as the primary target, followed by the epimutation (hypomethyla-
tion) of the MEG3-DMR after fertilization; and (2) Loss of the
hypermethylated DMRs of paternal origin has no effect on the
imprinting status [2,26], so that upd(l4)mat-like phenotype is
primarily ascribed to the additive effects of loss of functional DLKY
and RTLI from the paternally derived chromosome (the effects of
loss of DIO3 appears to be minor, if any [2,35]). Although the
MEGs expression dosage is predicted to be normal in Deletion-4
and Deletion-5 and doubled in Epimutation-2 as well as in
upd(14)mat, it remains to be determined whether the difference in
the MEG;s expression dosage has major clinical effects or not. (C)
Normal and upd(14)pat/mat subjects.

Found at: doi:10.1371/journal. pgen.1000992.5003 (2.72 MB TIF)

Table S The results of microsatellite and SNP analyses.
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Parthenogenetic chimaerism/mosaicism with
a Silver-Russell syndrome-like phenotype

K Yamazawa,? K Nakabayashi,> M Kagami,' T Sato,’ S Saitoh,* R Horikawa,®
N Hizuka,® T Ogata’

ABSTRACT

Intreduction We report a 34-year-old Japanese female
with a Silver-Russell syndrome (SRS)-like phenotype and
a mosaic Turner syndrome karyotype (45,X/46,XX).
Methods/Results Molecular studies including
methylation analysis of 17 differentially methylated
regions (DMRs} on the autosomes and the XIST-DMR on
the X chromosome and genome-wide microsatellite
analysis for 96 autosomal loci and 30 X chremosomal loci
revealed that the 46,XX cell lineage was accompanied by
maternal uniparental isodisomy for all chromosomes
{upid(AC)mat), whereas the 45,X cell lineage was
associated with biparentally derived autosomes and

a maternally derived X chromosome. The frequency of
the 46,XX upid{AC)mat cells was calculated as 84% in
leukocytes, 56% in salivary cells, and 18% in buccal
epithelial cells.

Discussion The results imply that a parthenogenetic
activation took place around the time of fertilisation of
a sperm missing a sex chromosome, resulting in the
generation of the upid{AC)mat 46,XX cell lineage by
endoreplication of one blastomere containing a female
pronucleus and the 45,X cell lineage by union of male
and female pronuclei. It is likely that the extent of overall
{epi)genetic aberrations exceeded the threshold level for
the development of SRS phenotype, but not for the
occurrence of other imprinting disorders or recessive
Mendelian disorders.

Although a mammal with maternal uniparental
disomy for all chromosomes (upd(AC)mat) is
incompatible with life because of genomic
imprinting,' a mammal with a upd(AC)mat cell
lineage could be viable in the presence of a co-
existing normal cell lineage. In the human, Strain
et al? have reported 46,XX peripheral blood cells
with maternal uniparental isodisomy for all chro-
mosomes (upid(AC)mat) in a 1.2-year-old pheno-
typically male patient with aggressive behaviour,
hemifacial hypoplasia and normal birth weight.
Because of the 46, XX disorders of sex development,
detailed molecular studies were performed,
revealing the presence of a normal 46XY cell
lineage in a vast majority of skin fibroblasts and
a upid(AC)mat 46,XX cell lineage in nearly all blood
cells. In addition, although the data are insufficient
to draw a definitive conclusion, Horike er al® have
also identified 46,XX peripheral blood cells with
possible upd(AC)mat in a phenotypically male
patient through methylation analyses for plural
differentially methylated regions (DMRs) in 11
patients with Silver—Russell syndrome (SRS)-like
phenotype. This patient was found to have

a normal 46,XY cell lineage and a triploid 69,XXY
cell lineage in skin fibroblasts.

However, such patients with a upd(AC)mat cell
lineage remain extremely rare, and there is no
report describing a buman with such a cell lineage
in the absence of a normal cell lineage. Here, we
report a female patient with a upid(AC)mat 46,XX
cell lineage and a non-upd 45X cell lineage who
was identified through genetic screenings of 103
patients with SRS-like phenotype.

MIATERIALS AND METHODS

Case report

This Japanese female patient was conceived naturally
and born at 40 weeks of gestation by a normal vaginal
delivery. At birth, her length was 44.0 cm (—3.1 SD),
her weight 2.1 kg (—2.9 SD) and her occipitofrontal
head circumference (OFC) 30.5 cm (—2.3 SD). The
parents and the younger brother were clinically
normal (the father died from a traffic accident).

At 2 years of age, she was referred to us because
of growth failure. Her height was 77.7 cm (-2.5
SD), her weight 8.45 kg (—2.6 SD) and her OFC
435 cm (—2.5 SD). Physical examination revealed
several SRS-like somatic features such as triangular
face, right hemihypoplasia and bilateral fifth finger
clinodactyly. She also had developmental retarda-
tion, with a developmental quotient of 56. Endo-
crine studies for short stature were normal as were
radiological studies. Cytogenetic analysis using
lymphocytes indicated a low-grade mosaic Turner
syndrome (TS) karyotype, 45,X[3]/46,XX[47].
Thus, a screening of TS phenotype* was performed,
detecting horseshoe kidney but no body surface
features or cardiovascular lesion. Chromosome
analysis was repeated at 6 and 32 years of age using
lymphocytes, revealing a 45,X[8]/46,XX[92]
karyotype and a 45,X[12]/46,XX[88] karyotype,
respectively. On the last examination at 34 years of
age, her height was 125.0 cm (—6.2 SD), her weight
37.5kg (—2.0 SD) and her OFC 51.2 cm (—2.8 SD).
She was engaged in a simple work and was able to
get on her daily life for herself.

Sample preparation

This study was approved by the Institutional
Review Board Committees at National Center for
Child health and Development. After obtaining
written informed consent, genomic DNA was
extracted from leukocytes of the patient, the
mother and the brother and from salivary cells,
which comprise ~40% of buccal epithelial cells and
~60% of leukocytes,” of the patient. Lymphocyte
metaphase spreads and leukocyte RNA were also
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obtained from the patient. Leukocytes of healthy adults and
patients with imprinting disorders were utilised for controls.

Primers and probes
The primers utilised in this study are summarised in supple-
mentary methods and supplementary tables 1-—3.

DMR analyses

We first performed bio-combined bisulfite restriction analysis
(COBRA)® and bisulfite sequencing of the H19-DMR (A) on
chromosome 11p15.5 by the previously described methods” and
methylation-sensitive PCR analysis of the MMEST-DMR (A) on
chromosome 7q32.2 by the previously described methods® with
minor modifications (the methylated and unmethylated allele-
specific primers were designed to yield PCR products of different
sizes, and the PCR products were visualised on the 2100 Bioa-
nalyzer (Agilent, Santa Clara, California, USA)). This was
because hypomethylation (epimutation) of the normally meth-
ylated H19-DMR of paternal origin and maternal uniparental
disomy 7 are known to account for 35—65% and 5—10% of SRS
patients, respectively.” '° In addition, fluorescence in situ
hybridisation (FISH) analysis was performed with a ~84-kb
RP5-998N23 probe containing the H79-DMR (BACPAC
Resources Center, Oakland, California, USA). We also examined
multiple other DMRs by bio-COBRA. The ratio of methylated
clones (the methylation index) was calculated using peak
heights of digested and undigested fragments on the 2100
Bioanalyzer using 2100 expert software.

Genome-wide micresatellite analysis

Microsatellite analysis was performed for 96 autosomal loci and
30 X chromosomal loci. The segment encompassing each locus
was PCR-amplified, and the PCR product size was determined
on the ABI PRISM 310 autosequencer using GeneScan software
(Applied Biosystems, Foster City, California, USA).

PCR analysis for Y chromosomal loci
Standard PCR was performed for six Y chromosomal loci. The
PCR products were electrophoresed using the 2100 Bioanalyzer.

Expression analysis

Quantitative real-time reverse transcriptase PCR analysis was
performed for three paternally expressed genes (IGF2, SNRPN
and ZAC1) and four maternally expressed genes (H19, MEG3,
PHLDAZ and CDKN1C) that are known to be variably (usually
weakly) expressed in leukocytes (UniGene, http://www.ncbi.
nlm.nih.gov/sites/entrez 2db=unigene), using an ABI Prism 7000
Sequence Detection System (Applied Biosystems). TBP and
GAPDH were utilised as internal controls.

RESULTS

DMR analyses

In leukocytes, the bio-COBRA indicated severely hypomethy-
lated H19-DMR, and bisulfite sequencing combined with
152251375 SNP typing for 30 clones revealed maternal origin of
29 hypomethylated clones and non-maternal (paternal) origin of
a single methylated clone in this patient (figure 1A). Thus, the
marked hypomethylation of the H19-DMR was caused by
predominance of maternally derived clones rather than hypo-
methylation of the H19-DMR of paternal origin. FISH analysis
for 100 lymphocyte metaphase spreads excluded an apparent
deletion of the paternally derived H19-DMR or duplication of
the maternally derived H79-DMR (Supplementary figure 1).
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Methylation-sensitive PCR amplification for the MEST-DMR
delineated a major peak for the methylated allele and a minor
peak for the unmethylated allele (figure 1B). This also indicated
the predominance of maternally derived clones and the co-
existence of a minor portion of paternally derived clones.
Furthermore, autosomal DMRs invariably exhibited markedly
abnormal methylation patterns consistent with predominance
of maternally inherited DMRs, whereas the methylation index
of the XIST-DMR on the X chromosome remained within the
female reference range (figure 1C). The abnormal methylation
patterns were less obvious in salivary cells (thus, in buccal
epithelial cells) than in leukocytes, except for the methylation
index for the XIST-DMR that mildly exceeded the female
reference range (figure 1A—C).

Microsatellite analysis

Major peaks consistent with maternal uniparental isodisomy
and minor peaks of non-maternal (paternal) origin were identi-
fied for at least one locus on each autosome, with the minor
peaks of non-maternal origin being more obvious in salivary cells
than in leukocytes (figure 1D and supplementary table 4).
Furthermore, the frequency of the upid(AC)mat cells was
calculated as 84% in leukocytes, 56% in salivary cells and 18% in
epithelial buccal cells, using the area under curves for the
maternally and the non-maternally inherited peaks (supple-
mentary note). Such minor peaks of non-maternal origin were
not detected for all the 30 X chromosomal loci examined.

PCR analysis for Y chromosomal loci

PCR amplification failed to detect any trace of Y chromosome-
specific bands in leukocytes and salivary cells (Supplementary
figure 2).

Expression analysis

Expression analysis using control leukocytes indicated that, of
the seven examined genes, SNRPN expression alone was strong
enough to allow for a precise assessment (Supplementary
figure 3). SNRPN expression was extremely low in this patient
(Bgure 1E).

DISCUSSION

These results imply that this patient had a upid(AC)mat 46,XX
cell lineage and a non-upd 45X cell lineage. Indeed, methylation
patterns of the XIST-DMR is explained by assuming that the
two X chromosomes in the upid(AC)mat cells undergo random
X-inactivation and that 45X cells with the methylated XIST-
DMR on a single active X chromosome! are relatively prevalent
in buccal epithelial cells. Furthermore, lack of non-maternally
derived minor peaks for microsatellite loci on the X chromosome
is explained by assuming that the two X chromosomes in the
upid(AC)mat cells and the single X chromosome in the 45X
cells are derived from a common X chromosome of maternal
origin, with no paternally derived sex chromosome. It is likely,
therefore, that a parthenogenetic activation took place around
the time of fertilisation of a sperm missing a sex chromosome,
resulting in the generation of the 46, XX cell lineage with upid
(AC)mat by endoreplication (the replication of DNA without
the subsequent completion of mitosis) of one blastomere
containing a female pronucleus and the 45X cell lineage with
biparentally derived autosomes and a maternally derived X
chromosome by union of male and female pronuclei (figure 2),
although it is also possible that a paternally derived sex chro-
mosome was present in the sperm but was lost from the normal
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Figure 1 Representative molecular
results. Pat, patemally derived allele;
Mat, maternally derived allele;

P, patient; M, mother; B, brother;

L, leukocytes; and S, salivary cells.
Filled and open circles in A and B
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the T/G SNP (r522571375) (a grey box).

The PCR products are digested with

BsaBl when the cytosine at the sixth
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is methylated and with Mwol when the

two cytosines at the ninth and the 11th c )
CpG dinucleotides (highlighted in 1007,
orange) are methylated. For the bio- 80+
COBRA data, the black histograms 80+
represent the distribution of methylation
indices (%) in 50 control participants, 40+
and L and S denote the methylation 20+
indices for leukocytes and salivary cells 0
of this patient, respectively. For the e T
bisulfite sequencing data, each line
indicates a single clone. B. Methylated
and upmethylated allele-specific PCR
analysis for the MEST-DMR (A). Iln gl ivemboinm =it g i
a control participant, the PCR products Ch. 1 4 6 1t 1415 19 a0
for methylated and unmethylated alieles are delineated, and the unequal amplification is consistent with a short product being more easily amplified
than a long product. In a previously reported patient with upd({7)mat,® the methylated allele only is amplified. In this patient, major peaks for the
meihylated allele and minor peaks for the unmethylated allele {red asterisks) are detected. C. Methylation pattems for the 18 DMRs examined. The
DMRs highlighted in blue and pink are methylated after paiernal and maternal transmissions, respectively. The black vertical bars indicate the reference
data {maximum—minimum) in 20 normal conirel pariicipanis, using leukocyte genomic DNA {for the XIST-DMR, 16 female data are shown).

D. Representative micrasatellite analysis. Minor peaks (red asterisks) have been identified for 0757824 and 0775904 but not for DXS986 of the patient.
Since the peaks for 0757824 and D775904 are absent in the mother and clearly present in the brother, they are assessed to be of patemal origin.
E. Relative expression level {mean + SD) of SNRPA on chromosome 15. The data have been normalised against TBP. SRS, an SRS patient with an
epimutation {hypomethylation) of the H79-DMR; BWS1, a BWS patient with an epimutation {hypermethylation) of the H79-DMR; BWS2, a BWS
patient with upd{11)pat; PWS1, a PWS patient with upd{15)mat; PWS2, a PWS patient with an epimutation {hypermethylation) of the SAMRPN-DIMR,;
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‘AS1, an Angelman syndrome {AS) patient with upd{15)pat; and AS2, an AS patient with an epimutation (hypomethylation) of the SNRPN-DMR.

cell lineage at the very early developmental stage. Hence, in
a strict sense, this patient is neither a chimera resulting from the
fusion of two different zygotes nor a mosaic caused by a mitotic
error of a single zygote. In this regard, a triploid cell stage is
assumed in the generation of a upid(AC)mat cell lineage, and
such triploid cells may have been detected in skin fibroblasts of
the patient reported by Horike et 4l.®

The upid(AC)mat cells accounted for the majority of leukocytes
even in adulthood of this patient, despite global negative selective
pressure.'? ' This phenomenon, though intriguing, would not be
unexpected in human studies because leukocytes are usually
utilised for genetic analyses. Rather, if the upid(AC)mat cells were
barely present in leukocytes, they would not have been detected.
It is likely, therefore, that upid(AC)mat cells have occupied
a relatively large portion of the definitive haematopoietic tissues
primarily as a stochastic event. Furthermore, parthenogenetic
chimera mouse studies have revealed that parthenogenetic cells
are found at a relatively high frequency in some tissues/organs
including blood and are barely identified in other tissues/organs
such as skeletal muscle and liver."® Such a possible tissue-specific
selection in favour of the preservation of parthenogenetic cells in
the definitive haematopoietic tissues may also be relevant to the
predominance of the upid(AC)mat cellsin leukocytes In addition,
a reduced growth potential of 45X cells™® may also have
contributed to the skewed ratio of the two cell lineages.

Yamazawa K, Nakabayashi K, Kagami M, et al. J Med Genet (2010). doi:10.1136/jmg.2010.079343

Clinical features of this patient would be determined by several
factors. They include: (1) the ratio of two cell lineages in various
tissues/organs, (2) the number of imprinted regions or DMRs
relevant to the development of specific imprinting disorders (eg,
plural regions/DMRs on chromosomes 7 and 11 for SRS *° and
a single region/DMR on chromosome 15 for Prader—Willi
syndrome (PWS)),’ (3) the degree of clinical effects of dysregu-
lated imprinted regions/DMRs (an (epi)dominant effect has been

Figure 2 Schematic representation of the generation of the upid{AC)
mat 46,XX cell lineage and the non-upd 45,X cell lineage. Polar bodies
are not shown. PA, parthenogenetic activation; and E, endoreplication of
one blastomere containing a female pronucleus.
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assumed for the 11p15.5 imprinted regions including the
IGF2—H 19 domain on the basis of SRS or Beckwith—Wiedemann
syndrome (BWS) phenotype in patients with multilocus hypo-
methylation'® and BWS-like phenotype in patients with a upid
(AC)pat cell lineage,”” a mirror image of a upid(AC)mat cell
lineage), (4) expression levels of imprinted genes in upid(AC)mat
cells (although SNRPN expression of this patient was consistent
with upid(AC)mat cells being predominant in leukocytes,
complicated expression patterns have been identified for several
imprinted genes in androgenetic and parthenogenetic fetal mice,
probably because of perturbed cfs- and trans-acting regulatory
mechanisms)’® and (5) unmasking of possible maternally
inherited recessive mutation(s) in upid(AC)mat cells.'® Collec-
tively, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of SRS pheno-
type and horseshoe kidney characteristic of TS* but remained
below the threshold level for the occurrence of other imprinting
disorders or recessive Mendelian disorders.

In summary, we identified a upid(AC)mat 46,XX cell lineage
in a woman with an SRS-like phenotype and a 45,X cell lineage
accompanied by autosomal haploid sets of biparental origin.
This report will facilitate further identification of patients with
a upid(AC)mat cell lineage and better clarification of the clinical
phenotypes in such patients.
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TO THE EDITOR:

Human chromosome 14q32.2 carries a cluster of imprinted genes
including paternally expressed genes such as DLKI and RTLI
and maternally expressed genes such as MEG3 (alias GTL2) and
RTLIas(RTLIantisense), together with the germline-derived inter-
genic differentially methylated region (IG-DMR) and the
postfertilization-derived MEG3-DMR [da Rocha et al., 2008; Ka-
gami et al., 2008a]. Consistent with this, paternal uniparental
disomy 14 (upd(14)pat) results in 2 unique phenotype character-
ized by facial abnormality, small bell-shaped thorax with coat-
hanger appearance of the ribs, abdominal wall defects, placento-
megaly, and polyhydramnios [Kagami et al., 2008a,b], and mater-
nal uniparental disomy 14 (upd(14)mat) leads to less-characteristic
but clinically discernible features including growth failure [Kotzot,
2004; Kagami et al., 2008a].

For upd(14)pat, this condition has primarily been identified by
the pathognomonic chest roentgenographic findings that are ob-
tained immediately after birth because of severe respiratory dys-
function [Kagami et al., 2008a]. However, upd(14)pat has also
been suspected prenatally by fetal radiological findings suggestive
of small thorax and other characteristic findings [Curtis et al,,
2006; Yamanaka et al., 2010]. Here, we report on prenatal findings
in a hitherto unreported upd(14)pat patient. The results will
serve to the prenatal identification of similarly affected
patients and appropriate neonatal care including respiratory
management.

A 41-year-old gravida 1, para 0 Japanese woman was referred to
Nagoya City University Hospital because of polyhydramnios at
24 weeks of gestation. The polyhydramnios was severe and required
repeated amnioreduction (1,600 ml at 26 weeks, 1,800 ml at 29
weeks, 2,000 ml at 32 weeks, and 2,100 ml at 35 weeks). The fetal
urine volume was normal (5~12 ml per hr). At 28 weeks of gesta-
tion, 3D ultrasound studies were performed, delineating dysmor-
phic face, anteverted nares, micrognathia and small thorax
characteristic of upd(14)pat (Fig. 1), although the differential
diagnosis included Beckwith—Wiedemann syndrome and several

© 2010 Wiley-Liss, Inc.
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types of skeletal dysplasia. Thereafier, ultrasound studies were
weekly carried out, indicating almost normal fetal growth and
normal umbilical artery Doppler.

At 37 weeks of gestation, a 2,778 g male infant was delivered by
cesarean because of fetal distress. The placenta was 1,384g
(gestational age-matched reference, 510+ 98 g) [Kagami et al., |
2008b]. The patient had severe asphyxia, and immediately received |

appropriate management including mechanical ventilation for |

6 daysand nasal directional positive airway pressure at the neonatal
intensive care unit. At birth, physical examination revealed
hairy forehead, blepharophimosis, depressed mnasal bridge,
anteverted nares, small ears, protruding philtrum, puckered lips,
micrognathia, short webbed neck, joint contractures, and diastasis
recti, and roentgenograms showed typical bell-shaped thorax

with coat-hanger appearance of the ribs (Fig. 2). Coax valga or |

kyphoscoliosis was uncertain. Discharge from hospital was 35 days

after birth. On the last examination at 8 months of age, the patient
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required regular oropharyngeal suction and nasogastric tube feed-
ing due to a poor swallowing reflex, and showed developmental
delay. At the time of the last evaluation there was no seizure
disorder.

To confirm the findings, cytogenetic and molecular studies were
performed for the cord blood of the patient by the previously
described methods [ Kagami et al., 2008a]. This study was approved
by the Institutional Review Board Committees at National Center
for Child Health and Development and Nagoya City University,
and performed after obtaining written informed consent. The
karyotype was normal, and metaphase fluorescence in situ hybrid-
ization (FISH) analysis with a 202 kb BAC probe containing DLK1
(RP11-566]3) and a 165 kb BAC probe containing MG3 and RTL1/
RTLlas (RP11-123M6) (http://bacpac.-chori.org/) delineated two
signals with a similar intensity, respectively. Methylation analysis
for bisulfite-treated genomic DNA indicated the presence of pater-
nally derived hypermethylated 1G-DMR (CG4 and CG6) and
MEG3-DMR (CG?7) and the absence of maternally derived hypo-

methylated DMRs. Furthermore, microsatellite analysis was per-
formed using leukocyte genomic DNA of patient and parents,
revealing uniparental paternal isodisomy for chromosome 14
(Table 1, Fig. 3).

In this patient with molecularly confirmed upd(14)pat, ultra-
sound studies unequivocally showed typical upd(14)pat pheno-
types such as thoracic abnormality and facial dysmorphic features.
‘While this is the first report documenting the facial appearance of
the affected fetus, small thorax has been suspected prenatally in five
patients with upd(14)pat or epimutations of the IG-DMR and the
MEG3-DMR, with coat-hanger appearance of the ribs being delin-
eated in one patient [Curtis et al., 2006; Yamanaka et al,, 2010]. In
this regard, it is notable that polyhydramnios has invariably been
identified in upd(14)pat by the second trimester [Kagami et al,,
2008a]. It is recommended, therefore, to perform radiological
studies for pregnant women with polyhydramnios, to suspect
upd(14)pat-compatible clinical features of the fetus. This will
permit appropriate counseling and delivery planning at a tertiary
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ng bell-shaped i hanger apge#rance of the ribs.

center with neonatal intensive care as well as pertinent molecular
studies using cord blood.
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Androgenetic/biparental mosaicism in a girl with
Beckwith—-Wiedemann syndrome-like and

upd(14)pat-like phenotypes
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Reiko Horikawa* and Tsutomu Ogata!

This report describes androgenetic/biparenial mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found fo have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. It appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.
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INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.> However, a2 human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.>” All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730g (+4.8s.d. for gestational age), and her length
45.6cm (+0.7s.d.). The placenta weighed 1040g (+7.3s.d.).” She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),'? although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS? (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis

We first performed bisulfite sequencing for the H19-DMR (differen-
tially methylated region) and KvDMRI as a screening of BWS!1? and
that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,!® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure la). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.!® All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure 1a).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.'* Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and

@ Enhancer H19

IGF2
&5

rza

KCNQ10T1
KCNQT <Q—

tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods).

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure 1c).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the maternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11p15.5,
and those for the 1G-DMR and the MEG3-DMR on 14g32.2. Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The H19-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.1011 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum - minimum) in leukocyte
genomic DNA of 20 normal control subjects (the XIST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (c) Relative expression level (mean£s.d.) of SNRPN. The data are normalized against TBP.
SRS: an SRS patient with an epimutation (hypomethylation) of the H19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Mitotic division of
paternal pronucleus

Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>!>!% The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).3~7
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14q32.2 is involved in
placentomegaly®7), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trans-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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SHORT COMMUNICATION

Low prevalence of classical galactosemia in Korean
population

Beom Hee Leel>>®, Chong Kun Cheon9, Jae-Min Kim?, Minji Kang?, Joo Hyun Kim?, Song Hyun Yang’,
Gu-Hwan Kim??, Jin-ho Choi! and Han-Wook Yool>?

This study described the clinical and molecular genetic features of classical galactosemia in Korean population to coniribute to
the insight in the spectrum of galactosemia in the world, as little is known about the spectrum and incidence of galactosemia in
Asia. During the 11-year study period, only three Korean children were identified as having classical galactosemia on the basis
of the enzymatic and molecular genetic analysis. Asians have been reported to have mutations distinct from those of Caucasians

and African Americans, indicating that galactose-1-phosphate uridyliransferase mutations are ethnically diverse. Our three
patients had a total of three mutations (¢.252+1G> A, p.Q169H and p.E363K), two of which were novel (p.E363K and
€.252+1G > A) mutations. Interestingly, ¢.252+1G > A, which leads to skipping of exon 2, was observed in all three patients
(three of six alleles), indicating that this mutation may be common in Koreans with classical galactosemia. Screening for
classical galactosemia in 158 126 Korean newborns identified no patient with classical galactosemia. In conclusion, our findings
provide further evidence for the ethnic diversity of classical galactosemia, which may be as rare in Koreans as in other Asian

populations.

Journal of Human Genetics (2011) 56, 94-96; doi:10.1038/jhg.2010.152; published online 9 December 2010
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Classical galactosernia (OMIM 230400) is caused by a deficiency in
galactose-1-phosphate uridyltransferase (GALT; EC2.7.712). Classical
galactosemia is characterized by more severe clinical manifestations
than the other two types, galactosemia II or III, with newborns usually
manifesting symptoms within a few days of birth after milk feeding.'~

The incidence of classical galactosemia in western Europe has been
estimated to be between 1:23000 and 1:89000.1%° In Korean new-
borns, the overall incidence of the three types of galactosemia have
been reported to be approximately 1:40000,° but the exact incidence
of classical galactosemia is not yet known. Since the first report of a
mutation in the GALT gene,” more than 200 different mutations have
been identified with missense mutations being observed most com-
monly (http://www.hgmd.org)."® The most common mutations
in Caucasian and African American populations are p.Q188R and
p.S135L, respectively,®!! but neither of these mutations have been
detected to date in Asian populations. Similarly, Japanese patients
have distinct mutations, such as p.V85_N97delinsRfsX8, p.W249X
and p.R231H, which have not been observed in Caucasians and
African Americans, providing further evidence for genetic heterogene-
ities among ethnic groups.11213

Between March 1999 and May 2010, only three unrelated Korean
patients were diagnosed with classical galactosemia at the Asan
Medical Center, Seoul, Korea, with the diagnosis of each confirmed
by enzyme assays and molecular genetic analysis (Table 1). All patients
were identified by neonatal screening program performed at 3-5 days
of life. Patients 1 and 2 had neonatal jaundice with slightly increased
serum hepatic enzyme concentrations, which was not progressive,
whereas patient 3 had clinically deteriorated and showed progressive
jaundice and a bleeding tendency, while awaiting the results of
screening tests that were reported on the eleventh day after birth
(Table 1). Median total plasma galactose concentration was 50 mg per
100 ml (range, 13.5-68.9mg per 100 ml; normal range <13mg per
100 ml) and median erythrocyte galactose-1-phosphate concentration
was 10.4 mg per 100 ml (range 1.60-62.8 mg per 100 ml; normal range
< 0.3 mg per 100 ml). The GALT activity was decreased in all patients,
ranging from 0.1 to 0.8 umolhr™! per gram hemoglobin (median,
0.3umol hr™! per gram hemoglobin; normal range, 25.7 £ 3.6 umol hr!
per gram hemoglobin) (Table 1). A galactose-restricted diet
was effective in decreasing galactose and galactose-1-phosphate
concentrations in all patients. The hepatic dysfunction, jaundice and
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Context: Cytochrome P450 oxidoreductase (POR) is an electron donor for all microsomal P450 enzymes
including CYP26 involved in inactivation of all-trans retinoic acid (atRA). Although previous studies in
Por knockout mice suggest that atRA accumulation is relevant to various posterior organ abnormalities,
a systematic analysis has not been performed for anorectal and urinary anomalies in patients with POR
deficiency (PORD).

Objective: To report the frequencies of anorectal and urinary anomalies and plasma atRA values in

gzﬁrrf;ne P450 oxidoreductase PORD patients. . . s
POR Patients: We studied 37 Japanese patients with PORD, consisting of 15 homozygotes for R457H (group A),
CYP26 15 compound heterozygotes for R457H and one apparently null mutation (group B), and seven patients

with other combinations of mutations (group C). Since R457H is a severe hypomorphic mutation, the resid-
ual POR function is predicted to be higher in group A than in group B.

Results: Imperforate anus was observed in four patients (10.8%) and vesicoureteral reflux was found in
three patients (8.1%), with no significant difference in the frequencies of such anomalies between groups
A and B. In addition, a complex urogenital malformation including penile agenesis was identified in one
patient. Plasma atRA values were above the reference range in nine of 12 patients examined, and were sim-
ilar between groups A and B and between patients with and without anomalies.

Conclusions: The results imply that aberrant atRA metabolism due to CYP26 deficiency underlies various
anorectal and urinary anomalies in patients with PORD. Clinical phenotypes may be primarily determined
by maternal oral retinol intake during pregnancy, and plasma atRA values may be largely influenced by the
amount of postnatal oral retinol intake in such patients.

Retinoic acid
Imperforate anus
Vesicoureteral reflux

© 2010 Elsevier Inc. All rights reserved.

Introduction

Cytochrome P450 oxidoreductase (POR) is an electron donor for
all microsomal cytochrome P450 enzymes and several non-P450
microsomal enzymes [1]. Molecular abnormalities of POR lead to
an autosomal recessive disorder characterized by skeletal dyspla-

Abbreviations: atRA, all-trans retinoic acid; IA, imperforate anus; POR, cyto-
chrome P450 oxidoreductase; DSD, disorders of sex development; SQLE, squalene
monooxigenase; RA, retinoic acid: RALDH, retinal dehydrogenase; PORD, POR
deficiency; UTI, urinary tract infection; VUR, vesicoureteral reflux.
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sia referred to as Antley-Bixler syndrome, adrenal dysfunction,
46 XX and 46,XY disorders of sex development (DSD), and mater-
nal virilization during pregnancy [2,3]. Of these salient clinical fea-
tures, skeletal dysplasia is primarily ascribed to impaired activities
of POR-dependent cholesterolgenic enzymes CYP51A1 (lanosterol
140-demethylase) and SQLE (squalene monooxygenase) in bone
tissues, and the remaining features are primarily caused by defec-
tive activities of POR-dependent steroidogenic enzymes CYP17A1
(17a-hydroxylase and 17,20 lyase), CYP21A2 (21-hydroxylase),
and CYP19A1 (aromatase) in adrenals, gonads, and placenta [3].
In addition, the backdoor pathway to dihydrotestosterone, which
appears to take place in fetal adrenals, also plays a pivotal role in
the development of 46,XX DSD [3,4]. Since all patients reported
to date have at least one missense mutation with probable residual
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functions, this suggests that complete loss of POR function is
incompatible with life [3,4].

Retinoic acid (RA) is a signaling molecule involved in cell prolif-
eration, differentiation, and apoptosis [5]. In human and murine fe-
tuses, the most active form of RA, all-trans RA (atRA), is synthesized
from maternally derived retinol by retinal dehydrogenase 2
(RALDH2/Raldh2) and retinol dehydrogenases, and converted into
biologically inactive metabolites by CYP26/Cyp26 enzymes (primar-
ily by CYP26A1/Cyp26al and partly by CYP26B1/Cyp26b1 and
CYP26C1/Cyp26¢c1)[5-7]. The tissue concentration of atRA is tightly
regulated by the balance between synthesis and inactivation, and
both accumulation and deficiency of atRA lead to developmental de-
fects [5,6]. Notably, murine embryos exposed to high-dose of atRA
and those with a targeted deletion of Cyp26a1 (Cyp26a1~/~) manifest
severe anomalies particularly in the hindgut, genital tubercle, and
sacral/caudal vertebrae [8-10], indicating that posterior organs are
highly susceptible to excessive atRA signaling.

Biological activities of CYP26 enzymes are supported by POR.
Thus, it is predicted that POR deficiency (PORD) results in atRA accu-
mulation because of impaired activities of CYP26 enzymes, leading
to posterior organ anomalies. In support of this, Por knockout mice
(Por~'~), which are embryonic lethal, manifest severe posterior re-
gion anomalies comparable to those of Cyp26al~~ mice [11]. Fur-
thermore, previous studies have revealed that abnormal RA
signaling takes place in the anorectal and urinary regions of Por~/~
mouse embryos, and that phenotypes of these embryos are partially
rescued by targeted deletion of Raldh2 or by culturing the embryosin
the serum-free medium (thus, retinol-free medium) {11]. These re-
sultsimply thataccumulation of atRAis involved in the development
of posterior region abnormalities in Por~/~ mice.

At present, however, a systematic phenotypic analysis has not
been performed for posterior organ anomalies in PORD patients,
although such anomalies have been described in a few of PORD pa-
tients {12,13]. Thus, we investigated anorectal and urinary anoma-
lies and plasma atRA values in PORD patients.

Patients and methods
Patients

This study was approved by the Institutional Review Board Com-
mittee at National Center for Child Health and Development, and per-
formed after obtaining written informed consent. We studied 37
Japanese patients with molecularly confirmed POR abnormalities
(16 with 46,XY and 21 with 46,XX). Of the 37 patients, 35 have been
reported previously [4]. The patients were classified into three groups
on the basis of the mutation types: group A, homozygotes for the Jap-
anese founder mutation R457H (n = 15); group B, compound hetero-
zygotes for R457H and one apparently null mutation (n=15); and
group C, compound heterozygotes for other types of mutations
(n=7). Since R457H is a severe hypomorphic mutation with a low
enzymaticactivity [12], PORresidual activity is predicted to be higher
in group A than in group B, while it is unknown for group C.

Clinical assessment

Imperforate anus (IA) was evaluated by physical examination.
Urinary anomalies such as vesicoureteral reflux (VUR) were as-
sessed in patients with an episode(s) of urinary tract infection
(UTI) by radiological studies including voiding cystourethrography
and intravenous pyelography.

Measurement of plasma atRA values

Plasma atRA value was obtained by the previously described
method [14]. In brief, a 2.5-ml aliquot of 0.1 m] phosphate buffer

(pH 6.0) and 5 mi of ethyl ether were added to 1 ml of plasma. The
mixture was vortexed and centrifuged at 3000 rpm for 15 min. A
4-ml] aliquot of the upper layer was removed and evaporated to dry-
ness, after which the residue was dissolved in methanol and ana-
lyzed by high-performance liquid chromatography using Nano-
Space SI-2 pump (Shiseido, Tokyo) and a Capcell Pack-C18 UG120
column (Shiseido, Tokyo). The mobile phase consisted of 60% aceto-
nitrile and 40% ammonium acetate buffer (v/v, 10%) at a flow rate of
1.5 ml/min. The samples were monitored using SPD-10A (Shimazu,
Kyoto) with detection at 340 nm. The retention time of atRA was
7.5 min. Plasma atRA values of the patients were compared with ref-
erence values reported by Tang et al. [15].

Sequence analysis of HOX9-13 paralogs

To examine possible relevance of an additional gene muta-
tion(s) in a patient with a complex phenotype including penile
agenesis, we analyzed HOX9-13 paralogs that are known to play
a critical role in the urogenital and limb development [16]. In brief,
leukocyte genomic DNA was PCR-amplified for all the coding exons
and their flanking splice sites of HOX9-13 paralogs, which are de-
void of HOXA12 and HOXB10-12, using the previously reported
primers [17]. Subsequently, the PCR products were subjected to di-
rect sequencing on a CEQ 8000 autosequencer (Beckman Coulter,
Fullerton, CA). When a substitution was identified, the correspond-
ing sequence was studied in the parents and 100 control subjects.

Statistical analysis

The statistical significance of the mean was analyzed by the ¢-
test, and that of the frequency was examined by the x* test.
P <0.05 was considered significant.

Results
Anorectal and/or urinary anomalies

1A was observed in two patients of group A, one patient of group
B, and one patient of group C, and VUR was found in one patient of
each group (Table 1). There was no significant difference in the fre-
quencies of IA and VUR between group A with two copies of R457H
and group B with a single copy of R457H (P=0.60 for IA and
P=1.00 for VUR). In addition, a complex urogenital malformation
including penile agenesis, aplasia of the left kidney, duplication
and malrotation of the right kidney, and VUR was identified in
one patient of group B (case 10) (Fig. 1). There were no other clin-
ically discernible anorectal or urinary anomalies.

Plasma atRA values

Plasma atRA was obtained in three patients of group A, seven
patients of group B, and two patients of group C (Table 1). Plasma
atRA values were above the reference range in nine patients and
remained within the reference range in three patients. There was
no significant difference in the atRA values between groups A
and B (2.3+0.3 ng/ml vs. 2.1 0.4 ng/ml, P=0.45) and between
patients with and without anorectal and/or renal anomalies
(1.8 £0.2 ng/ml vs. 2.5 0.6 ng/ml, P=0.07).

Sequence analysis of HOX9-13 paralogs in case 10

A novel heterozygous missense substitution (G3A) was identi-
fied for HOXD13. This substitution was found in a phenotypically
normal father as well as in three of 100 control subjects. No other
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Table 1
Anorectal/urinary anomalies and plasma atRA values in PORD patients.

Patients POR mutations Anorectal and urinary anomalies Plasma atRA values (ng/ml)
Case Karyotype Age (y) Amino acid changes

Group A: Homozygotes for R457H

1 46.XY 2.0 R457H/R457H 1A N.M.
2 46,XX 04 R457H/R4A57H Absent N.M.
3 46, XX 14.1 R457H/R457H Absent 2.5
4 46,XX 15.0 R457H/R457H VUR (B) 1.8
5 46 %X 3.0 R457H/R457H Absent 2.5
6 46, XX 0.1 R457H[R457H 1A N.M.
Group B: Compound heterozygotes for R457H and an apparently null mutation

7 46 XY 16.8 R457H/Q201X Absent 2.5
8 46 XY 14.8 R457H/1444{sX449 Absent 24
9 46, XY 17.5 R457H/transcription failure Absent 1.9
10 46,XY 2.1 R457H/R48fsX63 Complex® 1.5
11 46, XY 0.2 R457H/Q555(sX612 Absent 2.6
12 46 XX 9.0 R457H/IVSE+1G>A Absent 1.6
13 46, XX 6.6 R457H/transcription failure VUR (R) 2.0
14 464X 4.2 R457H/transcription failure 1A N.M,
Group C: Other compound heterozygotes

15 46, XY 0.4 R457H/A462-S463inslA Absent 3.7
16 46 XY 18.0 R457H/L612-W620delinsR VUR (R) N.M,
17 48,XX 0.8 R457H/E580Q Absent N.M.
18 46,XX 0.7 R457H/348delV A 1.8

The values above the reference range are boldfaced.

Of 37 patients with PORD, 19 patients are not included in this table, because they had no anorectal or urinary anomalies and were not examined for plasma atRA values.
POR, cytochrome P450 oxidoreductase; atRA, all-trans retinoic acid; 1A, imperforate anus; VUR, vesicoureteral reflux; R, right; B, bilateral; N.M., not measured.

Reference values: 1.0-1.8 ng/ml for atRA.

¢ Renal aplasia (L), renal duplication (R), renal malrotation, VUR (B), and penile agenesis.

Fig. 1. Clinical phenotypes in case 10. (A) Penile agenesis. (B) Intravenous
pyelography delineating aplasia of the left kidney and duplication and malrotation
of the right kidney (arrows). (C) Voiding cystourethrography showing severe VUR.

sequence substitution was detected for the HOX9-13 paralogs
examined.

Discussion

We studied 37 patients with PORD and identified IA in four
patients and VUR in three patients, as well as a complex urogenital
maiformation in a single patient. The frequencies of IA and VUR are
obviously higher in PORD patients (10.8% for 1A and 8.1% for VUR)
than in the normal population (~0.0002% for 1A and ~1.0% for VUR)
[18,19]. In addition, the prevalence of VUR in the PORD patients
may have been underestimated, because detailed urinary studies
were carried out only in patients with an episode(s) of UTL Thus,
these findings imply that anorectal and urinary anomalies are
characteristic features in PORD.

However, the frequencies of anorectal and urinary anomalies
remained low, compared to those of salient clinical features such
as skeletal dysplasia, adrenal dysfunction, DSD, and maternal viri-
lization during pregnancy [4]. This suggests that a relatively low
residual POR activity can permit normal anorectal and urinary
development. Consistent with this, mice with a partial Por deletion
that retains some residual activity lack anorectal and urinary
anomalies, although they manifest severe limb defects [20]. Thus,
PORD may function as a susceptibility or contributing factor, rather
than a determinative factor, for the development of anorectal and
urinary anomalies.

Plasma atRA values were elevated in most patients with PORD.
This is compatible with reduced supporting activity of POR for
CYP26 enzymes. Since plasma atRA is derived from specific atRA-
producing tissues including liver and anorectal and urinary tissues
[5], the atRA concentration may be drastically increased in such
tissues. In this context, it is known that atRA functions as a para-
crine or autocrine signaling factor [5] and regulates cellular apop-
tosis of the developing hindgut and the ureteric buds that are
required for the normal anorectal and urinary development
[21,22]. Thus, anorectal and urinary anomalies in PORD patients
would primarily be ascribed to impaired CYP26 enzyme activities
and resultant atRA accumulation in the anorectal and urinary re-
gions. Indeed, liver-specific Por knockout mice have no discernible
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abnormalities in the extra-hepatic organs including caudal regions,
despite probably increased plasma atRA values because of im-
paired atRA inactivation in the liver [23].

Anorectal and urinary anomalies were identified in groups A-C
with no difference in the prevalence between groups A and B, and
plasma atRA values were similar between groups A and B and be-
tween patients with and without anorectal and urinary anomalies.
In this regard, anorectal and urinary anomalies are generated in
fetal life, and previous studies have indicated that phenotypic
severity of Por”/~, Cyp26aic1~/~, and Cyp26albici~'~ mice em-
bryos are obviously mitigated by a vitamin A-deficient diet and
worsened by administration of a small dose of atRA during preg-
nancy [24,25). Thus, while oral atRA intake would be neglectable
in the daily human life, anorectal and urinary phenotypes in PORD
patients may largely be influenced by the amount of maternal oral
retinol intake during pregnancy. In addition, plasma atRA values in
PORD patients would be influenced by the amount of postnatal oral
retinol intake in such patients and would not reflect the amount of
retinol transferred to such patients during pregnancy. These no-
tions would explain the lack of correlation between the frequency
of anomalies, postnatal plasma atRA values, and residual POR
activities, although genetic factors such as polymorphisms of genes
encoding atRA-synthesizing enzymes and/or RA binding protein
would also be relevant to the variations in clinical phenotypes
and plasma atRA values in PORD patients. Thus, it would be recom-
mended to avoid retinol-rich foods during pregnancy of fetuses
with a possibility of PORD.

A complex urogenital anomaly was identified in case 10. This
phenotype may be explained as an extremely severe phenotype
in PORD. In support of this, exposure to a large amount of retinol
during pregnancy has caused renal and penile agenesis in a human
patient [26]. Alternatively, there may be a hidden mutation(s) or
susceptibility factor(s) in case 10, although we did not identify a
definitive mutation in HOX9-13 paralogs invoived in the urogenital
and limb development [16].

Several points should be made with respect to the present
study. First, although a comprehensive skeletal survey was not per-
formed in this study, impaired CYP26 activities in PORD may also
lead to skeletal anomalies in the posterior region. Indeed, hemiver-
tebrae and vertebral homeotic transformation have previously
been identified in two PORD patients [12], and Cyp26al~~ mice
frequently exhibit vertebral anomalies such as spina bifida [9]. Sec-
ond, impaired activities of POR-dependent enzymes other than
CYP26 enzymes may also be relevant to anorectal and urinary
anomalies. Indeed, reduced CYP51A1 and SQLE activities may af-
fect the expression of several genes including BMP4 and FGF8 in-
volved in posterior organ formation [27], because of intracellular
cholesterol deficiency and resultant abnormal hedgehog signaling
[28]. In support of this, Smith-Lemli-Opitz syndrome caused by
mutations of DHCR7 involved in cholesterolgenesis is often associ-
ated with Hirschsprung disease and renal malformations [29].
Lastly, while R457H is the most prevalent founder mutation in Jap-
anese patients [4], A287P is the most common mutation in Cauca-
sian patients [3,12]. In this context, supporting activities for POR-
dependent steroidogenic enzymes are more severely compromised
in R457H than in A287P [12] and, consistent with this, salient
PORD phenotypes appear to be more severe in Japanese patients
than in Caucasian patients [4,12]. Thus, while IA has also been
identified in a Caucasian patient with A287P [12], the prevalence
and the severity of anorectal and urinary anomalies remain to be
clarified in different ethnic groups including Caucasian population.

In summary, the present study suggests that aberrant atRA
metabolism due to CYP26 deficiency underlies anorectal and uri-
nary anomalies in patients with PORD. Further studies will permit
to define phenotypic spectrum in PORD and underlying factors for
the development of clinical features.
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