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ABSTRACT. The luteinizing hormone receptor (LHR) plays a key role
in testosterone production through its interaction with the gonadotropins,
LH and chorionic gonadotropin. We examined the LHR splicing pattern
in bovine Leydig cells; LH-induced expression of eight cloned splicing
variants was detected by real-time PCR. Luteinizing hormone applied
to cultured Leydig cells resulted in expression of full-length LHR and
the A and B isoforms, as well as secretion of testosterone, which first
increased, then declined, and then increased further, with increased
LH levels. The secretion of testosterone progressively increased with
increasing LH, but the expression levels of LHR (FL, A, and B) did not
increase correspondingly. We conclude that the LHR splicing pattern is
complex in bovine Leydig cells, and that expression of full-length LHR
and isoforms A and B changes when induced with LH.
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INTRODUCTION

The luteinizing hormone receptor (LHR) is a member of the G-protein coupled re-
ceptor superfamily and consists of an extracellular domain, seven transmembrane domains
connected by alternating intracellular and extracellular loops, and an intracellular carboxyl
(C)-terminal tail (Ascoli et al., 2002). The LHR has a pivotal role in testicular development
and function (Zhang et al., 2001). Upon binding to luteinizing hormone (LH) or its placental
counterpart, chorionic gonadotropin (CG), the receptor stimulates adenylyl cyclase activity,
cyclic adenosine 3', 5'-monophosphate production (Davis et al., 1996), and consequently, ac-
tivation of the Leydig cells and testosterone production. Inactivating mutations of LHR can
make Leydig cells resistant to the actions of CG and LH, causing hypoplasia of the Leydig
cells and decreased production of testosterone. This gives rise to hypogonadism or male pseu-
dohermaphroditism, called Leydig cell hypoplasia or Leydig cell agenesis (Wu and Chan,
1999). Under normal physiological conditions, testosterone is almost exclusively (>95%) of
testicular origin (Wilson et al., 1981). Thus, the quality and quantity of LHR are important
factors affecting the sensitivity to its ligand (Kawate, 2004).

The LHR gene is subject to alternative splicing, giving rise to several mRNA variants.
Indeed, transcripts encoding alternatively spliced variants of the LHR have been detected
in rat (Aatsinki et al., 1992), sheep (Bacich et al., 1994), horse ovary (Saint-Dizier et al.,
2003), human corpus luteum (Nishimori et al., 1995), pig (Loosfelt et al., 1989), marmoset
monkey (Michel et al., 2007), turkey (You et al., 2000), and cattle follicles (Robert et al.,
2003). Although binding and functional properties of LHR splice variants have not been fully
elucidated, it has been shown that the variants with a partial deletion of exon 11 are translated
into protein, but not translocated to the cell membrane (Bacich et al., 1999; Kawate, 2004).
In rats, deletion of the first 266 bp of exon 11 causes a frame shift in the reading frame and
creates a truncated translation product. Importantly, coexpression of the variant with the full-
length LHR resulted in a reduction in the number of cell surface receptors (Apaja et al., 2006).
A deletion of exon 10 of the human LHR resulted in impaired activation by LH, in contrast
with hCG (Miiller et al., 2003), for which the variant lacking exon 9 is capable of forming
receptor complexes with the full-length LHR (Nakamura et al., 2004). The functional role of
this alternative splicing remains to be fully characterized. To date, it is not yet known if any
alternatively spliced mRNAs are translated in vivo, in any species.

The alternative splicing mechanisms that give rise to the receptor variants may be
subject to metabolic regulation or altered in pathophysiological states, leading to modulation
of tissue expression of the receptor variants and resulting in potential changes in LH action
(Minegishi et al., 1997). The objective of this study is to characterize the LHR splicing pattern
in bovine Leydig cells and detect expression of some variants as affected by LH induction.

MATERIAL AND METHODS
Isolation of primary cells
Testes were obtained from mature Simmental cattle from a local abattoir. They were

then transported to the laboratory in ice-cold phosphate-buffered saline (PBS) containing pen-
icillin (100 IU/mL) and streptomycin (100 IU/mL).
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Leydig cells were isolated from bovine testes by collagenase o dispersion and Percoll
density gradient centrifugation as described earlier (Shiraishi and Ascoli, 2007), with slight
modifications. Leydig cells were dissociated from the seminiferous tubules with 0.25 mg/mL
collagenase (Invitrogen, USA) in medium 199 for 30 min at 37°C by shaking. The digested
tissue was successively filtered through a 200- and a 76-um pore-size nylon mesh. The filtrate
was centrifuged at 300 g for 8 min at room temperature, and the pellet was washed once by
centrifugation with Hank’s balanced salt solution without Ca** or Mg?* (D-Hank’s) contain-
ing 0.1% (w/v) BSA. To obtain purified Leydig cells, 2 mL of the crude cell suspension was
loaded on top of a discontinuous Percoll gradient (5, 30, 58, and 90% Percoll) and centrifuged
at 800 g for 20 min. Cell viability was estimated with 0.4% Trypan blue stain and cell purity
was detected by 3B-hydroxysteroid dehydrogenase (38-HSD) stain (Payne et al., 1980).

Cell culture

The purified Leydig cells were resuspended in DMEM/F12 (11330-032; Invitrogen),
10% fetal bovine serum (HyClone, USA), 100 IU/mL penicillin, and 100 IU/mL streptomy-
cin. Pooled cells were seeded into 24-well plates (Corning, USA) at a density of 1 x 10°in 1
mL medium (Svechnikov et al., 2001). Cultures were maintained at 37°C in 5% CO, for 24 h.
To measure the effect of LH on testosterone secretion, cells were incubated with serum-free
DMEM/F12 containing graded doses of LH (Serono Laboratories; 0, 1 x 10°, 1 x 104, 1 x
103, 1 x 102, 1 x 10!, 1 TU/mL) for 24 h of culture. At the end of culturing time, medium was
collected and measured for testosterone levels using an in-house RIA (Zamecnik et al., 1977;
Chandolia et al., 2006), and cells were collected for RNA extraction. Experiments were per-
formed with three independent cultures.

RNA isolation, RT-PCR

Total RNA of Leydig cells was isolated using the Trizol reagent following the manu-
facturer protocol and including treatment with DNase I (Promega, USA). The cells from iden-
tical wells were combined prior to RNA extraction. The RNA was quantified spectrophoto-
metrically, and stored at -80°C until further analysis.

In order to examine alternatively spliced mRNA for bovine LHR in the Leydig cells,
primers were designed based on the cDNA sequence of bovine LHR submitted to the GenBank
by Lussier (accession No. U20504). Due to the high GC content of the 5'-untranslated region
of LHR and exon 1, the forward primer (5'-CTCAGCCGACTATCACTCAC-3") was located
in the junction of exon | and exon 2; the reverse primer (5'-TGACACCCACAAGAGGCAAC-
3'") was located in the middle of exon 11 (Figure 1).

bp 167 72 76 T5 ¥ T8 @9 TS 186 g1 1153
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Figure 1. PCR primers for amplification of luteinizing hormone receptor (LHR) splicing variants. Exons are
indicated by numbered boxes; base pair (bp) length is indicated above each exon. The arrows indicate the priming
sites used for RT-PCR amplification of LHR isoforms. LHR-266 represents the location of primers for real-time
PCR used for quantification of full-length LHR and isoforms A and B.
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RNA was used as a template for cDNA synthesis using the PrimeScript™ 1st-Strand
cDNA Synthesis Kit (TaKaRa, Japan) according to manufacturer instructions. After the re-
verse transcription reaction, PCR amplification was performed using Taqg DNA Polymerase
(TIANGEN, Beijing, China). The reaction mixture included 1 pL ¢cDNA, 1 U Taq DNA poly-
merase, 1X Taq reaction buffer, 0.25 mM dNTPs, and 5 uM each primer, in a total volume of
20 pL. Samples were denatured for 4 min at 95°C, followed by 35 cycles of 40 s at 94°C, 40 s
at 60°C, 90 s at 72°C, and a final elongation step of 72°C for 10 min. After PCR, the amplicons
were electrophoresed on 2% agarose gels and visualized by UV fluorescence after ethidium
bromide staining. To identify the different LHR splice variants, the amplicons were ligated
into the pMD18-T vector (TaKaRa) and sequenced using the dideoxynucleotide termination
method (Sanger et al., 1977).

Real-time quantitative PCR

Real-time amplification was performed in triplicate 25 pL reactions using SYBR
Green Real-Time PCR Master Mix (TOYOBO, Japan) following the manufacturer instruc-
tions and using the Mastercycler ep Realplex instrument (Eppendorf, Germany). Primers were
designed according to the sequence characteristics of LHR splicing isoforms; the histone H2a
gene was used as an endogenous control as previously described (Robert et al., 2002; Buratini
et al., 2005). Primers used were as follows: LHR-266 forward, 5'-TTCTGCTTACCCAAGAC
ACTC-3"; LHR-266 reverse, 5'-TAATCAGCCAAATCAGGACTC-3'"; H2a forward, 5'-GTCG
TGGCAAGCAAGGAG-3', and H2a reverse, 5-GATCTCGGCCGTTAGGTACTC-3". The
LHR-266 primers had a melting temperature of 50°C and amplified a fragment of 106 bp. The
H2a primers had a melting temperature of 55°C and amplified a fragment of 182 bp. Relative gene
expression analysis was performed according to the 224 method (Livak and Schmittgen, 2001).

Statistical analysis

Statistical analyses were carried out using SPSS (SPSS, Inc., version 13.0, Chicago,
IL, USA). Statistical analyses of all data from three replicates were carried out by one-way
ANOVA followed by a Duncan multiple-range test. Differences were considered to be signifi-
cant at P < 0.05 (Dickinson et al., 2008).

RESULTS
Different splicing variants of bovine LHR in Leydig cells

The primer pair used here was different from any primer used previously in studies
of other species. It was designed to amplify a 1366-bp fragment that comprises the region of
alternative splicing in other species (Aatsinki et al., 1992; Bacich et al., 1994; Reinholz et al.,
2000), and is thus likely to include all variants of the LH receptor. When cDNA from bovine
Leydig cells was analyzed by RT-PCR using this primer pair, at least 5 bands were observed,
suggesting the presence of splice variants (Figure 2). To identify the different variants, the
PCR products were directly ligated into the pMD18-T vector (Michel et al., 2007). From over
400 clones, more than 50 variants with different insert sizes were sequenced and aligned with
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the published bovine LHR cDNA sequence using NCBI Blast. We identified eight different
isoforms, not including the full-length form; these 8 variants were named A through H forms,
from largest to smallest in size (Figure 3). We could not determine a perfect match between
the 9 splice variants and the 5 bands on the agarose gel, due to some variants being of com-
parable size or exhibiting extremely low expression. Isoform FL is the full-length receptor,
which is the wild-type receptor in bovine Leydig cells. Although exon deletion was observed
in isoforms A and B, no frame shift was observed and exon 11 was complete. [soforms C, D, E,
G, and H were spliced from the 3'-end of exon 10 into the first 266 bp of exon 11, commonly
generating a frame shift that caused a unique 46-amino acid sequence and a premature stop
codon. Isoform F was missing exon 10 and the first 428 bp of exon 11, leading to premature
termination and a unique 8§9-amino acid sequence (Figure 4).

A
oDonT o

Figure 2. Agarose gel electrophoresis of LHR PCR products. Lane M = Indicates the marker; /anes 1 and 2 = are two
replicates of the PCR amplification. a, b, ¢, d, and e indicate the variants of LHR. Other bands are unspecific amplicons.
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Figure 3. Schematic diagram of the LHR splicing variants, indicating exons. Black boxes correspond to deleted
exons. The arrows indicate the priming sites. The 5'-part (266 bp) of exon 11 was deleted in five splice variants (C,
D, E, G, and H), and the first 428 bp of exon 11 were deleted in F. FL = full-length receptor.
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Figure 4. The amino acid sequences of three bovine luteinizing hormone receptors (LHRs). The black area is the
unique carboxyl (C)-terminal tail resulting from a frame shift.

Effects of LH induction on testosterone secretion and LHR expression in Leydig cells

As a general trend, the secretion of testosterone increased along with an increase in the
LH concentration from 0 to 1 x 10 IU/mL. More specifically, to an LH concentration of 1 x
10 TU/mL, the secretion of testosterone increased to a level that was significantly higher than
that of control cells (P < 0.05). After that point, as the LH concentration continued to increase,
testosterone concentration declined briefly, reaching a nadir at the LH concentration of 1 x
103 TU/mL. Then, the testosterone level began to progressively increase, reaching a secondary
peak at LH concentrations of 1 x 10" and 1 IU/mL, where the secretion of testosterone was
again significantly higher than that of control cells (P < 0.01) (Figure 5).
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Figure 5. Effects of luteinizing hormone (LH) induction on testosterone production in cultured Leydig cells. Cells
were induced with serial dilutions of LH for 24 h. Results are means + SEM (N = 3) concentrations of testosterone
(T, ng/mL) in the culture media compared with control. *P < 0.05, **P < 0.01.

Although numerous alternative LHR mRNA splice variants have been examined in
bovine testes, quantification of the relative expression level of each variant has been harder to
achieve. Based on the features of the variants, we designed one specific primer pair, located in
the first 266 bp of exon 11, to quantify the total expression of full-length LHR and the A and B
isoforms, which all contain a complete exon 11 (Figure 1 and Figure 3). With the stimulation
of LH, the expression of these 3 isoforms initially increased, followed by a dramatic decrease
at an LH concentration of 1 x 10~ IU/mL (Figure 6). However, as LH increased from 1 x 10
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IU/mL to 1 x 10" TU/mL, the expression of those variants was relatively stable (Figure 6)
while the testosterone secretion under the same rising LH levels increased significantly (P <

0.01) (Figure 5).

0 1101210+ 1107 12102 12107 1 LH (IU/mL)

Figure 6. The expression of luteinizing hormone receptor (LHR) splicing variants in luteinizing hormone (LH)-
induced bovine Leydig cells. The expression of functional receptors in LH-induced bovine Leydig cells, including
full-length receptor, and A and B forms, were detected by real-time PCR. Results represent the means + SEM (N
=3). ¥*P < 0.05, **P < 0.01.
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DISCUSSION

Throughout the evolutionary process, several single-copy genes have been duplicated,
often resulting in modified sequences and functions. RNA splicing is an essential, precisely
regulated, post-transcriptional process that occurs prior to mRNA translation (Michel et al.,
2007). Alternative splicing is a widespread device for gene regulation and for generating iso-
form diversity (Smith et al., 1989). Previous studies have demonstrated that, in addition to
mRNA of the LH holoreceptor, splice variants of LHR mRNA exist in several species. These
variants are of different sizes, consistent with deletions of complete or partial exons within
the genomic structure. In this paper, we described the presence of alternative LHR splicing
in bovine Leydig cells and we quantified the expression level of the full-length receptor and
variants A and B as it correlated with LH induction.

The splicing pattern is complex in bovine Leydig cells. This study has shown that two
thirds of the variants were lacking part of exon 11, along with other exons. Interestingly, we
detected an isoform (F) that had not been found previously. If the splice variant is translated
into protein, the LHR protein encoded by the F splice variant is shorter than the full-length
form, not only because exon 10 is spliced out, but also because the splicing is out of frame,
producing a premature stop codon and an alternative carboxyl-terminus. The proteins encoded
by the C, D, E, G, and H forms are similar, but with a different carboxyl-terminus than en-
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coded by F (Figure 4). Furthermore, the A, D, F, G, and H forms have a common deletion
of exon 10. Exon 10 comprises 81 bp, encoding 27 amino acids, in the hinge region of the
extracellular domain (Gromoll et al., 2000). According to present knowledge, exon 10 of the
LHR is not crucial for signal transduction by hCG (Zhang et al., 1998). However, Miiller et
al. (2003) confirmed that while deletion of exon 10 does not affect hCG action, LH action is
impaired. This resulted in maternal hCG interaction with the deleted LHR in the embryonal
phase that is decisive for male development, with impaired LH action at puberty, and failure
of sexual maturation.

The variants with a partial deletion of exon 11 encode putative proteins that have no
transmembrane or intracellular domains. Previous studies have shown that the variants with a
partial deletion of exon 11 are translated into protein, but are not translocated to the cell mem-
brane and instead become intracellularly trapped (Kawate, 2004). Thus, if these mRNAs are
translated they are unable to bind LH and cannot activate adenylyl cyclase. In this study, we
only designed one pair of primers to quantify the expressions of full-length LHR and the A and
B isoforms, which each have a complete exon 11. Previous studies have shown that continuous
exposure to high concentrations of LH/hCG attenuates the cellular response (Lu et al., 1993;
Chuzel et al., 1995). Our results demonstrated that the secretion of testosterone increased and
reached a maximum at the concentration of 1 x 10 IU/mL. The Leydig cells seemed to not
be sensitive to further increases of LH, and the secretion of testosterone dropped at the LH
concentration of 1 x 107 TU/mL. Interestingly, the changes in expression of full-length LHR,
A, and B at different LH levels were consistent with the changes in testosterone secretion with
the same LH changes. These results suggest that the full-length LHR and the A and B isoforms
may play a leading role in the response to LH. The mechanism by which the expression of
these receptors decreases is still unknown; it might relate to decreased transcriptional activity
and/or destabilization of receptor mRNA (Kishi et al., 1997). Recently, studies have indicated
that alternative processing of receptor pre-mRNA play a regulatory role in the expression of
functional LH/CG receptors during down- and up-regulation (Lakkakorpi et al., 1993) and
differential mRNA splicing might be a mechanism for desensitization (Minegishi et al., 1997).
We have identified 8 splicing variants of LHR; most of them have a partial deletion of exon 11
that leads to a frame shift and a premature stop codon. If these variants are translated and sub-
sequently trapped intracellularly, their function still needs to be studied. When induced with
an LH concentration in the range of 1 x 107 to 1 IU/mL, the testosterone capacity of Leydig
cells increased correspondingly, but the expression of three types of splicing variants (full-
length, A, and B) remained stable. This suggests that Leydig cells reach a point of maximum
efficiency at where a further increase in receptor expression no longer stimulates additional
secretion of testosterone.

In summary, here we describe the bovine LHR splicing pattern in bovine Leydig cells
and the gene expression in Leydig cells as it corresponds to varying levels of LH induction.
We conclude that the splicing variants full-length, A and B seem to play an important role in
testosterone secretion and a small proportion of these receptors are sufficient to evoke full
biological response.
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