among imprinted disorders and the possible maternal age effect on the
relative frequency.

PATIENTS AND METHODS
Patients _
This study comprised 26 patients with UPD(14)pat-like phenotype (9 male
patients and 17 female patients) (Table 1). Of the 26 patients, 18 patients have
been reported previously; they consisted of nine sporadic patients with full
UPD(14)pat,*> one sporadic patient with segmental UPD(14)pat,* the proband
of sibling cases and four sporadic patients with different patterns of micro-
deletions involving the unmethylated DMRs of maternal origin,>? and three
patients with epimutations (hypermethylations) of the two normally unmethy-
lated DMRs of maternal origin? The remaining eight patients were new
sporadic cases. ' .
Phenotypic findings of the 26 patients are summarized in Supplementary
Table 1; detailed clinical features of patients 6 and 16-25 are as described
previously,* and those of the eight new patients 3, 5, 10-14, and 26 are shown
in Supplementary Table 2, together with those of patients 1, 2, 4, 7-9, and 15 in
whom detailed phenotypes were not described in the previous report.> All the
26 patierits were identified shortly after birth because of the unique bell-shaped
thorax with coat-hanger appearance of the ribs on roentgenograms obtained
because of asphyxia. Subsequent clinical analysis revealed that 25 of the 26
patients - exhibited both body and placental UPD(14)pat-like phenotype,
whereas the remaining one previously reported patient (patient 22) manifested
body, but not placental, UPD(14)pat-like phenotype.> The karyotype was
found to be normal in 25 patients, although cytogenetic analysis was not
performed in one previously reported patient who died of respiratory failure at
2h of age (patient 6).* One patient (patient 15) was conceived by in vitro
fertilization-embryo transfer.” This study was approved by the Institute Review
Board Committee at the National Center for Child Health and Development,
and performed after obtaining written informed consent.

Table 1 Summary of patients examined in this study
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Analysis of underlying genetic causes in patients with
UPD(14)pat-like phenotype

We sequentially performed methylation analysis, microsatellite analysis, and
fluorescence in situ hybridization (FISH), using leukocyte genomic DNA
samples and lymphocyte metaphase spreads of all the 26 patients with
UPD(14)pat-like phenotype. The detailed methods were as reported pre-
viously>* In brief, methylation analysis was performed for the I1G-DMR
(CG4 and CG6) and the MEG3-DMR (CG7 and the CTCF-biding sites C
and D) by combined bisulfite restriction analysis and bisulfite sequencing,
Microsatellite analysis was performed for multiple loci on chromosome 14, by
determining the sizes of PCR products obtained with fluorescently labeled
forward primers and unlabeled reverse primers. FISH analysis was carried out
for the IG-DMR and the MEG3-DMR using 5104-bp and 5182-bp long PCR
products, respectively, together with the RP11-56612 probe for 14q12 utilized as
an internal control. :

In this study, furthermore, oligonucleotide array-based comparative geno-
mic hybridization (CGH) was also performed for the imprinted region of non-
UPD(14)pat patients, using a custom-build oligo-microarray containing 12 600
probes for 14q32.2-q32.3 encompassing the imprinted region and ~10000
reference probes for other chromosomal region (4x 180K format, Design 1D
032112) (Agilent Technologies, Palo Alto, CA, USA). The procedure was as
described in the manufacturer’s instructions.

Analysis of subtypes in patients with UPD(14)pat

UPD(14)pat subtype was determined by microsatellite analysis.? In brief,
heterodisomy for at least one locus was regarded as indicative of TR- or
GC-mediated UPD(14)pat (TR/GC subtype), whereas isodisomy for all the
informative microsatellite loci was interpreted as indicative of MR- or
PE-mediated UPD(14)pat (MR/PE subtype) (for details, see Supplementary
Figure S1). Here, while heterodisomy and isodisomy for a pericentromeric
region in the TR/GC subtype imply a disomic sperm generation through M1

UPD(14)pat Maternal ‘age at Paternal age at
Patient Genetic cause subtype childbirth (years) childbirth (years) Remark Reference
1 UPD(14)pat TR/GC [M1] 31 35 5
2 UPD(14)pat TRIGC M17 28 29 ) 5
3 UPD(14)pat TR/GC [(M1] 29 38 o This report
4 UPD(14)pat TR/GC [M1] 36 41 5
5 UPD(14)pat TR/GC [M2] 30 30 This report
6 UPD(14)pat MR/PE 42 Unknown 4,5
7 UPD(14)pat MR/PE - 31 28 ) . 5
8 UPD(14)pat MR/PE 32 33 5
9 UPD(14)pat MR/PE 26 35 : 5
10 UPD(14)pat . MR/PE 38 38 This report
11 UPD(14)pat MR/PE 26 32 This report
12 UPD(14)pat MR/PE 41 36 : This report
13 UPD(14)pat MR/PE 30 28 . This report
14 UPD(14)pat MR/PE 39 34 ) . : This report
15 UPD(14)pat MR/PE - 42 37 Born after IVF-ET 5 -
16 UPD(14)pat MR/PE 36 36 ) 4,5
17 UPD(14)pat-seg. PE 27 24 . Segmental isodisomy 4,5
18 Microdeletion 31 34 2
19 Microdeletion 33 36 2
20 Microdeletion 28 27 2
21 Microdeletion 27 37 IG-DMR alone 3
22 Microdeletion 25 25 MEG3-DMR alone 3
23 Epimutation 35 36 2
24 Epimutation 8 28 26 2
25 Epimutation 27 30 2
26 Epimutation 33 © 33 ’ This report

Abbreviation: {VF-ET, in vivo fertilization-embryo transfer using parental gametes.
The microdeletions in patients 18-22 are different in size.
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and M2 non-disjunction respectively,” such discrimination between M1
and- M2 non-disjunctions is impossible for the development of a nullisomic
oocyte. -Furthermore, it -is usually impossible to discriminate between
TR and GC, although the presence of trisomic cells is specific to TR, Similarly,
it is also usually impossible to discriminate between MR and PE, although
identification of segmental isodisomy or mosaicism is unique to PE

(PE subtype).

Analysis of parental ages

We examined parental ages at childbirth in patients of different underlying
causes and different UPD(14)pat subtypes. Statistical significance of the
relative frequency was examined by the Fisher’s exact probability test, and that
of the median age by the Mann~Whitney’s U-test. P<0.05 was considered
significant.

Analysis of subtypes in patients with UPD(14)pat

Heterozygosity for at least one locus indicative of TR/GC subtype was
identified in five patients (patients 1-5), and the disomic pattern of
pericentromeric region indicated M1 non-disjunction in patients 1—4
and M2 non-disjunction in patient 5. Full isodisomy consistent with
MR/PE subtype was detected in 11 patients (patients 6-16), and
segmental isodisomy unique to PE subtype was revealed in 1 patient
(patient 17) (Table 1, Figure 1, and Supplementary Figure $3).

Analysis of parental ages )

The distribution of parental ages at childbirth is shown in Figure 2.
The advanced maternal age at childbirth (>35 years) was predomi-
nantly observed in the MR/PE subtype of UPD(14)pat. Furthermore,
while the relative frequency of aged mothers (> 35 years) did not show

RESULTS a significant difference between the MR/PE subtype of UPD(14)pat
Analysis of underlymg causes in patients with UPD(14)pat-like (6/11) and (i) other subtypes of UPD(14)pat (1/6) (P=0.159), (ii)
phenotype deletion group (0/5) (P=0.057), and (iii) epimutation group (1/4)

For the eight new sporadic patients, methylation analysis invariably

~ revealed hypermethylation of both DMRs, and microsatellite analysis

showed UPD(14)pat in seven patients and biparentally inherited
homologs of chromosome 14 in the remaining one patient (patient
26). FISH analysis for patient 26 identified two signals for the two
DMRs, and subsequently performed array CGH analysis showed no
evidence for genomic rearrangements (Supplementary Figure S2).
Thus, patient 26 was assessed to have an epimutation affecting the
two DMRs. Furthermore, the results of array CGH analysis confirmed
the presence of microdeletions in patients 18-21 and the absence of a
discernible microdeletion in patients 23-25 (Supplementary Figure $2)
(array CGH analysis was not performed in patient 22 with a 4303-bp

‘ .microdeletion® because of the lack of DNA sample available). Thus,

together with our previous data, all the 26 patients with UPD(14)pat-
like phenotype had genetic alteration involving the imprinted region
on chromosomel4¢32.2.

Consequently, the 26 patients with UPD(14)pat-like phenotype
were classified as follows: (1) 16 sporadic patients with full
UPD(14)pat and 1 sporadic patient with segmental UPD(14)pat

(UPD(14)pat group); (2) the proband of the sibling cases and two

sporadic patients with different patterns of microdeletions involving
the two DMRs, one sporadic patient with a microdeletion involving
the IG-DMR alone in whom the MEG3-DMR was epimutated, and
one patient with a microdeletion involving the MEG3-DMR alone
(deletion group); and (3) four patients with epimutations (hyper-
methylations) of both DMRs (epimutation group) (Figure 1 and
Table 1).

} UPD{4)patike phenotypa n=28) |

(P=0.338), it was significantly different between the MR/PE subtype
and the sum of other subtypes of UPD(14)pat, deletion group, and
epimutation group (2/15) (P=0.034). Similarly, while the median
maternal age did not show a significant difference between the MR/PE
subtype of UPD(14)pat (36 years) vs (i) other subtypes of UPD(14)pat
(29.5 years) (P=0.118), (ii) deletion type (28 years) (P=0.088), and
(iii) epimutation type (30.5 years) (P=0.295), it was significantly
different between the MR/PE subtype of UPD(14)pat and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group (29 years) (P=0.045).

The paternal ages were similar irrespective of the genetic causes and
the UPD(14)pat subtypes. In addition, the median paternal age was
comparable between  the TR/GC subtype of UPD(14)pat that postu-
lates the production of a disomic sperm (35.0 years) and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group that assumes the production of a normal sperm (33.5 years)
(P=0.322).

'DISCUSSION

This study revealed that the UPD(M)pat like phenotype was caused
by UPD(14)pat in 65.4% of patients, by microdeletions in 19.2% of
patients, and by epimutations in 15.4% of patients. Although the
relative frequency of underlying genetic factors for the development of
UPD(14)pat-like phenotype has been reported previously, ' most data
are derived from our previous publications. Thus, the present results
are regarded as the updated and extended data. on the relative
frequency. For the relative frequency, it is notable that 25 of the 26
patients were confirmed to have normal karyotype, although chromo-
some analysis was not performed in patient 6. Thus, while Robertso-
nian translocations involving chromosome 14 is known to be a

Hypermethytamn of i

i both DMRs (n=25) |

| Hypermathylation of the

| MEG3-DMR afone in=1) -

UPD(14)pat (n=17)
+TRIGC (n=5)
«MR/PE (n=11)

< PE (n=1)

i Biparental {n

=8) || Biparental (n=1) |

Microdeletion (n=5}
= Both DMRs (n=3)
|G OMR alone (n=1)
ion of the MEG3-OMR

| Epmutation (n=4) }

MEG.?—DMR alone (n=1)

Figure 1 Classification of 26 patients with UPD(14)pat-like phenotype.
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Figure 2 The distribution of parental ages at childbirth according to the
underlying genetic causes for the development of UPD(14)pat-like phenotype
and UPD(14)pat subtypes. Of the five plots for the TR/GC subtype, open and
black circles indicate the TR/GC subtype due to non-disjunction at paternal
M1 and M2, respectively.
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predisposing factor for the occurrence of UPD(14)pat,!'!6 such a
possible chromosomal effect has been excluded in nearly all patients
examined in this study.

The relative frequency of underlying causes has also been reported
in other imprinting disorders.®171® The data are summarized in
Table 2 (a similar summary has also been reported recently by
Hoffmann et al).!'® In particular, the results in patients with normal
karyotype are available in Prader-Willi syndrome (PWS).8 Further-
more, PWS is also known to be caused by UPD, microdeletions, and
epimutations affecting a single imprinting region,%!? although Silver—
Russell syndrome and Beckwith-Wiedemann syndrome (BWS) can
result from perturbation of at least two imprinted regions,'”!8 and
BWS and Angelman syndrome can occur as a single gene disorder.”1?
Thus, it is notable that the relative frequency of underlying causes is
quite different between patients with UPD(14)pat-like phenotype and
those with PWS.81? This would primarily be due to the presence of
low copy repeats flanking the imprinted region on chromosome 15,
because chromosomal deletions are prone to occur in regions harbor-
ing such repeat sequences.?® Indeed, two types of microdeletions
mediated by such low copy repeats account for a vast majority of
microdeletions in patients with PWS,?! whereas the microdeletions
identified in patients with UPD(14)pat-like phenotype are different to
each other. This would explain why microdeletions are less frequent
and UPD and epimutations are more frequent.in patients with
UPD(14)pat-like phenotype than in those with PWS. '

Advanced maternal age at childbirth was predominantly observed
in the MR/PE subtype. This may imply the relevance of advanced
maternal age to the development of MR-mediated UPD(14)pat,
because the generation of nullisomic oocytes through M1 non-
disjunction is a maternal age-dependent phenomenon.*? Although
no paternal age effect was observed, this is consistent with the previous
data indicating no association of advanced paternal age with a meiotic
error.?3 For the maternal age effect, however, several matters should be
pointed out: (1) the number of analyzed patients is small, although it
is very difficult to collect a large number of patients in this extremely
rare disorder; (2) of the MR/PE subtype, the advanced maternal age is
a risk factor for the generation of MR-mediated UPD(14)pat, but not
for the development of PE-mediated UPD(14)pat; (3) it is impossible
to discriminate between maternal age-dependent M1 non-disjunction

UPD(14)pat-like phenotype
M Kagami et al

and maternal age-independent M2 non-disjunction in the MR and
GC subtypes (however, GC must be extremely rare, because it requires
the concomitant occurrence of a nullisomic oocyte and a disomic
sperm); (4) of the TR/GC subtype, the advanced maternal age is a risk
factor for the generation of GC-mediated UPD(14)pat, but not for the
development of TR-mediated UPD(14)pat; and (5) if a cryptic
recombination(s) might remain undetected in some patients with
apparently full isodisomy, this argues that such patients actually have
TR- or GC-mediated UPD(14)pat rather than MR- or PE-mediated
UPD(14)pat. Thus, further studies are required to examine the
maternal age effect on the generation of MR-mediated UPD(14)pat.

In addition, while a relationship is unlikely to exist between advanced -

maternal age and microdeletions and epimutations, this notion would
also await further investigations.

Such a maternal age effect is also expected in the TR/GC subtype
maternal UPDs after M1 non-disjunction, because the generation of
disomic oocytes through M1 non-disjunction is also a maternal age-
dependent phenomenon.” Indeed, such a maternal age effect has been
shown for PWS patients with normal karyotype; the maternal age at
childbirth was significantly higher in patients with heterodisomy for a
very pericentromeric region indicative of TR/GC subtype
UPD(15)mat after M1 non-disjunction than in those with other
genetic causes.®® For various chromosomes other than chromosome
15, furthermore, since maternal age at childbirth is higher in patients
with maternal heterodisomy than in those with maternal isodisomy,?*
this would also argue for maternal age effect on the development of
maternal UPDs. However, in the previous studies on maternal UPDs
other than UPD(15)mat, the available data are quite insufficient to
assess the maternal age effect. For example, although a relatively large
number of patients with UPD(14)mat phenotype have been reported
in the literature (reviewed in reference Hoffmann et al),'® we could
identify only six UPD(14)mat patients with normal karyotype in
whom maternal age at childbirth was documented and microsatellite
analysis was performed.?>3¢ Furthermore, the microsatellite data are
insufficient to identify the subtype of UPD(14)mat and to distinguish
between M1 and M2 non-disjunction in the TR/GC subtype. Thus,
while the maternal age at childbirth may be advanced in five patients
with, apparently TR/GC-mediated UPD(14)mat (27, 35, 37, 41, and 44
years)?>272930 (the maternal age at childbirth in the remaining one

Table 2 Relative frequency of genetic mechanisms in imprinting disorders

BWS

UPD(14)pat-like phenotype SRS AS PWS
Uniparental disomy 65.4% 16% 1 Q% 3-5% 25% (25%)
UPD(14)pat UPD(11)pat (mosaic) UPD(7)mat UPD(15)pat UPD(15)mat
Cryptic deletion 19.2% Rare — 70% 70% (72%)
Cryptic duplication —_ — Rare —_ —
Epimutation
Hypermethylation 15.4% 9% — — 2-5% (2%)
Affected DMR 1G-DMR/MEG3-DMR H19-DMR — — SNRPN-DMR
Hypomethylation — 44% >38% 2-5% —
Affected DMR KvDMR1 HI9-DMR SNRPN-DMR
Gene mutation — 5% — 10-15% _
Mutated gene CDKNIC UBE3A
Unknown 25% >40% 10%
Reference This study 17 18 19 8, 19

Abbreviations: AS, Angelman syndrome; BWS, Beckwith-Wiedemann syndrome; PWS, Prader-Willi syndrome; SRS, Silver-Russe!l syndrome.
Patients with abnormal karyotypes are included in BWS and AS, and not included in SRS. In PWS, the data including patients with abnormai karyotypes are shown, and those from patients with

normal karyotype alone are depicted in parentheses.
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patient with apparently MR/PE-mediated UPD(14)mat is 40 years),2
the notion of a maternal age effect awaits further investigations for
UPD(14)mat. ‘

Finally, it appears to be worth pointing out that methylation
analysis invariably revealed hypermethylated DMR(s) in all the 26
patients who were initially ascertained because of bell-shaped thorax
with coat-hanger appearance of the ribs. This indicates that methyla-
tion analysis of the DMRs can be utilized for a screening of this
condition, and that the constellation of clinical features in the
UPD(14)pat-like phenotype, especially the bell-shaped thorax with
coat-hanger appearance of the ribs, is highly unique to patients with
UPD(14)pat-like phenotype.

In summary, this study confirms the relative frequency of under-

" lying genetic causes for the UPD(14)pat phenotype and reveals the

relative frequency of UPD(14)pat subtypes. Furthermore, the results
emphasize the difference in the relative frequency of underlying
genetic causes among imprinted disorders, and may support a possible
maternal age effect on the generation of the nullisomic oocyte

'mediated UPD(14)pat. Further studies will permit a more precise

assessment on these matters,
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Silver—Russell syndrome (SRS) is a congenital developmental
disorder characterized by pre- and post-natal growth failure, rela-
tive macrocephaly, triangular face, hemihypotrophy, and 5th finger
clinodactyly [Russell, 1954; Silver et al., 1953]. Recent studies have
shown that hypomethylation (epimutation) of the paternally de-
rived differentially methylated region (DMR) in the upstream of
HI19(HI19-DMR) on chromosome 11p15 and maternal uniparental
disomy for chromosome 7 (upd(7)mat) account for ~45% and
~5-10% of SRS patients, respectively [Eggermann, 2010; Binder
et al, 2011]. Furthermore, consistent with the involvement of
imprinted genes in both body and placental growth [for review,
Coan et al.,, 2005], epimutations of the H19-DMR and upd(7)mat
are known to result in placental hypoplasia [Yamazawa et al.,
2008a,b]. Here, we report on a Japanese boy with mosaic upd(7)mat
who was identified through genetic screenings in 120 patients with
SRS-like phenotype.

This Japanese boy was conceived naturally to a41-year-old father
and a 36-year-old mother. The parents were non-consanguineous
and healthy. The paternal height was 165 cm (—0.9 SD), and the
maternal height 155cm (—0.6 SD).

At 35 weeks of gestation, he was delivered by a cesarean because
of fetal distress. At birth, his length was 37.4cm (~3.1 SD), his
weight 1.28kg (—3.1 SD), and his head circumference 29.0 cm
(—1.3 SD). The placenta weighed 400 g (—0.6 SD [Kagami et al.,
2008]). Shortly after birth, he was found to have ventricular
septal defect, hydronephrosis, and abnormal external genitalia
(hypospadias, bifid scrotum, and bilateral cryptorchidism). He
received orchidopexy at 119/, years of age and genitoplasty
at 24/j; years of age. He exhibited feeding difficulty and speech
delay.

At 5/12 years of age, he was referred because of short stature. His
height was 87.9 cm (—4.3 SD), weight was 10.4 kg (~2.9 SD), and

© 2012 Wiley Periodicals, Inc,
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his head circumference 49.0 cm (—0.7 SD). Physical examination
showed relative macrocephaly, abnormal teeth, 5th finger clino-
dactyly, and underdeveloped muscles. There was no hemihypo-
trophy. Endocrine studies for short stature yielded normal results,
as did radiological examinations. His karyotype was 46,XY in all the
50 lymphocytes examined. He was clinically diagnosed as having
SRS, and molecular studies were performed after obtaining
the approval from the Institutional Review Board Committee at
National Center for Child Health and Development and the written
informed consent from the parents.

We first performed methylation analysis of the MEST-DMR on
chromosome 7q32.2 using leukocyte genomic DNA by the previ-
ously described methods [Yamazawa et al., 2008b], because this
patient showed relatively mild SRS-phenotype with speech delay

Grant sponsor: Japan Society for the Promotion of Science (JSPS); Grant
number: 22249010; Grant sponsor: Ministry of Health, Labor and Welfare;
Grant number: H21-005; Grant sponsor: Grant of National Center for
Child Health and Development; Grant number: 23A-1.
*Correspondence to:

Tsutomu Ogata, M.D., Department of Pediatrics, Hamamatsu University
School of Medicine, Hamamatsu 431-3192, Japan.

E-mail: tomogata@hama-med.ac.jp

Published online 13 January 2012 in Wiley Online Library
(wileyonlinelibrary.com).

DOI 10.1002/ajmg.a.34404

465

— 165 —




466 AMERICAN JOURNAL OF MEDICAL GENETICS PART A

and feeding difficulty characteristic of upd(7)mat [Hitchins et al., (combined bisulfite restriction analysis) method, as reported pre-
2001; Kotzot, 2008]. The methylation analysis showed a major peak  viously [Yamazawa etal., 2010]. The GRBI0-DMR on chromosome
for methylated clones and a minor peak for unmethylated clonesin ~ 7p12.1 and the PEGI0-DMR on chromosome 7q21.3 exhibited
this patient (Fig. 1A). We also examined the H19-DMR and other skewed methylation patterns consistent with the predominance
multiple DMRs on various chromosomes by the bio-COBRA  of maternally derived clones, as did the MEST-DMR (Fig. 1B). By

A wesTwesn B Methylation index (%)
P
105 7
T
239 bp (21 CpGs) 80 7]
Pat mc::mom 60
Mat- )
291 bp (31 Cst) 40 ¥
20
Control o
Upd{7imat
Patient
Ch 't
c 90 100(bp) 210 220 (bp) 120 140 (bp) 140 160 {bp)
A ! W W L |
U WU N 1 R N S WY I R
Patient (L) 1 * * l l* { %
Paient (S}, X % & ‘ ;l & 31 %
* * | 1 ¥
Placenta 1 ‘i i ‘ 1; N BN
Mother i 1 1 h 11

078507 D78493 078540 o 0?8636 k

’FlG 1. Representative molecular results A Methglatlon analgsls for the MEST DMR. The methylated and unmethglated allele-speciﬂc prlmers were
"deslgned to yield PCR products of different sizes, and the PCR praducts were visuallzod on the 2100 Bioanalyzer: (Agllent. Santa Clara, CA). Both
methglated and unmethglated alleles are ampllfled ina control subject and the tnethglated allele only is identlﬁed in a prevlouslg reported. patlent Vi

peaks of patemal orlgln are more obvlous ln the placonto than in the leukocgtes [L} an i sallvarg cells {S). Calculation of the mosaic ratio usingthe '
D7ss07 data, under the assumptlon of no trisomlc cells. For thls, locus. the patlent is considered to be heterozggous with the' major 87 bp peak of
matamal orlgln anda mlnor 97bp peak of patemal orlgln The father ls also heterozygous with the two peaks of the same sizes, and the area under
curve [AUC) is larger for the short 87 bp peak than for the long 97 bp peak. This unequal amplification is consistent with short products being more
easily amplified than long products. In this patient, the AUC ratio between the major 87 bp peak and the minor 97 bp peak s obtained as 1.0:0.043 for

. leukocytes, 1.0:0.044 for salivary cells, and 1.0:0.803.in placental tissue, after compensation of the unequal ampllﬁcotlon between the two peaks
using the paternal data. Here, let “XL" represent the frequencg ofthe upld[?]met cellsin Ieukocgtes [thus, (1— =X} denotes the frequencg of normal .
cellsin leukocytes). Then, the paternally derived 97 bp peakis generated by one pate y derived chromosome in the normal cells, that is, {1 XL},
and the maternally derived 87 bp peak is formed by the products from two matemallg derived homologous chromosomes in the upld[?] matcells and
one maternally derived chromosome in the normal cells, that is, {2XL 4 [1 XL]} )
represented.as (XL'+1}:(1 — XL] = 1.0:0.043, and “XL"is calculated as 0. 92 {92% Simitarly,
upid(?]Jmat cells in salivary cells and placental tissue, respectively, “XS”is ohtaln .91 {91%} and “XP"
represents the frequency of the upid(?}mat cells in buccal epithelium cells, “XB" is obtained as 0.91 (31%), on the basis of the previous report that
salivary cells comprises ~40% of buccal epithelium cells and ~60% of leukocytes [Thlede etal, 2000}
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Father
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L, leukocytes; S, salivary cells; D, disomy.
The Arabic numbers denote the PCR product sizes in bp.
The mmor peaks are. mdlcated in parenthes

contrast, other DMRs including the H19-DMR showed normal
methylation patterns.

We next performed microsatellite analysis for 11 loci on various
parts of chromosome 7, using genomic DNA from leukocytes
of the patient and the parents, from salivary cells of the patient,
and from formalin-fixed and paraffin-embedded placental tissue.
Major peaks consistent with maternal uniparental isodisomy and
minor peaks of paternal origin were unequivocally identified for
D75484, D75502, D75515, D75640, D75636, and D75798; further-
more, similar patterns were also detected for D75517, D75507,
D75669, and D75493, although the results were not informative for
D75684 (Fig. 1C and Table I). The minor peaks of paternal origin
were similar between leukocytes and salivary cells and more evident
in placental tissue. These findings, together with the normal kar-
yotype in lymphocytes, indicated mosaic full maternal isodisomy
for chromosome 7 (upid(7)mat) in this patient. Furthermore,
since such a condition is frequently associated with mosaicism
for trisomy 7 [Petit et al., 2011}, we performed fluorescence in situ
hybridization (FISH) analysis for stocked lymphocyte pellets, using
a CEP7 probe for D7Z1 (Abbott Laboratories, Abbott Park, IL). The
FISH analysis identified two normal signals in 995 of 1,000 inter-
phase nuclei examined, with no trace of trisomic nuclei; while a
single signal was delineated in the remaining five nuclei, this was
regarded as a false-positive finding. Thus, assuming no trisomic
cells, the frequency of the full upid(7)mat cells was calculated
as 92% in leukocytes, using the results of D75507 (Fig. 1C). In
addition, similarly assuming no trisomic cells in other tissues, the
frequency of the full upid(7)mat cells was calculated as 91% salivary
cells (and in buccal cells) and 11% in placental tissue, although we
could not perform FISH analysis in buccal cells and placental cells.

These results imply that this patient had an abnormal cell lineage
with full upid(7)mat and a normal cell lineage with biparentally
inherited chromosome 7 homologs at least in lymphocytes, and
these had no trisomy 7. It is likely that mitotic non-disjunction
and subsequent trisomy rescue (loss of the paternally derived
chromosome 7 from a trisomic cell) took place in the post-zygotic

/83

~*7Matemal lso D/blparental

developmental stage, resulting in the production of the mosaic full
upid(7)mat (Fig. 2). While full upid(7)mat can also be produced by
monosomy rescue (duplication of a single maternally derived
chromosome 7 in a zygote), this mechanism is predicted to cause
non-mosaic rather than mosaic upid(7)mat [Miozzo et al., 2001].
Although it remains to be clarified why trisomic cells mediating
the production of full upid(7)mat cells were apparently absent in
lymphocytes of this patient, there might be a negative selection
against lymphocytes with trisomy 7.

However, the presence or absence of demonstrable trisomic cells
was studied only in lymphocytes. In this regard, trisomic cells have
been identified more frequently in skin fibroblasts and amniocytes
than in blood cells in patients with mosaic trisomy 7 [Chen et al,,
2010; Petit et al, 2011], and they are usually more frequently
detected in the placental tissue than in the body tissue, as has
been demonstrated by confined placental trisomy [Kalousek et al.,
1991]. These findings would argue for the possible presence of
trisomic cells in several tissues including placenta of this patient.

The full upid(7)mat cells were assessed to account for the
majority of the leukocytes and salivary cells (buccal cells) and
the minority of the placental tissue, under the assumption of no
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FIG. 2. Schematic representation of the generation of the mosaic
upid(?)mat. The maternally and paternally derived chromosome 7
homologs are shown in red and blue, respectively. in this figure,
mitotic non-disjunction is assumed at the second mitosis.
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trisomic cells. In this regard, if trisomic cells may be present in a
certain fraction of buccal cells and placental tissue, the full upid-
(7)mat cells would still account for a relatively major fraction of
buccal cells and a relatively minor fraction of the placental cells.
While such a variation in the frequency of the full upid(7)mat cells
among different tissues would primarily be a stochastic event, it
should be pointed out that human genetic studies are usually
performed for leukocytes. Indeed, if the upid(7)mat cells were
barely present in leukocytes, the mosaic upid(7)mat would not
have been detected. Such a bias in human studies would more or
less be relevant to the relative predominance of the full upid(7)mat
cells in leukocytes.

Two findings are noteworthy with regard to clinical features of
this patient. First, this patient had relatively mild SRS phenotype
with speech delay and feeding difficulty. Since such clinical features
are grossly consistent with those of patients with upd(7)mat
[Hitchins et al., 2001; Kotzot, 2008], it is inferred that the upid-
(7)mat cells accounted for a considerable fraction of body
cells relevant to the development of SRS phenotype. Second, the
placental size remained within the normal range. This would
be consistent with the relative paucity of the upid(7)mat cells in
the placenta.

In summary, we observed mosaic upid(7)mat in a patient with
SRS. Further studies will identify mosaic upd(7)mat with or
without demonstrable trisomy 7 in patients with relatively mild
SRS-like phenotype.
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Two-Step Biochemical Differential Diagnosis of Classic
21-Hydroxylase Deficiency and Cytochrome P450
Oxidoreductase Deficiency in Japanese Infants by GC-MS
Measurement of Urinary Pregnanetriolone/
Tetrahydroxycortisone Ratio and
113-Hydroxyandrosterone

Yuhei Koyama, 2 Keiko Homma,* Maki Fukami,* Masayuki Miwa,® Kazushige lkeda,® Tsutomu Ogata,*
Tomonobu Hasegawa,>* and Mitsuru Murata’

BACKGROUND: The clinical differential diagnosis of clas-
sic 21-hydroxylase deficiency (C210HD) and cyto-
chrome P450 oxidoreductase deficiency (PORD) is
sometimes difficult, since both deficiencies can have sim-
ilar phenotypes and high blood concentrations of 17c-
hydroxyprogesterone (170HP). The objective of this
study was to identify biochemical markers for the differ-
ential diagnosis of C210HD, PORD, and transient hyper
17a-hydroxyprogesteronemia (TH170HP) in Japanese
newborns. We established a 2-step biochemical differ-
ential diagnosis of C210HD and PORD.

METHODS: We recruited 29 infants with C210HD, 9
with PORD, 67 with TH170HP, and 1341 control in-
fants. All were Japanese and between 0 and 180 days
old; none received glucocorticoid treatment before
urine sampling. We measured urinary pregnanetri-
olone (Ptl), the cortisol metabolites 5a- and 53-
tetrahydrocortisone (sum of these metabolites termed
THEs), and metabolites of 3 steroids, namely dehydro-
epiandrosterone, androstenedione (AD4), and 1183-
hydroxyandrostenedione (110HAD4) by GC-MS.

RESULTS:, At a cutoff of 0.020, the ratio of Ptl to THEs
differentiated C210HD and PORD from TH170HP and
controls with no ovérlap. Among metabolites of DHEA,
AD4, and 110HAD4, only 11B-hydroxyandrosterone
(11HA), a metabolite of 110HAD4, showed no overlap

between C210HD and PORD at a cutoff of 0.35 mg/g
creatinine. :

concrLusions: A specific cutoff for the ratio of Ptl to
THEs can differentiate C210HD and PORD from
TH170HP and controls. Additionally, the use of a spe-
cific cutoff of 11 HA can distinguish between C210HD
and PORD.

© 2012 American Association for Clinical Chemistry

Classic 21-hydroxylase deficiency (C210HD)® is the
most common form of congenital adrenal hyperplasia,
which is transmitted as an autosomal recessive trait.
C210HD is caused by mutations of CYP21A2 (cyto-
chrome P450, family 21, subfamily A, polypeptide 2)”
encoding 21-hydroxylase, which catalyzes steroid hy-
droxylation at C21 (Fig. 1) (1). C21OHD shows adre-
nal insufficiency, disorders of sex development in
46,XX, and increased serum 17a-hydroxyprogesterone
(170HP). Cytochrome P450 oxidoreductase (POR)
deficiency (PORD) is a recently established form of
congenital adrenal hyperplasia that is also transmit-
ted as an autosomal recessive trait. PORD is caused
by mutations of POR encoding POR, which transfers
electrons to microsomal P450 enzymes such as 17-
hydroxylase/17,20-lyase, 21-hydroxylase, and aro-

" matase (Fig. 1) (2). PORD shows adrenal dysfunction,
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disorders of sex development in 46,XX and 46,XY, skel-
etal dysplasia, maternal virilization during prégnancy,
and increased serum 170HP. In addition to increased
concentrations of 170HP, clinical manifestations of
 C210HD and PORD can be similar, leading to diffi-
culty in differential diagnosis (3, 4). We previously re-
ported the biochemical differential diagnosis of
C210HD from transient hyper 170OHPnemia
(TH170HP) and controls in term and preterm neo-
nates by meéasuring urinary pregnanetriolone (Ptl),
., which was a final metabolite of 21-deoxycortisol
(21DOF) (5). Shackleton et al. (6) reported biochem-
ical differential diagnosis of PORD from controls by a
distinctive steroid excretion pattern, namely low uri-
nary metabolites of cortisol and androgens and high
metabolites of pregnenolone and progesterone. Were-
ported that PORD had high urinary Ptl concentrations
and that the ratio of 11B-hydroxyandrosterone
(11HA) to pregnanediol (PD) could differentiate
PORD from C210HD in 3 infants between the ages of
1 and 3 months (3). However, no cutoff for urinary
steroid metabolites has been reported at any age for
distinguishing between C210HD and PORD. In our
laboratory, the measurement of PD in newborns is

2 Clinical Chemistry 58:4 (2012)

sometimes problematic owing to unknown interfer-
ences, and we have not been able to calculate the ratio
of 11HA to PD for the differential diagnosis of
'C210HD and PORD.

The objective of this study was to identify bio-
chemical markers for the differential diagnosis of
C210HD, PORD, and TH170OHP and to set the cutoff
in Japanese infants <6 months old, the period during
which most patients with C21OHD or PORD are diag-
nosed (7). We paid attention to 21-hydroxylase and
17,20-lyase activities since, theoretically, the former
enzymatic activity is impaired in both C210HD and
PORD and the latter is impaired in PORD but not
C210HD.

Materials and Methods

All legal guardians gave written informed consent, and
the study was approved by the institutional review
board committee at Keio University Hospital. We re-
cruited 29 infants with C210HD, 9 with PORD, 67
with TH170OHP, and 1341 control infants from 2000
through 2009 at Keio University Hospital and 45 other
hospitals throughout Japan (Table 1). All infants were
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Biochemical Diagnosis of C210HD and PORD

Table 1. Characteristics of the study subjects.

PORD Control
9 67 1341
4/5 44/23 759/582
40 (37-41) 37 (26-41) 38 (22-42)
59 (3-146) 35 (3-164) 4 {0-180)
2818 (2330-3066) 2670 (895-4980) 2878 (442-4506)

TH170HP

C210HD
ne 29
Sex, MIF 2019
e M an gestational age, weeks (range) 38 (31-41)
Median age at analysis, days (range) 11 (0-45)
Median birth weight, g (range) 3060 (1464-4030)

Japanese, with ages between 0-180 days. The diagnosis
of C210HD and PORD was confirmed by CYP21A2
and POR gene analysis, respectively (Table 2). The di-
agnosis of TH17OHP was made in the neonates fulfill-

ing all the following criteria; (a) 170HP concentration
in the dried blood spot mass screening program in Ja-
pan (direct ELISA assay), (b) blood 170HP concentra-
tion confirmed to be normal by repeated measure-

Table 2. Genotypes of 29 subjects with C210HD and 9 with PORD.

patients

5678
e Sy

Sex

MMM T MM 2 REREEEREEEEEER

T E E=

Gestational
age, weeks

36, 36, 40
38, 39
3%

40

38, 40
41

38

38

38, 39
38

38

35, 39
35

39

38, 40
kY

39

38
37,38
35, 39

38,40

37

40

37, 39, 40, 40
41

deletion in exon 3.

Copy 1 Coby 2
Del or conv® Del or conv
Del or conv R356W
Del or conv E6 cluster
Del or conv 1307+7
Del or conv 12 splicing
Del or conv 172N
Del or conv 178 moliL .
A8bp? Q318X
R356W 12 splicing
E6 cluster 12 splicing
12 splicing 12 eolicing
12 splicing 172N
172N 172N
Del or conv, 1172N A8bp, 12 splicing
Del or conv Del or conv
Del or conv A8bp
Del or conv 172N
R356W R356W
12 splicing 12 splicing
12 splicing 172N
R457H R457H
RA57H Q555fsX611
R457H Ad62  5463inslA
R457H R457H
RASTH £580Q

2 Del or conv, deletion or large gene conversion; E6 cluster, cluster of mutations {1236D, V237E, M239K) in exon 6; 12 splicing, intron 2 —13 A/C>>G; A8bp, 8-bp
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ments [ELISA assay (direct or extraction method) or .

RIAJ, and (¢) consistently good overall general condi-

tion. Any subjects with abnormal physical findings

were excluded. The control infants were without neu-
rologic and endocrinologic abnormalities, and none of
the subjects received antenatal or perinatal glucocorti-
coid before urine sampling. Table 1 shows characteris-
tics of the study subjects.

Spot urine samples were randomly collected for
the study and kept at —20 °C until analysis. We studied
each infant for urinary steroid profile by GC-MS/
selected ion monitoring (GC-MS-SIM), as.reported
(8) with minor modification. In brief, 0.05- to 0.2-mL
urine samples were subjected enzymatic hydrolysis and
organic solvent extraction and methyloxime-
trimethylsilyl derivatized, and the derivative was sub-
jected to GC-MS-SIM analysis. GC-MS-SIM analysis
was performed on an HP5890II GC with an HP-Ultral
fused silica column (25 m X 0.2 nm X 0.33 um) cou-
pled to an HP597IMS (Agilent Technologies).” We
quantified each steroid with stigmasterol as the internal
standard. The turnaround time of the assay is 2 days.

We measured Ptl and the cortisol metabolites S5a-
tetrahydrocortisone and 53-tetrahydrocortisone (sum
of these metabolites termed THEs) and calculated the

ratio of Ptl to the cortisol metabolites (Ptl/THEs) (5, 9) -

to differentiate C210HD and PORD from TH170HP
and controls. Ptl was considered to be equal to 0.001 mg/g
creatinine for calculation in infants whose Ptl was under
the detection limit (<0.001 mg/g creatinine). We mea-
sured metabolites of 3 steroids, namely dehydroepi-
androsterone (DHEA), androstenedione (AD4), and
11B-hydroxyandrostenedione (110HADA4), and cal-
culated the sum of DHEA metabolites (DHEA, andro-
stenediol, 16a-hydroxy-DHEA, 16 B-hydroxy-DHEA,
16-oxo-androstenediol, and androstenetriol), the
sum of AD4 metabolites (androsterone and etio-
cholanolone) (8, 10), and the 110HAD4 metabolite
(11HA). (11B-Hydroxyetiocholanolone could not be
measured in newborns, as described (8).) The above
sum of DHEA metabolites have been reported to in-
clude approximately 70% of DHEA metabolites in
"newborns (11). The above sum of AD4 metabolites are
defined as androgen metabolites because, whereas
these 2 steroids are metabolites of AD4, they are also

the metabolites of testosterone and dihydrotestoster-

one in boys. Androgen metabolites are analyzed sepa-
rately by sex, since male androgen metabolites in this
age group are increased from testicular-derived andro-
sterone and etiocholanolone.

We measured urinary creatinine by JATRO-LQ
CRE (A)II (Mitsubishi Chemical Medience Co.) and
expressed urinary steroid concentration relative to uri-
nary creatinine (mg/g creatinine).

4 Clinical Chemistry 58:4 (2012)
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lower Ptl value than the cutoff. N.d., not detected.

Statistical analysis of DHEA, androgen, and
110HAD4 metabolites was carried out by Mann-
Whitney U-test between C210HD and PORD. A P
value of <0.05 was considered statistically significant,

Results

DIFFERENTIATION OF C210HD AND PORD FROM TH170HP

AND CONTROLS

Fig. 2 shows the results of urinary Ptl and Ptl/THEs Ptl
[median (range) mg/g creatinine] was 10(0.079-36) in

" C210HD, 1.5 (0.42-2.6) in PORD, 0.006 (<<0.001-

0.086) in TH170HP, and <0.001 (<0.001-0.064) in
controls. Pt/THEs was 2.5 (0.14-15) in C210HD, 0.18
(0.051~0.23) in PORD, 0.00083 (0.00010-0.011) in
TH170HP, and 0.00038 (0.000068-0.0083) in con-
trols. Ptl differentiated C210HD and PORD from
TH170HP and controls with 96.9% (95% CI 91.6%-—
97.4%) sensitivity and 100% (99.8%-100%) specificity
with cutoff 0.1 mg/g creatinine. All patients with
TH170HP and controls showed Ptl concentrations be-
low the cutoff. An 8-day-old patient with C210HD
whose birth weight was 1628 g had a lower Ptl value
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than the cutoff (Fig. 2A, arrow). Ptl/THEs differenti-
ated C210HD and PORD from TH17OHP and con-
trol with 100% (95.1%-100%) diagnostic sensitivity
and 100% (99.8%-100%) diagnostic specificity with
the 0.020 cutoff.

DISCRIMINATION BETWEEN C210HD AND PORD
Fig. 3 shows the results of urinary metabolites of 17,20-
lyase products (mg/g creatinine) in C210HD and
PORD. DHEA metabolites were 97 (11-505) in
C210HD and 4.0 (0.15-17) in PORD. Androgen me-
tabolites were, for boys, 1.1 (0.18—-36) in C210HD and
0.19(0.17-0.41) in PORD, and for girls, 1.1 (0.26-9.9)

in C210HD and 0.16 (0.016-1.4) in PORD..

110HAD4 metabolite was 3.0 (0.61-24) in C210HD
and 0.077 (0.022-0.22) in PORD. All metabolites of
17,20-lyase products showed significant differences be-
tween C210HD and PORD (DHEA metabolites, P <
0.001; androgen metabolites (male), P = 0.006; andro-
gen metabolites (female), P = 0.039; 110HAD4 me-
tabolite, P < 0.001). 110HAD4 metabolite (11HA)
discriminated between C210HD and PORD with
100% (94.2%-100%) diagnostic sensitivity and 100%
(81.4%-100%) diagnostic specificity with the 0.35

mg/g creatinine cutoff, Urinary DHEA and androgen

metabolites showed overlap between C210HD and
PORD.

Discussion

We established a 2-step biochemical differential di-
agnosis for C210HD and PORD by urinary steroid
profile. First, by using a specific cutoff of the ratio of
Ptl to THEs, we were able to differentiate C210HD
and PORD from TH170HP and controls. Second,
by using a specific cutoff of 11HA, we were able to
distinguish between C210HD and PORD. Although
a distinctive steroid excretion pattern in C210HD
and PORD had been reported (3, 5, 6 ), no clear cut-
off of urinary steroid metabolites was reported in
any ages to discriminate between C210HD and
PORD. To the best of our knowledge, this is the first
report of a cutoff for biochemical differential diag-
nosis of C210HD and PORD in infants. As for
TH170HP, an adequate observation period and
timing for repeat blood test are as yet unknown. It is
difficult to differentiate between C210HD and
PORD by current standard hormonal testing and
clinical observation (3, 4). This 2-step method can
diagnose TH17OHP, C210HD, and PORD by 1 as-
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say with a noninvasive spot urine sample while in-

fants have increased concentrations of serum
170HP.

Increased Ptl and Pt/THEs in C210HD and
PORD must reflect the impaired activity of 21-
hydroxylase. We showed that a specific cutoff of Ptl/
THEs differentiated C210HD and PORD from
TH170HP and controls with no overlap. In patients
with C210HD, impaired activity of 21-hydroxylase led
to an increase in the precursor steroid 170HP. As a
result, Ptl, which is a metabolite of 21DOF, was in-
creased. Because the activity of 21-hydroxylase in pa-
tients with PORD was impaired by less electron supply
from POR, increased Ptl was reasonable.

Decreased 11HA in PORD must reflect the im-
paired activity of 17,20-lyase. The reason is unclear why
the urinary 110HAD4 metabolite was the only 1
among other metabolites of 17,20-lyase products that
showed a difference between C210HD and PORD, but
the reason is probably that 110HAD4 is of purely ad-
renal origin. DHEA metabolites showed tiny overlap
between C210HD and PORD that may derive from
unexpectedly low DHEA metabolites in 3 patients with
C210HD. On the 1 hand, androgen metabolites

- showed a clear overlap that can be explained by andro-
gen production in the backdoor pathway (Fig. 1,
dashed arrow), which is proven in the tammar wallaby
(12) and postulated in the human newborn (13). An-
drosterone can be derived not only from AD4 and di-

. hydrotestosterone in the conventional pathway but
also from S5a-pregnane-3a,17a-diol-20-one in the

_backdoor pathway (12, 13). In PORD, androsterone

could increase during early infancy (13), resulting in -

overlap in androgen metabolites.

One may argue that PD, the ratio of PD to 17,20-
lyase metabolites (e.g., 1 1HA, DHEA metabolites), or
the ratio of 17a-hydroxypregnenolone metabolite to
" DHEA metabolites (13) is discriminatory (Fig. 1).
Unfortunately, the measurement of PD is sometimes

problematic in our GC-MS method in newborns '

and we cannot calculate the concentration or the
ratio. We have reported that the ratio of 17a-
hydroxypregnenolone metabolites to- DHEA metabo-
lites discriminated 22 patients with PORD from
healthy infants (13), whereas this ratio could not dis-
criminate C210HD and PORD completely in this co-
hort (data not shown). ,
‘ This study had 4 limitations. First, nonclassic
210HD was not included in study subjects. Nonclassic
210HD is known to have lower blood 170HP than
C210HD (14, 15). Thus, it is conceivable that these
individuals have lower Pt/THEs and 11HA than
C210HD. Further studies are required to determine if
the same cutoff can discriminate between nonclassic
210HD and PORD. Second, the total number of af-
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fected infants, and specifically the number of very-low-
birthweight infants (only 2), was limited in this study.
Infants born with very low birthweight should have
less hepatic enzyme activities such as 5B-reductase,
3a-hydroxysteroid dehydrogenase, and 20a-
hydroxysteroid dehydrogenase, leading to less conver-
sion of 21DOF to Ptl. Indeed, 1 patient with C210HD
who was born with low birthweight had a lower Ptl
value than the cutoff. The third limitation is the ran-
dom time at which urine samples were collected, al-
though it is known that steroid metabolism starts to
show diurnal variation around 2-3 months of age (16 ).
We unintentionally proved that we could use the urine
sample whenever it is collected. As for the fourth limi-
tation, our data in Japanese infants may not apply to
other ethnic populations. Enzymatic residual activity in
PORD hasbeen reported to differ depending on genotype
(17). The common mutation was R457H in Japanese
PORD (7, 18) and A287P in whites. (19). R457H has
1%-3% supporting activity for 17-hydroxylase and vir-

tually no activity for 17,20-lyase compared to wild type,

whereas A287P has 40% activity for 17a-hydroxylase and
about 20% for 17,20-lyase (17, 19, 20). In fact, all subjects
with PORD were Japanese with homozygous or heterozy-
gous R457H mutation (Table 2). For PORD cohorts with
higher 17,20-lyase activity (i.e., A287P), 11HA might not
be as useful. Thus other cutoffs may be required for
non-Japanese. ’ .

In conclusion, we demonstrated a 2-step bio-
chemical differential diagnosis for C210HD and
PORD by urinary steroid metabolites such as Ptl,
THESs, and 11HA. We believe that this 2-step biochem-
ical diagnosis would be valuable for Japanese infants
whose clinical differential diagnosis is difficult.
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Introduction

The disorders of sex development (DSD) comprise a variety of
anomalies defined by congcmtal conditions in which chromosom-
al, gonadal, or anatomical sex is atypical. The prevaleuce of the
46,XY disorders of sex development (46,XY DSD) is difficult to
determine with accuracy because of the heterogeneity in. the
clinical presentation and the etiologies. The estimated incidence of
severe 46,XY DSD with uncertain sex is 2.2 per 10,000 births [1],
and for a minor form of 46,XY DSD with isolated and non-severe
hypospadias, the incidence is estimated at 1 in 250-400 births [2].
Two independent surveillance systems in the United States,-the
‘nationwide Birth Defects Monitoring Program (BDMP) and the
Metropclitan Atlanta Congenital Defects Program (MACDP),
reported a near doubling in the hypospadias rate in comparison
with the immediately preceding decades [3]. Although recent
studies have questioned this reported rise and provide conflicting
data [4,5], the elucidation of the pathophysxology of these genital
malformations remains challenging.

. PLOS ONE | www.plosone.org

The etiologies of 46,XY DSD are usually gonadal dysgenesis
(defect in SRY and downstream genes such as SOX9, WT1, NR5A!
[6,7], etc.), defects in androgen biosynthesis and, more frequently,
abnormalities in androgen sensitivity. Unfortunately, more than
50% of children with severe 46,XY DSD presenting with
uncertain sex do not have a definitive clinical diagnosis [8]. For
instance, an AR gene defect is identified in less than 10% of the
cases [9].

In addition to these well classified causes, a recent candidate
gene was identified as critical for the development of male
genitalia: the Mastermind-like domain containing 1 (MAAMLDI)
gene (formerly CXorf6). This gene was discovered during studies to
find the gene responsible for X-linked myotubular myopathy,
MTMI, which maps to proximal Xq28 [10]: MAMLDI was
observed to be deleted in patients with both’ the myopathy and
external genital malformations [10,11 ,12]. Polymorphisms of
MAMLDI have been reported in patients with isolated hypospa-
dias, the less severe form of 46,XY DSD, but these variants usually
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Figure 1. Electrochromatograms and pedigrees of the three patients with MAMLDT mutations. The black squares indjcate patients with
posterior hypospadias. All mutant sequences were controlled by wildtype (WT) DNA. Regarding case 1's family, only the members [il-3 and Ii-4 were
genotyped, as the other members in the pedigree declined genetic testing.
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do not affect the transactivation of the protein [13,14]. Conversely,
severe 46,XY DSD with uncertain sex has been sparsely studied.
To date, only one study has focused on these patients: Fukami
et al. identified three nonsense mutations in four individuals from a
group of 166 patients [15]. The aim of the present study was to
determine whether MAMLDI is frequently implicated in newborns
and children with severe 46,XY DSD with uncertain sex and
whether MAMLDI should be routinely sequenced in these
patients.

Materials and Methods

Patients and controls

Two hundred and twenty individuals were included in this study.
Seventy children presented with non-syndromic 46,XY DSD of
unknown etiology. According to the Quigley classification [16], 8
patients exhibited a stage 2 phenotype; 32 patients, stage 3; 20
patients, stage 4; 5 patients, stage 5; and 5 patients, stage 6. One
hundred and fifty healthy individuals were included as controls.
Controls were chosen among patients without urinary, genital, or
endocrine disease, or any other congenital malformation. For
instance, patients with acute appendicitis or operated on for
circumcision without phimosis were included. This study was
approved by the Institutional Review Board (CPP-Montpellier, ID
RCB No. 2008-A00781-54). Written consent was obtained from the
parents, carers or guardians on behalf of the participating minors.

@ PLOS ONE | www.plosone.org

When a mutation was identified, other family members were
examined if possible. The patients and controls were Caucasian,

DNA extraction '
DNA was extracted from peripheral blood using a QIAamp
DNA blood minikit (Qiagen, Courtaboeuf, France). -

Mutational analysis of MAMLD1

Direct sequencing of MAMLDI coding exons and their flanking
splice sites was performed in all patients and controls using primers
as previously described [17]. The 3730xl DNA Analyzer (Applied
Biosystems, Foster City, CA, USA) was used. Sequencing reactions
were repeated twice with at least two different PCR products. The
DNA sequences were compared with the sequences of normal
controls and the reference genomes from the ensembl.org database
(Ensembl: ENSG00000013619) and the genebank database (MIM:
300120, NCBI Gene ID: 10046). It is notable that the number of
the cDNA and amino acids has been changed recently because of
the recognition of a novel MAMLDI start codon. This report
describes MAMILDI cDNA and amino acids according to the new
system.

Molecular analysis of androgen sensitivity
A molecular analysis of the androgen receptor (4R) and 5 alpha
reductase type 2 (SRD5AZ) genes was performed in all patients.
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Table 1. Clinical and hormonal data of patients with mutated MAMLD1.

MAMLDT Mutations in 46,XY DSD

Casé 1

Testis’ position
Testis size (normal=1-2 ml)

. Scrotal appearance

Intra-scrotal
Normal

Ventral transposition, Bifid Scrotum

Renal and urinary tract structure Normal
?x;fgjggnitéi phenotype Normal
Growth
" Birth height, cm (SDS) 51 (+0)

* Birth weight, Kg (SDS) 3.540 (+0)
Sefum hormone level

Time of measurment {yr,mo) 0,0
" Testosterone (ng/ml) (1-3 ng/ml) 178

LH (UK) (1-12 Uy 10

FSH (UIZ) (1-10 UI/D) 08

AMH 336 ng/mi
- Inhibin NA

Patient Case 2
1 mutation pS143X pP384L
Prevmus medical history None Maternal diabetes
Gg al phenotype
Urétﬁral meatus Scrotal Penile posterior '
Ag’é at exam (yr,mo) 0,0 0,0
Microphallus Yes, 20 mm Yes, 20 mm with cuvature

Intra-scrotal
Normal

Bifid Scrotum
Normal

Normal

50.5 {+0)
3.750 (+0.5)

03

<0.07

03

0.8

19 ng/mi*
<15 ng/mi*

SD: standard deviation. ND: not determined. NA: not available. DHT: dihydrotestosterone, DHEA: dihydrcepiandrsosterone. Parentheses indicate the standard deviation
for height and weight and the normal range for hormone serum levels. Testes of 1-2 mli can be regarded as normal, as recently reported by Shibata et al. [34).

doi:10.1371/journal.pone.0032505.t001

Exons 1-8 of the AR gene were amplified by PCR using sets of
primers and reactions previously described [18]. Molecular
analysis of the SRD542 gene (exons 1-3) was performed as
previously reported [19]. PCRs were verified for correct length on
agarose gel, purified with Qiaquick PCR columns (Qiagen), and
sequenced with the ABI Prism Big Dye terminator sequencing kit.
NR5A1was sequenced in 46,XY DSD children with low plasma
testosterone as previously published [6,20].

Homology study

Ensembl.org detected the putative homologs of the human
MAMLDI gene and alignments were made with the ClustalW
software at http://www.ebi.ac.uk/Tools/msa/clustalw2/.

Structure prediction

The potential impact of variants was first predicted using X in-
stlico tools for secondary structure, tertiary structure and prediction
of the consequences of amino acid changes.

The secondary structure for wildtype and variants was predicted
using JPred software [21] (http://www.compbio.dundee.ac.uk/
www-jpred/). The relative accessibility of amino acids was studied
with Netsurf software [22] (http://www.cbs.dtu.dk/services/
NetSurfP/). The three-dimensional structure was predicted by
the Protein Homology/analogY Recognition Engine (PhyreEn-
gine) from the Structural Bioinformatics Group, Imperial College,
London, at httpiwww.sbg.bio.ic.ac.uk/phyrew/. This tool can

- detect remote homologous proteins with similar tertiary structures,

@ PLOS ONE | www.plosone.org

*It is notable that anti-mullerian hormone and inhibin were lowered in one case. MAMLDT is indeed reported to be expressed in Sertoli cells, as well [15].

based on multiple sequence profiles with structure-based profiles
[23).

The functional conscquences of amino acid changes were
predicted using four algorithms. Polyphen (Harvard, USA) [24,25],
Panther [26], Sift (University of British Columbia) [27] and SNP-3D
(University of Maryland) [28] were used, respectively, at hitp://
genetics.bwh.harvard.edu/pph/, http://www.pantherdb.org/ tools/
csnpScoreForm jsp., hitp://siftjeviorg/, and http://www.snps3d.
org/modules.php?name=Search&op=advanced%20search. These
algorithms are based on the alignment of orthologous and/or
paralogous protein sequences and/or structural constraints.

Transactivation analysis of MAMLD1

The transactivation function of the variant MAMLD1 proteins
was analyzed by the luciferase method [29]. We used the
previously reported luciferase reporter vector containing the
promoter sequence of mouse hairy/enbancer of split 3 (Hes3)
(+2,715~+261 bp) [30] and expression vectors containing cDNAs
for wildtype MAMLDI, p.5143X and p.P384L {29]. Mouse Leydig
tumor (MLTCI) cells (ATCC, CRL-2065) seeded in 12-well dishes
(0.5-1.0%10° cells/well) were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) with 0.6 pug of luciferase reporter
vector and 0.6 pg of expression vector for wildtype or variant
MAMLDI, together with 20 ng of pRL-CMV vector (Promega)
used as an internal control. As a control for the expression vectors,
an empty counterpart vector was transfected. Luciferase assays
performed with a Lumat LB9507 (Berthold) 48 hours after
transfection were repeated three times,
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" Wild type MAMLD1 -

Wild type MAMLD1 .
(detail). :

MAMLD] Mutations in 46,XY DSD

~pS143X MAMLD1

H

pP384L MAMLDA
{detail}

Figure 2. Tertiary structure prediction of the wildtypé protein (left column) and with the mutants. 3D structure was predicted at Protein
Homology/analogY Recognition Engine (PhyreEngine) from the Structural Bioinformatics Group, Imperial College, London, at http:www.sbg.bio.ic.ac.
uk/phyre~/. The plain arrows show the changes in the shape of the protein between the wildtype and p.P384L.

doi:10.1371/journal.pone.0032505.g002

Statistical methods

Haplotype frequencies were compared between cases and
controls using the ¥? test and the Fisher test on SPSS 16.0 software.
The odds ratio (OR) was also considered with the logit confidence

intervals method: OR—CI =e,LN(0R)t1'96(%"*?'?*%“5)0-. Hapmap
and ensembl.org were used to exclude linkage disequilibrium.
Regarding the transactivation analysis of MAMLDI, the results are
expressed using the mean and SD, and statistical significance was
determined by the #test.

Results

Mutations of MAMLD1 and functional analyses

Among the 70 newborns and children with 46,XY DSD, two
new mutations were identified in two unrelated patients: p.§143X
(c.428C>A) and p.P384L (c.1151C>T) (Fig. 1). The clinical and
genetic data are summarized in Table 1. None of these mutations
was noted in the control group. The sequences of the AR, SRD5A42
and NMR5A1 genes were normal in these patients.

@ PLoS ONE | www.plosone.org

a- The p.S143X mutation was predicted to cause a short and -
truncated protein. The @ sifico prediction showed profoundly
modified amino acid accessibility and 3D structure. Relative
surface accessibility and absolute surface accessibility of the last
amino acid changed from 0.248 to 0.834 and from 29.124 to
97.721, respectively. PhyreEngine predicted the loss of any
functional site without a residual consensus sequence (no
homologous sequence over 3% through whole genome) (Fig. 2).
The in vitro functional study confirmed no residual transactivating
function of the mutant (Iig. 3). Interestingly, a maternal uncle and
a maternal cousin of the index case both exhibited severe
hypospadias (not available for genetic testing). The mother was
indeed heterozygous for the mutation (Fig. 1).

b- The p.P384L mutation was found in a patient with posterior
penile hypospadias and microphallus. No cryptrochidism was
noted. The secondary structure was predicted to be changed in the
next four amino acids. The relative and absolute accessibilities of
the amino acid were modified from 0.27 to 0.35 and from 39.07 to
65.25, respectively. The 3D structure prediction of the mutated
protein was significantly changed (Fig. 2). All four in silico
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Figure 3. Transactivation function of the variants of the .

MAMLD1 protein analyzed by the luciferase method. The
activity is evaluated for pHes3-luc vector.
doi:10.1371/journal.pone.0032505.g003

algorithms predicted affected protein function (Table %) with a
conserved amino acid throughout species (Table 3). Functional
studies confirmed the significantly reduced transactivation func-
tion of the p.P384L protein with 60% residual activity when
compared with the wildtype protein, p=0.0032 (Iig. 3).

Polymorphisms of MAMLD1
We identified three polymorphisms of MAMLDI in our series:
p.P3598 (c.1075C>T, rs41313406), p.N662S (c.1985A>G,

rs2073043) and p.H347Q (c.1041C>A, rs62641609). Regarding

the p.P359S and p.N662S polymorphisms, 14 patients exhibited
double polymorphisms (S-S haplotype) and five had the p.N359S
polymorphism. The phenotypes of the patients with the S-S
haplotype were as follows: penile posterior hypospadias and
cryptorchidism in three cases, hypospadias and microphallus in
five cases (anterior n=1, penile posterior n=2 and scrotal
hypospadias n=2), and cryptorchidism and microphallus in six
cases (bilateral cryptorchidism n=3, unilateral cryptorchidism
n = 1). Using hapmap and ensembl.org, no linkage disequilibrium
was found for these two variants. In previous studies, we and
others found that the S-S haplotype was present in only 6/150
controls (4.0%) and 23/360 controls (6.4%) [13,14]. By combining
the published series for controls (matched patients and controls),
we determined that the incidence of the S-S haplotype was higher
in the DSD patients (20%, n=70 vs. 6%, n=>510, p=0.0003)
(OR =3.86, CI from 1.94 to 7.70, = 0.05). Haplotypes and their
relative frequencies in each group of patients are summarized in
Table 4.

The p.H347Q variant, previously reported as a polymorphism
especially in sub-Saharan populations {rs62641609, http://www.
ensembl.org/Homo_sapiens/ Variation/Summary?r=X:149638386-
149639386;v=rs62641609;vdb=variation;vf =16740729), was identi-
fied inl a patient with posterior hypospadias and microphallus (25 mm -
length at birth).

@ PLoS ONE | www.plosone.org

MAMLDI Mutations in 46,XY DSD

Table 2. Prediction of affected protein function using four
algorithms.

. |Algorithm  pP384L

Polyphen Probably damaging
score=0.961 (sensitivity: 0.71; specificity: 0.93)

Sift Affect protein function
Sift score =0.04

Panther Probability of deleterious effect = 0.42
‘(subPSEC score=—2.7)

SNPS3D Deleterious

(svm score=—1.75)

References and online access are indicated in the text. Mathematical calculation
of the significance of each score is available online.
doi:10.1371/journal.pone.0032505.1002

Discussion

MAMLDI is a good candidate to explore in patients with
unexplained 46,XY DSD, as it has been shown to be expressed in
fetal Leydig cells around the critical period for sex development
[15]. The transient knockdown of MAMLD! mRNA expression
results in significantly reduced testosterone production in mouse
Leydig tumor cells [29]. MAMLDI is further coexpressed with
steroidogenic factor (VR541), which regulates the transcription of
genes involved in sex development, and an NR54Itarget site was
found within the MAMLD! gene [29,31]. MAMLD! thus seems to
have an important role in modulating testosterone production
during sex development and is involved in the 46,XY disorders of
sex development [32].

Regarding the minor forms of 46,XY DSD with isolated and
non-severe. hypospadias, mutational studies of MAMLDI Have
identified several polymorphisms in this gene. We reported the
following variants in patients with isolated hypospadias: p.P3598,
p.V503A, p.N662S and p.604ins3Q [13,17], all of which were
recently confirmed as polymorphisms [14]. The p.Q602K
mutation was also found in one patient with posterior hypospadias
and was predicted to affect the splicing process. An association
between isolated hypospadias and the rare haplotype p.P359S-
p-N662S is also suspected [13,14].

Table 3. Homology study showed that this amino acid was
highly conserved through species for the ¢.1041C>A and
¢.1151C>T mutations.

.

MSSNTLSGSTLRGSLNALLSSMTSSSNAAL
MSSNTLSGSTLRGSPNALLSSMTSSSNAAL

Patient
Human-MAMLD1

Pig MSSSSLPGSTLHGSPGALLSSGAPSSSSAL

Horse MSSSNLPGSTLOGSPNALLSSMVSGSSAAL
Chimpanzee MSSNTLSGSTLRGSPNALLSSMTSSSNAAL
Mouse MSSSSLSGSAVQSSPNALLSSMAPSSNASL
Rabbit MAPHSLPGSSLQGSPNALLSSMAPNSSGAL
Dog MASSNLPGSSFQASPNALLASMASASSAGL
Cat MASGNLPGSAFQGSPNALLASMASGSSAAL

doi:10.137 1/journal.pone.0032505.t003
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