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Abstract

Some cases of male infertility show an association with various genetic factors. However, putative causative genes re-
main inconclusive in the majority of cases and do not explain all types of male infertility. Succinyl CoA: 3-oxoacid CoA
transferase (SCOT; EC 2.8.3.5) is a key enzyme for the metabolism of ketone bodies, and its testicular isotype (SCOT-T/
OXCT?2) is localized exclusively in the cytoplasm of spermatids and the midpiece of ejaculated sperm where mitochondria
exist. SCOT-T has been suggested to play important roles in spermiogenesis and sperm function. This study compared the
genomic DNA sequence of human SCOT-T in sterile males and proven-fertile control volunteers. We found four single
nucleotide polymorphisms (SNPs): one in the 3' noncoding region, and three in the coding region causing predicted amino
acid substitutions. The prevalence of homozygous SNPs causing amino acid changes was significantly higher in infertile
patients than in fertile controls. This study suggests that these SNPs have detrimental effects on SCOT-T enzyme activity,
which influences male infertility.
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Introduction

Approximately 20% of couples experience some form of infer-
tility problems, of which about half may be attributed to male
factors [1, 2]. Causes of impaired male fertility include endocrine
disorders, genetic factors, chromosomal abnormalities, environ-
mental factors, and malformations such as cryptorchidism and
varicocele [3-6]. However, the underlying causes remain unclear
in the majority of male infertility cases involving inadequate sper-
matogenesis or sperm defects.

Succinyl CoA: 3-oxoacid CoA transferase (OXCT/SCOT) is a key
enzyme for energy metabolism of ketone bodies exported to pe-
ripheral tissues expressed in the liver [7]. SCOT is localized in the
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mitochondria, and catalyzes the formation of acetoacetyl CoA by
transferring a CoA moiety from succinyl CoA to acetoacetate and
raises two acetyl CoA molecules capable of entering the tricarbo-
xylic acid cycle [8]. SCOT cDNAs have been cloned from pigs and
human hearts [9, 10].

Previously, germ cell-specific Scor-#1 and 2 were cloned from a
subtracted cDNA library of mouse testis [11, 12]. Mouse scot-#
was shown to be specifically expressed in late spermatids and lo-
calized in mitochondtria of sperm by northern blot, Western blot,
and immunohistochemical analyses. The nucleotide (nt) sequence
of mouse scr-# was more than 62% identical and the deduced
amino acid (aa) sequence was more than 67% identical to SCOT
in pigs and humans [11, 12]. Residues 1-39 at the NH, terminus
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of Scot-t conserved a putative mitochondria targeting signal se-
quence and a glutamate residue (aa residue: 341) corresponding to
glutamate 344, known to be conserved in all CoA transferases in
SCOT [14]. Mouse Scot-t proteins are germ cell-specific isoforms
of Scot that exist in the mitochondria of haploid spermatids and
sperm where they play specific roles in spermatogenesis and en-
ergy metabolism.

We cloned and characterized the human ortholog of mouse Scor-z.
SCOT-T is an intronless gene, like in mouse, and was specifically
expressed in the testis [13]. SCOT-T mRNA and the deduced aa
sequence of human SCOT-T showed 75.4% and 75.8% identity
with mouse Scor-f, respectively. The mitochondria targeting signal
sequence, a glutamate residue, and the hydrophilic bridge are also
conserved [13, 14].

Several investigators have reported the importance of mitochon-
drial enzymes for energy metabolism in sperm motility and func-
tion [15-17]. The specific presence of Scot-t may indicate the ex-
istence of a novel metabolic system that utilizes ketone bodies
as an energy source for sperm motility [18]. In addition, specific
expression in haploid spermatids suggests specialized roles of
SCOT-T in spermiogenesis [19]. Mutations or single nt polymor-
phisms (SNPs) that induce the loss of SCOT-T enzyme activity
might be expected to impair spermatogenesis and sperm activity,
which may affect fertilization ability in human males.

The intronless genome structure allows the study of genetic
changes by direct sequencing of polymerase chain reaction
(PCR)-amplified DNA of infertile male patients. The present
study assessed the prevalence of the SCOT-T SNPs in male pa-
tients seeking fertility evaluation. DNA samples from 516 males
(261 proven-fertile volunteers and 255 infertile patients) were an-
alyzed. We identified three SNPs in the SCOT-T genomic DNA,
which cause predicted aa substitutions. The prevalence of these
SNPs was significantly higher in some of the infertile male pa-
tients than in the fertile control population, suggesting a causative
role in male infertility.

Materials and Methods
Participants

A total of 255 infertile males were divided into subgroups accord-
ing to the degtree of defective spermatogenesis. Accordingly, 152
(60%) had non-obstructive azoospermia, 72 (28%) had severe oli-
gozoospermia (0.1 to 3 X 109 cells/mL), 27 (11%) had low sperm
motility, and 4 (2%) had idiopathic infertility with no abnormal
sperm morphology and motility (Table 1). The control group was
composed of 261 proven-fertile males who had impregnated fe-
male patients from the maternity clinic. DNA samples were ex-
tracted from the blood leukocytes of infertile and proven-fertile
males.

Identification of SNPs in SCOT-T genomic DNA by direct
sequencing of PCR-amplified DNA

The human genome contains a SCOT-T pseudogene that contains
219 bp deletion (18 nts from 745-762 and one nt at 778, separated
by 15 nts) in the middle of the coding region [13]. Therefore,
two PCR primer sets were constructed to include the deleted re-
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gion, thereby avoiding amplification of the pseudogene. Primer
pairs SCOTF1 (TGCTCTGTGACGCGCGGCCCGAGGC)
and SCOTR1 (CCTCCACGATCTCTTCCACCTCCACC) were
used to amplify the 5' half of the gene, which included 25 nts up-
stream of the putative transcription start site through 745. Primer
pairs SCOTF2 (CGGTGGAGGTGGAAGAGATCGTGG) and
SCOTR2 (TCCATTCCTCACCACTGCAGACCTG) were used
to amplify the 3' half from 744 to 25 nts on the downstream
side of the putative transcription stop site of the SCOT-T gene
(Figure 1). The entire SCOT-T DNA sequence (except 35 nts in
the middle portion around the inner primer sequences: 730-764)
could be identified by two sequences of PCR-amplified fragments
covering the left and right halves of the SCOT-T gene (Figure
1). PCR reactions were performed using the manufacturet’s rec-
ommended reaction buffer (50 uL) containing 0.01 pg human
genomic DNA, 0.2 mM of each primer, 2.5 mM each of dGTP,
dATP, dCTP, and dTTP, and EX Taq polymerase (Takara, Shiga,
Japan). Cycling conditions included 96°C for 2 min, followed by
35 cycles of denaturation at 96°C for 45 s, annealing at 71°C for
45 s, and extension at 72°C for 60 s. PCR-amplified fragments
were purified using AMPure (Agencourt Bioscience Corporation,
Beverly, MA, USA) and sequenced using the same PCR primers
and the Big-Dye Terminator v 3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA). The reaction products were
putified using BigDye XTerminator and analyzed using an ABI
PRISM 3730x] Genetic Analyzer (Applied Biosystems). Screening
for sequence variation was performed using SeqScape software
(Applied Biosystems).

Statistical analysis

The y2-test was used to compare genotype distributions between
infertile subjects and proven-fertile controls. P values < 0.05 were
considered to indicate statistical significance.

Results

To compare the genomic DNA sequence of the SCOT-T gene
in various infertile patients and fertile controls, we engineered
specific primers that precluded amplification of the pseudogene
(OXCT2PT) [13]. To amplify the SCOT-T gene, PCR primers were
designed at both ends and in the middle portion of the gene that
contained 19 bp genomic DNA missing from the non-functional
pseudogene (Figure 1) [13]. These selective primers ensured that
only the genomic DNA gene was amplified and not the pseudo-
gene. Using PCR and direct sequencing of the amplified DNA,
the prevalence of the SCOT-T SNPs was assessed in samples
from male patients seeking fertility evaluation and from proven-
fertile controls.

We found four SNPs: one in the 3' noncoding region, and three
in the coding region that caused predicted aa changes at positions
38, 285, and 352 aa (Figure 1) in a total of 516 males (261 fertile
volunteer controls and 255 infertile cases) (Table 1). Clinical fea-
tures of infertile patients investigated in this study and those with
these SNPs are listed in Table 1.

A polymorphism at ¢.113T/C, which cotresponded to aa 38
(L38P) within the consensus mitochondrial targeting sequence
domain, showed that 94% (n=246) of controls and 96% (n=240)
of infertile cases were homozygous for the major allele (T/T)
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encoding leucine; 5.4% (n=14) of controls and 2.7% (n=7) of
cases were heterozygous (T/C); and 0.4% (n=1) of controls and
0.8% (n=2) of infertile cases were homozygous for the minor
allele (C/C), which caused an aa change to proline (Table 2 and
Figure 2).

The ¢.854T/G SNP at aa 285 (L285R) showed that 80% (n=208)
of controls and 80% (n=204) of infertile cases were homozygous
for the major allele that encoded leucine (T/T); 19% (n=50) of
controls and 15% (n=39) of cases were heterozygous (T/G); and
1.1% (n=3) of controls and 4.7% (n=12) of infertile cases were
homozygous for the minor allele (G/G), causing an aa change to
arginine (G/G).

The ¢.1055C/T SNP at aa 352 (T352M) showed that 96% (n=251)
of controls and 93% (n=238) of infertile cases were homozygous
for the major allele (C/C) which encodes threonine (C/C); 3.1%
(n=8) of controls and 4.3% (n=11) of infertile cases were het-
erozygous (C/T); and 0.8% (n=2) of controls and 2.4% (n=06)
of infertile cases were homozygous for the minor allele (T/T),
causing aa change from threonine to methionine.

The prevalence of homozygous SNPs causing aa changes at three
regions was significantly higher by two- to four-fold in the infer-
tile population than the fertile controls using statistical analysis
(Table 2). Furthermote, we found a SNP (c.1651T/C) in the 3'
non-coding region at which 80% (n=209) of controls and 80%
(n=205) of cases were homozygous for the major allele (T/T),
19% (n=49) of controls and 15% (n=38) of cases were het-
erozygous (T/C), and 1.2% (n=3) of controls and 4.8% (n=12)
were homozygous for the minor allele (C/C). Interestingly, we
found that neatly all individuals with the minor homozygous
c.1651C/C allele had double SNPs, with all controls (n=3) and
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all infertile cases but one (n=11) also having the minor G/G al-
lele at ¢.854T/G. Several individuals wete also heterozygous at
c.1376G/T, c.1439A/G, c.1480A/G, and c.1597A/G in both the
fertile and infertile groups among 516 Japanese males. These re-
sults suggest that succinyl CoA transferase activity of SCOT-T
may be a prerequisite for male fertility, and SNPs affecting the
enzyme activity may cause male infertility.

Discussion

Many genetic factors have been associated with differences in
human sperm production, including deletion of Y-chromosomal
regions [20], gene mutations in methylene tetrahydrofolate re-
ductase [21] or at the mitochondrial DNA polymerase locus
[22], some molecular variants of LH [23] and HLA genes [24];
polymorphisms of cytochrome P450-1A1 [25]; and CAG repeat
length in the androgen receptor (26, 27|. Also, there are many
other genetic etiologies, such as chromosomal rearrangement, for
infertility. However, the cause of many cases of idiopathic male
infertility is unknown.

SCOT-T, an intronless gene, and a SCOT-T-like pseudogene [13]
are both located in the human genome on chromosome 1 (1p33—
35.4) 28] where many chromosome rearrangements have been
reported in infertile males [29]. On the other hand, human so-
matic cells ubiquitously express SCOT on chromosome 5 (5p13.1)
from a gene that spans more than 100 kb and contains 17 ex-
ons [10]. The lack of introns in SCOT-T and the presence of
the SCOT-T-like pseudogene indicate that SCOT-T formed from
a retrotransposon, a class of genes created by reverse transcrip-
tion of a mature mRNA of an ancestor gene. In this manner, a
DNA copy of a gene common to SCOT from somatic cells was
inserted into the genome [10, 13]. The SCOT-T-/ike pseudogene

SCOTF1 SCOTE2 Y o s i e e «f 3COTR2
P ———— e 5COTRI
Genome sy SCOT-T/OXCT2 (intronless) I—
(1p34.3) , !
i '
i +1 1733
-571__MET 1551TER ' poly A
mRNA (T + A * ; * !
b 113T/C ¢ 854T/G ¢ 1055C/T ‘e 1651T/C
' Leu38Pro Leu285Arg  Thr352Met H
i 1 :
Protein E
- 271-284 341 517
Mitochondrial Hydrophilic CoA
Targeting Sequence Bridge region binding site

Figure 1. Schematic representation of single nucleotide polymorphism (SNP) positions in the human SCOT-T genome and
predicted amino acid (aa) substitutions in the protein.

The SCOT-T gene was amplified by PCR using two pairs of primers (horizontal arrows), and the products were sequenced and ana-

lyzed. To avoid amplifying the pseudogene containing a 19 bp deletion in the middle of the SCOT-T coding region [13], PCR primer

sets were constructed to include the deleted region. The entire sequence of the SCOT-T gene could be identified by two sequences of

PCR-amplified fragments covering the left and right halves of the gene in the genome. mRNA numbers indicate nucleic acid sequence

positions relative to the first nt of the start codon. The numbers below indicate the aa positions relative to the first methionine. The

shadowed regions in the protein represent two active domains: a mitochondrial targeting signal and a hydrophilic bridge region, as indi-
cated in the somatic cell-type SCOT. E 341 represents the glutamic acid in the putative CoA binding site [14]. Bold lines indicate both
the 5' and 3' genomic DNA flanking the SCOT-T gene. Vertical arrows indicate the SNP positions at both the DNA (upper column)
and the amino acid (lower column) sequences.
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Table 1. Backgrounds of 255 infertile men and frequency of minor allele homozygous in SCOT-T gene.

https://scidoc.org/IJRFSH.php

Frequency of minor allele homozygous
Ratio (60%) | c.113T/C | ¢.854T/G | ¢.1055C/T | ¢.1651T/C
Azoospermia 152 (60) 2 6 3 6
Severe oligospermia 72 (28) 0 5 2 5
Asthenozoospermia 27 (11) 0 1 1 1
Idiopathic infertility 42 0 0 0 0
255 (100) 2 12 6 12
Fertile control 261 1 3 2 3
Nucleic acid c113T/C .g854T/G ¢1055C/T 1651T/C
POSIthl’lS
CCGGCTCCET ATCCTGAMRG. [CCCACGGAA GTTTGC TAC TGS
15 20 ° 110 a00 360
Major
heterozygous
genotype , ?
CCE B CMCCB T aoccmcanag | CCCANGGAAL  copperipe ToGe
5 120 3a 110 0 3 360 37
Homozygous
genotype
€CCGG CCCCG T ,nrrcaanng [CCCATBBAAC copigocacTGee:
120 125 120 ; 310 60 370
Minor
heterozygous
o I

Figure 2. Detection of the SNPs in SCOT-T.

SNPs were identified using the ABI-PRISM 3730x] Genetic Analyzer (Applied Biosystems). Signals around each SNP are indicated.
Arrows indicate SNP positions.

Table 2. Prevalence of single nucleotide polymorphisms (SNPs) in SCOT-T in infertile or proven fertile populations.

SNPs type and posi- . Infertile fold increase statistical
tion genotype | Fertile controls cases in infertile cases | significance
T/T 246 (94) 246 (96)
c.113T/C (L38P)* T/C 14 (5.4) 7(2.7)

c/C 1(0.4) 2(0.8) X2 p<0.54
T/T 208 (80) 204 (80)

c.854T/G (L285R)* T/G 50 (19) 39 (15)
G/G 3(1.1) 12 (4.7) X4 p<0.018
c/C 251 (96) 238 (93)

¢.1055C/G (T352M)* C/T 8 (3.1) 11 (4.3)
T/T 2(0.8) 6 (2.4) X3 p<0.17
T/T 209 (80) 205 (80)

c.1651T/C T/C 49 (19) 38 (15)

c/C 3(1.2) 12 (4.8) X4 p<0.018

*Parentheses indicate amino acid substitution.
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has 5 nt differences as well as a 19 bp deletion relative to SCOT-
T, whereas both scor-#1 and scor-#2 appear functional in mice [11,
12]. The 19 kbp DNA fragment containing SCOT-T in chromo-
some 1p34.1-35.3 (AL033527) was likely translocated to a locus
in chromosome 1p33-34.3 (AL0335206) and changed to a pseu-
dogene |13, 28].

Ubiquitously expressed in somatic cell types, SCOT is known to
play a key role in energy metabolism using ketone bodies. Several
groups have reported cases of ketoacidosis due to SCOT defi-
ciency caused by a nonsense or missense mutation in the gene
[10, 30, 31]. Clinical features and disease severities differ among
patients with mutations in SCOT, which may depend in part on
the enzyme activity of SCOT. As SCOT-T is also a mitochondrial
enzyme for energy metabolism of ketone bodies exclusively ex-
pressed in haploid spermatids and sperm, it is possible that loss
of SCOT-T activity due to SNPs in SCOT-T may cause some im-
pairment of spermiogenesis and/or sperm function and result in
male infertility.

Several consensus regions in SCOT have been proposed in so-
matic cell types in various animals and organisms, such as a mi-
tochondrial targeting sequence, hydrophilic bridge regions related
to the dimerization of SCOT enzyme, and the SENG where the
CoA-binding glutamate residue exists [13]. Immunohistochemi-
cal analysis has demonstrated that SCOT-T localizes to the cyto-
plasm of spermatids and also to the midpiece of sperm where
mitochondria are found, and a 39-aa N-terminal mitochondrial
targeting signal is conserved. Human SCOT-T contains other
consensus regions of SCOT [13]. The SNP (c.854T/G (L285R))
observed exclusively in infertile males is localized near the hydro-
philic bridge region. The resulting ‘aa’ change may affect the en-
zyme activity by some inhibitory effect of dimerization of SCOT-
T. Furthermore, SNPs in the noncoding region (¢c.1651T/C) may
affect mRINA stability and/or translation for enzyme production,
which may cause the impairment of SCOT-T. SNPs in the non-
coding region (c.1651T/C) and in ¢.854T/G (L285R) wete ob-
served in 15 patients. Two SNPs were linked in all but one infertile
patient. These two SNPs may influence enzyme activity, including
effective translation and intracellular localization.

Although this study investigated only a limited number of cases,
the results strongly suggest that SNPs causing impairment of
SCOT-T enzyme might affect male fertility. The clinical features
and SNPs of the infertile patients investigated in this study are
listed in Table 1. The majority of the homozygous SNPs at L285R
occurred in cases with azoospermia or severe oligozoospermia,
some of which were also accompanied by defective mobility (as-
thenozoospermia). Such conditions might result from disruption
of the two developmental functions of SCOT-T: the morphogen-
esis of haploid spermatids (spermiogenesis) and the function of
sperm. It would be interesting to investigate the enzyme activity
of SCOT-T in the sperm of patients with oligozoospermia and
who have the identified homozygous SNPs; however, collection
of the clinical samples would be difficult.

At this time, it is not possible to completely elucidate the relation-
ship between SNPs and clinical features while simultaneously an-
onymizing DNA samples. Further screening of a greater number
of human DNA samples from infertile and proven-fertile males
is required to confirm the clinical phenotype caused by SCOT-T
SNPs. Such confirmation may be useful for developing a novel
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method for diagnosing and treating specific types of male infertil-
ity.

In this study, significant differences in the frequencies of the
genotypes associated with SCOT-T genetic polymorphisms were
identified in infertile subjects (P>0.05). In conclusion, the nega-
tive effects of certain SNPs on SCOT-T enzyme activity could
be one of the causes of male infertility. These results will signifi-
cantly contribute to future large-scale studies on the genetic back-
ground of infertility in Japanese males and to enzymatic analyses

of the role of SCOT-T.
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