).
Kisspeptin neuron-specific NR5A2 knockout mice were shown
to have significantly reduced litter sizes (Atkin et al., 2013).
Polymorphisms in the NR5A2 gene were associated with preterm
birth in humans (Kaluarachchi et al., 2016) and litter size in Hu
sheep (Li et al.,, 2015). The mRNA level of the NR5A2 gene is
significantly associated with the ovulation rate and litter size of
Hu sheep (Lietal., 2015). This suggests that the NR5A2 gene plays
an important role in regulating the reproductive performance of
female animals.

Our previous study demonstrated that polymorphism in the
promoter region of the ovine NR5A1 gene, another member of
the NR5A family, is associated with litter size (Li et al., 2018).
However, the polymorphism of the NR5A2 promoter region and
its relationship with litter size in Hu sheep is still unknown. In
this study, we examined the 5’ regulatory region of the NR5A2
gene, identified its core promoter region, screened SNPs in the
core promoter region, determined the relationship of this gene
with litter size in Hu sheep, and further explored the potential
molecular mechanism of the NR5A2 gene. All these data will
be important in elucidating the molecular characteristics of
NR5A2, understanding its function in regulating the litter size
in Hu sheep, and comprehensively exploring the molecular
mechanism of the NR5A family that is involved in regulating the
high fecundity of sheep.

MATERIALS AND METHODS

Samples

Ear tissue was collected from 193 Hu ewes (they are independent
individuals and there is no relationship among them) from Helen
Sheep Industry Co., Ltd., Jiangsu Province, China. DNA was extracted
using a standard phenol-chloroform extraction protocol (Psifidi
et al,, 2010). Five healthy Hu ewes were chosen from the Dongshan
Hu sheep conservation field in Jiangsu Province. After euthanization,
eight tissue samples were collected (ovary, uterus, heart, liver, spleen,
kidney, lung, and muscle tissue) and immediately placed in liquid
nitrogen before being stored at -80°C. RNA was extracted from tissue
samples using RNA extract kits (Bioteke, China). All experiments
were performed in accordance with the protocol approved by the
Committee on Ethics of Animal Experimentation from the Jiangsu
Academy of Agricultural Sciences (No. 63 of Jiangsu Academy of
Agricultural Sciences, approved on 8 July 2014).

Cloning, Sequencing, and Genotyping

A PCR was conducted using a 20-pl mixture containing 1 ul
of reverse transcription (RT) product or 60 ng of DNA, 2 U of
Taq DNA polymerase (Takara, Japan), 2 pl of 10x PCR buffer,
0.5 mmol/L dNTP, 2.5 mmol/L MgCl,, and 0.5 pl of 10 nmol/L
upstream and downstream primers (Table 1). Amplification
conditions were as follows: 94°C for 4 min; 94°C for 30 s,
annealing temperature (listed in Table 1) for 30 s, and 72°C for
30 s for 35 cycles; and 72°C for 5 min. DNA purification and
sequencing methods followed those of Li et al. (2015).

NR5A2 promoter sequences were screened for SNPs using a
DNA pooling sequencing assay with primers P4 including core
promoter region of NR5A2 gene (Table 1). Five microliters
of 100 ng/ul DNA was collected from five ewes and pooled

TABLE 1 | Primers used in this study.

primers Primers sequence(5’-3’) Tm(°C) Size(bp) Usage

P1 F: ATAGCTAGCCCATGCCTCTGATTAGAA 55 265 constructed pGL3-281 vector of NR5A2 gene
R: ATACTCGAGGGCAGTCCTTTGGTTTAG

P2 F: ATAGCTAGCACAAGAAGAGACGAACGG 56 705 constructed pGL3-721 vector and pGL3-G of NRSA2 gene
R: ATACTCGAGGGCAGTCCTTTGGTTTAG

P3 F: ATAGCTAGCGCAACACGAGGACAAGAG 56 1357 constructed pGL3-1373 vector of NREA2 gene
R: ATACTCGAGGGCAGTCCTTTGGTTTAG

P4 F: AGAGCCTAAAACTAACCTTGGTC 55 575 SNP screening of NR6A2 promoter
R: AGAAGCGGAGAGTTGGTGTG

P5 F: CTGCCTGAAGGGCTCCAAAGTGCCAATCATGTCC 56 705 Constructed pGL3-T vector of NR5A2 gene
R: CTTGCTGAGCCTGCGACCGTTCGTCTCTTCTTGT

P6 F: AGGACCCTGGCACTTTGGAG 56 195 primers of NR5A2 for real-time PCR
R: TATTTCTTGGCATGGGCGTG

pP7 F: AGCCTTCCTTCCTGGGCATGGA 68 113 primers of p-actin for real-time PCR
R: GGACAGCACCGTGTTGGCGTAGA

P8 F: ATACTCGAGCACTGCCTTTCCATTTCTC 55 2462 mtf-1 overexpression
R: ATATCTAGAGATGCTCCTGGGATACGA

P9 F: 5’biotin- AGACGAACGGGCGCAGGCTCAGCAA Bio-probe
R: 5’biotin- TTGCTGAGCCTGCGCCCGTTCGTCT

P10 F: AGACGAACGTTTGCAGGCTCAGCAA Mut-probe
R: TTGCTGAGCCTGCAAACGTTCGTC

P11 F: AGACGAACGGGCGCAGGCTCAGCAA cold probe

R: TTGCTGAGCCTGCGCCCGTTCGTCT

Underline indicates restriction enzyme sites
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together. PCR products were sequenced in both directions. SNPs
were identified using Chromas v2.32 (Technelysium, Australia).
SNPs of 193 ewes were genotyped with PCR-RFLP using Hin6l
endonuclease (Takara, Japan) at 37°C for 3 h.

Bioinformatic Analysis

The NR5A2 promoter sequence was analyzed using DNASTAR
(DNASTAR Inc., Madison, WI). The core promoter was predicted
using Promoter 2.0 (Knudsen, 1999) and transcription binding
sites in the promoter were predicted using JASPAR (http://jaspar.
binf.ku.dk/).

Construction of Plasmids

To identify the core promoter region, three NR5A2 promoter
deletion fragments (1: -281 to -17 bp; 2: -721 to -17 bp; 3: -1373
to -17 bp; these three fragments were only different in length but
did not include deletions of different functional elements) were
amplified and cloned in the Nhel-Xhol (Takara, Japan) site of a
pGL3-basic vector to create pGL3-281, pGL3-721, and pGL3-1373
products. The MTF1 CDS sequence of Hu sheep was amplified and
cloned in the XholI-Xbal (Takara, Japan) site of a pcDNA3.1(+)
(Invitrogen, USA) vector to obtain the overexpression vector
pcDNA3.1-MTF-1. Plasmids were extracted with an Endo-free
Plasmid Mini Kit (Tiangen, China).

The -700GG promoter region containing an MTF1-binding
site was amplified and cloned into pGL3-basic to obtain pGL3-G,
and the -700TT promoter region was amplified by point mutation
primer P5 (Table 1) using a point mutation kit (Takara, Japan)
and cloned into pGL3-basic to obtain pGL3-T.

Point mutation amplification was followed according to the
manufacturer’s instruction. In brief, firstly, a pair of primers (P5)
was designed which was adjacent at 5'-ends and opposite-direction
at 3’-ends to introduce mutation site (T). High-fidelity polymerase
(Pyrobest DNA Polymerase) was used to PCR amplification, then
DNA was purified, next was Blunting kination and ligation reaction
to corresponding plasmids.

Granulosa Cell Separation and Cell Culture
Granulosa cells of Hu sheep were separated from the ovaries
following the methods described by Du et al. (2016), cultured
in a T25 flask for 48 h, then subcultured in six-well plates at
5x10° cells/dish for transfection to measure the gene expression.
Granulosa cells and the 293T cell line (purchased from COBIOER,
Shanghai, China) were cultured in Dulbeccos modified Eagle’s
medium (GIBCO, Thermo Fisher, USA) and supplemented with
10% fetal bovine serum (GIBCO, Thermo Fisher, USA) and 100
U/ml penicillin/streptomycin (GIBCO, Thermo Fisher, Shanghai,
China). 293T cell lines were thawed and cultured under humidified
air containing 5% CO, at 37°C and subcultured in 24-well plates at
1x10° cells/dish for transfection to measure the luciferase activity.

Transfection and Dual-Luciferase
Reporter Assay

Luciferase reporter plasmids were transfected into 293T cell
lines using Lipofectamine 3000 (Invitrogen, USA) according to
the manufacturer’s instructions. Briefly, 293T cells were seeded

to be 70-90% confluent at 24-well plates for transfection. Then,
Lipofectamine 3000 reagent diluted in Opti-MEM medium was
added and mixed. A master mix of different constructs was prepared
by diluting constructs in Opti-MEM medium, adding P300 reagent
and mixing well. Diluted constructs were added to each tube of
diluted Lipofectamine 3000 reagent (1:1 ratio) and incubated for
25 min. Finally, the constructs-lipid complex was added to cells.
Forty-eight hours after transfection, the cells were harvested and
treated for measuring the luciferase activity; all remaining steps were
performed following the methods described by Wang et al. (2019).

Competitive Electrophoretic Mobility Shift
Assay (EMSA)

Nuclear extracts were prepared from ovine ovaries using a
cytoplasmic and nuclear extraction kit (Viagene Biotech,
China) according to the manufacturer’s instructions. Synthetic
oligonucleotides 5’-labeled with biotin (Invitrogen, USA) were
annealed to generate double-stranded oligonucleotides as probes
(Table 1). The bio-probe is a wild-type probe labeled with biotin
at the 5" end; the cold probe, also called the competitive probe,
is unlabeled and has the same sequence as that of labeled probes;
the mut-probe is also unlabeled, and has the sequence as that of
labeled probes, but the binding domain has been mutated with
two bases. EMSAs were performed according to the instructions
provided in the Competitive EMSA Kit (Viagene Biotech,
Changzhou, China). Briefly, 3 ug of nuclear extract was incubated
at 20°C for 20 min in the presence of 1.5 pl 10x binding buffer,
0.25 pl Poly (dI-dC) in a reaction volume of 14.5 yl, and then 0.5
ul of bio-probe was added, mixed well, and let the mixture sit at
20°C for 20 min. For competition experiments, unlabeled wild-
type oligonucleotides (cold probe) and unlabeled mutant-type
oligonucleotides (mut-probe) were added in a 100x molar excess
prior to the addition of the biotinylated probe. Samples were
electrophoresed through a 4% non-denaturing polyacrylamide
gel in 0.5x Tris/Borate/EDTA at 4°C until the bromophenol blue
reached the lower end of the gels (about 50-80 min), then electro-
transferred and cross-linked by ultraviolet. Chemiluminescence
imaging showed bands of DNA binding to transcription factors.

Statistical Analyses

The allele frequencies, heterozygosity, and polymorphism
information content were calculated using PopGene v1.31
software (http://www.ualberta.ca/~fyeh/fyeh). Linkage analyses
among different loci were performed with Haploview 4.2 (Barrett
etal., 2005). The association analysis between different genotypes
and the litter size of Hu sheep was referenced by Li et al. (2015).
All results are reported as mean values + SEM. Statistical analysis
was performed with independent sample t-tests using SPSS 16.0
statistical software (SPSS Inc., USA).

RESULTS

Identification of the Core Promoter Region
of the Ovine NR5A2 Gene

Toidentify the core promoter region of NR5A2 gene, three deletion
plasmids, pGL3-281, pGL3-721, and pGL3-1373 (Figure 1), were
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FIGURE 1 | Identification of the core promoter in the ovine NR5A2 gene. (A) Schematic diagram of the deletion constructs. The translation initiation site was defined
as +1. (B) Luciferase assay. The deletion constructs were transfected into HEK293T cells. The results are expressed as the mean + SEM (n = 3) in arbitrary units
based on firefly luciferase activity normalized against Renilla luciferase activity. A t-test was conducted using SPSS 16.0 to detect the differences. The results are an
average of three independent experiments performed in triplicate. *p < 0.05Q. NS: no significance.

transfected into 293T cells. The luciferase assay showed that the  third parity with genotype GG (2.10 + 0.10) was significantly
luciferase activity of plasmid pGL3-721 was significantly higher ~ higher than that of ewes with genotype TT (1.56 + 0.12; p
than that of pGL3-basic and pGL3-281 (p < 0.01). However, the < 0.05), and there was no significant difference between the
difference in luciferase activity was not statistically significant  litter sizes of ewes with genotypes GG (2.10 £ 0.10) and TG
between pGL3-721 and pGL3-1373 (p > 0.05), which revealed (1.85 + 0.10; p > 0.05) (Table 2). These results indicate that
that the location of the core promoter region of the ovine NR5A2  the -700T/G polymorphism in the core promoter region
gene ranged from -721 to -281 bp (Figure 1). Additionally, many =~ of NR5A2 gene was involved in regulating the litter size of
binding sites for transcription factors, such as C/EBPa, NF-Y, = Hu sheep.

c-FOS, AP3, GATA2, SBF1, USF2, and MTF-1, were predicted to

be present in this region (Supplementary Figure 1). The -700T/G Polymorphism Affected
Promoter Activity of the NR5A2 Gene

SNP Identification in the Core Promoter To investigate whether the -700T/G polymorphism affected

Region and Correlation With Litter Size promoter activity of the NR5A2 gene, constructs of pGL3-T and

in Hu Sheep pGL3-G were transfected into 293T cells, and the results showed

that luciferase activity of plasmid pGL3-G was significantly
higher than that of plasmid pGL3-T in 293T cells (p < 0.05)
(Figure 2).

SNPs in the NR5A2 gene promoter region were explored by
DNA pool sequencing, and a T/G mutation was identified
at-700 nt in the core promoter region (Supplementary Figure
2A). Genotyping showed that GG, GT, and TT genotypes
were found in 192 Hu ewes (Supplementary Figure 2B), with The -700T/G Polymorphism Adds a Novel
genotype frequencies of 0.104, 0.563, and 0.333, respectively. ~ Transcription Factor Binding Site

Association analysis showed that the litter sizes of Hu ewes at ~ We predicted that the -700T/G polymorphism would create a
their second and average parities with genotype GG (2.20 £+  novel binding site for transcription factor MTF-1. A competitive
0.20 and 1.97 * 0.06, respectively) were significantly higher =~ EMSA showed that when nuclear extracts of ewes” ovaries were
than those of ewes with genotype TG (1.68 + 0.10 and 1.74 +  incubated with a bio-probe, there was a significant DNA-protein
0.05, respectively; p < 0.05) and TT (1.67 + 0.10 and 1.62 +  complex, and when nuclear extracts were incubated with a
0.06, respectively; p < 0.05). The litter size of Hu ewes at their ~ bio-probe and mut-probe at the same time, the DNA-protein

TABLE 2 | Average number of lambs and corresponding standard errors per parity of Hu sheep at G-700T.

genotye number 1st parity litter size 2nd parity litter size 3rd parity litter size average litter size
GG 20 1.80+0.13a 2.20 + 0.20a 210+ 0.10a 1.97 + 0.06a
GT 108 1.63 +0.07a 1.68 + 0.10b 1.85 + 0.10ab 1.74 £ 0.05b
T 64 1.56 +0.12a 1.67 + 0.10bc 1.56 +0.12¢ 1.62 + 0.06bc

values with different superscripts within the same column in particular locus differ significantly at P < 0.05.
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FIGURE 2 | The -700T/G mutation regulates NR5A2 promoter activity.
Constructs of pGL3-G (containing MTF-1 binding site) and pGL3-T (no
MTF-1 binding site) were transfected or co-transfected with pcDNAS. 1- FIGURE 3 | Competitive EMSA assay confirms the specific binding between
MTF-1 into HEK293T cells, and Iuciferase activity was detected using a Dual- MTF-1 and -700GG of the NR5A2 promoter region. Probes in this assay
Luciferase Reporter Assay System. Resllts are expressed as the mean + containing the NR5A2 -700GG site with or without biotin labeling were called
SEM (n = 3)."p < 0.05; "p < 0.01. bio-probes or cold probes, and probes containing the NR5A2 -700TT site

complex was still present. However, when nuclear extracts were
incubated with a bio-probe and cold probe at the same time,
DNA-protein complex significantly decreased with the cold-
probe concentration increased. These results suggest that MTF-1
binds specifically to sequences with -700GG (Figure 3).

MTF-1 Was Involved in Regulating NR5A2
Gene Expression

To determine whether MTF-1 was involved in regulating
NR5A2 gene expression, the plasmid pcDNA3.1-MTF-1 was
transfected in sheep granulosa cells. The qRT-PCR results
showed that the MTF-1 expression levels were higher in sheep
granulosa cells transfected with plasmid pcDNA3.1-MTEF-1
(p < 0.01) (Figure 4), and expression levels of the NR5A2 gene
increased after pcDNA3.1-MTEF-1 transfection (Figure 4).
Additionally, qRT-PCR results showed that MTEF-1 was widely
expressed in Hu sheep tissues, particularly in the ovary and
uterus (Figure 4). These data suggest that MTF-1 was involved
in regulating NR5A2 gene expression in the ovarian granulosa
cells of Hu sheep.

-700T/G Polymorphism Affected MTF-1
Regulation of NR5A2 Promoter Activity
PpcDNA3.1-MTF-1 was co-transfected with pGL3-T or pGL3-G
into 293T cells. The promoter activity assay showed that the
overexpression of MTF-1 significantly enhanced the luciferase
activity of the -700G promoter genotype (p < 0.01), but the -700T

without biotin labeling were called mut-probes. These probes were incubated
with ovary nuclear extracts in different combinations, and DNA-protein
complexes were visualized by autoradiography. FP, free probes; NSB, non-
specific binding; DNA-protein complex: DNA and transcription factor MTF-1

binding complex.

promoter genotype did not have a significant effect on luciferase
activity (p > 0.05) (Figure 2).

DISCUSSION

NR5A2 is a transcription factor involved in regulating
metabolism and hormone synthesis (Cobo-Vuilleumier et al,,
2018; Jiang et al., 2018). Studies have shown that NR5A2 is
essential for pregnancy and reproduction in female animals
(Brosens et al, 2013; Zhang et al, 2013; Guo et al, 2016;
Kaluarachchi et al., 2016). A previous study showed that the
expression level of NR5A2 was associated with ovulation and
litter size in Hu sheep (Li et al., 2015). In this study, we focused
on the 5" regulatory region of NR5A2 and determined that its
core promoter region ranged from -721 to -182 nt. A -700T/G
polymorphism was detected at the core promoter region of the
NR5A2 gene. Polymorphisms of NR5A2 are associated with
preterm birth in humans (Kaluarachchi et al., 2016), and it has
been shown that T40C and T1419C at the NR5A2 CDS region
are associated with litter size in Hu sheep (Li et al., 2015). In this
study, we found that -700T/G located in the core promoter of
NR5A2 was significantly associated with litter size in Hu sheep,
with ewes with genotype GG having a significantly greater litter
size at the second and average parities than those with genotypes
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FIGURE 4 | MTF-1 involved in regulating NR5A2 gene expression in ovine ovarian granulosa cells. (A) MTF-1 gene expression after transfection in pcDNA3.1-MTF-1
in ovine ovarian granulosa cells. (B) Overexpression of MTF-1 increases the NR5A2 gene expression in ovine ovarian granulosa cells. (C) MTF-1 expression profiles

in ovine tissues. **p < 0.01.

TG (p < 0.05) and TT (p < 0.05). Moreover, ewes with genotype
5°UTR GG had a significantly greater litter size at the third parity than
[ 1 NR5SA2 those with genotype TT (p < 0.05). By combining all three
polymorphisms (-700T/G, T40C, and T1419C) of the NR5A2
A gene, we found that ewes with the GG/TC/TC haplotype have
‘QTRSAZ I > higher litter sizes in the second and third parities than those with
- *{"‘ other haplotypes (Supplementary Table 1), suggesting that the
4 NR5A2 gene could be used as a candidate molecular marker for
(. - breeding high-fertility sheep.

steroidogenesis .
L J We found that the T/G polymorphism changed the promoter
activity of the NR5A2 gene, suggesting that this mutation was
Y probably involved in regulating NR5A2 gene expression, affecting
[°"“l“ﬁ°“] the litter size of sheep as a result. Further analysis showed that
-1 -700G created a transcription factor MTF-1 binding site and
d MTE-1 was involved in regulating NR5A2 promoter transcription
( litter?!ze\ activity, increasing the NR5A2 gene expression in granulosa
) cells of sheep. Xu et al. (2018) found that polymorphisms of the
FIGURE 5 | Flow dlagram of the 700T/G mutation of NRSA2 reguiatn HOMERI gene are associated with piglet splay leg syndrome and
ovine reprocuction (rough MTF-1. -700T/G polyorphism of NRAZ the G allele of rs325197091 (A > G) may create a new binding
gene core promoter creates a novel transcription factor MTF-1 binding site, site of transcription factor ARNT, which could enhance HOMER!
upregulates the transcription activity and mRNA expression of NR5A2 gene promoter activity and expression. Promoter haplotypes of the
in granulosa cells, and then increases the litter size of Hu sheep probably due ABCBI gene encoding the P-glycoprotein differentially affects
‘t-(t)t regglating steroidogenesis of NR5A2 and further affecting ovulation and its promoter activity bY altering the transcription factor binding

Her siee. (Speidel et al., 2018).
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MTF-1, a six-zinc-finger protein of the Cys2His2 family,
binds directly and specifically to metal response elements, and
regulates metal-induced and basal MT expression (Heuchel et al.,
1994; Radtke et al, 1995). As a transcription activator, MTF-1
plays different roles and is involved in metal and oxidative stress
(Dalton et al., 1996; Ben Mimouna et al., 2018) and embryological
development (Hogstrand et al., 2008). Nishimoto et al. (2009)
found that MTF-1, as a transcription activator, binds with the
promoter region of PIGE increases its expression, and is involved
in the hypoxia-dependent regulation of PIGF in trophoblast-
derived cells. MTF-1 could also be a transcription factor that binds
to FSH, CYP19A2, and 20b-HSD, and is also involved in regulating
steroidogenesis synthesis in zebrafish (Urbatzka et al., 2012). In this
study, we found that MTF-1 is a transcription activator that can
bind with an NR5A2 -700GG type promoter, increase its promoter
activity and expression level in granulosa cells, and further regulate
the ovulation and litter size of Hu sheep (Figure 5).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

ETHICS STATEMENT

All experiments were performed in accordance with the protocol
approved by the Committee on Ethics of Animal Experimentation
from the Jiangsu Academy of Agricultural Sciences (No. 63 of
Jiangsu Academy of Agricultural Sciences, approved on 8 July 2014).

REFERENCES

Atkin, S. D., Owen, B. M., Bookout, A. L., Cravo, R. M., Lee, C,, Elias, C. E,
et al. (2013). Nuclear receptor LRH-1 induces the reproductive neuropeptide
kisspeptin in the hypothalamus. Mol. Endocrinol. 27 (4), 598-605. doi: 10.1210/
me.2012-1371

Barrett, J. C., Fry, B., Maller, ], and Daly, M. J. (2005). Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21 (2), 263-265. doi:
10.1093/bioinformatics/bth457

Ben Mimouna, S., Boughammoura, S., Chemek, M., Haouas, Z., Banni, M., and
Messaoudi, 1. (2018). Disruption of the zinc metabolism in rat fetal brain after
prenatal exposure to cadmium. Chem. Biol. Interact. 286, 88-95. doi: 10.1016/j.
cbi.2018.03.005

Brosens, J. J., Blanks, A. M., and Lucas, E. S. (2013). LRH-1: orphaned, adopted
and needed for pregnancy. Nat. Med. 19 (8), 968-969. doi: 10.1038/nm.3271

Camats, N., Audi, L., Fernindez-Cancio, M., Andaluz, P, Mullis, P. E.,
Carrascosa, A., et al. (2015). LRH-1 may rescue SF-1 deficiency for
steroidogenesis: An in vitro and in vivo study. Sex Dev. 9 (3), 144-154. doi:
10.1159/000381575

Cobo-Vuilleumier, N., Lorenzo, P. I, Rodriguez, N. G., Herrera Gémez, I. G.,
Fuente-Martin, E., Lopez-Noriega, L., et al. (2018). LRH-1 agonism favours an
immune-islet dialogue which protects against diabetes mellitus. Nat. Commun.
9 (1), 1488. doi: 10.1038/s41467-018-03943-0

Dalton, T. P, Li, Q,, Bittel, D., Liang, L., and Andrews, G. K. (1996). Oxidative
stress activates metal-responsive transcription factor-1 binding activity.
Occupancy in vivo of metal response elements in the metallothionein-I

AUTHOR CONTRIBUTIONS

YL is responsible for the design and the writing of the whole
article. JZa is responsible for SNP screening. YQ is responsible
for samples collection. CM is responsible for real-time PCR. HW
is responsible for cell assay. SC is responsible for EMSA assay. JZo
is responsible for the modification of the whole article.

FUNDING

The funding is from the National Natural Science Foundation of
China, and the number is 31501934. The title of this funding is
the Molecular Mechanisms of -700T/G Mutation Regulating the
Transcription of NR5A2 and High Fecundity in Hu Sheep. This
paper is completely consistent with this funding, and this funding
includes the publication fees. Another funding is Agricultural
Science and Technology Innovation of Jiangsu Province, the
number is CX(2018)3004.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2019.01011/
full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Characterization of the NR5A2 promoter region
in Hu sheep.

SUPPLEMENTARY FIGURE 2 | SNP identification and genotyping of the
-700T/G mutation in the ovine NR5A2 gene.

SUPPLEMENTARY TABLE 1 | The association between different haplotype and
litter sizes in Hu sheep.

gene promoter. J. Biol. Chem. 271 (42), 26233-26241. doi: 10.1074/
jbc.271.42.26233

Du, X,, Zhang, L., Li, X., Pan, Z., Liu, H., and Li, Q. (2016). TGF-p signaling controls
FSHR signaling reduced ovarian granulosa cells apoptosis through the SMAD4/
miR-141 axis. Cell Death Dis. 7 (11), €2476. doi: 10.1038/cddis.2016.379

Duggavathi, R., Volle, D. H., Mataki, C., Antal, M. C., Messaddeq, N., Auwerx, J.,
et al. (2008). Liver receptor homolog 1 is essential for ovulation. Genes Dev. 22
(14), 1871-1876. doi: 10.1101/gad.472008

Falender, A. E., Lanz, R., Malenfant, D., Belanger, L., and Richards, J. S. (2003).
Differential expression of steroidogenic factor-1 and FTF/LRH-1 in the rodent
ovary. Endocrinology 144 (8), 3598-3610. doi: 10.1210/en.2002-0137

Galarneau, L., Pare, J. E, Allard, D., Hamel, D., Levesque, L., Tugwood, J. D., et al.
(1996). The alphal-fetoprotein locus is activated by a nuclear receptor of the
Drosophila FTZ-F1 family. Mol. Cell Biol. 16 (7), 3853-3865. doi: 10.1128/
MCB.16.7.3853

Guo, J., Zhao, M. H,, Liang, S., Choi, J. W,, Kim, N. H., and Cui, X. S. (2016). Liver
receptor homolog 1 influences blastocyst hatching in pigs. J. Reprod. Dev. 62
(3),297-303. doi: 10.1262/jrd.2015-159

Heuchel, R., Radtke, E, Georgiev, O., Stark, G., Aguet, M., and Schaffner, W. (1994).
The transcription factor MTF-1 is essential for basal and heavy metal-induced
metallothionein gene expression. EMBO J. 13, 2870-2875. doi: 10.1002/§.1460-
2075.1994.tb06581.x

Hogstrand, C., Zheng, D., Feeney, G., Cunningham, P,, and Kille, P. (2008). Zinc-
controlled gene expression by metal-regulatory transcription factor 1 (MTF1)
in a model vertebrate, the zebrafish. Biochem. Soc. Trans. 36 (Pt 6), 1252-1257.
doi: 10.1042/BST0361252

Frontiers in Genetics | www.frontiersin.org

October 2019 | Volume 10 | Article 1011


https://www.frontiersin.org/articles/10.3389/fgene.2019.01011/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.01011/full#supplementary-material
https://doi.org/10.1210/me.2012-1371
https://doi.org/10.1210/me.2012-1371
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1016/j.cbi.2018.03.005
https://doi.org/10.1016/j.cbi.2018.03.005
https://doi.org/10.1038/nm.3271
https://doi.org/10.1159/000381575
https://doi.org/10.1038/s41467-018-03943-0
https://doi.org/10.1074/jbc.271.42.26233
https://doi.org/10.1074/jbc.271.42.26233
https://doi.org/10.1038/cddis.2016.379
https://doi.org/10.1101/gad.472008
https://doi.org/10.1210/en.2002-0137
https://doi.org/10.1128/MCB.16.7.3853
https://doi.org/10.1128/MCB.16.7.3853
https://doi.org/10.1262/jrd.2015-159
https://doi.org/10.1002/j.1460-2075.1994.tb06581.x
https://doi.org/10.1002/j.1460-2075.1994.tb06581.x
https://doi.org/10.1042/BST0361252
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Lietal

Promoter SNP Upregulates NR5A2 Activity

Jiang, Y., Zhao, Y., Chen, S., Chen, L., Li, C., and Zhou, X. (2018). Regulation by
FSH of the dynamic expression of retinol-binding protein 4 in the mouse ovary.
Reprod. Biol. Endocrinol. 16 (1), 25. doi: 10.1186/s12958-018-0348-8

Kaluarachchi, D. C., Momany, A. M., Busch, T. D., Gimenez, L. G., Saleme, C,,
Cosentino, V., et al. (2016). Polymorphisms in NR5A2, gene encoding liver
receptor homolog-1 are associated with preterm birth. Pediatr. Res. 79 (5),
776-780. doi: 10.1038/pr.2016.7

Knudsen, S. (1999). Promoter 2.0: for the recognition of PolII promoter sequences.
Bioinformatics 15, 356-361. doi: 10.1093/bioinformatics/15.5.356

Labelle-Dumais, C., Paré, J. E, Bélanger, L., Farookhi, R., and Dufort, D. (2007).
Impaired progesterone production in Nr5a2+/- mice leads to a reduction in
female reproductive function. Biol. Reprod. 77 (2), 217-225. doi: 10.1095/
biolreprod.106.059121

Li, Y. X,, Zhang, ], Qian, Y., Meng, C. H., Wang, H. L., and Cao, S. X. (2018).
Mutation -388C > G of NR5A1 gene affects litter size and promoter activity
in sheep. Anim. Reprod. Sci. 196, 19-27. doi: 10.1016/j.anireprosci.2018.05.001

Li, Y. X,, Zhang, ], Qian, Y., Meng, C. H., Wang, H. L., Tao, X. ], et al. (2015).
Molecular characterization, expression, polymorphism of NR5A2 and its
relationship with litter size in Hu sheep. Genet. Mol. Res. 14 (4), 12765-12775.
doi: 10.4238/2015.0ctober.19.20

Meinsohn, M. C., Morin, E, Bertolin, K., Duggavathi, R., Schoonjans, K., and
Murphy, B. D. (2017). The orphan nuclear receptor liver homolog receptor-1
(Nr5a2) regulates ovarian granulosa cell proliferation. J. Endocr. Soc. 2 (1),
24-41. doi: 10.1210/j5.2017-00329

Nishimoto, E, Sakata, M., Minekawa, R., Okamoto, Y., Miyake, A., Isobe, A.,
et al. (2009). Metal transcription factor-1 is involved in hypoxia dependent
regulation of placenta growth factor in trophoblast-derived cells. Endocrinology
150 (4), 1801-1808. doi: 10.1210/en.2008-0949

Psifidi, A., Dovas, C. L, and Banos, G. (2010). A comparison of six methods for
genomic DNA extraction suitable for PCR-based genotyping applications
using ovine milk samples. Mol. Cell Probes 24 (2), 93-98. doi: 10.1016/j.
mcp.2009.11.001

Radtke, E, Georgiev, O., Miiller, H.-P, Brugnera, E., and Schaffner, W. (1995).
Functional domains of the heavy metal-responsive transcription regulator
MTF-1. Nucleic Acids Res. 23, 2277-2286. doi: 10.1093/nar/23.12.2277

Speidel, J. T., Xu, M., and Abdel-Rahman, S. Z. (2018). Promoter haplotypes of
the ABCBI gene encoding the P-glycoprotein differentially affect its promoter
activity by altering transcription factor binding. DNA Cell Biol. 37 (12), 973~
981. doi: 10.1089/dna.2018.4376

Urbatzka, R., Rocha, E., Reis, B., Cruzeiro, C., Monteiro, R. A., and Rocha,
M. J. (2012). Effects of ethinylestradiol and of an environmentally relevant
mixture of xenoestrogens on steroidogenic gene expression and specific
transcription factors in zebrafish. Environ. Pollut. 164, 28-35. doi: 10.1016/j.
envpol.2012.01.018

Wang, D., Du, X,, Li, Y., and Li, Q. (2019). A polymorphism in the transcriptional
regulatory region strongly influences ovine FSHR mRNA decay. Reprod.
Domest. Anim. 54 (1), 83-90. doi: 10.1111/rda.13316

Wei, Q, Li, R,, Zhong, L., Mu, H., Zhang, S., Yue, L., et al. (2018). Lineage
specification revealed by single-cell gene expression analysis in porcine
preimplantation embryos. Biol. Reprod. 99 (2), 283-292. doi: 10.1093/biolre/
ioy062

Xiao, L., Wang, Y., Xu, K., Hu, H., Xu, Z., Wu, D,, et al. (2018). Nuclear receptor
LRH-1 functions to promote castration-resistant growth of prostate cancer
via its promotion of intratumoral androgen biosynthesis. Cancer Res. 78 (9),
2205-2218. doi: 10.1158/0008-5472.CAN-17-2341

Xu, S., Hao, X., Zhang, M., Wang, K., Li, S., Chen, X,, et al. (2018). Polymorphisms
of HOMERI1 gene are associated with piglet splay leg syndrome and one
significant SNP can affect its intronic promoter activity in vitro. BMC Genet.
19 (1), 110. doi: 10.1186/s12863-018-0701-0

Yan, H., Shen, X., Cui, X., Wu, Y., Wang, L., Zhang, L., et al. (2018). Identification
of genes involved in gonadal sex differentiation and the dimorphic expression
pattern in Takifugu rubripes gonad at the early stage of sex differentiation. Fish
Physiol. Biochem. 44 (5), 1275-1290. doi: 10.1007/s10695-018-0519-8

Zhang, C., Large, M. J., Duggavathi, R., DeMayo, E J., Lydon, J. P, Schoonjans, K.,
et al. (2013). Liver receptor homolog-1 is essential for pregnancy. Nat. Med. 19
(8), 1061-1066. doi: 10.1038/nm.3192

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Li, Zhang, Qian, Meng, Wang, Zhong and Cao. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Genetics | www.frontiersin.org

October 2019 | Volume 10 | Article 1011


https://doi.org/10.1186/s12958-018-0348-8
https://doi.org/10.1038/pr.2016.7
https://doi.org/10.1093/bioinformatics/15.5.356
https://doi.org/10.1095/biolreprod.106.059121
https://doi.org/10.1095/biolreprod.106.059121
https://doi.org/10.1016/j.anireprosci.2018.05.001
https://doi.org/10.4238/2015.October.19.20
https://doi.org/10.1210/js.2017-00329
https://doi.org/10.1210/en.2008-0949
https://doi.org/10.1016/j.mcp.2009.11.001
https://doi.org/10.1016/j.mcp.2009.11.001
https://doi.org/10.1093/nar/23.12.2277
https://doi.org/10.1089/dna.2018.4376
https://doi.org/10.1016/j.envpol.2012.01.018
https://doi.org/10.1016/j.envpol.2012.01.018
https://doi.org/10.1111/rda.13316
https://doi.org/10.1093/biolre/ioy062
https://doi.org/10.1093/biolre/ioy062
https://doi.org/10.1158/0008-5472.CAN-17-2341
https://doi.org/10.1186/s12863-018-0701-0
https://doi.org/10.1007/s10695-018-0519-8
https://doi.org/10.1038/nm.3192
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	A T > G Mutation in the NR5A2 Gene Is Associated With Litter Size in Hu Sheep Through Upregulation of Promoter Activity by Transcription Factor MTF-1

	﻿Introduction

	﻿Materials and Methods

	﻿Samples

	﻿Cloning, Sequencing, and Genotyping

	﻿Bioinformatic Analysis

	﻿Construction of Plasmids

	﻿Granulosa Cell Separation and Cell Culture

	﻿Transfection and Dual-Luciferase Reporter Assay

	﻿Competitive Electrophoretic Mobility Shift Assay (EMSA)

	﻿Statistical Analyses


	﻿Results

	﻿Identification of the Core Promoter Region of the Ovine NR5A2 Gene

	﻿SNP Identification in the Core Promoter Region and Correlation With Litter Size in Hu Sheep

	﻿The ‑700T/G Polymorphism Affected Promoter Activity of the NR5A2 Gene

	﻿The ‑700T/G Polymorphism Adds a Novel Transcription Factor Binding Site

	﻿MTF-1 Was Involved in Regulating NR5A2 Gene Expression

	﻿‑700T/G Polymorphism Affected MTF-1 Regulation of NR5A2 Promoter Activity


	﻿Discussion

	﻿Data Availability Statement

	﻿Ethics Statement

	﻿Author Contributions

	﻿Funding

	﻿Supplementary Material

	References



