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Mutation spectrum of and founder effects affecting the
PTS gene in East Asian populations

Yen-Hui Chiul?, Ying-Chen Changs, Yu-Hsin Chang1’16, Dau-Ming Niu4, Yan-Ling Yangs, Jun Ye®,
Jianhui Iiang7, Yoshiyuki Okano?®, Dong Hwan Lee®, Suthipong Pangkanonm, Chulaluck Kuptanon“,
Ngu Lock Hock!?, Mary Anne Chiong!3, Barbra V Cavan!4, Kwang-Jen Hsiao"%!> and Tze-Tze Liu>?

The enzyme 6-pyruvoyl-tetrahydropterin synthase (PTPS, gene symbol: PTS) is involved in the second step of the de novo
biosynthesis of tetrahydrobiopterin (BH4), which is a vital cofactor of nitric oxide synthases and three types of aromatic amino
acid hydroxylases; the latter are important enzymes in the production of neurotransmitters. We conducted a study of PTS
mutations in East Asia, including Taiwan, Mainland China, Japan, South Korea, the Philippines, Thailand and Malaysia. A total
of 43 mutations were identified, comprising 22 previously reported mutations and 21 new discovered mutations. Among these,
the c.155A>G, c.259C>T, c. 272A>G, c.286G > A and c.84-291A > G mutations were the most common PTS mutations in
East Asia, while the c.58T>C and ¢.243G > A mutations were, respectively, specific to Filipinos and Japanese originating from
Okinawa. Further studies demonstrated that each of the mutations listed above was in linkage disequilibrium to a specific allele
of polymorphic microsatellite marker, D11S1347. These results suggest the presence of founder effects that have affected these
frequent mutations in East Asia populations. In this context, D11S1347 should become one of the most reliable polymorphic
markers for use in prenatal diagnosis among PTPS deficient families, especially where mutations are yet to be identified.
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INTRODUCTION

Hyperphenylalaninemia (HPA) is caused by a disruption of hydro-
xylation step converting phenylalanine to tyrosine and involves either
a deficiency of the enzyme phenylalanine hydroxylase (EC 1. 14.16.1)
or a deficiency of its cofactor, tetrahydrobiopterin (BH4).! Such
depletion may lead to an increase in the individual’s plasma pheny-
lalanine concentration above 120 um and this is the most common
autosomal recessive disorder of amino acid metabolism. If mild form
HPA is excluded, HPA patients show no clinical symptoms during
neonatal period, but, in the absence of early treatment, then undergo
impaired cognitive development and function that leads to mental
retardation. This damage can be avoided by early biochemical diag-
nosis and appropriate treatment.>* The estimated prevalence of HPA
in Taiwan, Mainland China, Japan, Thailand, South Korea, the
Philippines and Malaysia is 1/23 000,* 1/12000,% 1/70 000,° 1/36 000 ~
1/327000,7 1/50000, 1/114000 and 1/450 000 (unpublished data),

respectively, whereas the prevalence in Caucasian populations is
about 1 in 10000.%

The synthesis of BH4 starts with GTP and is catalyzed by a series of
enzymes, namely GTP cyclohydrolase I (GTPCH, EC 3.5.4.16),
6-pyruvoyl-tetrahydropterin synthase (PTPS; EC 4.6.1.10, gene sym-
bol: PTS) and septerin reductase (SR, EC 1.1.1.153).! Once formed as
a cofactor, BH4 is converted to inactivated g-dihydrobiopterin, which
can be regenerated by pterin-4o-carbinolamine dehydrase (PCD; EC
4.2.1.96) and dihydropteridine reductase (DHPR; EC 1.6.99.7).!
Depletions in any of the enzymes involved in BH4 biosynthesis or
regeneration leads to BH4 deficiency.! Furthermore, BH4 is not just
involved in the phenylalanine hydroxylation system; BH4 is also a vital
cofactor for nitric oxide synthases, tyrosine hydroxylase and trypto-
phan hydroxylase, the latter two of which are involved in the
biosynthesis of the neurotransmitters dopamine and serotonin,!
respectively. As a result BH4-deficient patients without proper
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treatment show an impairment in phenylalanine catabolism that is
accompanied by a deficiency in neurotransmitters.> In contrast to the
dietary therapy used for phenylalanine hydroxylase deficiency, the
administration of BH4 and neurotransmitters is used for the treat-
ment of most BH4-deficient patients and additional folic acid supple-
ment is recommended for DHPR deficiency.>® The incidence of BH4
deficiency is ~1-3% of HPA patients worldwide,!° but is more
frequent in East Asian, including Taiwan (17%),* Mainland China
(9%),'! Thailand (17%),” South Korea (10%), the Philippines (23%)
and Malaysia (64%) (unpublished data) with the exception of Japan
(3%) (unpublished data).

Depletion of the PTPS enzyme (MIM 261640), a highly hetero-
geneous disorder, is the most common cause of BH4 deficiency.? The
correlation between phenotype and genotype is still unclear. In
humans, the PTS gene contains six exons and spans ~8kb on
chromosome 11q22.3-11g23.3. More than 53 PTS mutations, includ-
ing missense mutations, nonsense mutations, splicing error mutations
and small insertion/deletions, which are spread over the six exons and
the first three introns, have been described in various different
populations.'?

In this study, a molecular analysis of the PTS gene was performed
on populations in East Asia, including the Han populations in Taiwan,
Mainland China and Malaysia as well as the populations of Japan,
South Korea, Thailand and the Philippines. A total of 43 different PTS
gene mutations were observed. Four missense mutations c.155A>G,
c259C>T, c.272A>G and 286G > A together with one newly dis-
covered intronic mutation ¢.84-291A>G were the most frequent
alleles detected in these East Asian populations. A haplotype analysis
of the common mutations in relation to a polymorphic microsatellite
marker, D1151347, suggested that these common mutations observed
in Han populations were influenced by a founder effect. In the 137
PTPS-deficient families analyzed so far, no crossing over events were
detected. We therefore proposed that each of the frequent mutations
in East Asia is owing to the same original mutational event and that a
haplotype analysis of D11S1347 should be included in the prenatal
diagnostic test for PTPS deficiency, especially when the familial
mutation is as yet unidentified.

SUBJECTS AND METHODS

Subjects

The patients were recruited from 176 families of whom 156 were ethnic Han
Chinese populations (29 from Taiwan, 52 from southern Mainland China, 71
from northern Mainland China and four from Malaysia); the others were six
Japanese, seven South Korean, three Thai and four Filipinos. Patients were all
from non-consanguineous families. A total of 352 mutant alleles were analyzed.
Southern and northern Mainland China refers to south and north of the
Yangtze River in Mainland China, respectively.!® All patients were confirmed as
having PTPS deficiency by the urinary pterin test, the BH4 loading test and/or
DHPR enzyme activity assay. Anonymous control samples were collected from
apparently healthy individuals, 50 from Taiwan, 55 from southern Mainland
China, 52 from northern Mainland China, 56 from Japan, 49 from South
Korea, 50 from Thailand and 79 from the Philippines.

Mutation analysis

Mutation analysis was mainly performed on dried blood spots stored on filter
paper as previous reported.!* In some cases, genomic DNA was extracted from
blood samples, cultured fibroblasts or lymphoblasts by standard protocols. The
DNA fragments for all patients as well as the normal controls were amplified by
PCR followed by bidirectionally fluorescent sequencing on an ABI 377 or ABI
3730xl DNA analyzer (Life Technologies, Carlsbad, CA, USA) with BigDye
chemistry (Life Technologies). The sequence data were analyzed by the
Polyphred/Phrap/Consed system.!> The coding regions and the flanking areas
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of the PTS gene were analyzed first. Intronic sequences were also analyzed if
only one mutant allele was found in flanking areas and genomic DNA was
available. Mutation designation was according to the official mutation nomen-
clature (http://www.hgvs.org/mutnomen/). Reference accession numbers
NM_000317.2 and M97655.1 were, respectively, used as reference sequences
for the human genomic DNA and human cDNA with the A at the ATG
translational initiation codon being numbered 1. Disease-causing mutations
were suggested as having no other variations in the coding regions of the PTS
gene in the patient, no similar mutation in 50 normal controls, showing
phenotypic association in families, involving a conserved amino acid residue in
mammals, involving a change in chemical characteristics of the amino acid
involved and/or concurrent appearance among more than one PTPS-deficient
families.

Splicing mutation analysis

The effects of the intronic mutations were analyzed when a patient’s cells were
available. Total RNA was isolated from cultured cells using RNAlarge reagent
(Genepure Technology, Taichung, Taiwan) and the first strand cDNA was
synthesized using the SuperScription Reverse Transcription System (Life
Technologies) and the primer PTPSS (5-AATTGAATTCAAGATGAGCACG
GAAGGTG-3'). Amplification of the PTS cDNA was performed with the
primers PTPSS and PTPSAS (5'-AATGAATCAATAAATAGGCACTCCA-3').
The cDNA was then subcloned into the vector pCRII using a TA Cloning Kit
(Life Technologies) and analyzed by sequencing as described in previous section.

Haplotype analysis

Genotypes were analyzed for the normal populations and the PTPS-deficient
families as well as three control cells, CEPH1331-01, CEPH1331-02 and
CEPH1347-02, which were obtained from the Foundation Jean Dausset-Centre
d’Etude du polymorphisme Humain (CEPH). DNA fragments were amplified
by PCR with fluorescence labeled primers, which was followed by analysis on
an ABI 3730xl ABI 3730 XL DNA analyzer. The allele frequencies of the
populations were calculated from the normal individuals. Linkage analysis of
the microsatellite marker allele in relation to the various mutations was carried
out for PTPS-deficient families. The difference in distribution of the micro-
satellite alleles among the populations and the association of specific alleles of
the microsatellite marker with the common mutations was calculated by
Fisher’s two-tailed exact test. The y? test with Yate’s correction was used to
assess the Hardy—Weinberg equilibrium status of the alleles within populations.
A P value <0.05 was considered as significant.

RESULTS AND DISCUSSION
Mutation spectrum in Han and other East Asian populations
The 43 autosomal mutations identified consisted of 22 previously
reported mutations and 21 mutations that are first reported in this
study; these were detected in a total of 352 mutant alleles (Table 1).
(The number of mutant alleles observed in each population is listed in
Supplementary Table 1). Among all mutations identified, there were
33 missense mutations, two nonsense mutations, one small deletion,
one frameshift mutation, five confirmed/predicted splicing error
mutations and one initiation codon change (Table 1). The mutations
were distributed across all six exons as well as the first three introns.
No polymorphisms other than the previously reported single-
nucleotide polymorphism (SNP), c.163+14T/C (rs3819331),'° were
detected. The c.118-121del (p. F40Gfs*17) was previously named
¢.116-119del.'® It was possible to identify only one mutant allele in
six patients after sequencing of the gene’s coding regions, the flanking
regions and the known intronic mutation, suggesting that more
disease causing mutations may be located in the non-coding
regions. However, mutation analysis on the non-coding regions in
these patients was not possible because of the limited and/or poor
quality of the samples.

Five common mutations, c.155A>G, c¢.259C>T, c.272A>G,
¢.286G>A and c.84-291A>G, were frequently observed in at least


http://www.hgvs.org/mutnomen/

Table 1 PTS gene mutations observed in East Asian populations

Mutation Predicted effect Number
type Mutations on protein  of alleles Key Reference(s)
Missense c.26G>A p.R9H 1 This study
c.58T>C p.F20L 6  This study
c.68G>C p.S23T 1 This study
c.73C>G p.R25G 7 Liu et all*
c.74G>A p.R25Q 1 Thény et al.3®
¢.100G>A p.E34K 1 This study
c.120T>A p.F40L 1 This study
c.120T>G p.F40L 1 Liuetall®
c.147T>G p.H49Q 1 Vatanavicharn et al.%0
c.155A>G p.N52S 55  Liu and Hsiao*?,
Leuzzi et al.t?
c.166G>A p.V56M 7  Liuetall*
c.200C>A p.T67K 1 This study
c.200C>T p.T67M 6  Oppliger et al.4?
Zekanowski et al. 33
Liu et al.16
c.209T>A p.V70D 1 Liuetall4
c.226C>T p.L76F 1 Liuetalls
c.259C>T p.P87S 132 Liu and Hsiao%!
Imamura et al.18
c.260C>T p.P87L 1 Oppliger et al.*3
c.272A>G p.K91R 14 This study
c.276T>A p.N92K 1 This study
c.277C>A p.L93M 1 This study
c.286G>A p.D96N 37  Liu and Hsiao*!
Imamura et al.18
c.293C>A p.P98Q 1 This study
c.293C>T p.P98L 2 This study
c.317C>T p.T106M 14 Liu and Hsiao%!
Leuzzi et al.t?
c.331G>A p.A111T 2 This study
c.338A>G p.Y113C 1 Thony et al.l2
c.347A>G p.D116G 1 Sherer-Oppliger et al.4
c.379C>T p.L127F 4 Quetal*®
c.382T>A p.Y128N 1 This study
c.393A>C p.K131N 1 This study
c.402A>C p.E134D 1 This study
c.407A>T p.D136V 1 Oppliger et al.*?
c.430G>C p.G144R 1 Liuetall®
Nonsense c.37C>T p.Q13X 1 This study
c.73C>T p.R25X 1 This study
Small deletion ¢.169_171del p.V57del 1 Oppliger et al.*2
Liu et al. 16
Frameshift c.118-121del p.F40Gfs*17 4 Liu et all®
mutations
Splicing error  ¢.84-291A>G  p.Y27Rfs*8 25  This study
c.163+1G>A p.—? 1 This study
c.168G>A  p.=? (p.Vvb6Y) 1 This study
c.186+1G>A  p.V55Dfs*2 1 Liuetall®
c.243G>A  p.63|_81Edel 3 Imamura et al.1®
Initiation c.3G>A p.M1? 1 This study
codon change ND ND 6

Abbreviation: ND, not determined.
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three different East Asian populations and accounted for 15.6%
(55/352), 37.5% (132/352), 4.0% (14/352), 10.5% (37/352) and
7.1% (25/352) of the alleles analyzed (Figure 1). The c.259C>T,
¢272A>G and ¢.286G>A mutations have only been reported in
Asian populations, whereas the c.155A>G mutation has been
observed in western countries.!>!” More than 89.7% (158/176) of
the patients carried at least one of the five common mutations
suggesting that screening for these common mutations should be an
early step in the treatment of PTPS-deficient patients from East Asia.
The distribution of the common mutations differs from population to
population. The ¢.259C>T mutation was the most common muta-
tion in Mainland China (94/246), whereas c.155A>G was the most
frequent mutant allele found in Taiwan (26/58). The ¢.58T>C and
¢.243G> A mutations were only observed in the Philippines and in
QOkinawa, ]apan,18 respectively.

A total of 21 of the mutations are newly reported, including 15
missense mutations, two nonsense mutations, three splicing error
mutations and one initiation codon change. There is a supportive
information that these new variations, which are only observed in a
single patient, are pathogenic. First, initiation codon variants such as
¢.3G> A identified in this study, have been widely suggested to be a
disease causing mutations.!® Second, small in frame deletions usually
cause protein misfolding and instability and this suggested that they
will be disease causing mutations.”’ The c.169_171del (p.V57del)
mutation identified in this study might also lead to protein misfold-
ing, because it is located between two conserved amino acids, one
branched (valine) and one polar (threonine). Third, nonsense muta-
tions have been widely suggested to be disease causing mutations.?!
The two new discovered nonsense mutations in this study, ¢.37C>T
(p-Q13X) and ¢.73C>T (p.R25X), will result in proteins that loose
approximately the last 3/4 and 1/2 of the protein sequence and are
very likely to be non-functional. Finally, the remaining missense
mutations are suggested to be disease-causing mutation, because
they are absent from the normal population and NCBI single-
nucleotide polymorphism database, they are conserved in primates/
mammals and the alteration in amino acid chemical properties they
produce is significant. Together these factors suggest that these rare
variations, as described here, are associated with PTPS deficiency.

Splicing error mutations

It has been estimated that 15% of inherited disease in humans is
caused by mutations in splice sites or in splicing control sequences,
such as exonic splicing enhancers (ESE) and intronic splicing enhan-
cers, all of which lead to splicing errors.?>* The disruption of a
consensus splice sequence is the most frequent type of splicing error
mutation and leads to the skipping of exons.?? Three such mutations,
c163+1G>A, ¢.186+1G>A and ¢.243G> A, were observed in this
study. Two mutations, c.186+1G>A and c.243G>A, have been
previously reported; they possibly lead to a splicing error by frame-
shift skipping of exon 3 and in-frame deletion of exon 4, respec-
tively.'®?> The newly identified c.163+1G>A variant disrupts a
consensus splice site sequence, which suggests that it causes a splicing
error mutation. In human disease genes, there are numerous muta-
tions in ESE control sequences that have been documented as causing
aberrant exon skipping?> or the creation of pseudoexon.’* The
c.168G>A mutation (p.V56V) was identified in a patient from
southern Mainland China who also carried a single c.84-291A>G
mutation. The ¢.168G>A (p.V56V) variation was initially suggested
to be a new silent polymorphism. However, using ESE motif predic-
tion tools, we found that this mutation represented a change in the
SC35-binding site (Supplementary Table 2A), which, in turn, suggests
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Figure 1 The distribution of major common mutations in East Asia as determined by this study. The common mutations ¢.58T>C, c.155A>G, c.84-
291A>G, c.243G>A, ¢.259C>T, c.272A>G and c.286G>A are represented in brown, black, green, pink, blue, orange and red, respectively. The
mutation ¢.155A>G was predominantly observed in South East Asia, while c.286G>A and c.272A>G were mainly observed in North East Asia. The
mutations ¢.58T>C and ¢.243G > A mutations were specifically observed in the Philippines and in Okinawa, Japan, respectively.

that c.168G> A causes a splicing error mutation. An analysis of the
precise effects of the ¢.163+1G > A and ¢.168G > A mutations needs to
be done using cells from a patient or from a carrier as they become
available.

The intronic ¢.84-291A >G mutation is frequently observed in the
Han populations. ESE finder predicted an alteration of the SRp40
splicing protein-binding site when the ¢.84-291A>G mutation is
present (Supplementary Table 2B).2%%” A 79bp pseudoexon flanked
by consensus splice-site can be observed in cells carrying the c.84-
291A>G mutation (Figure 2). The same 79 bp pseudoexon can also
be observed elsewhere in cells carrying the c.84-322A >T mutation in
the PTS gene while no similar splicing pattern was identified in the
control cells.”® To quantify the effects of ¢.84-291A>G, cDNA from
the skin fibroblasts of a patient heterozygous for the c.84-291A>G
and ¢.259C>T mutations was analyzed by subcloning. As expected,
49% of the clones represented the ¢.259C>T mutation (40/82) and
6% of clones showed exon 3 skipping (5/82) as previously reported.!®
Intriguingly, only 9% of the clones contained the 79bp pseudoexon
(7/82), while the other 37% of clones represented a normal PTS cDNA
(30/82). Although the phenotype of most patients carrying the c.84-
291A>G was not available owing to early diagnosis by newborn
screening and proper treatment, the low level of normal PTS cDNA
correlates well with the very mild form of a PTPS-deficient patient,
namely 115 in Liu TT et al,>® who is heterozygous for the c.84-
291A>G and c.118-121del mutations (designated as 116-119del
previously). The patient 115 was detected by newborn screening and
treated with phenylalanine restricted dietary therapy before differential
diagnosed as PTPS deficiency at 3 years and 8 months of age. This
patient did not receive BH4 therapy nor neurotransmitters supple-
ment and showed no neurological illness with IQ 109 until puberty.
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1
c.84-291A>G

Figure 2 Schematic representation of the splicing pattern caused by the
c.84-291A>G mutation. The exon 1 and exon 2 of the PTS gene is
enclosed in a box. The pseudoexon sequence is highlighted in a dashed box
and the mutation is enclosed in a grey box. The black line represents the
normal splicing and the dashed line indicates the abnormal splicing caused
by the ¢.84-291A>G mutation.

It is unclear what the effect(s) of these mutations might be on cells in
central nervous system, but ¢.84-291A >G may only create a weaker-
binding site for the SR-splicing factors and allow a significant portion
of normal transcript to be formed, resulting in mild form hyperphe-
nylalaninemia.

Selection of a marker for linkage analysis

In order to identify a feasible marker for linkage analysis of the PTS
gene, three polymorphic microsatellite markers around the PTS gene
were analyzed. D11S1986, D11S1347 and D11S1987 are located at
0.9Mb downstream, 29 kb upstream and 0.58Mb upstream of the PTS
gene, respectively. D1151986 and D1151987 were excluded because of
their low heterozygosity in the Han population from Taiwan and the
presence of recombination during a preliminary study of two PTPS-
deficient families (data not shown). D11S1347 is a highly polymorphic
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Figure 3 Allele frequency of D11S1347 in East Asian populations. (a) No significant difference in D11S1347 allele frequency was seen between ethnic Han
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Han population in Taiwan. (b) The allele frequencies of D11S1347 among Han, Japanese, Korean and Thai populations were similar (P>0.05 in all groups).
However, Filipinos showed a very different allele frequency for D11S1347 compared with other nationalities except for Koreans (P>0.05 with Koreans and

P<0.05 with other groups).

marker for which no recombination with the PTS gene was found in a
preliminary study of 26 Taiwanese PTPS-deficient families. This
suggests that D11S1347 might be a reliable polymorphic marker for
linkage studies of PTS mutations. Furthermore, the data on D1151347
in this study differed from that reported in CEPH. The control DNA,
CEPH1331-01, CEPH1331-02 and CEPH1347-02, obtained from
CEPH, were read in the original study as 178/196 bp, 178/190 bp
and 194/194 bp, but were read as 178/197 bp, 178/191bp and 195/
195 bp in the present study, respectively (Supplementary Table 3). The
difference might be the result of variations in methods and analysis
used.

The allelic frequency of D11S1347 was first analyzed in general
populations from Taiwan, southern Mainland China, northern
Mainland China, Japan and South Korea in which the heterozygosities
were found to be 0.88, 0.76, 0.87, 0.91, 0.96, 0.86 and 0.89, respectively
(Figure 3). (The allele frequencies of D11S1347 in each population are
listed in Supplementary Table 4). The data demonstrated a Hardy—
Weinberg equilibrium in each population analyzed (3?=0.02, P> 0.05;
1*=0.84, P>0.05; y#°=0.00, P>0.05; »*>=0.16, P>0.05; »>=0.56,
P>0.05; >=0.00, P>0.05 and »>=0.00, P>0.05, respectively).
Among the ethnic Han populations, no significant differences in
D11S1347 allele frequency for Taiwan, southern Mainland China
and northern Mainland China were seen (Figure 3a and Supplemen-
tary Table 4, P>0.05 in all groups), although some rare alleles, such as
170 bp, 182 bp, 188 bp and 204 bp, were only observed in Taiwan. The
Filipinos demonstrated a very different allele frequency pattern for
D11S1347 compared with all other nationalities except for Koreans
(P>0.05 with South Koreans and P<0.05 with other groups). The
observation correlated with the distinct origin of Filipinos compared
with other the populations that have been proposed in a previous
study.?’ Excluding the Filipinos, no significant difference in the allele

frequency for D11S1347 was seen across the populations studied
(P>0.05 for all groups), although a distinction has been previously
proposed for southern and northern populations in East Asia.>

The founder events and mutations in East Asia

To examine the possibility of founder event effects involving the PTS
common mutations observed in East Asia, the haplotype of mutations
in conjunction with D11S1347 alleles were evaluated by DNA analysis
for samples where samples from the parents of probands were
available. There were 43 alleles of c.155A>G, 98 alleles of
¢259C>T, 13 alleles of c. 272A>G, 28 alleles of ¢.286G>A and 16
alleles of ¢.84-291A>G analyzed. The c.155A>G, ¢.259C>T,
¢. 272A>G and ¢.286G > A mutations were in linkage disequilibrium
with the 178 bp, 196 bp, 194 bp and 192 alleles of D1151347 (Table 2,
P<0.01 for all groups). The c.84-291A>G mutation was statistical
significant linked to the 198 bp allele (P=0.0008), but not the 194 bp
allele (P=0.0531), although the number of these two haplotypes was
equal (n=7 in both types). None of the common mutations are
located in CpG mutation hot spots, which suggest that the possibility
of independent mutations is low. Thus the linkage disequilibrium data
suggest that each of the common mutations observed in East Asia
comes from a single ancestor.

Two missense mutations, ¢.58T>C and ¢.243G> A, were demo-
graphically distinct, namely the Filipinos and the Japanese from
Okinawa. Association of ¢58T>C with the 180bp allele of
D11S1347 and ¢.243G> A with the 198bp allele of D11S1347 was
found (Table 3a, P=0.002 for both groups). These results suggest each
of these two demographically common mutations also involve a
founder event.

The ¢c.200C>T and ¢.317C > T mutations, on the other hand, were
located in CpG mutational hot spots*! and have been found in several
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Table 2 Numbers of specific D11S1347 alleles associated with c.155A>G, ¢.259C>T, c.272A>G, c.286G>A and c.84-291A>G

mutations in PTS gene

Mutations Populations 178bp 188bp

190bp

192bp 194 bp 196 bp 198bp 200bp

c.155A>G Han in Taiwan 25
Han in SC
Han in NC
Korean
Malaysian
Han in Taiwan
Han in SC
Han in NC 1

Japanese

Korean

Thai

Malaysian

Han in SC

Han in NC 1
Korean

Han in Taiwan

Han in SC

Han in NC

Japanese

Han in Taiwan

Han in SC

Han in NC

Korean

N — O 00

c.259C>T

c.272A>G

c.286G>A

c.84-291A>G

Abbreviations: SC, southern Mainland China; NC, northern Mainland China.

independent areas. The ¢.200C>T mutation has been reported in
Albania and Italy;>»3 whereas the c.317C>T has been previously
observed in the Caucasus region and Turkey.!” No association of
¢.200C> T with any D11S1347 alleles was found, indicating that several
independent mutations had occurred at this mutation hot spot
(Table 3b). The diversity of haplotypes with ¢.317C > T also supported
independent mutations, although a founder event might have occurred
in some, if not all, of the eight alleles associated with 194 bp.

The spread of the founder mutations
Among the common PTS mutations in East Asia, the ¢.259C>T.
mutation was the most widely distributed in northern and southern
East Asia and had seven different haplotypes, which indicates that
¢.259C>T is likely to be the most ancient mutation. Moreover, six
different haplotypes were identified in Mainland China, in contrast to
four haplotypes in Taiwan, three in Malaysia and only one haplotype
in Japan, Southern Korea and the Thailand. These observations
suggest that the most common PTS mutation in East Asia comes
from a Han ancestor. The mutations might have spread eastward to
Korean and Japan and southward to Thailand via multiple migrations.
In contrast, the c.155A>G mutation was predominantly observed in
South East Asia and almost all mutant alleles (42/43) were linked to
the 178 bp allele of D11S1347. These observations indicate that the
¢.155A>G mutation is a relatively young mutation that originated in
South East Asia. The ¢.272A>G and ¢.286G > A mutations are mainly
been observed in North East Asia and are associated with four
different D11S1347 alleles, which suggests that both mutations
appeared in the period between the origin of ¢.259C>T and the
origin of c.155A>G.

Several founder event mutations have been reported in Han
populations previously, including ¢.1935C>A in the GAA gene,*
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c.1517_1525del in the I70HD gene® and c. 1199A>G in
the IVD gene.’® This study represents the largest number of founder
event mutation profiles identified so far in Han populations.
On the basis of the presumed population distribution and
migration patterns of Han populations in East Asia as determined
by population genetic studies’® and the specific haplotypes
of these founder mutations, we speculate that these common muta-
tions in the PTS gene of East Asian individuals all originated from
Han populations.

The utility of D11S1347

Dried blood spots are a convenient resource for newborn screen-
ing;*>7 however, this approach also limits sample size and quality. The
DNA samples in this study were mainly extracted from dried blood
spots and this led to limitations in terms of whole-gene analysis.
To date, six of our PTPS-deficient patients have had only one mutant
allele identified. Therefore, it is important to identify other poly-
morphic markers that are able to facilitate molecular analysis of this
disorder. Microsatellite markers, in addition to genetic analysis, have
been used for carrier and prenatal diagnosis in many studies.>”
D11S1347 is highly polymorphic in East Asian populations and can
easily be analyzed. Furthermore, the analysis of microsatellite markers
from a fetus can be done in such a way as to exclude contamination
from maternal DNA.3® No cross-over event has as yet been detected
after the analysis of 139 PTPS-deficient families. The haplotype
analysis of the mutant and D11S1347 alleles has been included in all
of our prenatal diagnoses. Nonetheless, it is still important to
recognize that the very low recombination rate must not be ignored.
We suggested that haplotype analysis of D11S1347 in conjunction with
the PTS mutant allele should be used in all prenatal diagnosis of
PTPS-deficient families.
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Table 3 Number of the D11S1347 alleles associated with minor mutations, including ¢c.58T>C, c.243G>A, c.200C>Tand c.317C>T

mutations
Mutations Populations 178bp 180bp 194 bp 198 bp
(A)
c.58T>C Filipino 1 3 1
c.243G>A Japanese 3
Mutations Populations 178bp 188bp 192bp 194 bp 196 bp 198 bp
(B)
c.200C>T Han in NC 1
Thai 2 1
c.317C>T Han in Taiwan 1
Han in SC 1
Han in NC 7 1
Korean 1 1

Abbreviations: SC, southern Mainland China; NC, northern Mainland China.

Conclusions

Here, we reported the largest study of PTPS deficiency in East Asia up
to the present. The mutations c.155A>G, ¢.259C>T, c.272A>G,
¢.286G> A and c.84-291A>G were the most frequent mutant alleles
in Han populations. Strong linkage was found with a specific allele of
the polymorphic microsatellite marker D11S1347 and this indicates
that each of the common mutations widely observed in East Asia is
likely to be the result of a founder mutation in a Han population.
Furthermore, the mutations ¢.58T > C and c.243G > A, which domi-
nated in the Philippines and Okinawa Japan, respectively, also repre-
sent founder events that are restricted to certain isolated geographic
regions. Based on the very low recombination rate detected in this
study, we proposed that D11S1347 is likely to be a highly reliable
polymorphic marker for linkage analysis of the PTS gene and it
therefore should be applied for prenatal diagnosis in families where
the specific mutation involved in the disease has not yet been
identified.
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