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Abstract In the candidate gene approach, information
about the distribution of single nucleotide polymorphisms
(SNPs) is a crucial requirement for choosing efficient markers
necessary for a case-control association study. To obtain such
information, we discovered SNPs in 13 genes related to
atherosclerosis by resequencing exon-flanking regions of 32
healthy Thai individuals. In total, 194 polymorphisms were
identified, 184 of them SNPs, four insertions, and the rest
deletions, Fifty-nine of the SNPs were characterized as novel
polymorphisms, and these accounted for 30% of the identified
SNPs. Comparing allele frequency distributions of the Thai
population with other Asian populations shows similar pat-
terns. In contrast, a low correlation pattern (r = 0.521) was
found when comparing with either Caucasian or African
populations. However, some rare alleles (511574541 and
rs10874913) are found in the Thai population but not in other
Asian populations. Most of the novel SNPs found were located
outside the haplotype blocks generated by known SNPs in the
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Thai population. Only 5.77% of the novel SNPs lies in these
defined haplotype blocks. The selection of haplotype-tagging
SNPs shows that 8 of 13 genes benefited from the ethnic-
specific genotype information. That is, when at least one novel
SNP was present, the tagging SNPs chosen were altered.
Functional prediction of 16 nonsynonymous SNPs (nsSNPs)
by three different algorithm tools demonstrated that five
nsSNPs possibly alter their corresponding protein functions.
These results provide necessary information for conducting
further genetic association studies involving the Thai popu-
lation and demonstrate that resequencing of candidate genes
provides more complete information for full genetic studies.

Keywords Thai - Atherosclerosis - SNP - Tag SNP -
Resequencing - Novel SNP

Introduction

Cardiovascular disease (CVD) has been one of the leading
causes of death in the Thai population over the last decade
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(Department of Medical Service Thailand 2006a). Athero-
sclerosis is one of the major factors among cardiovascular
disease (Department of Medical Service Thailand 2006b). Tt
is characterized by abnormal fatty deposits and fibrosis of the
inner layer of arteries. This progressive disease normally
takes years to manifest itself as a partial or complete inter-
ruption of blood flow. Depending on the artery affected,
atherosclerosis can lead to a life-threatening condition.
However, the risk of atherosclerosis is influenced by many
factors, such as body mass index (BMI), blood pressure,
plasma lipid levels, genetics, and environment. A number
of genetic factors have shown significant correlation to
processes related to atherosclerosis (Laukkanen and Yla-
Herttuala 2002). Currently, candidate-gene-based association
studies are the most common approach used in disease-
causing gene identification research. Resequencing is a
technique for SNP typing and discovery and is useful for fine
mapping as well as discovery of unique single nucleotide
polymorphisms (SNPs) for ethnic groups in a specific gene.
SNP discovery is then an alternative choice for SNP typing
prior to starting a case-control association study using a
candidate gene approach (Do et al. 2006),

Inflammation plays an essential role in the etiology and
progression of atherosclerosis. Simon et al. (2000) presented
evidence that inflammation also has a role in vascular repair
after mechanical arterial injury. Several genes involved in
inflammation processes have been reported, namely, ITGAM,
ITGAX, ITGB7, and SELPLG. The cell adhesion molecules,
such as ITGAM (Integrin, alpha M) and J/TGAX (Integrin,
alpha X), are important in the adherence of monocytes to
stimulate endothelium as well as in the phagocytosis of
complement-coated particles, /TGB7 (Integrin, beta 7) is also
expected to play a role in adhesive interactions of leukocytes
by being a receptor for fibronectin, whereas SELPLG
{Selectin P lingand) is the high-affinity counter-receptor for
P-selectin on myeloid cells and stimulates T lymphocytes,
where it plays a critical role in the tethering and rolling
of these cells to activate platelets or endothelia expressing
P-selectin (Schneider et al, 2004).

The CCLI-chemokine (C—C motif) ligand | and CCL2-
chemokine (C-C motif) ligand 2 belong to the CXC sub-
family of the cytokine group, which is involved in
immunoregulatory and inflammatory processes. This cyto-
kine displays chemotactic activity for monocytes and
basophils but not for neutrophils or eosinophils (Maglott
etal. 2005). Recent studies reported that CCL2 or MCP-1 is
involved in the pathogenesis of human atherosclerosis and
myocardial infarction. This evidence also agrees with the
hypothesis that this group is involved in inflammation
(McDermott et al. 2005; Tabara et al. 2003).

In addition to the role of an anti-inflammatory cytokine,
the role of transforming growth factor fi (TGF-f) in ath-
erosclerosis has been the subject of considerable debate for

a decade (Singh and Ramji 2006). TGFB2 (TGF-f 2) and
TGFB3 (TGF-f 3) show significant mRNA expression
differences in atherogenic animal models (Tabibiazar et al.
2005; Wang et al. 2003). TGFBR2 (TGF-f type 1l receptor)
defects have been recently associated with Marfan syn-
drome (MFS) with a prominent cardioskeletal phenotype
(Disabella et al. 2006; Matyas et al. 2006; Mizuguchi et al.
2004).

Many studies support that lipid plays a major role in the
formation of atheromatous plaque. High density lipoprotein
(HDL) is negatively correlated with risk of CVD (Aszialos
2004). Genes involved in lipid transport, such as APOA/
(apolipoprotein A-I), SCARBI (scavenger receptor class B,
memberl), and LIPG (lipase, endothelial) may also be pre-
disposed 10 the disease, APOAI is the major protein
component of HDL in plasma. Previous studies have reported
that SNPs, including -75[G/A] in the APOAI promoter, are
significantly associated with HDL cholesterol (HDL-C)
variability (Brown et al. 2006; Ruano et al. 2006). SCARBI is
an HDL receptor that mediates selective cholesterol uptake
from HDL to cells. McCarthy et al. (2003) examined poly-
morphisms in the HDL receptor gene SCARBI in 371
Caucasian patients suffering from coronary artery disease to
determine their association with plasma lipids. They found an
association between a combination of genotypes to the dis-
ease; however, this association was found only in women,
One of their findings was that the genetic variants in SCARB/
may be an important determinant of abnormal lipoproteins in
women, which confers particular susceptibility on coronary
artery disease (McCarthy et al. 2003), LIPG, a new member
of the triglyceride lipase family, is expressed in endothelial
cells (Jaye et al. 1999) and may have indirect atherogenic
actions in vivo through its effect on circulating HDL-C and
directly mediates cellular lipoprotein uptake (Fuki et al.
2003; Ishida et al. 2004).

Nowadays, many studies testing common SNPs associ-
ated with higher risk of developing common disease was
done by using available SNP databases. When commercial
microarray genotyping chips are applied to genetic studies,
most SNPs in the databases come from the common SNPs
in the Caucasian population exclusively. It is not yet clear
whether public SNP databases are adequate for studies on
other ethnic groups, such as the Thai population.

In this study, these 13 atherosclerosis-candidate genes
were resequenced focusing on exons flanking regions in the
Thai population. Using 32 unrelated healthy Thai DNA
samples, this study established common genetic variation in
these regions. We compared many parameters [allele fre-
quency, ethnic differences, linkage disequilibrium (LD)
block, and tags SNPs] needed for association study by using
two data sets: (1) our resequencing data. which include all
novel SNPs found in our study, and (2) only SNPs available
in the public SNP databases and excluding novel SNPs.
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Materials and methods
DNA sample

The 32 healthy Thais were recruited in this study and were
blindly picked from the 64 healthy individuals conducted
under the Thailand SNP Discovery Project. To capture the
genetic makeup of Thais, all recruited individuals’ families
must have resided in Thailand for more than two genera-
tions. To avoid late-onset unhealthy samples, the individuals
must be at least 50 years of age with no medical history of
chronic diseases such as hypertension, diabetes mellitus,
and cancer. Informed consent was obtained from each
participant,

Resequencing analysis for polymorphism identification

Total genomic DNA from these 32 unrelated Thai indi-
viduals was isolated from peripheral leukocytes or
Epstein-Barr virus (EBV)-transformed B lymphocytes by
using the standard phenol-chloroform extraction method.
The same amount of the two DNA samples was pooled
together. SNPs were analyzed by direct sequencing of the
pooled DNA samples. Before using, the pooled DNA was
tested with a known SNP assay to test feasibility of using
pooled DNA. For all genes analyzed, polymerase chain
reaction (PCR) primers were newly designed by using
Primers3 software (Rozen and Skaletsky 2000)). The PCR
targets included all exons based on GenBank; NT_033899
(APOAI). NT_010799 (CCLI). (CCL2), NT_010393
(ITGAM and ITGAX), NT_029419 (ITGB7), NT_010966
(LIPG), NT_009755 (SCARBI), NT_019546 (SELPLG),
NT_021877 (TGFB2), NT_026437 (TGFB3). NT_032977
(TGFBR2), and NT_022517 (TGFBR3). Each exon was
amplified separately and sequenced in both directions. PCR
conditions and primer oligo sequences are available on the
ThaiSNP database Web site (hrtp://thaisnp2.biotec.or.th).
Sequencing was performed using BigDye (Applied
Biosystems) on an ABI 3730 DNA sequencer, according to
the manufacturer’s instruction. Sequence comparison, SNP
discovery, and allele frequency were determined using
Genalys program version 3.326a (Takahashi et al. 2002)
and verified with visual inspection by two independent
individuals. Before analysis, each chromatogram was
trimmed to remove low-quality sequence.

Data and statistical analysis
Analysis of the resequencing of 16 pooled DNAs for each

gene was performed using the Pool2 Package (Hoh et al.
2003). Based on the estimated frequencies, the Pool2

@ Springer

statistically calculates individual genotypes. The haplo-
types were then estimated by using pairwise LD, statistics
and the haplotype blocks were defined using confidence
intervals (Gabriel et al. 2002) through the Haploview
software package (Barrett et al. 2005). The ethnic group
correlation was determined by comparing minor allele
frequency (MAF) to dbSNP and HapMap data:—Caucasian,
African, Japanese, and Chinese—using Pearson’s
moment correlation and Fisher's exact test function of the
R-package sofiware (R Development Core Team 2006).
Statistical significance was determined at a two-sided value
of P < 0.001 with 500,000 replications using the Monte
Carlo test.

Tag SNPs of each gene were selected by using the
aggressive lagging algorithm (de Bakker et al. 2005) within
the Haploview software package. The calculation was
applied to each gene in two categories: ThaiSNP data
excluding novel SNPs, and ThaiSNP data including novel
SNPs. All parameters were used according to the program’s
default, for which log of odds (LOD) threshold for multi-
marker tests was set as 3.0 and the default /* threshold was
used (0.8). Differences in the number of tag SNPs in both
conditions were compared using the tagging efficiency
parameter. This parameter was calculated from the per-
centage of the ratio between the differences of the number of
tagging SNPs found in the same gene with novel SNPs and
without novel SNPS. Tag SNP efficiency = (Ngr — Np1)/
(Ng — Np)100, where Ngr is the total number of tag SNPs
selected from resequencing data, Ny is the total number of
tag SNPs selected from the SNP data verified by the
National Center for Biotechnology Information (NCBI), Ng
is the total number of SNPs from the resequencing process,
and Np, is the total number of SNPs validated by the NCBI.
Nrr — Npr is the total number of tag SNPs additionally
discovered after resequencing, whereas Ny — Np is the total
number of new SNPs additionally discovered after rese-
quencing. When there is no new SNPs, Ng — Np =0,
which means that no additional SNPs were found from
resequencing and there is no additional tag SNPs. The
higher percentage will represent the impact of novel SNPs to
effect tag SNP selection, whereas zero means those novel
SNPs were not found and were not gaining information.

Assessment of nonsynonymous SNPs

All SNPs identified in this study were mapped onto the
human genome using NCBI Refseq (genome_build 36.1)
and dbSNP  (build126). The nonsynonymous SNPs
(nsSNPs) were analyzed using SIFT (Ng and Henikoff
2002), PolyPhen (Ramensky et al. 2002), and SNPs3D
(Yue et al. 2006) for assessing the potential impact of
amino acid substitution on protein function. Those three
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tools were performed using their respective Web sites,
SIFT (hup://blocks.there.org/sift/SIFT.himl) and PolyPhen
(hitp://genetics.bwh.harvard.edu/pph/index.himl) were run
using the services on their Web sites with the default
parameters. SNPs3D (http://www snps3d.org/) scores were
determined by the sequence-based NCBI scores provided
on the Web site.

Results

In the identification of novel polymorphisms in the Thai
population, the resequenced regions spanned a total of
453,533 bp and covered around | kb 5’ upstream from the
starting codon and around 1 kb after the 3 stop codon. We
identified 194 polymorphisms from 16 pooled DNA samples
located on the 13 atherosclerosis candidate genes, which
comprised 184 SNPs, four insertions, and six deletions
(Table 1). One hundred and thirty (67%) SNPs had common
allele frequencies (MAF greater than 0.03), and the rest (64;
33%) were characterized as rare alleles (MAF less than 0.05).
Figure | illustrates all genetic variations found in this study.
separated by gene. The novel polymorphisms are indicated by
an asterisk. Fifty-nine polymorphisms (30%) were discovered
by mapping their positions to the RefSeq (hiip//www.
nehinlmuonih.gov/RefSeq/) sequences mapped to the human
genome in RefSeq database build 36.1 and comparing with the
location of SNPs reported in dbSNP database build 126
(Table 2). Of those, 16 SNPs (27%) were located in coding
regions, whereas 43 SNPs (73%) mapped to intronic regions,
Among the novel SNPs, 11 had MAF greater than 0.05 and

were located in intronic regions, whereas 15 coding SNPs had
allele frequencies less than 0.05.

Ethnic differences in genetic-variation allele frequency

To determine ethnic differences in SNP allele frequencies,
we scarched reported SNPs from the HapMap database
(http:/fwww . hapmap.org) and dbSNP database (hitp://www.
nebinlm.nih.gov/SNP/) and compared our data with those
from other ethnic groups. Differences in allele frequency
distribution could be observed among various ethnic groups
(Fig. 2). The allele frequencies found in Thai populations
were similar to other Asian populations, particularly the
combined Japanese and Chinese (JPT.CHB) data (correlation
coefficient r = 0.765), but appeared as a low correlation to
Caucasian (correlation coefficient r = 0.521) and African
(correlation coefficient r = 0.206) populations. The signifi-
cantly different markers among these ethnic groups are
presented in Table 3, Two SNPs, rs4264407, and rs1 1165378,
appeared monomorphic in the Thai population, whereas they
were polymorphic in Caucasian and African populations.
Also, rs7 188189 appeared monomorphic in the Thai (data not
shown) and African Amenican populations. but it was poly-
morphic in European American populations (The Innate
Immunity PGA 2000), In contrast, rs11574541 located on
exon #13 of ITGB7 and rs10874913 located on intron of
TGFBR3 were only found in the Thai population with an MAF
of 0.03. There were some polymorphisms unique to only the
Asian population, i.e., rs1 1057824, rs11057825, rs 0482823,
and rs2306888, whereas rs9936831 and rs11574635 were

Table 1 Summary of genetic

ion in the 13 Gene All SNPs  Ins/  Novel SynSNPs  nsSNPs  UTR  Total base  Frequency
":r"'f.““"_'_"l P genetic del  genetic pairs (bp/ISNP)
carclovascuiar refaied genes variations varnation sequenced
(kb)
APOAI 10 9 1 2 0 [ 2 22 215
CCLI 4 4 0 1 0 1 0 2.7 678
CCL2 4 4 0 0 1 0 I 1.9 476
ITGAM is M | 13 1 4 5 13.0 |
ITGAX 25 25 0 14 4 3 5 1.8 473
ITGB7 15 14 1 3 2 0 3 6.3 417
LIPG 25 24 1 7 1 2 13 7.0 280
SCARBI 19 18 | 6 3 0 1 7.0 370
SELPLG 4 3 | 3 1 2 0 25 634
Ins/del "'-“bg';“’*"'nﬂi‘;"w TGFB2 7 s 2 2 0 0 3 40 569
vanation, untransla
region, syaSNP synonymous TGFB3 9 7 2 3 0 0 ! a2 3
g.ing[g nucleotide TGFBR2 10 10 0 | | I 0 39 391
polymorphism, nsSNP TGFBR3 27 27 0 4 4 2 2 6.8 251
RoRsymOayres Sagie TOTAL 194 84 10 59 18 16 36 744 439
nucleotide polymorphism
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4 Fig. 1 Location of single nucleotide polymorphisms (SNPs) in the
APOAI (a), CCLI (b), CCL2 (c), ITGAM (d), ITGAX (e), ITGB7 (D),
LIPG (g), SCARBI (h), SELPLG (i), TGFB2 (j), TGFB3 (k). TGFBR2
(), and TGFBR3 (m) genes, indicated by vertical lines. Exons are
indicated by a solid rectangle. The regions that have been sequenced
are indicated by a horizontal line. The polymorphism numbers are
accession numbers from the ThaiSNP database (correspondence to
dbSNP rsIDs is given in Tables 2 and 3). The novel polymorphisms
are indicated by an asterisk, The genomic sequences used for
alignment are NT_033899 (APOAI), NT_010799 (CCLI), (CCL2),
NT_010393 (ITGAM and ITGAX), NT_029419 (/TGB7). NT_010966
(LIPG), NT_D09755 (SCARBI), NT_019546 (SELPLG), NT_021877
(TGFB2), NT_026437 (TGFBJI), NT_032977 (TGFBR2), and
NT_022517 (TGFBR3)

polymorphic in Thai, Caucasian, and African but not in
Chinese and Japanese.

Linkage disequilibrium (LD) analysis
and haplotype-block definition

LD statistics (I or ) for the individual genotypes
were calculated using the confidence intervals algorithm
(Gabriel et al. 2002) implemented in the Haploview pro-
gram for defining a haplotype block. To evaluate the effect
the novel SNPs found in this study on the definition of
haplotype blocks, we redefined the LD block in the Thai
population using Thai SNPs excluding the novel SNPs
(defined as known ThaiSNPs) and compared them with
those from the combined Chinese-Japanese population. The
populations were combined because the Japanese and
Chinese populations were recently shown to be insignifi-
cantly different (The International HapMap 2005). Figure 3
shows haplotype-block definitions for the ITGB7 gene using
HapMap data, Thai population data with known SNPs, and
Thai population data with novel SNPs. Both combined
Chinese—Japanese and Thai population data had been
defined with one block, with small differences in SNP
members in the block. By introducing two novel SNPs from
the Thai population to the SNP set and recalculation of the
haplotype blocks, both novel SNPs appeared outside the
original haplotype blocks. The haplotype block was then
calculated for the rest of the 13 genes (data not shown):
from this, 5.77% of novel SNPs were located within the LD
block defined by the known Thai SNPs reported in dbSNP.

Tag SNP efficiency

Tag SNP efficiency was calculated by the number of tag
SNPs from resequencing data and the number of tag SNPs
from data verified by the NCBI. We identified that eight of
13 genes achieved 100% tag SNPs among discovered novel
SNPs from the resequencing process, which means all

SNPs newly discovered from the resequencing process
were tagging SNPs (Table 4). In contrast, only one gene,
CCL2, did not benefit from resequencing, because no novel
SNPs were found. ITGAM, TGFBR3, ITGAX, and LIPG
each had novel tag SNPs identified when the newly dis-
covered SNPs were included. Our defined parameter, tag
SNP efficiency (see “Materials and methods™) of ITGAM,
TGFBR3, ITGAX, and LIPG were 75.00%, 66.76%,
64.29%, and 50.00%, respectively. This suggested that a
high percentage of novel SNPs define new tags. However,
the overall tag SNP efficiency for all genes was 81.23%.

Functional polymorphism assessment

To assess the impact of amino acid substitutions on protein
activity, we analyzed 16 nsSNPs, including eight novel
nsSNPs, using three nsSNP functional prediction tools that
utilize different algorithms: SIFT, PolyPhen, and SNPs3D
(Table 5). Eleven nsSNPs were concordantly predicted to
be intolerant and seven predicted to be neutral with these
three functional prediction tools, whereas the remaining
five were predicted to have a mixture of neutral and
damaging activity. Allele frequencies were also used to
classify the potential effects of nsSNPs. Interestingly, eight
out of 16 nsSNPs were common SNPs (MAF > 5%). SNP
rs2230429 located on ITGAX had the highest MAF
observed (0.5) and was predicted to be damaging by all
these tools.

Discussion

Cardiovascular disease is a complex disease that is influ-
enced by many factors, including genetics. Candidate-
gene-based association studies are the most common
approach used in disease-causing gene identification
research. Choosing markers for association approaches is
based on extensive information on the distribution of SNPs
across the genome. To obtain such information, 13 candi-
date genes, which had been associated to atherosclerosis,
were resequenced in exon-flanking regions in the Thai
population. We decreased all the possible known errors by
using only high-quality chromatograms for the analysis.
The sequencing data was obtained from both strands with
difference primers. More than 80% of SNPs found were
associated with both strands. We identified 59 novel
polymorphisms (30%) by comparing them with dbSNP
build 126. The percentage of novel polymorphisms found
in this study was quite similar to the other SNP discovery
studies (Michiels et al. 2007), but the allele frequencies
were observed to have a high number of rare alleles; as
many as 45 (76%) of those novel SNPs were rare alleles.
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Table 3 Ethnic comparison of single nucleotide polymorphism (SNP) allele frequencies in the 13 cardiovascular-related genes
Gene SNP(rs no.)  Type Allele  Thai® Hapmap"” Ethnic
= . difference®
Caucasian Han Chinese  Japanese African
CCLI 2282691 Intron AT 0.375:0.625 0.404:0.596 0.405:0,595 0.523:0.477 0.551:0.449  0.176
CCL2 rs4586 synSNP T:C 0.583:0417 0.667:0.333 0.422:0.578 0.352:0.648 0.258:0.742 0.409
ITGAM rs1 143678 nsSNP T 0.933:0.067 0.867:0.133 0.989:0.011 1.000:0.000 0.8:0.2 0.2
3815801 Intron AG 0.672:0.328 0.667:0.333 0.822:0.178 0.739:0.261 0.608:0.392 0214
rs4077810 Intron T 0.568:0.432 0.737:0.263 0.841:0.159 0.775:0.225 0.966:0,034 0.398
4597342 UTR o b 0.607:0.393 0.724:0.276  0.8:0.2 0.705:0.295 0.967:0.033 0.36
rsT184677 Intron G:A 0.938:0.062 0.892:0.108  0.989:0.011 1.000:0.000 0.642:0.358 0.358
1s7206295 Intron C:T 0.65:0.35 0.717:0.283 0.8:0.2 0.705:0.295 0.967:0.033 0.317
9936831 Intron AT 0.95:0.05 0.9:0.1 1.000:0.000 1.000:0.000 0.636:0.364 0.364
ITGAX rs1 1150620 Intron G:C 0.654:0.346 0.75:0.25 0.42:0.58 0.386:0.614 0.975:0.025 0.589
rs1140195 UTR AG 0.609:0.39] 0.737:0.263 0367:0.633 0.398:0.602 0.975:0.025 0.608
rs] 1574635 Intron G:C 0.917:0.083 0.828:0.172 1.000:0.000 10000000  0.737:0.263 0.263
rs2929 UTR G:A 0.75:0.25 0712:0.288  0.822:0.178 0.744:0256 0517:0483 0305
rs4264407 Intron G:C 1.000:0.000  0.892:0.108 1.000:0.000 1.000:0.000  0.933:0067 0.108
ITGB7 rs1 1170465 Intron GA 0.839:0.161 0.949:0.051 0.92:0.08 0.802:0,198 0.975:0,025 0.173
rs1 1170466 Intron G:A 0.839:0.16] 0.942:0.058 0.898:0.102 0.778:0.222 0.975:0.025 0.197
rs11574541 synSNP C:T 0.969:0.031 1.000:0.000 1.000:0,000 1.000:0.000 1.000:0.000  0.031
_‘E_ Springer
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Table 3 continued

Gene SNP(rs no.)  Type Allele  Thai® Hapmap® Ethnic
difference’
Caucasian Han Chinese  Japanese African
2272299 Intron G:A 0.85:0.15 N/A 0.9:0.1 0.761:0.239  0.884:0.116  0.139
rs2272300 Intron T:G 0.812:0.188  0.942:0.058 0.9:0.1 0.761:0.239  0405:0595 0537
2272301 Intron C:G 0.95:0.05 0.851:0.149  0.942:0.058 0.872:0.128  0.982:0018  0.131
3817537 Intron G:C 0.984:0.016  1.000:0.000  0.978:0.022 1.000:0.000  N/A 0.022
rs3825084 Intron AC 0.906:0.094  (.821:0.179  0.94:0.06 0.805:0.195  0.949:0.051 0.144
LIPG rs2000812 Intron T:C 0.633:0.367 0.8:0.2 0.522:0.478 0.42:0.58 1.000:0.000 058
52000813 nsSNP cT 0.667:0.333 0.692:0308  0.656:0.344 0.761:0.239  0966:0.034 031
2276269 Intron } £ 0] 0.6:0.4 0.417:0.583 0.667:0,333 0.738:0.262 0.067:0,933 0.671
rs3744843 UTR A:G 0922:0.078  N/A 0.744:0.256 0.726:0.274  0.667:0.333  0.255
s3786247 UTR AC (.732:0.268 0.931:0.069 0.557:0.443 (1.545:0.455 0.642:0.358 (.386
rs3786248 UTR AG 0.938:0.062 0.933:0.067 0.756:0.244 0.727:0.273 LOOG:0.000  0.273
133819166 Intron G:A 0.6:0.4 0.808:0.192  (.511:0.489 0.432:0.568  1.000:0.000 0568
rs3826577 UTR AT 0.938:0.062 0.933:0.067 0.756:0.244 0.727:0.273 1.000:0.000 0273

rs6507931 Intron CT 0.833:0.167  0.425:0.575  0.833:0.167 0.909:0.091  0492:0.508  0.484
rs9958734 UTR TC 0.75:0.25 0.946:0.054  0.605:0.395 0.583:0417  0.839:0.161  0.363
SCARBI 11057824  Intron CT 0.667:0.333  1.000:0.000  0.622:0.378 0.486:0.514  1.000:0.000 0514
311057825  Intron C.T 0.646:0.354  1.000:0.000  0.567:0.433 0.444:0.556  1.000:0.000  0.556

153825140 UTR CT 0.783:0.217 1000:0.000  0.622:0.378 0.524:0476  N/A 0.476
s4765615 Intron cT 0.5:0.5 0.509:0.491 0.655:0.345 0.697:0.303  0.491:0.509  0.206
rs5889 synSNP - C:T 0.708:0.292  0.992:0.008  0.58:0.42 0.464:0.536  1.000:0.000  0.536
135892 synSNP - C:T 0.906:0.094 LO00:0.000  0977:0.023 0.965:0.035  0.892:0.108  0.108
SELPLG m2228315 nsSNP G:A 0.808:0.192  0.908:0.092  0.756:0.244 0.83:0.17 0.617:0.383 0291
TGFB2 rs900 UTR AT 0.281:0.719 N/A N/A N/A 0.667:0.333  0.386

rs10482823  Intron T:C 0.984:0.016  1.000:0.000  0989:0.011 0.989:0.011 1.000:0.000 0016
6684205 Intron A:G 0.266:0.734  0.808:0.192  0.278:0.722 0.227:0.773  0.525:0475  0.581
TGFB3 rs3917147 Intran e 0,969:0.031 1.000:0.000  0.911:0.089 0.966:0.034  0.667:0.333 0333
153917187 Intron G:A 0.55:0.45 0.731:0.269  0.44:0.56 0.616:0.384  0.357:0.643 0374
3917200 Intron T2 0.95:0.05 0.944:0.056 0.966:0.034 0.911:0.089 0.708:0.292 0.258
53917201 Intron AG 0.839:0.161 0.708:0.292 0.444:0.556 0.58:0.42 0.625:0.375 0.395

TGFBR2  rs1155705 Intron A:G 0.297:0.703  0.683:0317  03:0.7 0.33:0.67 0.608:0.392  0.386
rs1 155708 Intron G:A 0.297:0.703  0.675:0.325 0307 0.33:0.67 0.608:0392 0378
rs2276767 Intron C:A 0.875:0.125  0.667:0.333  0.889:0.111 0911:0.089  0.942:0058  0.275
52276768 Intron cT 0.567:0.433  0,898:0.102  0.8:0.2 0.67:0.33 0.707:0293 0331
59843942 Intron G:A 0.734:0266  0.616:0384  0557:0.443 0.583:0417  0.382:0618 0352

TGFBR3 10874913  Intron cT 0.969:0.031 1.000:0.000  1.000:0.000 1.000:0.000  N/A 0.031
rs11165376  Intron A:G 0.683:0.317  0.31:0.69 0477:0.523 0.573:0427 0.563:0438 0373
rs11165377  Intron 2T 0.906:0.094  0.742:0258  0.689:0.311 0.9:0.1 0.92:0.08 0.231

rs1 1165378 Intron TC 1.000:0.000  1.000:0.000  1L000:0.000 1.000:0.000  0.942:0,058  0.058
512069176 Intron AG 0367:0.633  0.686:0314  0.533:0.467 0411:0589  0467:0.533 0319

rs1805109 UTR G:A 0.661:0.339  0.915:0.085 N/A N/A 0.936:0.064  0.275
rsIBOS110 nsSNP CT 0.661:0.339 0907:0.093  0.551:0.449 0.557:0.443  0877:0.123 D356
rs1805117 UTR A:G 0.859:0.141 0.78:0.22 0.936:0.064 0.841:0.159  0956:0.044  0.176
12279455 Intron T:C 0.589:0.411 0.333:0.667 0.778:0.222 0.67:0.33 0.381:0.619 0445
152296621 Intron C:A 0.659:0.341 0.75:0.25 0.956:0.044 0.841:0.159  0911:0089 0297
rs2306886 Intron G:A 0.733:0.267 N/A 0.644:0.356 0.789:0.211 N/A 0.145
2306887 Intron CT 0.714:0.286  N/A 0.676:0.324 0.667:0.333 N/A 0.047

2306888 synSNP TiC 0.933:0.067  1.000:0.000  0.878:0.122 0.795:0.205  1.000:0.000 0205
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Table 3 continued

Gene SNP(rs no.)  Type Allele  Thai* Hapmap® Ethnic
difference”
Caucasian Han Chinese  Japanese African
284176 Intron G:A 0.667:0333 06640336  0544:0456 0.545:0455 0.703:0297 0.159
rs3738441 Intron C:T 0.5:0.5 0.792:0.208  0.367:0.633 0.3:0.7 0.619:0381  0.492
rs6696224 Intron AG 0.633:0367 0917:0083 0522:0478 0411:0.589  0.792:0208 0.506
rs6H699304 [ntron C:T 0.969:0031 08250175  1.000:0.000 0.9:0.1 0.9:0.1 0.175
37524066 Intron G:T 0.812:0.188 06640336  0.944:0056 0.878:0.122 0.542:0458 0402

* Allele frequency of the Thai population was determined by direct sequencing of DNA-pooled two samples selected from 32 unrelated Thai
" Allele frequencies were determined from data obtained by searching the Hapmap database (hitp-/fwww hapmup.org). SNP of some genes are
not included in this table because of lacked of information in the Hapmap database

“ Ethnic differences in allele frequency were calculated by subtracting the lowest allele frequency of the minor allele from the highest allele
frequency of the minor allele among the ethnic groups for each SNP site

Fig. 3 The haplotype-block definition of the [TGB7 gene comparing
Japanese and Chinese HapMap data (a), Thai population without
novel single nucleotide polymorphism (SNP) data (b), and Thai
population with novel SNPs (c) using confidence intervals (Gabriel

However, these novel SNPs are still important to consider
for high-resolution association study design.

The ethnic differences between these SNPs could be
responsible for differences in gene regulation and differ-
ences in the prevalence of diseases among these ethnic
groups, Because of this, allele frequencies in the Thai
population were compared with Chinese, Japanese, Cau-
casian, African, and average allele frequencies in dbSNP.
Not surprisingly, the results showed that the allele
frequency distribution of the Thai population was
more correlated to other Asian populations, Chinese and

et al. 2002) in the Haploview softwarc. SNP locations linked to the
physical map on the chromosome are shown on the white rectangle.
The novel SNPs are marked by red ovals

Japanese, than to Caucasian and African populations.
Correlation coefficients were similar to other recent studies
(Cha et al. 2004; Kim et al. 2005; Mahasirimongkol et al.
2006). When compared with a similar study performed on
the Korean population (Kim et al. 2005), the allele fre-
quency of Korean populations was very similar to that of
the Japanese population (correlation coefficient r = 0.907),
whereas it had very different patterns of allele fre-
quency compared with Caucasian (correlation coefficient
r=0.359) or African (correlation coefficient r = 0.156)
populations. When focusing only on the correlation
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Table 4 Number of tag single

mclootide polymorpisms 0% LU L g o s verified SNPy wabdted o g P

(SNFe) sc]ected from data (Ngt) process (Ng) by NCBI (Nyy) by NCBI (Np)  efficiency (%)

resequencing data, number of

tag SNPs selected from data

vt%iﬁﬁd by the National Center AFON) i o : ? 1000

for Biotechnology Information CCL1 4 3 3 100.00

(NCBI) and percentage of tag cCL2 4 4 'l 0.00

SNPs efficiency ITGAM 20 3l 1 19 75.00
ITGAX 18 23 9 9 65429
ITGB7 9 14 7 12 100,00
LIPG 18 24 15 18 50.00
SCARB1I 17 17 11 11 100,00
SELPLG 3 | | 100.00
TGFB2 4 3 4 10000
TGFB3 (] 4 4 100.00
TGFBR2 7 10 6 100,00
TGFBR3 19 26 17 23 66.67
TOTAL 137 175 98 124 81.23

Table § Assessment of the 16 nonsynonymous single nucleotide polymorphisms (SNPs) in the 13 cardiovascular-related genes using SIFT,

PolyPhen, and SNP3D

Gene (protein 1D) ThaiSNP NCBI SNP  Frequency AA variamt  SIFT score*  SIFT PolyPhen  SNPs3D
1D 1D prediction  prediction  prediction
APOAL (NP_000030)  thd9 New Gl0.9691/A[0.031]  AGIT 1.00 Tolerant  Benign Neutral
CCL1 (NP_002972) th197 New TIO9691GI0.031]  I63R 0.00 Intol PRB NA
ITGAM (NP_000623)  thl604  rs1143679  G[0.969)/A[0.031] R77H 047 Tolerant  Benign Neutral
thi1617 rs7201448  Cl0933)/T[0.067]  ASS8V 019 Tolerant Benign Neutral
th1624 New GIO.984)/T[0.016]  MO95I1I 0.38 Tolerant Benign Neutral
th1630 rs1 143678  C[0.933)/T[0.067] PI1146S 049 Tolerant Benign Neutral
ITGAX (NP_DDOSTS) th1643 rs12928508  GlO.923)/A[0.077] A25IT 1.00 Tolerant Benign Neutral
thl645 rs2230429  C[0.5)/Gl0.5] P517R 0.00 Intol PRB Damaging
th1650 New CI0.9831GI0.01T7]  P720A 0.00 Intol PRB Damaging
SELPLG (NP_0D02997)  th1720 New TI0.922)/C[0.078]  Y297H 0.25 Tolerant Benign Neutral
th1717 rs2228315  GlO.B08)/A[0.192])  M621 0.00 Intol Benign Neutral
LIPG (NP_O06024) th247 New C[0981)T[0.019] R54C 0.00 Intol PRB Damaging
th250 rs2000813  C[0.667)YT(0.333] T 0.00 Intol Benign Neutral
TGFBR2 (NP_003233) th1752 New Cl0.969)/TI0.031]  RI193W 0.00 Intol PRB Neutral
TGFBR3 (NP_003234)  th1770 New TI0.984)/C[0.016] FI42L 0.71 Tolerant POS NA
th1758 rsIBOSII0  C[0.661)T[D.339] SISF 0.03 Intol Benign NA

NCBI National Center for Biotechnology Information. AA amino acid, fntol Intolerant, POS possibly damaging, PRB probably damaging, NA no

data or SNP analysis available

* T1 scores <0.05 are predicted to be Intolerant, whereas T1 scores =0.05 are tolerant variants

coefficient (r) among the Asian population, the Thai pop-
ulation and combined Chinese-Japanese frequencies had a
higher correlation than between the Thai population and
Chinese or Japanese populations. These results support the
findings of the international HapMap consortium that the
Chinese and Japanese populations are insignificantly dif-
ferent (The International HapMap 2005). Consistent with
their population histories, the admixture event between
Thai and Chinese is believed to have occurred quite some

";j_._ Springer

time ago. Although the allele frequency distribution of the
Thai population was similar to the other Asian populations,
there are some rare allele markers (rs11574541 and
rs10874913) found only in the Thai population but not in
other Asian populations,

For LD-block comparison, most novel SNPs were
located out of the block defined by known SNPs. Some of
them were formed a new LD block. but there were no LD-
block formations of mostly novel SNPs. The number of
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blocks might reflect population age, suggesting the greater LD
block is the older population. We found a lower number of
blocks than in other Asian populations, in which the referred
age of the Thai population was younger than other Asian
populations. Only 5.77% of the novel SNPs appear in the
defined haplotype block. The LD blocks might be affected by
the lower allele frequencies observed for the novel SNPs
found in our study. These data indicate that using published
SNP data alone would not have adequate coverage of the
target region associated with disease. SNP discovery
approaches can help identify causative SNPs, which were not
reported in the public SNP databases.

When the number of tag SNPs of these two groups was
compared, the average tag SNP efficiency (see “Materials
and methods™) was 81.23. Eight of 13 genes showed 100%
tag SNP efficiency, that is, each of the newly discovered
SNPs were also defined as tag SNPs. Therefore, additional
SNP discovery is needed to assemble a map for use in the
Thai population. The tag SNP results showed concordance
to the LD-block results, Consequently, our data agree with
the study of Carlson et al. (2003), who suggested that the
study of populations other than European Americans
required additional SNP discovery before conclusions can
be drawn as to the adequacy of dbSNP for each population.

Additionally, SNP location is another factor that influences
the selection of prominent SNPs for further association stud-
ies. Using three commonly known algorithms for protein
function damaging SNP prediction, several novel SNPs
located in coding regions were found to likely affect the
alteration of protein function. This hypothesis should be
investigated further using experimental functional assays to
determine their corresponding effects.

In summary, resequencing is a powerful method to
discover novel SNPs and SNPs that are specific to certain
ethnic groups. This approach could also reveal the distri-
bution of SNPs along interesting genes, which will be
useful for future association studies. Consequently, this
SNP discovery project provided sufficient information for
marker selection used in case-control association studies
utilizing candidate gene approaches.
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Abstract

Objective; The goal of this study was to determine whether mutations of melotic genes, such as disrupted
meiotic ¢cDNA (DMC1). MutS homolog (MSH4), MSHS. and S. cerevisiae homolog (SPO11), were
associated with premature ovartan failure (POF).

Design: Case—control study.

Methods: Blood sampling, karyotype. hormonal dosage. ultrasound, and ovarian biopsy were carried out
on most patients, However, the main outcome measure was the sequencing of genomic DNA from
peripheral blood samples of 41 women with POF and 36 fertile women (controls).

Results: A single heterozygous missense mutation, substitution of a cytosine residue with thymidine in
exon 2 of MSHS. was found in two Caucasian women in whom POF developed at 18 and 36 years of age.
This mutation resulted in replacement of a non-polar amino acid (proline) with a polar amino acid (serine)
at position 29 (P298), Neither 36 control women nor 39 other patients with POF possessed this genetic
perturbation. Another POF patient of African origin showed a homozygous nucleotide change in the tenth
of DMC1 gene that led to an alteration of the amino acid composition of the protein (M200V).
Conclusions: The symptoms of infertility observed in the DMC1 homozygote mutation carrier and in both
patients with a heterozygous substitution in exon 2 of the MSHS gene provide indirect evidence of the role
of genes involved in meiotic recombination in the regulation of ovarian function. MSHS5 and DMC1
mutations may be one explanation for POF, albeit uncommon.

European Journal of Endocrinology 158 107-115

Introduction

Premature ovarian failure (POF; OMIM no. 311360) isa
cause of female infertility due to the loss of normal
ovarian function in women before the age of 40 years
(1). The condition is defined by the absence or cessation
of normal menses for at least 6 months (primary or
secondary amenorrhea), menopausal level of follicle-
stimulating hormone (FSH) >40 mIU/ml, hypoestro-
genism and infertility (2, 3). POF affects 1 and 0.1% of
women by 40 and 30 vears of age respectively. POF is
not uncommon considering the incidence rate of 1-2%
of women during their reproductive life.

Several mechanisms may be involved in POF
pathogenesis such as viral or autoimmune inflam-
matory disease, environmental toxics, and radiation
or chemotherapy, but the genetic contribution is a
significant etiological component. However, the disorder
can occur on a familial basis, and there is evidence for
a genetic mechanism in at least some cases. Deletions

© 2008 S

y of the European Journal of Endocrinology

and translocations involving three regions of the
X chromosome (Xql3-22, Xq26-28, and Xp11.2-22.1)
have been associated with POF (4-9). Several genes
located on this chromosome (i.e., bone morphogenetic
protein-15 BMP15, kit ligand KITLG) have been
sequenced in cohorts of POF patients, and heterozygous
variants were detected but their frequency remained
rare and did not appear to be a common cause of POF
(10-13).

Candidate gene approaches have revealed few
mutations in the gonadotropins and their receptors
(14, 15) except noteworthy missense variant Alal89
Val of the FSH receptor gene which was strongly
associated with POF in the Finnish population but rare
in other world populations (16-19). POF can also be
associated in familial syndromes such as type 1 blepharo-
phimosis. ptosis. and epicanthus inversus syndrome
(BPES: OMIM no. 110100) (20). Several FOXL2 gene
mutations have been reported in the type 1 BPES and
nonsyndromic POF cases but are uncommon in diverse
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populations (21, 22). Recently, attention has been focused
on members of the transforming growth factor-f (TGF-B)
superfamily synthesized by the oocyte, growth differen-
tiation factor-9, and BMP15. These studies identified
several heterozygous variants that are significantly more
prevalent among women with POF but they are not a
major cause of ovarian insufficiency (13, 23-25).
Mutations in autosomal genes (galactose-1-phosphate
uridylyltransferase, GALT1; transforming growth factor
beta receptor, TGFBR 3; inhibin alpha, INHa; forkhead box
El. FOXEI; and §-glycan) have also been related to POF
(23, 24, 26-30), Nevertheless, in most cases, the
etiopathology of the disease remains unknown.

In the ovary, primordial germ cells enter into meiosis
from week 9 post-conception, oocytes pass through
leptotene, zygotene, and pachytene stages before arrest-
ing in the last stage of melotic prophase I, the diplotene,
or dictyate stage at about the time of birth. It is widely
accepted, although recently debated, that in mammals a
female is born with a fixed number of oocytes within the
ovaries (31, 32). The fertile lifespan of a female depends
on the size of the oocyte pool at birth and the rapidity of
the oocyte pool depletion. The phenotype of ovaries in
null mutant mice for several meiotic genes could be
strikingly similar to clinical observations found in
human infertility and POF. In female mice lacking the
Dmel gene, normal oogenesis was aborted in embryos,
and germ cells disappeared in the adult ovary (33, 34).
The ovaries of Msh5—/— lemale mice are normal in
size at birth, but degenerate progressively to become
rudimentary. concomitant with the decline in oocyte
numbers from day 3 pp until adulthood (35). The aim of
this study was to screen a cohort of 41 clinically well-
characterized patients who present unexplained inferti-
lity (normal XX karyotype, women with POF) for
mutations in four meiotic genes. For this purpose, the
exons of these four genes (DMC1, SPO11, MSH4, and
MSH5) were sequenced and compared with the human
corresponding gene to evaluate the impact of meiotic
prophase arrest in 46 XX [emales with ovarian
disorders.

Materials and methods
Patients and control population

Patients (n=41) were mainly (n=35) recruited from
the reproductive endocrine unit of Pitie-Salpetriere
Hospital, Paris, France. The diagnostic criteria for POF
include at least 6 months of amenorrhea before the age
of 40 years, with high serum FSH levels (> 40 I[U/1). In
two cases, however, patients were included without
fulfilling these criteria. The first one had an FSH level of
38 mUI/] but with a familial history of POE. The second
patient had clinical symptoms suggesting Turner's
syndrome (short size, bradymetacarpia, and multiple
nevi) but with a normal karyotype. However,

www.eje-online.org
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hypoestrogenism was associated with mild increase of
FSH level (18 mUI/l). Since a mutation of one of the
studied meiotic genes has been identified in this patient.
we considered it necessary to still maintain the patient
in our cohort. Karyotyping with a high-resolution GTG
banding was carried out for all the patients, This study
was approved by the institutional review board of the
hospitals, and all participants gave their written
informed consent. The control population provided by
the Centre National of Genotypage (CNG) included 36
Caucasian women having at least one child and no
history of infertility. A second group of control
population originating from Senegal (n=32) was also
tested for the tenth exon of DMC1 gene.

DNA extraction and PCR

Genomic DNA was isolated from peripheral blood
samples using the standard phenol-chloroform
procedure. The DMCI. MSH4., MSHS5, and SPOI1
genes are composed of 14, 20, 25, and 13 exons
respectively. The sequencing project was performed at
the CNG (Evry). All primers were designed using the
software Primer 3 ( 36) (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi). The first PCR amplifi-
cation, using intronic oligonucleotide primers flanking
the exons, was performed in a 15 pl volume containing
25 ng genomic DNA, 2.5 pM of each primer, and (.75 U
Taq polymerase (ExTaq, Takara, Cambrex, MD, USA).
After an initial denaturation step at 94 °C for 5 min, 34
cycles of amplification were performed consisting of 5 s
at 98 °C, 30 s at 60 °C, a 30 s elongation step at 72 °C.
and one 10 min terminal elongation step. Primer
sequences of DMC1 and MSHS5 genes are given in
Tables 1 and 2.

DNA sequencing and in silico analysis

All the PCR products containing the exons and flanking
regions of each gene were purified using BioGel P-100
(Bio-Rad laboratories). To 2 ul sense or antisense
sequencing primer (1.5 puM) and 3 pul Bigdye terminator
mix (Applied Biosystems, Foster City, CA, USA), 1l
purified PCR products was added. The amplification
consisted of an initial 5 min denaturation step at 96 °C,
25 cycles of 10 s of denaturation at 96 °C, and a 4 min
annealing/extension step at 60 °C. The purified reaction
products (G50 Sephadex spin column, Boehringer
Mannheim) were sequenced on an ABI PRISM 3700
DNA Analyzer (Applied Biosystems).

Both strands from all patients and controls were
sequenced for the entire coding region and the exon/intron
boundaries. Alignment and single nucleotide poly-
morphism (SNP) analysis were performed with Genalys
sofltware developed by the CNG (37).

The sequence of each variant was confirmed by a
new round of PCR amplification and sequencing.
The potential deleterious effect of the amino acid
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Table 1 Sequences of PCR and sequencing primers for the human DMC1 gene.

DMC1 gene PCR primers Sequencing primers
Exon 1 5'-TCCCAGGTTCAAGCGAT-3' 5-TCAGGCATCTGTGTGCATGT-3'
5'-GCCATACCAGCTGTTAAG-3' 5'-GTAGCTAACAGGGAAGGAAC-3'
Exon 2 5 - TGAAATGAAATCAGAGGCCC-3' 5-CAGCCCTTTCAATGTTGGTG-3'
5'-GAAAAGCCTGTTGGTGGAAA-3' 5'-TCAAAGGCTGGATTTCTGCC-3
Exon 3 §'-TTTCCACCAACAGGCTTTTC-3' 5-CATTCTTGGGAAATCAGGGC-3'
5'-ACCTGGAAGTTACTGCCCCT-8' 5.CCAGGTCTCTTAATCCCTAC-3'
Exon 4 5'-CACTGTTGCATGTTTGACCC-3' 5'-TTGAACCTAGAAAGGGCAGC-3'
5'-CTTGCTCCTCCAAGCAGTCT-3' 5-AATCTTGCTCCTCCAAGCAG-3'
Exon 5 5'-CAGCCAAGAATTGCTGTTCA-3' 5'-GGCATGCTATTTGTTCAGCC-3'
5'-GTGAAACCCCGTCTCCACTA-3' 5'-GCGAGACTCCGTCTCAAAAA-3'
Exon 6 5'-TGTAATCCCAGCTACTCAGG-3' No forward sequencing primer
5'-TGTAATCCCAGCTACTCAGG-3' 5-TCAGGCACATAGTAGATGTTTG-3'
Exon 7 5'-GCAACAGCAGATTCCATGTG-3' 5.CAACTATGCTGGCAGAATAC-3
5'-TTACCCAAACAGGTTCTGCC-3' 5'-CCATATGAAGAAGTGAAACC-3'
Exon 8 5 -TGCAGGTGCACTTAGTTTGC-3' 5 -TGGTTGCTAGCATCCTCTAG-3'
5'-CTTGAAGCCAGGAGTTGGAG-3' 5. TCTGCCTTAGCATGTATACC-3'
Exons 9+ 10 5-GTAGCATTTGGTATACATGC-3' 5'-TATTTTGCCTGGCTCCCAAG-3'
5-AAGAGTTGTAAAGCCGGG-3' 5-CGCTGCCTCCTGACATTATA-3'
Exon 11 5-ACTTTGCAGAGAAGCTTGG-3' 5-AGCCCGGCTTTACAACTCTT-3'
5'-GCGCCCAGTAATAAAGTG-3' 5'-CGGAGTAGCTGAGATTACAG-3'
Exon 12 5-GAGGTTGCAGTGAGTGAGAT-3' 5-ACACAGCTAGACTCCATCTC-3
5'-GTTAGGGAAAGGTTCCCTGA-3' No reverse primer
Exon 13 5-CCTGTTTCCAAGTTTGGAGT-3 5'-GGCACATAATGCCTGTGACA-3'
5'-GCCCAGCCCTGGAATTTT-3' 5-.CCAGCCCTGGAATTTTCATG-3'
Exon 14 5-CCTGTTTCCAAGTTTGGAGT-3' 5 -GTTGTTGGGAAAGGAGTACG-3’

5-GCCCAGCCCTGGAATTTT-3'

5'-AAGCACATGCCACTGCACTT-3'

changes was determined using PolyPhen software
(htip://tux.embl-heidelberg.de/ramensky/index.shtml).
The multiple protein sequence alignment was realized
with BioEdit and ClustalW (http://www.mbio.ncsu.edu/
BioEdit/bioedit.html).

Results

Sequence analysis

The analysis of the coding sequence of DMC1 revealed a
homozygous substitution in the tenth exon of one case
(patient A), 2.33551A > G (with respect to the sequence
AY 520538 in Genbank: Fig. 1). This leads to the change
in amino acid M200V. The patient A was of Alfrican
origin (from Senegal, Sarakholé ethnic group). In order
to determine the frequency of this genetic perturbation
in a control population originating from Senegal, 32
additional DNA samples provided by Pasteur Institute
(Dakar) were tested for exon 10. All individuals
originated from the same geographic region and ethnic
group (Sarakholé) as the patient’s family.

Two DNA controls presented a heterozygous
substitution at the same position. This variant
frequency (3%) was comparable with those previously
described in Genbank database. This variant is
predicted to be probably damaging by the Polyphen
program prediction (PSIC score difference=2.053).
The familial analysis revealed that both parents and
one sister are carriers of the same mutation with
heterozygous status (Fig. 2A).

We have also detected, in the second exon of MSHS, a
heterozygous transition g.2547C>T (with respect to
the sequence AY943816 In Genbank) that altered
codon 29 of the protein resulting in a proline-to-serine
change (P298). This mutation leads to the change from
a medium size hydrophobic amino acid (P) to a small
polar amino acid (S), and this variant is predicted to be
possibly damaging by the Polyphen program prediction
(PSIC score difference = 1.800).

This variant was present in two POF patients
(patients B and C). It was not found in any control
(n=136). The sequencing of one patient’s family (patient
B) revealed the presence of the variant in the DNA of the
father and the young sister (Fig. 2B).

The sequencing of MSH4 and SPO11 genes revealed
no intragenic mutation. We detected only several SNPs
present in similar frequency in patients and controls
(data not shown).

Patient's phenotype

The mean patient age was 26.5 (15-39) years. The
patients presented with the following clinical patterns:
primary amenorrhea with absence of or interrupted
puberty (n=6) and secondary amenorrhea with normal
puberty (n=23). Eleven patients had a familial history
of POF. Mean FSH level was 73.2 mUI/l (18-141).

DMC1-M200V

Patient A was a 28-year-old African woman. Puberty
occurred normally when she was 15, with regular
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Table 2 Sequences of PCR and sequencing primers for the human MutS homolog 5 (MSHS5) gene.

MSHS gene PCR primers Sequencing primers
Exon 1 Sense: 5-ATGTCCCAGTAGGGGTGT-3' 5'-AATCAGCGTCCAGACTCTTC-3'
Antisense: 5'-TGTGGACACAGGAGGTGA-3' 5'-AGATTGTGGGAAACTCCACG-3'
Exon 2 Sense: 5-ATGAGGGTGGGGCGC-3' 5'-CCTCTGTGAATCGTTGCTTC-3'
Antisense: 5'-TAGGCATCATCACCCCCA-3' 5'.GGCTCCCAACCCTCTTTTAT-3'
Exon 3 Sense: 5'-AGATTGCTCCACTGCACTTC-3' 5'-CTAAATGGGGGTGATGATGC-3'
Antisense: 5'-GGTTGAGTCAGGAGAATTGC-3' 5'-GAGGAATTCATGGTTCCATC-3'
Exons 4+ 5 Sense: 5-GAATCTGCCATCACGCCT-3' 5'-GAGGGCTATGGGTTTTCTCT-3'
Antisense: 5'-CTGAGGCAGTGCCTTTTG-3' 5-GGAACAGGGAGTTAGGCTAA-3'
Exons 6-8 Sense: 5-ACTGCCTCAGTGACCCTT-3' 5'-TACAAGACCGTTCCCTTTGC-3'
5'.AGCCCCCAGGAGATTTAAGA-3'
Antisense: §'-CCCCTTCCCTTTCCTTCA-3' 5'.CCACAACTCCACTTCCTTTG-3'
5'-AGCATGCCTCCACCTCTTTA-3'
Exon 9 Sense: 5'-GTAATCCCAGCCACTCAGGA-3' 5'-AAAGACGTGATCTCAGGAGG-3'
Antisense: 5'-ACAAGGTCTCCCAAAGTCCC-3' 5'-GGAGCCAATTGCTTTTCTGG-3'
Exon 10 Sense: 5'-CCTGTGAGTGTCCATCCCTT-3' 5'-AGCTTCCTCAACAACCAGCA-3'
Antisense: 5'-AATCCAAGGTTCATGGCTTG-3' 5'-GAAATGCAGTTAGCCAGTGC-3'
Exons 11412 Sense: 5-CCTCAGAGTGAGCTGCAGTG-3' 5-GTAACTTGTAGTACCCCCAC-3'
Antisense: 5'-GTGTTGAAACTGCATGGTGG-3' 5'-GGCCTTTACCTGGACTTTTG-3'
Exons 13+14 Sense: 5-TCTGTCTTCCTTCCTAGACTG-3' 5-CTGTGATCTTCCCTACTGGT-3'
Antisense: 5'-GACCACCTGCCAAGGATG-3' 5'-TGCCAAGGATGGTACTCCAT-3'
Exons 15-18 Sense; 5'-CGCAGTGATGGAGTACCAT-3' 5-AGGGCAGGAGACTCACTTTT-3'
5'-AAGTCCACAGCTTTGAACCC-3'
Antisense: 5'-TTGGGCCCCTCATGTCTA-3' §'-CATCACTCACCTTACAGAGG-3'
§-CTCATGTCTATTCCTCCACC-3'
Exons 19-21 Sense: 5-TAGACATGAGGGGCCCAA-3' 5-CTGGGGGTTCATCTATCTTG-3'
5-TCCTGTTTCACCCTGTCCAT-3'
5-TGCGTTACGGGCTTCCAATA-3'
Antisense: 5'-CATATGCCCCTCTGCACT-3' 5.CTCACTGTCATGCTCCTTCA-3'
Exons 22-25 Sense: 5-GCTGTGTGGGCAGAAAAGAA-3' 5-AATGCTAACCTCTGCCCTCT-3'
5'-CTCCCACCTTCTTGCTTGTT-3'
Antisense: 5-TACTGAGGCAGGGCAGGT-3' 5-GGTGGTTGCACATTTGGATC-3'
§-CCTGCTCTGTGTTTTGGATC-3'

menstrual cycles up to 21 vears. A secondary
amenorrhea occurred definitely since then. She was
referred to our department when she was 28, POF was
confirmed with a high FSH level (91 mUI/1); estradiol
and inhibin B levels were low (<10 pg/ml and
15 ng/ml respectively). No anti-ovarian antibodies
were found positive. Pelvic ultrasonography showed a
small uterus (50 mm in its maximal length) and small-
sized ovaries; no follicle was observed. An ovarian
biopsy was performed confirming the follicular
depletion. Familial study identified one sister with a
long-standing history of infertility with eight spon-
taneous abortions.

MSH5-P298

The first heterozygous patient (patient B) was a
Caucasian woman who was 18 years old when she
was referred to our department. She first had menstrua-
tions when she was 14 with a normal puberty. However,
an oligomenorrhea and a secondary amenorrhea
appeared progressively. Clinically, she was short
(1.46 m) and associated with an obesity (BMI: 32);
had rough face, bradymetacarpia, and a mild intellec-
tual deficiency. Hormonal evaluation identified a mild
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increase of FSH level (18 mUI/1); inhibin B was low
(12 pg/ml). Ten days ol progestin treatment induced
vaginal bleeding. Ulirasonography identified two
ovaries that are small in size with multiple follicles
depicted. Turner's syndrome was suggested but high-
resolution karyotype was found normal and repeated
twice. Since the syndrome appeared uncommon, an
ovarian biopsy was performed, identifying multiple
primary follicles; a secondary follicle was also observed.

The second heterozygous patient (patient C) was also
a Caucasian woman who was 36 years old when she
was referred to our department. She had her first
menstruations, associated with a normal pubertal
development, when she was 13, She had oligomenor-
rhea between 13 and 18 years of age and then used oral
contraceptive pills until she was 30. She became
pregnant 6 months later and gave birth to a normal
boy. She had menstruations following this but a
secondary amenorrhea occurred when she was 32.
Hormonal results confirmed the existence of POF with a
high FSH level (71 mUI/1). Pelvie ultrasonography
identified two ovaries small in size without follicles.
An ovarian biopsy was performed, depicting small
streak gonads with a complete follicular depletion.
Table 3 showed major characteristics of these three
patients with mutation in meiotic gene.
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Figure 1 Analysis of DMC1 and MSH5
coding sequences. Electropherogram
showing (above) the sequence of exon 10
DMC 1 varian! in comparison with the
sequence of wild type and (below) the
sequence of a part of the exon 2 MSH5
variant in comparison with the sequence of
wild type. The arrowhead indicates
nucleotide 12 of exon 10 with the A>G
homozygous substitution. The star
indicates nucleotide 97 of exon 2 with the
C>T heterozygous substitution,

Exon 10
O TOAACATCAO@TOCAGC TACTTGATTATG
v [ ORI
Buc G TOAACATCADTOOAGCTACTTGATTATG
CCCCAGCCCOGCHOLAGTOCCGOOCC
Wild type
MSH 5
Variant
Discussion

The POF syndrome is a very heterogeneous clinical
disorder probably due to the complex genetic networks
controlling human oogenesis and folliculogenesis. It
is often associated with small pedigrees that make it
difficult to perform genetic linkage analysis to identify
responsible genes. An alternative approach is to test
candidate genes on the basis of existing knowledge of
ovarian physiology.

Several meiotic genes known in yeast have been
isolated in mammals, including Dmcl, Msh4, Mshs,
and Spol1 genes (38-41).

Dmcl is important for meiotic recombination in
many organisms; for example, mice with targeted
mutations of the Dmcl gene are sterile and show
hallmarks of poorly repaired DNA double-strand breaks.
At birth, the mutant ovaries formed in Dmel—/— mice
contained a high proportion of oocytes whose nuclear
features were characteristic of leptonema or zygonema,
in contrast to the littermates, in which the majority of
oocytes had progressed to the pachytene stage.
Histological analysis showed that the adult ovaries
from Dmcl —/— delicient mice contained no follicle at

any developmental stage (33. 34). These results indicate
that while germ cells are indeed formed in Dmcl —/—
ovaries, the meiotic progression is blocked leading to
progressive death of oocytes and subsequent complete
depletion in the ovary by adulthood. The description of
our clinical case is perfectly compatible with the animal
model. Patient A had a normal gonadal function during
a few years, which disappeared when she was 21. Since
then, ovarian description. either by ultrasonography or
histology. showed a complete absence of follicular
reserve and/or maturation.

Msh5 is a member of a family of proteins known to be
involved in DNA mismatch repair (42). Msh5—/— mice
are viable but sterile (35). Melosis in these mice is
aflected due to the disruption of chromosome pairing in
prophase 1. The ovaries of Msh5—/— females are
normal in size at birth, but degenerate progressively to
become rudimentary (35). The phenotype of
Msh5—/~ females differs from Dmcl—/— mice, in
that the few oocytes remaining at 4-5 day pp in
Msh5—/— ovaries are normal in appearance and have
formed follicles (43). In contrast, ovaries from Dmcl
knockout females were very small and contained no
follicle at any developmental stages. A less severe
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Figure 2 (A) Pedigrees of the infertile patient’s family (patient A)
with DMC1 homozygous mutation, Circles, females; squares,
males; and slashes through symbols, deceased. (B) Pedigrees of
the infertile patient’s family (patient B) with MSHS variant. Circles,
females and squares, males,

phenotype for Msh5 versus Dmcl mutation has also
been observed in yeast and worms (44, 45).

This type of phenotype is in accordance with those
observed in POF patients with a progressive loss of
activity of the ovary leading to gonads reduced in size
without germ cells; the oocytes having failed to progress
to the dictyate stage in utero and subsequently degraded.
Nevertheless, the MSH5 protein of the POF patients
is probably not completely defective and phenotypes
could be less severe than those observed in null mice.
However, in our patients, only heterozygous MSHS
mutation was described. The interspecific genotype
difference (heterozygous in humans and homozygous in
mice) could be explained by a more dosage-sensitive
system in humans.

In both cases with MSHS alteration, gonadal function
appeared normal with a progressive involution. The
most surprising data concern the youngest woman who
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presented with syndromic features. However, simi-
larities in the ovarian phenotype in female Msh5—/—
mice and Turner's syndrome patients have been
reported (35). Tt is also probable that this young
woman will present with a complete POF in the near
future. Indeed, the variability observed in clinical
phenotypes (complete or partial infertility) could result
from the age that the patients consult with clinicians.
The sequencing of MSHS gene in the family of this
patient revealed that her 20-year-old young sister was
also a carrier of the same variant. Until now, she had
normal menses but she could be considered as a carrier
of a genetic predisposition to develop POF in the future.

The resulting P298 alteration within MSH5 protein is
located within the N-terminal region and it is
conceivable that this amino acid change could directly
impact the integrity of the protein interaction between
MSH5 and MSH4. Amino acid sequence analysis
revealed that the MSHS N-terminal region contains a
contiguous (Px)5 dipeptide repeat flanked by two PxxP
motifs (46). This dipeptide repeat is disrupted in the
MSHS5 P298 variant. Moreover, this same mutation has
previously been described in genomic DNA of patients
with ovarian carcinoma (47). To address the effect of
P298 alteration on the interaction between MSH4 and
MSHS, a quantitative two-hybrid analysis has been
performed. This alteration causes moderate but signi-
ficant reduction between both proteins and could
affect the formation of MSH4-MSH5 heterocomplex
(47). The functionality of both proteins in meiotic
homologous recombination process probably needs
a precise interaction between them and any deviation
from this precise coordination will be expected to affect
the accuracy of DNA recombination. It is noteworthy
that this alteration was found in two patlent popu-
lations with ovarian pathology: the previous with
ovarian cancer and the present with POE These two
pathologies could affect the capacity of DNA repair
leading to either a progressive loss of germ cells or
cancer formation. For this reason. it will be crucial to
follow the degeneration ol the ovary from our two
patients on a long-term period to prevent an eventual
OVArian Carcinoma.

In summary, one homozygous missense mutation in
DMC1 gene and one heterozygous in MSHS were
described here, in 3 of 41 POF patients. The DMC1
M200V mutation seems Lo generate a deleterious effect
only in homozygous states since the mother and the

Table 3 Major characteristics of the patients with mutalion in meiotic genes.

Patient Age (years) Origin FSH levels (mUl1)  Follicle Mutated gene

A 28 African 9 None DMC1:9.33551A>G
Homozygous mulation

B 18 Caucasian 18 Multiple primary, 1 secondary MHS5: g.2547C>T
Heterozygous mutation

{3 36 Caucasian Al None MHS5: g.2547C>T

Heterozygous mutation
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