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Polyalanine expansion of PHOX2B in congenital
central hypoventilation syndrome: rs17884724:A>C
is associated with 7-alanine expansion

Hiroko Arai!, Tesshu Otagiri!, Ayako Sasaki!, Kazuo Umetsu? and Kiyoshi Hayasaka!

With congenital central hypoventilation syndrome (CCHS), most patients have a de novo 5-13 polyalanine expansion mutation
in PHOX2B. We reported previously that de novo polyalanine expansion mutations were of paternal origin and were derived from
unequal sister chromatid exchange during spermatogenesis in six and four informative families, respectively. In this study, we
analyzed the relationship between haplotypes and de novo polyalanine expansion in PHOX2B and found that haplotypes carrying
rs17884724:A>C were detected frequently in 7-alanine expanded (27-alanine) mutant alleles, which are the most prevalent
mutations in CCHS. The allele with rs17884724:A>C made fewer nucleotide mismatches in the misalignment at crossing-over
than the allele without rs17884724:A>C. The high frequency of rs17884724:A >C in 7-alanine expansion (27-alanine)
mutations also supported. the unequal crossover mechanism for polyalanine expansion. We also confirmed the paternal origin of
de novo polyalanine expansion mutation and unequal sister chromatid exchange association in three more patients. In spite of
paternal bias, the paternal age effect on CCHS incidence was not observed. De novo polyalanine expansion mutations are mainly
derived from unequal sister chromatid exchange during spermatogenesis because of replication and/or repair systems that are

specific for spermatogenesis.

Journal of Human Genetics advance online publication, 30 October 2009; doi:10.1038/jhg.2009.109

Keywords: congenital central hypoventilation syndrome; PHOX2B; polyalanine; trinucleotide repeats; unequal sister chromatid

exchange

INTRODUCTION

Congenital central hypoventilation syndrome (CCHS; MIM 209880)
is characterized by failure of the automatic control of breathing during
sleep, and results from the dominant PHOXZB mutation. About 90%
of patients have de novo polyalanine expansion mutations: in the
polyalanine tract of 20 residues.!® Approximately 5% of patients
inherit polyalanine expansion mutations mostly from asymptomatic
parents with somatic mosaicism and rarely from affected parents.
Polyalanine expansion disorders constitute one family of homopoly-
mer expansion disorders, including at least nine disorders. Expanded
polyalanine tracts dre encoded for by impetfect GCA, GCG; GCC and
GCT repeats; they are meiotically and somatically stable.: Warren”
inferred unequal crossover as a causative mechanism of the poly-
alanine expansion of HOXDI3 in synpolydactyly I In 2007, we
reported that de nove polyalanine expansion mutations of PHOX2B
were of paternal origin and were derived from' unequal sister chro-
miatid exchange in six and four informative CCHS families, respec-
tively.® In contrast; Trochet ef al® suggested mechanisms other than
unequal crossing-over on' the basis of data of three rare complex

polyalanine éxpansion mutations: Parodi et al.!% reported that de nove
polyalanine expansion  of PHOX2B was' derived,; respectively, from
maternal allele and: paternal allele in- 7-and 13 CCHS patients.

Inthis: paper, we' studied' the' relationship: between “haplotypes
and. polyalanine expansion in PHOX2B and found: that haplotypes
carrying rs17884724:A > C-are associated with' a 7-alanine expansion
(27-alanine) ' mutation,” which suppotts: that- unequal® crossover: is
involved- i de’ nove polyalanine: expansion nuitation. We also con-
firmed paternal origin and association with' unequal sister chromatid
exchange: during spermatogenesis of polyalanine expansion in' three
more CCHS patierits.

MATERIALS AND METHODS

The ethics cominiitée of the Yamagata University School of Medicine approved
this study. After receiving written informed consent from the patients’ families,
peripheral bloed was collected from patients and family members for genomic
DNA extraction. We studied 39 patients (inale/female ratio, 18:21) with CCHS,
including 29 previously analyzed cases and 18 newly diagnosed patients 25!
Seven patients carried 5, 13 patients carried 6, 14 patients carried 7, stngle
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patients each carried 10, 11 and 12, and 2 patients carried 13 polyalanine
expansion mutations. We analyzed six single-nucleotide polymorphisms
(SNIPs) and three deletion-insertion polymorphisms (DIPs) in PHOX2B as
follows: one DIP (n72266779) and two SNPs (154608840 and rs6811325) in
intron 1, one SNIP (rs2196822) and two DIPs (133038692 and rs10614480) in
intron 2 and three SNPs (rs17884724, rs6826373 and rs11723860) in exon 3.
They were all within the same haplotype block. For the analysis of SNPs and
DIPs, we amplified the PHOX2B genome using three-set primers described in
our previous paper.’ We studied all SNPs and DIPs by sequence determination
using amplified products from genomic DNA and after subcloning of PCR-
amplified products into the TA cloning vector. The primers used for sequence
determination were designed on the basis of the genomic databuse (accession
number NC_000004.10). We classified the haplotypes into five (A-E) groups
on the basis of the information of SNPs and DIPs, and determined the parental
arigin and chromosomal events of polyalanine expansion by haplotype analysis.
Paternity was confirmed using 16 markers provided with the AmpFLSTR
identifier kit (PE Applied Biosystems, Foster City, CA, USA). Comparison of
1517884724:A>C frequencies in wild (20-alanine) alleles and mutant poly-
alanine expanded alleles was performed by Fisher's test, P-values <0.03 were
considered to be significant.

RESULTS

We detected polyalanine expansion mutations of PHOX2B in 39
patients. Familial mutant analysis and paternity testing indicated
that each mutation in all families occurred as a de novo event.

To investigate the relationship between haplotypes and polyalanine
expansion in PHOX2B, we determined six SNPs and thiree DIPs in 108
PHOX2Bs cartying the 20-alanine ttact from healthy control indivi-
duals and 39 PHOX2Bs carrying the 25-33 (5~13 expanded) alanine
tract from CCHS patients. On the basis of data from SNPs and DIPs,
we classified them into five (A~E) haplotypes (Table 1). Table 2
presents a comparison of haplotypes between wild alleles with 20~
alanine tracts and mutant alleles with 25 to 33-alanine tracts. The
number of participants in our study limited the statistical analysis of
the relationship between the haplotype and the polyalanine expansion.
However, one allele of haplotype B and nine alleles of haplotype D
were detected in 27-alanine (7-alanine expanded) mutant alleles, a
most prevalent expansion mutation. Both haplotypes carry
1517884724:A > C.- The frequency: of rs17884724A>C in' the wild
alleles with' the: 20-alanine tract was 0.10; however, the frequency of
1s17884724:A 3 C in miutant alleles with the 27-alanine tract was 0.71,
a significantly high frequency (P<0.01). In contrast, haplotypes B and
D carrying 1517884724:A> C were very ' few’ (or: notie} in’ other
polyalanine expansion’ mutations'and there was 1o’ significant: differ-
ence i the frequency of rs17884724:A> C between: wild and other
alanine expanded alleles. As: presented in Figure I, the allele: with
rs17884724:A5 C is expected to form fewer nucleotide mismatches in
the: misalignment at crossover than the allele with rs17884724:A,

Regarding the paternal origin and- alaninie expansion mechanism;
we stidied 10 newly diagnosed families on the basis of haplotype

Table 1 PHOX2B haplotypes

information. We confirmed the paternal origin of expansion mutation
and unequal sister chromatid exchange event during spermatogenesis
in three informed families (Figure 2). We also identified three
other patients who possibly rteceived mutant alleles from their
fathers because these patients inherited normal alleles from their
mothers and were negative for the maternal disomy of chromosome
4 by the detection of paternal FGA (marker on chromosome 4) by a
paternity test.

To investigate whether the frequent mitotic division in paternal
gametogenesis is associated with this paternal bias, we studied a ‘male
age effect on the incidence of CCHS’ in 34 informative families.
However, we were unable to detect any effect of paternal age on the
offspring of patients, as depicted in Figure 3, suggesting that simple
replication errors are not a major cause of de nevo polyalanine
expansion mutation of PHOX2B.

DISCUSSION

Trinucleotide repeat sequences encoding polyalanine or polyglutamine
tracts can form secondary structures. The formation of these second-
ary structures is considered to compromise DNA replication, thereby
leading to expansion of those repeat sequences.!? In contrast to strand
slippage in complete trinucleotide repeats encoding polyglutamine
tracts in polyglutamine expansion disorders, incomplete trinucleotide
repeats encoding polyalanine tracts in polyalanine expansion disorders
were considered to result from an unequal crossover.” As a matter of
fact, CCHS is a polyalanine expansion disorder; most patients have a
de novo 5-13 polyalanine expansion mutation in PHOXZB, In con-
trast, 5~13 polyalanine contractions are detected in normal healthy
controls as polymorphisms. Combined with our previous report, we
studied 23 families with a de novo polyalanine expansion and found
that 9 {about 40%) families were informative for the parental origin of

Table 2 Haplotypes and polyalanine expansion

Haplotypes
Alleles A B c D E Total
Wild 20 Ala alleles 86 2 8 9 3 108
Expanded Ala alfefes 23 1 4 11 0 39
25 Ala alteles 5 [ 1 1 0 7
26 Ala aliefes 1t 0 2 Y O 13
27 Ala allefes 3 1 1 9 o] 14
30 Ala aileles i 0 0 [ o 1
31 Als alleles 1 o [} 0 0 1
32 Alaalleles I3 0 (1} 0 0 1
33 Ala‘alieles 1 8] O 1 0 2

Data of wild alieles de not confain alanine-contracted alleles becatise some contracted alleles
have no informaticn of rs17884724,

SNPs and DIPs
Haplotypes 1572266779 54608840 rs6811325 753038692 1510614480 152196822 517884724 156826373 1511723860
A ag c c ct — a a [ g
B ag [+ c ct - a [= [+ g
c e 1 t — e [ a t a
D ag { t — —_— c [ t a
E ag =3 < <t - a a t a

Abbreviations: DIP, deletion insertien polymorphism; SNP, single nucleotide polymorphism.
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Figure 1 inferred alignment of polyalanine tracts of PHOXZ2B producing
7-alanine expansion by unequal crossing-over. Each distinct alanine codon
is represented as a unique circle. The allele with rs17884724:A>C is
expected to form fewer nucleotide mismatches than the aliele with
rs17884724:A.
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Figure 2 Parental origin of de novo polyalanine expansion. Affected
individuals are represented as solid” symbols. Haplotypes and length of
polyalanine tracts are shown beneath each subject. Polyalanine expanded
alleles are described in bold. The patient in family | had a mutant 27-afanine
allele showing haplotype C, which was derived from the father. The patient
in family It had a mutant 26-alanine allele showing haplotype C and the
patient in family i had a mutant 25-alanine allele showing haplotype D;
haplotype information revealed that each expanded allele was derived from
the allele of each patient's father. The patients in families 1V, V- and VI
inherited wild 20-alanine alieles- from their mothers and had no maternal
disomy of chromosome 4, suggesting that mutant polyalanine expanded
alleles (27-alanine alleles in families IV and V, and 25-alanine allele in
family Vi) were transmitted from fathers.

the mutant allele and all nine mutant alleles were of paternal origin. In
addition, seven among nine (about 30%) families were also informa-
tive for chromosomal event and all seven mutations were derived from

Polyatanine expansion of PHOX28B in CCHS
H Avai ef af

Number of the patients

21-256 26-30 31-35 36-40 41-45 46-50
Paternal age (years)

Figure 3 Paternal age effect on the incidence of congenital central
hypoventilation syndrome {CCHS). information regarding parental age was
available for 34 of 39 patients. Black bars represent nine patients for whom
paternal origin of polyalanine expansion was confirmed by haplotype
analysis.
an unequal sister chromatid exchange during spermatogenesis.®
Regarding the relationship between haplotypes and polyalanine
expansion, haplotypes carrying rs17884724:A>C were frequently
detected in de novo 7-alanine expanded (27-alanine) alleles from
unrelated patients. The 7-alanine expansion (27-alanine) mutation is
the most prevalent expansion mutation. As presented in Figute 1, the
allele with rs17884724:A>C is expected to form fewer nucleotide
mismatches in the misalignment at crossover than the allele with
rs17884724:A. Prevalence of rs17884724:A>C in 7-alanine expanded
(27-alanine) alleles would also support that most de nove polyalanine
expansion mutations are derived from an unequal crossover.
Regarding the parental origin and chromosomal events of poly-
alanine expansion, informative families by haplotype analysis are not
many, about 30% of families. However, data from our informative
families showed that all de siovo polyalanine expansion mutations were
of paternal origin and were derived from an unequal sister chromatid
exchange during spermatogenesis.® Parodi e al. % studied 20 informa-
tive cases of parental origin by analyzing three SNPs and reported that
de novo polyalanine expansion had occurred on the maternal allele in
7 patients and on the paternal allele in 13 patients. The reason for the
difference from our data vemains unclear; however; we' cannot deny
the possible influence of reaction artifacts during long PCR amplifica-
tion. To avoid the influence of PCR errors, haplotype analysis seems
to be'a suitable method to study. Paternal expansion bias was also
reported in most polyglutamine expansion disorders, another homo-
polymer expansion. disorder,”” as well as in Duchenne muscular
dystrophy and achondrodysplasia.'*'* Frequent mitotic division in
paternial gametogenesis might contribute to sex differences in poly-
alanine expansion mutation rates. However, a ‘male age effect’ was not
observed, as depicted in Figure 3, suggesting that simple replication
errors.-are: not a major cause of de novo polyalanine expansion
mutation of PHOX2B: Frequent unequal sister chromatid exchange
was observed in the yeast with Sgsl (honiolog of human BLM) or
Mphl (homolog of human FANCM) mutants.!®!7 In- addition,
increased: sister chromatid- exchange frequency in SgsI mutants was
reduced markedly by the disruption of the Rad52 or Msh2 gene, which
is involved in mismatch repair.!® De Gregori et al!® studied the
parental origin of deletions in 5 de novo reciprocal translocations of
chromosomes and 11 de novo complex chromosome rearrangements.
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