Molecular Genetics & Genomic Medicine

ORIGINAL ARTICLE

Open Access

Distribution of fragile X mental retardation 1 CGG repeat
and flanking haplotypes in a large Chinese population
Wen Huang?® Qiuping Xia? Shiyu Luo, Hua He, Ting Zhu, Qian Du & Ranhui Duan

The State Key Laboratory of Medical Genetics & School of Life Sciences, Central South University, Changsha 410078, Hunan, China

Keywords
FMR1, CGG repeat pattern, haplotype,
Chinese population

Correspondence

Ranhui Duan, The State Key Lab of Medical
Genetics, Central South University, Changsha
410078, Hunan, China. Tel:
+8673184805349; Fax: +8673184805349;
E-mail: duanranhui@sklimg.edu.cn

Funding Information

This work was funded in part by grants from
the National Key Basic Research Program of
China (grant number: 2012CB944600),
National Natural Science Foundation of China
(grant numbers: 81071028, 81172513),
Program for New Century Excellent Talents in
University (grant number: NCET-10-0832).

Molecular Genetics & Genomic Medicine
2015; 3(3): 172-181

doi: 10.1002/mgg3.128

“These authors contributed equally to the
work.

Introduction

Abstract

Fragile X syndrome is mainly caused by a CGG repeat expansion within the 5’
UTR of the fragile X mental retardation 1 (FMRI) gene. Previous analyses of
the FMR1 CGG repeat patterns and flanking haplotypes in Caucasians and Afri-
can Americans have identified several factors that may influence repeat instabil-
ity. However, the CGG repeat patterns and distribution for FRAXAC2 have not
yet been investigated in mainland Chinese. We surveyed the CGG repeat
lengths in 1113 Han Chinese (534 males and 579 females), and the CGG repeat
patterns of 534 males were determined by sequence analysis. We also explored
the flanking haplotypes (DXS548-FRAXACI-FRAXAC2) in 566 unaffected and
28 unrelated fragile X Chinese males. The most frequent alleles for DXS548 and
FRAXACI were identical between our Chinese population and other Asian pop-
ulations. We identified several low-abundance alleles for DXS548 and FRA-
XACI not found in previous studies in mainland Chinese and Taiwanese
cohorts. The most frequent allele was (CGG),o followed by (CGG)sp, and the
most frequent patterns were 9 + 9 +9, 10+ 9+ 9, and 9 + 9 + 6 + 9, similar
to those in Singaporeans. We identified only one premutation female carrier
with 89 CGG repeats in the 1113 Han Chinese. A few associations between the
CGG repeat patterns and flanking haplotypes were determined in this study. In
general, the Chinese population had a smaller number of alleles and lower
expected heterozygosity for all three STR markers and FRAXA locus when com-
pared with Caucasians and African Americans. We identified a novel haplotype
7-3-5 + that is significantly associated with the full mutation.

2011). Premutation alleles have 55-200 repeats, which are
prone to expand into methylated full mutations with more

Fragile X syndrome (FXS) is the most common form of
inherited intellectual disability and the most common
monogenic cause of autism, with an estimated incidence of
1 in 7000 males (Boyle and Kaufmann 2010; Hunter et al.
2014). FXS is predominately due to an expansion of a
CGG repeat located in the 5° UTR of the fragile X mental
retardation 1 (FMRI) gene (MIM# 309550) (Kremer et al.
1991; Oberle et al. 1991). Normal alleles contain 6-44
repeats and are usually interspersed in every 9 or 10 repeats
with an AGG (Eichler et al. 1994; Hirst et al. 1994; Kunst
and Warren 1994; Snow et al. 1994; Zhong et al. 1995).
Intermediate alleles with 45-54 repeats carry some risks for
expansion to premutations on transmission (Nolin et al.

than 200 CGG repeats during germline transmission (Ha-
german and Hagerman 2002). Expansion to the full muta-
tion leads to hypermethylation and silencing of FMRI,
resulting in the absence of its protein product, FMRP,
which causes FXS (Wang et al. 2012).

Large-scale population studies in Caucasians and Afri-
can Americans identified several factors that may be
involved in CGG repeat instability, such as the number
and position of AGG interruptions, purity of the CGG
repeat at the 3’ end, and flanking haplotypes (Eichler
et al. 1996; Crawford et al. 2000a,b; Peprah et al. 2010).
Analysis of the CGG repeat patterns and flanking
haplotypes (DXS548-FRAXAC1-FRAXAC2) in 214 normal
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and 16 premutation Caucasians demonstrated two distinct
mutational pathways predisposing CGG repeat to expan-
sion. One pathway involves a single fragile X haplotype
(2-1-3) that maintains two AGG interruptions and slowly
progresses toward instability in a stepwise manner. The
second pathway involves frequent and recurrent loss of
AGG interruptions occurring on fragile X haplotypes 6-4-
5 and 6-4-4 (Eichler et al. 1996). Crawford and colleagues
identified a separate mutational pathway that the lack of a
proximal AGG interruption may increase CGG repeat
instability by analyzing the CGG repeat patterns of 213
unaffected African Americans (Crawford et al. 2000b).
They also examined the CGG repeat size and flanking hapl-
otypes (DXS548-FRAXACI-FRAXAC2) in 637 unaffected
and 63 fragile X African Americans, along with 721 unaf-
fected and 102 fragile X Caucasians (Crawford et al.
2000a). Haplotype (DXS548-FRAXACI) analysis has been
performed in mainland Chinese (n = 206), Taiwanese
(n = 100), Hong Kongers (n = 217), Thais (n = 125), and
Indonesians (n = 1043), together with fragile X patients
from mainland China (n = 24), Taiwan (n = 28), and
Thailand (n = 25) (Poon et al. 1999; Zhong et al. 1999; Fa-
radz et al. 2000; Limprasert et al. 2001; Tzeng et al. 2005).
Studies have been conducted to evaluate the CGG repeat
patterns in Japanese (n = 21), Asians (n = 144), and
Taiwanese (n = 78) (Chen et al. 1997; Hirst et al. 1997;
Chiu et al. 2008). The CGG repeat patterns and flanking
haplotypes (DXS548-FRAXAC1-FRAXAC2) have been
investigated in 454 normal Singaporeans (Zhou et al. 2006).

Han Chinese are divided into southern Han and north-
ern Han, constituting 92% of the population of mainland
China and ~19% of the entire global human population
(Wen et al. 2004; Zhou et al. 2011). The CGG repeat pat-
terns and distribution for FRAXAC2 have not yet been
investigated in such a large population. We examined the
CGG repeat lengths in 1113 unaffected Han Chinese (534
males and 579 females), and the CGG repeat patterns of
the 534 males were determined by direct sequencing. We
also analyzed the flanking haplotypes (DXS548-FRA-
XACI1-FRAXAC2) in the 566 unaffected and 28 unrelated
fragile X Chinese males.

Materials and Methods

Study samples

This study was approved by the Ethics Committee of the
State Key Laboratory of Medical Genetics, Central South
University. Blood samples from 1145 unaffected individu-
als (566 males and 579 females) from southern Han and
northern Han were collected with informed consent.
Individuals were widespread across all 31 provinces of
mainland China (a province is the highest level of Chinese
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administrative division and territorial unit, analogous to a
state in the USA). Twenty-eight unrelated Chinese fragile X
males were derived from the State Key Laboratory of Medi-
cal Genetics, Central South University, with complete
informed consent of the patients and their parents. Geno-
mic DNA was extracted from peripheral blood leukocytes
using the proteinase-K-chloroform method.

STR markers genotyping

DXS548, FRAXACI1, and FRAXAC2 were amplified by
polymerase chain reaction (PCR) using AmpliTaq Gold
enzyme (Applied Biosystems, Shanghai, China). The
primers for DXS548, FRAXACI, and FRAXAC2 were as
described previously (Richards et al. 1991; Verkerk et al.
1991). Thermal cycling was performed in a C1000™ Ther-
mal Cycler with an enzyme activation step at 95°C for
5 min, followed by 32 cycles of 95°C for 45 sec, 62°C for
45 sec, and 72°C for 45 sec, and a final extension at 72°C
for 7 min. Analysis of FMRI CGG repeat length was con-
ducted as previously described (Saluto et al. 2005). Each
PCR product of the three STR markers and FMRI CGG
repeat was analyzed on the ABI 3100 Genetic Analyzer
(Applied Biosystems). In total, 224 females with the pres-
ence of a single amplicon peak were further examined by
Southern blot, to exclude possible large expanded CGG
alleles that cannot be amplified by PCR analysis.

Sequence analysis of FMR1 CGG repeat

A FMRI CGG repeat was amplified with the primers
(5'-GCGCTCAGCTCCGTTTCGGTTTCACTTCC and
5'-CCCAAGTCCAGTCCTTCCCTCCCAACAACA) using
LA Taq (TaKaRa), and the PCR products were analyzed
by sequencing. Thermal cycling was as follows: denatur-
ation at 96°C for 3 min and 10 cycles of 98°C for 20 sec,
65°C for 45 sec, and 72°C for 3 min, followed by 22
cycles of 98°C for 20 sec, 68°C for 3.5 min, and a final
extension at 68°C for 10 min.

Southern blot analysis

Five micrograms of blood DNA was digested with EcoR
I/Eag I, and hybridized with the digoxigenin-labeled
probe StB12.3 (11669940910; Roche, Shanghai, China) as
described (Gold et al. 2000).

Statistical analysis

Chi-square test was used to compare distributions for STR
markers, flanking haplotypes, and FRAXA locus between
populations as previously described (Peprah et al. 2010).
The expected heterozygosity (EH) value was calculated
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with the formula, EH = 1 — 2q” (q denotes the frequency
for each individual allele at STR markers or FRAXA locus).

Results

STR markers in unaffected Chinese
population

We genotyped, 566 unaffected Chinese males for three
STR markers (DXS548, FRAXACI1, and FRAXAC2) flank-
ing the FMRI gene locus. The nomenclatures of the STR
markers are as described previously (Eichler et al. 1996),
and all STR-based haplotypes in this study are con-
structed in the order, DXS548-FRAXACI1-FRAXAC2. We
identified six different alleles for both DXS548 and FRA-
XAC1, and eight different alleles for FRAXAC2 in the
Chinese population (Table 1). The most frequent alleles
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in the Chinese population were allele 7 for DXS548 and
allele 4 for FRAXACI. In this study, we discovered allele
2 for DXS548 and allele 1, 2, 5, and 6 for FRAXACI,
which have not been found in previous reports on main-
land Chinese and Taiwanese populations (Table 1). The
most abundant alleles for FRAXAC2 were alleles 7+, 4,
and 6 in the Chinese population (Fig. 1C). In general, the
Chinese population has a smaller number of alleles and a
lower EH than Caucasians and African Americans
(Table 2). With respect to DXS548, the most dominant
allele (allele 7) was the same among the three populations
(Fig. 1A). The most common alleles for FRAXACI1 and
FRAXAC2 in the Chinese population differ from that in
both Caucasians and African Americans (Fig. 1B and C).
The allele distributions for all three STR markers were
significantly different between the Chinese population and
the other two populations (Fig. 1A-C).

Table 1. Allele distributions for DXS548, FRAXACT, and FRAXAC2 in unaffected and fragile X Chinese populations.

Chinese Taiwanese
This study Zhong et al. (1999) Tzeng et al. (2005)

Alleles Unaffected FXS Unaffected FXS Unaffected FXS
DXS548

2 1(0.002) 1 (0.036)

1 (0.004)

5 2 (0.004) 3(0.013)

6 71 (0.125) 1 (0.036) 30 (0.132) 20 (0.741) 7 (0.070)

7 484 (0.855) 26 (0.928) 183 (0.806) 6(0.222) 90 (0.900) 27 (0.964)

8 7 (0.012) 10 (0.044) 1(0.037) 2 (0.020) 1(0.036)

9 1(0.002)

10 1(0.010)

Total 566 28 227 27 100 28

EH 0.253 0.135 0.330 0.401 0.185 0.069
FRAXAC1

1 1(0.002) 1(0.036)

2 1(0.002)

3 167 (0.295) 16 (0.571) 63 (0.292) 2 (0.074) 30 (0.300) 5(0.179)

4 395 (0.698) 11 (0.393) 153 (0.708) 25 (0.926) 70 (0.700) 23(0.821)

5 1(0.002)

6 1(0.002)

Total 566 28 216 27 100 28

EH 0.427 0.518 0.413 0.137 0.420 0.293
FRAXAC2

3 4 (0.007)

4 113 (0.200) 9 (0.321)

4+ 2 (0.004)

5 9 (0.016)

5+ 11 (0.019) 5(0.179)

6 91 (0.161) 1 (0.036)

6+ 35 (0.062) 3(0.107)

7+ 295 (0.521) 10 (0.357)

Total 566 28

EH 0.651 0.724

EH, expected heterozygosity; FXS, fragile X syndrome.
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Figure 1. Frequency distribution of STR markers flanking the FMR1 gene. DXS548 (A), FRAXAC1 (B), and FRAXAC2 (C) allele distributions among
the unaffected Chinese (n = 566; gray bars), Caucasians (n = 721; white bars), and African Americans (n = 637, black bars) (Crawford et al.
2000a). FMR, fragile X mental retardation 1.
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Table 2. Diversity of FRAXA and flanking STRs in unaffected Chinese population compared with other groups.

FRAXA DXS548 FRAXAC1 FRAXAC2
Population No. of alleles EH No. of alleles EH No. of alleles EH No. of alleles EH
Chinese' 33 0.678 6 0.253 6 0.427 8 0.651
Indonesians? 32 0.711
Japanese® 31 0.795
Caucasians® 42 0.838 10 0.485 6 0.469 13 0.687
African Americans® 34 0.808 14 0.685 6 0.603 18 0.88

EH, expected heterozygosity.

"This study: for FRAXA, n = 1692; for DXS548, FRAXAC1, and FRAXAC2, n = 566.

2Faradz et al. (2000), n = 1062.
30tsuka et al. (2010), n = 1161.
4Crawford et al. (2000a), n = 721.
>Crawford et al. (2000a), n = 637.

Our analysis identified 33 distinct haplotypes (DXS548-
FRAXACI-FRAXAC2) in the Chinese population, and the
most frequent haplotypes were 7-4-7+ (0.440), 7-3-4
(0.173), and 7-4-6 (0.141).

The CGG repeat lengths and patterns in
unaffected Chinese population

Collectively, we analyzed 1113 unaffected Chinese indi-
viduals (534 males and 579 females) for CGG repeat
lengths, and the CGG repeat patterns of 534 males were
further determined by sequence analysis (32 males were
excluded from the analysis of FMRI CGG repeat due to
lack of DNA sample). We identified 33 different CGG
repeat lengths on 1692 Chinese chromosomes (Table 2).
Chinese population has a similar number of CGG repeat
lengths when compared with that of Indonesian and Jap-
anese (Table 2). The most frequent allele was (CGG),9
followed by (CGG)s;y in the Chinese population
(Fig. 2A). Chinese population show both a smaller num-
ber of CGG repeat lengths and lower EH than Cauca-
sians and African Americans (Table 2). The distributions
of the CGG repeat lengths were statistically different
between the Chinese population and the other two pop-
ulations (Chinese vs. Caucasians: 12 = 230.2, P < 0.0001,
degrees of freedom [df] = 4; Chinese vs. African Ameri-
cans: ){2 = 144.6, P < 0.0001, df =4). Allele (CGG)sq
shows an almost identical or a slightly higher frequency
compared with (CGG),9 in African Americans and Cau-
casians, respectively (Fig. 2B). There was a second peak
at (CGG)se in the Chinese population, while a second
peak between 20 and 22 repeats was observed in Cauca-
sians and African Americans (Fig. 2B). We only identi-
fied one premutation female carrier with 89 CGG repeats
among the unaffected Chinese individuals of this study.
In the Chinese population, we found 62 different CGG
repeat patterns on 32 distinct haplotypes (Table 3). The

CGG repeat pattern is shown as the number of pure
CGGs followed by a (+) to indicate an AGG interruption
(ie, 9+9+9 represents (CGG)yAGG(CGG)sAGG
(CGG)y). The most common patterns in the Chinese
population were 9 +9 + 9 (0.489), 10 + 9 + 9 (0.246),
and 9+ 9 + 6 + 9 (0.074). The most frequent pattern in
Caucasians is 10 + 9 + 9 (0.275), and the frequency of
the 10 + 9 + 9 pattern (0.211) and the 9 + 9 + 9 pattern
(0.211) are almost equal in African Americans (Eichler
et al. 1996; Crawford et al. 2000b). The 9 +9 +6 + 9
pattern is absent in Caucasians and African Americans
(Eichler et al. 1996; Crawford et al. 2000b). The majority
of Chinese CGG repeat patterns had two AGG interrup-
tions (0.788; Table 3) in accordance with observations in
Caucasians, African Americans, and Ghanaians, whereas
the frequency of pure repeat alleles (0.015; Table 3) in the
Chinese population is the lowest compared with the other
three populations (Eichler et al. 1996; Crawford et al.
2000b; Peprah et al. 2010). All of the intermediate alleles
(4554 repeats) in the Chinese population contain two or
more AGG interruptions.

Association between the CGG repeat
patterns and flanking haplotypes

Our study shows that the FRAXACI alleles have a high
association with the CGG repeat lengths. In the Chinese
population, almost 73.6% of FRAXACI allele 4 were asso-
ciated with (CGG),o, while 77.3% of FRAXACI allele 3
were associated with (CGG)s,. Furthermore, we con-
firmed the presence of significant linkage disequilibrium
between FRAXACI alleles and the CGG repeat patterns in
the Chinese population. FRAXACI allele 4 strongly asso-
ciates with the 9 + n pattern (3> = 367.0, P < 0.0001,
df = 1), whereas FRAXACI allele 3 strongly associates
with the 10 + n pattern (3* = 163.0, P < 0.0001, df = 1)
in the Chinese population.

176 © 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.
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Figure 2. Frequency distribution of FMR7 CGG repeat length among the unaffected populations. (A) Chinese (n = 1692; gray bars), Indonesians
(n = 1062; white bars) (Faradz et al. 2000), and Japanese (n = 1161; black bars) (Otsuka et al. 2010). (B) Chinese (n = 1692; gray bars), Caucasians
(n = 200; white bars) (Crawford et al. 2000b), and African Americans (n = 213; black bars) (Eichler et al. 1996). FMR, fragile X mental retardation 1.

We determined the link between the CGG repeat pat-
terns and flanking haplotypes in the present study. The
patterns, 9 + 9+ 9 and 9 + 9 + 6 + 9, significantly asso-
ciate with the 7-4-7 + haplotype, and the 10 + 9 + 9 pat-
tern significantly associates with the 7-3-4 haplotype. The
patterns 9 + 9 + 16 and 9 + 16 + 9 with the same length
of the 9 + 9 + 6 + 9 pattern, were exclusively found on
the 7-4-7 + haplotype.

STR markers in Chinese fragile X population

Twenty-eight unrelated Chinese fragile X males were
genotyped for DXS548, FRAXACI, and FRAXAC2. For
FRAXACI and FRAXAC2, our fragile X population have
fewer alleles but higher EH when compared with our
unaffected population (Table 1). For DXS548, the fragile
X population shows both fewer alleles and lower EH than
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Table 3. Frequency of CGG repeat interspersion patterns among unaffected Chinese population (n = 534)

Interspersion No. Interspersion No. Interspersion No.
Pattern (Frequency) Pattern (Frequency) Pattern (Frequency)
9+9+9 262 (0.491) 8+9 1(0.002) 10+6+9 1(0.002)
1M0+9+9 130 (0.243) 9+6+6+9 1(0.002) 10+7+9 1(0.002)
9+9+6+9 39 (0.073) 9+6+9 1(0.002) 10+9 1(0.002)
9+ 19 13 (0.024) 9+8+9 1(0.002) 1M0+9+6+9 1(0.002)
19+9 7 (0.013) 9+9 1(0.002) 10+9+10 1(0.002)
9+ 13 4 (0.007) 9+9+6+6+9 1(0.002) 10+9+13 1(0.002)
10 +19 4 (0.007) 9+9+6+7+9 1(0.002) 10+10+9 1 (0.002)
9+9+16 3 (0.006) 9+9+7 1(0.002) 10+ 13 1(0.002)
9+10+9 3 (0.006) 9+9+7+9 1(0.002) 10+ 17 1 (0.002)
9+ 14 3 (0.006) 9+9+9+9 1(0.002) 10 + 21 1(0.002)
9+ 20 3 (0.006) 9+9+10 1(0.002) 1M+9+9 1(0.002)
9+ 21 3 (0.006) 9+9+ 11 1(0.002) 12+9+9 1 (0.002)
9 3 (0.006) 9+9+12 1(0.002) 13+9 1(0.002)
9+ 12 2 (0.004) 9+9+15 1(0.002) 14 +9 1(0.002)
9+ 16 2 (0.004) 9+9+19 1(0.002) 19+6+9 1(0.002)
9+ 23 2 (0.004) 9+9+ 31 1(0.002) 20+9 1(0.002)
9+ 24 2 (0.004) 9+ 11 1(0.002) 21+9 1(0.002)
10+9+ 11 2 (0.004) 9+11+9+9 1(0.002) 11 1(0.002)
10 + 20 2 (0.004) 9+ 15 1(0.002) 15 1 (0.002)
12+6+9 2 (0.004) 9+16+9 1(0.002) 19 1(0.002)
18 2 (0.004) 9+ 25 1(0.002)

the unaffected population (Table 1). The most abundant
alleles for DXS548 (allele 7) and FRAXAC2 (allele 7+)
were identical between the fragile X and unaffected popu-
lations (Table 1). With respect to FRAXACI, the most
frequent allele was allele 3 in the fragile X population,
whereas the most frequent allele was allele 4 in the unaf-
fected population. In previous fragile X samples from
mainland China and Taiwan, the most common allele for
DXS548 was allele 6 and allele 7, respectively, and both
fragile X samples share the most common allele for FRA-
XACI1 (allele 3; Table 1).

Our studies identified seven distinct haplotypes in the
fragile X population. The most frequent haplotypes, 7-4-7+
and 7-3-4, were the same between the fragile X and unaf-
fected populations. The 7-3-5+ haplotype accounted for
17.9% of all the fragile X chromosomes, which was signifi-
cantly underrepresented in the unaffected population. The
distribution of the 7-3-5+ haplotype differs statistically
between the fragile X and wunaffected populations
(4* = 24.0, P < 0.0001, df = 1).

Discussion

Large-scale population studies have been helpful to iden-
tify the factors that may influence CGG repeat instability
over the past decade (Eichler et al. 1996; Crawford et al.
2000a,b; Peprah et al. 2010). Han Chinese constitutes
92% of the population of mainland China and ~19% of

the entire global human population (Zhou et al. 2011).
To date, no systematic analysis of the FMRI CGG repeat
patterns and flanking haplotypes has been performed on
such a large population, and limited studies have been
conducted in Chinese fragile X population. To examine
this, we performed a detailed analysis of the FMRI CGG
repeat in a Han Chinese population, and a comprehensive
survey of the flanking haplotypes in both Chinese unaf-
fected and fragile X populations.

The most frequent alleles for DXS548 and FRAXACI
were identical among our Chinese population, previous
Chinese samples, and other Asians such as Indonesian, Jap-
anese, and Thai (Richards et al. 1994; Zhong et al. 1999;
Faradz et al. 2000; Limprasert et al. 2001; Tzeng et al.
2005). The distributions for both the CGG repeat lengths
and patterns in the Chinese population share similarities to
that in Singaporeans (Zhou et al. 2006). Among these two
populations, the most frequent allele was (CGG),q followed
by (CGG);p, and the most commonly observed patterns
were 9 +9+9, 10+9+9, and 9+ 9+ 6+ 9. In this
study, we identified several low abundance alleles for
DXS548 and FRAXACI that have not been found in previ-
ous studies on mainland Chinese and Taiwanese (Zhong
et al. 1999; Tzeng et al. 2005). Our analysis identified 33
distinct haplotypes (DXS548-FRAXAC1-FRAXAC2) in the
Chinese population, and the most frequent haplotypes are
7-4-7+ (0.440), 7-3-4 (0.173), and 7-4-6 (0.141), which are
similar to those of Singaporeans (Zhou et al. 2006). In

178 © 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.
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total, 71 and 202 types of haplotypes have been determined
in Caucasians and African Americans, respectively, and the
most common haplotype is 7-3-4+ (Crawford et al. 2000a)
that occurred on a single chromosome in the Chinese
population.

Previous studies have demonstrated an insertion of
(CGG) AGG in Asian populations such as Japanese, Sin-
gaporean, and Taiwanese (Chen et al. 1997; Hirst et al.
1997; Zhou et al. 2006; Chiu et al. 2008). Because the
9+ 9+ 9 pattern was the most common and putative
ancestral structure in Asians, it has been proposed that the
insertion of (CGG)s AGG mainly occurs on the 9 + 9 + 9
pattern, producing the basic structure 9 + 9 + 6 + 9 that
was prevalent in Asians (Chen et al. 1997; Hirst et al.
1997). The patterns 9+ 16+9, 9+ 9+ 16, and
9+15+9, share similar haplotype with the
9+ 9+ 6 +9 pattern in Japanese population and these
three patterns could have arisen from an A to C mutation
or a deletion of the AGG interruption inthe 9 + 9 + 6 + 9
pattern (Hirst et al. 1997). In the Chinese population of
this study, the 9 + 9 + 6 + 9 pattern was prevalent, fol-
lowed by the 9 +9 + 16,9 + 9 + 15, and 9 + 16 + 9 pat-
terns, all of which share the same haplotype 7-4-7+. These
patterns (9 +9 + 16, 9 + 9 + 15, and 9 + 16 + 9) could
have been generated from the 9 + 9 + 6 + 9 pattern in the
same manner as in Japanese population (Hirst et al. 1997).
The presence of (CGG)s AGG in patterns like
10+9+6+9, 12+6+9, 19+6+9, 9+6+6+9,
and 9 + 9 + 6 + 6 + 9 were also determined in this study,
which were absent in the proposed evolutionary pathways
in previous studies (Chen et al. 1997; Hirst et al. 1997;
Chiu et al. 2008). The observations indicate that the inser-
tion of (CGG)s AGG may occur on a number of distinct
CGG repeat patterns.

A previous study demonstrated founder effects on
mainland Chinese, and the 6-4 haplotype (DXS548-FRA-
XACI1) accounted for almost 62.5% of all fragile X chro-
mosomes and was significantly underrepresented in
unaffected individuals (Zhong et al. 1999). We identified
a novel haplotype 7-3-5+ (DXS548-FRAXACI1-FRAXAC2)
that significantly associates with the full mutation.

We present here a comprehensive characterization of
the FMRI CGG repeat in a large Chinese population. We
also demonstrate a systematic haplotype analysis of Chi-
nese unaffected and fragile X populations. The estimated
premutation carrier frequency varies in terms of ethnic
backgrounds, ranging from 1:251 in Spain, 1:246 in Fin-
land, and 1:382 in the USA to 1:113 in Israel (Ryynanen
et al. 1999; Toledano-Alhadef et al. 2001; Cronister et al.
2005; Fernandez-Carvajal et al. 2009). East Asians exhibit
a relative lower prevalence of premutation carriers than
the Caucasians. Only one premutation female carrier was
found among 1113 unaffected Chinese individuals in this

CGG Repeat and Flanking Haplotypes in Chinese Population

study. The premutation carrier frequency in Taiwan was
1:1674, and no premutation allele was found in 947 Japa-
nese individuals (Tzeng et al. 2005; Otsuka et al. 2010).
Additionally, we have summarized the FXS screening data
among patients with intellectual disability and autism
spectrum disorders in Chinese literatures since 1989. A
total of 14,265 Chinese patients with intellectual disability
in 53 studies were analyzed, 905 were identified as fragile
X full mutation, representing a prevalence of 6.3%. 2.1%
frequency of FXS in 894 Chinese patients with autism
spectrum disorders were obtained through five studies,
respectively (unpubl. data Li Yu (Yu L) & Ranhui Duan
(Duan R)). The FXS prevalence among patients with
intellectual disability and autism spectrum disorders pre-
sents a similar level as the Caucasians.

The development of genetic testing protocols and
genetic counseling guidelines for FXS have just started in
China. To date, 130 certified laboratories offering FXS test
services (registered in the National Institutes of Health
Genetic Testing Registry; available online at http://www.
ncbi.nlm.nih.gov/gtr/) are located in 27 countries, and 68
certified laboratories are in the USA. There are 34 prov-
inces in China, but only a few provincial-level hospitals
provide genetic testing services for FXS (Li et al. 2013).
Considering the premutation carrier frequency and imbal-
ances in the regional development in China, at least one
qualified laboratory with FXS genetic testing services in
every province are needed to meet the projected demands.
It is imperative to carry out large-scale FMRImutation
screening for Chinese Han and other ethnics, which may
guide the establishment of genetic testing and counseling
services, and eventually help the families affected with
FXS in China.

Acknowledgments

We are grateful to the participators for their invaluable
dedication to fragile X research. This work was funded in
part by grants from the National Key Basic Research Pro-
gram of China (grant number: 2012CB944600), National
Natural Science Foundation of China (grant numbers:
81071028, 81172513), Program for New Century Excellent
Talents in University (grant number: NCET-10-0832).

Conflict of Interest

None declared.

References

Boyle, L., and W. E. Kaufmann. 2010. The behavioral
phenotype of FMR1 mutations. Am. J. Med. Genet. C
Semin. Med. Genet. 154¢:469-476.

© 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 179



CGG Repeat and Flanking Haplotypes in Chinese Population

Chen, S. H., J. M. Schoof, N. E. Buroker, and C. R. Scott.
1997. The identification of a (CGG)6AGG insertion within
the CGG repeat of the FMRI gene in Asians. Hum. Genet.
99:793-795.

Chiu, H. H., Y. T. Tseng, H. P. Hsiao, and H. H. Hsiao. 2008.
The AGG interruption pattern within the CGG repeat of
the FMRI gene among Taiwanese population. J. Genet.
87:275-277.

Crawford, D. C., C. E. Schwartz, K. L. Meadows, J. L.
Newman, L. F. Taft, C. Gunter, et al. 2000a. Survey of the
fragile X syndrome CGG repeat and the short-tandem-
repeat and single-nucleotide-polymorphism haplotypes in
an African American population. Am. J. Hum. Genet.
66:480—493.

Crawford, D. C., F. Zhang, B. Wilson, S. T. Warren, and S. L.
Sherman. 2000b. Fragile X CGG repeat structures among
African-Americans: identification of a novel factor responsible
for repeat instability. Hum. Mol. Genet. 9:1759-1769.

Cronister, A., M. DiMaio, M. J. Mahoney, A. E. Donnenfeld,
and S. Hallam. 2005. Fragile X syndrome carrier screening
in the prenatal genetic counseling setting. Genet. Med.
7:246-250.

Eichler, E. E., J. J. Holden, B. W. Popovich, A. L. Reiss, K.
Snow, S. N. Thibodeau, et al. 1994. Length of uninterrupted
CGG repeats determines instability in the FMR1 gene. Nat.
Genet. 8:88-94.

Eichler, E. E., J. N. Macpherson, A. Murray, P. A. Jacobs,
A. Chakravarti, and D. L. Nelson. 1996. Haplotype
and interspersion analysis of the FMR1 CGG repeat
identifies two different mutational pathways for the
origin of the fragile X syndrome. Hum. Mol. Genet.
5:319-330.

Faradz, S. M., M. Z. Pattiiha, D. A. Leigh, M. Jenkins, J.
Leggo, M. F. Buckley, et al. 2000. Genetic diversity at the
FMRI locus in the Indonesian population. Ann. Hum.
Genet. 64(Pt. 4):329-339.

Fernandez-Carvajal, I., P. Walichiewicz, X. Xiaosen, R. Pan, P.
J. Hagerman, and F. Tassone. 2009. Screening for expanded
alleles of the FMR1 gene in blood spots from newborn
males in a Spanish population. J. Mol. Diagn. 11:324-329.

Gold, B., D. Radu, A. Balanko, and C. S. Chiang. 2000.
Diagnosis of Fragile X syndrome by Southern blot
hybridization using a chemiluminescent probe: a laboratory
protocol. Mol. Diagn. 5:169—178.

Hagerman, R. J., and P. J. Hagerman. 2002. The fragile X
premutation: into the phenotypic fold. Curr. Opin. Genet.
Dev. 12:278-283.

Hirst, M. C., P. K. Grewal, and K. E. Davies. 1994. Precursor
arrays for triplet repeat expansion at the fragile X locus.
Hum. Mol. Genet. 3:1553-1560.

Hirst, M. C., T. Arinami, and C. D. Laird. 1997. Sequence
analysis of long FMR1 arrays in the Japanese population:
insights into the generation of long (CGG)n tracts. Hum.
Genet. 101:214-218.

W. Huang et al.

Hunter, J., O. Rivero-Arias, A. Angelov, E. Kim, L
Fotheringham, and J. Leal. 2014. Epidemiology of fragile X
syndrome: a systematic review and meta-analysis. Am. J.
Med. Genet. A 164:1648—1658.

Kremer, E. J., M. Pritchard, M. Lynch, S. Yu, K. Holman, E.
Baker, et al. 1991. Mapping of DNA instability at the fragile
X to a trinucleotide repeat sequence p(CCG)n. Science
252:1711-1714.

Kunst, C. B,, and S. T. Warren. 1994. Cryptic and polar
variation of the fragile X repeat could result in predisposing
normal alleles. Cell 77:853-861.

Li, J., W. Huang, S. Luo, Y. Lin, and R. Duan. 2013. Attitude
of medical school students in China towards genetic testing
and counseling issues in FXS. J. Genet. Couns. 22:733-740.

Limprasert, P., V. Saechan, N. Ruangdaraganon, T. Sura, P.
Vasiknanote, S. Jaruratanasirikul, et al. 2001. Haplotype
analysis at the FRAXA locus in Thai subjects. Am. J. Med.
Genet. 98:224-229.

Nolin, S. L., A. Glicksman, X. Ding, N. Ersalesi, W. T. Brown, S.
L. Sherman, et al. 2011. Fragile X analysis of 1112 prenatal
samples from 1991 to 2010. Prenat. Diagn. 31:925-931.

Oberle, L., F. Rousseau, D. Heitz, C. Kretz, D. Devys, A.
Hanauer, et al. 1991. Instability of a 550-base pair DNA
segment and abnormal methylation in fragile X syndrome.
Science 252:1097-1102.

Otsuka, S., Y. Sakamoto, H. Siomi, M. Itakura, K. Yamamoto,
H. Matumoto, et al. 2010. Fragile X carrier screening and
FMRI allele distribution in the Japanese population. Brain
Dev. 32:110-114.

Peprah, E. K., E. G. Allen, S. M. Williams, L. M. Woodard,
and S. L. Sherman. 2010. Genetic diversity of the fragile X
syndrome gene (FMR1) in a large Sub-Saharan West African
population. Ann. Hum. Genet. 74:316-325.

Poon, P. M,, C. P. Pang, Q. L. Chen, N. Zhong, K. Y. Lai, C.
H. Lau, et al. 1999. FRAXACI1 and DXS548 polymorphisms
in the Chinese population. Am. J. Med. Genet. 84:208-213.

Richards, R. I, K. Holman, H. Kozman, E. Kremer, M. Lynch,
M. Pritchard, et al. 1991. Fragile X syndrome: genetic
localisation by linkage mapping of two microsatellite repeats
FRAXACI and FRAXAC2 which immediately flank the
fragile site. J. Med. Genet. 28:818-823.

Richards, R. L., I. Kondo, K. Holman, M. Yamauchi, N. Seki,
K. Kishi, et al. 1994. Haplotype analysis at the FRAXA locus
in the Japanese population. Am. J. Med. Genet. 51:412—416.

Ryynanen, M., S. Heinonen, M. Makkonen, E. Kajanoja, A.
Mannermaa, and K. Pertti. 1999. Feasibility and acceptance
of screening for fragile X mutations in low-risk pregnancies.
Eur. J. Hum. Genet. 7:212-216.

Saluto, A., A. Brussino, F. Tassone, C. Arduino, C. Cagnoli, P.
Pappi, et al. 2005. An enhanced polymerase chain reaction
assay to detect pre- and full mutation alleles of the fragile X
mental retardation 1 gene. J. Mol. Diagn. 7:605-612.

Snow, K., D. J. Tester, K. E. Kruckeberg, D. J. Schaid, and S.
N. Thibodeau. 1994. Sequence analysis of the fragile X

180 © 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc.



W. Huang et al.

trinucleotide repeat: implications for the origin of the fragile
X mutation. Hum. Mol. Genet. 3:1543—1551.

Toledano-Alhadef, H., L. Basel-Vanagaite, N. Magal, B. Davidov,
S. Ehrlich, V. Drasinover, et al. 2001. Fragile-X carrier
screening and the prevalence of premutation and full-
mutation carriers in Israel. Am. J. Hum. Genet. 69:351-360.

Tzeng, C. C., L. P. Tsai, W. L. Hwu, S. J. Lin, M. C. Chao, Y.
J. Jong, et al. 2005. Prevalence of the FMR1 mutation in
Taiwan assessed by large-scale screening of newborn boys
and analysis of DXS548-FRAXACI1 haplotype. Am. J. Med.
Genet. A 133a:37—43.

Verkerk, A. J., M. Pieretti, J. S. Sutcliffe, Y. H. Fu, D. P. Kuhl,
A. Pizzuti, et al. 1991. Identification of a gene (FMR-1)
containing a CGG repeat coincident with a breakpoint
cluster region exhibiting length variation in fragile X
syndrome. Cell 65:905-914.

Wang, T., S. M. Bray, and S. T. Warren. 2012. New
perspectives on the biology of fragile X syndrome. Curr.
Opin. Genet. Dev. 22:256-263.

CGG Repeat and Flanking Haplotypes in Chinese Population

Wen, B., H. Li, D. Lu, X. Song, F. Zhang, Y. He, et al. 2004.
Genetic evidence supports demic diffusion of Han culture.
Nature 431:302-305.

Zhong, N., W. Yang, C. Dobkin, and W. T. Brown. 1995.
Fragile X gene instability: anchoring AGGs and linked
microsatellites. Am. J. Hum. Genet. 57:351-361.

Zhong, N., W. Ju, W. Xu, L. Ye, Y. Shen, G. Wu, et al. 1999.
Frequency of the fragile X syndrome in Chinese mentally
retarded populations is similar to that in Caucasians. Am. J.
Med. Genet. 84:191-194.

Zhou, Y., K. Tang, H. Y. Law, I. S. Ng, C. G. Lee, and S. S.
Chong. 2006. FMR1 CGG repeat patterns and flanking
haplotypes in three Asian populations and their
relationship with repeat instability. Ann. Hum. Genet. 70
(Pt. 6):784-796.

Zhou, Q., X. Yu, C. Shu, Y. Cai, W. Gong, X. Wang, et al.
2011. Analysis of CYP3A4 genetic polymorphisms in Han
Chinese. J. Hum. Genet. 56:415-422.

© 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 181



