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normal control Japanese individuals®
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Patients with MMD ’ ‘ 204
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With no other variant 137

With one other variant_ ‘ e :25 ’
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With 2 other compound heterozygous variants 2
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Normal contl"ols
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95% CI
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Distribution of the ¢.14576G > A variant among patients with MMD, parents of the patients, and ]

c.14576G$A gem’aty’pey' '
‘ 'Wild-type:‘ : Heiékozyéégls: ‘Homozygous: ~ GA+
G/G (%) G/A(%): O AA(%) CAIA (%)
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34(208)  117(71.8) 12(7.4) 129(79.2)
20(146]  105(766) 12(8.8) 117(85.4)
13(52) 12489 0 12 48)
1(100) 0 0 0
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0 33(91.7) 3(8.3) 36 (100)
0 3(100) 0 3(100)
2(100) o 0 0
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77(883) 554170 0 55(41.7)
278(982)  5018) 0 5.8
o iioae e ND 250
91-615 100-674
<0001 <0001 <0001

Abbreviations: Cl = confidence interval; MMD = moyamoya disease; ND = not determined; OR = odds ratio.

2 Numbers of patients in each category (%) are shown.

283 normal control Japanese individuals (1.8%) (ta-
ble 2 and table e-1). Sixty-two pairs of parents were
also tested for the ¢.14576G>A genotype, with the
conclusion that the ¢.14576G>A variant allele was
inherited from either or both parents in all patients
tested. Among 168 patients with the c.14576G>A
variant, 15 had a homozygous change, whereas none
of the controls and unaffected parents did. We con-
clude that the heterozygous c.14576G>A variant in-
creases the risk for MMD with an odds ratio (OR) of
236 (95% CI 91-615, p < 0.001). Because no ho-
mozygous mutation was detected in the control sam-
ples or unaffected family members, the OR for the
homozygote could not be calculated (%), suggesting
its strong effect. The incidence rate of MMD was
calculated to be extremely high with a 95% CI of
0.78-1.00 with the homozygous mutation. Eighteen
other genetic variants beside ¢.14576G>A were also
identified in RNF213 (figure 1, table e-1). Sixteen of
them were novel, which had not been reported in the
previous studies.'*!> Two of the variants were also
found in the previous study'; however, they were
thought to be common single nucleotide polymor-
phisms because they were also found in the normal
controls without the significant difference of fre-
quency. Other genetic variants showed a relatively
small OR without any significance (table e-1).
Thirty-one patients had these individual variants (ta-
ble 2). Fifteen of them also had the heterozygous

— 154 —

c.14576G>A, and 4 of 5 patients whose parents’
samples were available had these 2 variants existing as
compound heterozygotes (for example, one variant
from the father and the other from the mother). In
the other 16 patients having no c.14576G>A, 1 had
a homozygous ¢.13342G>A variant, and 2 had 2
variants: ¢.13342G>A and ¢.14053G>A as a com-
pound heterozygote. Of the novel 16 variants, 11 of
them were not found in 188 normal control Japanese
individuals and were all private mutations (only once

in one family).

Correlation between the ¢.14576G>A genotype and
clinical phenotype. We compared the clinical features
with MMD the
c.14576G>A genotype, the wild type (genotype
GG, as group GG), the heterozygote (genotype GA,
as group GA), or the mutant homozygote (genotype

of patients according to

AA, as group AA). Age at onset was lower in AA than
in GA or GG (p = 0.002 or p = 0.007) (figure 2A
and table e-2). Median age at onset was 3 years in
AA, 7 years in GA, and 8 years in GG. Among those
with childhood onset (age at onset <15 years), in
whom the effect of secondary vascular changes in
later life could be ignored and therefore a pure ge-
netic effect could be expected, the association be-
tween earlier onset age and the homozygous
c.14576G>A genotype was clearly replicated (table
e-2). Although the clinical manifestation is different
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A schematic presentation of the RNF213 protein with 3 conserved domains, the genetic variants we have identified, and the genomic structures of 2
RNF213 isoforms (shown from top to bottom). All missense changes, including R4859K (c.14576G>A as larger characters) are indicated. A.A. = amino
acids; AAA = ATPases associated with a variety of cellular activities; RING = really interesting new gene. {Based on National Center for Biotechnology
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between the childhood-onset group and the adult-
onset group, the rates of the patients with this vari-
ant, 83.2% (119 of 143 patients) and 79.6% (43 of
54 patients), respectively, were not significantly dif-
ferent. Among adult patients, there was no signifi-
cant difference in the rate of having this variant
between those with familial history (84.6%, 11 of 13
patients) and those without (78.0%, 32 of 41 pa-
tients). The univariate Cox regression analysis
showed that only the c.14576G>A genotype was the

significant predictive variable for age at onset (table
e-4). The cumulative incidence of MMD was higher
in AA than GA or GG at almost all age distributions
(figure 2B), but this tendency was more apparent in
the childhood-onset group. Further investigation
with more AA and GG patients is necessary for better
statistical accuracy. More AA patients were affected
before age 4, compared with GA and GG patients
(p < 0.001) (figure 3A). All AA patients had infarc-
tions at initial presentation.

[ Figure 2 Correlation between the ¢.14576G> A variant and age at onset
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(A) A box plot of age at onset between 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or
wild type (GG) of the ¢.14576G>A variant. O indicates mild outliers; A indicates extreme outliners. (B) Cumulative incidence
curve of the 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the

c.14576G>A variant.
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Correlation between ¢.14576G> A variant and clinical features

Clinical symptoms
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(A) The clinical characteristics of MMD for the 3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the
¢.14576G>A variant (204 patients). The numbers of total patients with clinical records regarding either the presence or absence of each characteristic
are indicated below the bars, and the numbers of patients in each group are indicated above the respective bars. (B) Clinical characteristics of MMD for the
3 groups of patients with either the mutant homozygote (AA), heterozygote (GA), or wild type (GG) of the c.14576G>A variant among those with age at
onset younger than 15 years. The numbers of total patients with clinical records regarding either the presence or absence of each characteristic are
indicated below the bars, and the numbers of patients in each group are indicated above the respective bars. Bil = bilateral vasculopathy; Epi = epilepsy;
FH = with family history; ICH/IVH = intracranial hemorrhage/intraventricular hemorrhage, Infarct = infarction; Intel = intellectual impairment; PCA =
posterior cerebral artery involvement.

The frequencies of other clinical features of
MMD in AA, GA, and GG were also compared (fig-
ure 3A and table e-2). As the clinical manifestation at
diagnosis, infarction was more common in AA than
in GA or GG (p = 0.01, OR 5.3, 95% CI 1.43-
19.56 or p = 0.01, OR 6.5, 95%CI 1.53-27.32);
TIA was less common in AA than in GA (p = 0.03;
OR 0.20; 95% CI 0.04—-0.94). Bilateral MMD and
family history of the disease were more frequent in
AA and GA than in GG (p = 0.008, OR 11, 95% CI
1.98-66.36 and p = 0.02, OR 5.1, 95% CI 1.18~
22.36). The number of steno-occlusive PCAs was
larger in AA than in GA (p = 0.01) (counted as 2
arteries per person). Seventy-four of the 152 patients
(48.6%) had PCA lesions, and infarctions and intel-

lectual impairment were more frequent in those with
PCA involvement than those without (infarctions
68.9% vs 30.8%, p < 0.001; intellectual impairment
26.8% vs 5.3%, p < 0.001). Intellectual impairment
and epilepsy tended to be a more common complica-
tion in AA than in GA, with and without marginal
significance. We also compared these clinical features
in AA, GA, and GG, excluding 6 patients with uni-
lateral MMD, but the results were not changed (data
not shown). Among childhood-onset cases (age at
onset <15 years), the associations between the
¢.14576G>A genotype and these clinical features
were generally similar, except for bilateral vasculopa-
thy (all genotypes in childhood-onset cases showed
bilateral involvement) (figure 3B).
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Correlation between variants other than ¢.14576G>A
and clinical phenotype. We also compared the clinical
features of patients with MMD with the other vari-
ants, except the ¢.14576G>A variant, with those
without (table e-3). Interestingly, none of the
¢.14576G>A homozygotes had any other variants.
The other patients were categorized into 4 groups,
who showed at least one of any individual variants
without ¢.14576G>A (as group GG1), no other
variant without ¢.14576G>A (as group GGO0), at
least one of any other variants with heterozygous
¢.14576G>A (as group GA1l), and no other variant
with heterozygous c.14576G>A (as group GAQ). Al-
though there were no differences in age at onset be-
tween GG1 and GGO patients, it was lower in GAO
patients than GA1 patients (p = 0.03). Median age
at onset was 7 years for GAQ and 12 years for GAL.
The frequency of infarctions was lower and that of
intracerebral hemorrhage was higher in GA1 than in
GAO (p = 0.02, OR 0.19, 95% CI 0.04-0.90 and
p=0.009, OR 8.3, 95% CI 2.00-34.19). However,
when patients with MMD with another variant,
which was predicted to be pathogenic by PolyPhen-
2'8 or SIFT™ algorithms, were compared with those
without, consistently no differences in any of these
clinical features were observed (data not shown).
Further analyses with larger numbers of patients are
needed to validate this effect.

Anticipation of MMD. In addition, statistical com-
parisons of clinical features between 5 parent-
offspring pairs having the same RNF213 genotype
(heterozygous c.14576G>A) were performed (table
e-5). Age at onset was lower in the second generation
than in the first generation (p = 0.04). Median age
at onset was 5 and 37 years, respectively. This result
may support the anticipation of MMD as reported
previously.'® Conversely, age at onset was not differ-
ent between 6 sibling pairs having the same RNF213
genotype (p = 0.67). Median age at onset was 8
years for the older siblings and 12.5 years for the
younger ones. There were no differences in other
clinical symptoms among patients from the same
pedigree.

DISCUSSION We confirmed a strong association
between ¢.14576G>A in RNF213 and MMD with
the larger number of Japanese patients different from
those of the previous studies.'*'> More impor-
tantly, this is the first report showing the significant
phenotype-genotype correlation. The OR for the
heterozygous ¢.14576G>A was 236 (p < 0.001)
and could not be exactly calculated for the homozy-
gote (). With the assumption that the effects of
both heterozygous and homozygous changes on
MMD onset were similar, the homozygous
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¢.14576G>A variant would increase the risk with an
OR of 259 (95% CI 100-674, p < 0.001). How-
ever, the effect of the homozygous variant on MMD
onset was expected to be much larger than that of the
heterozygote because no homozygote was found in a
total of 283 normal controls and 132 unaffected
family members in this study and 429 normal con-
trols and 28 unaffected family members in the previ-
ous study." We also showed that the risk of being
diagnosed with MMD with the homozygous variant
was more than 78%. Although this variant does not
exactly fit the pure Mendelian inheritance pattern
because it is observed to some extent in the normal
population, this variant might have a much larger
effect on the pathogenesis of MMD than the com-
mon variants of complex diseases, considering its ex-
tremely high OR. This rare variant could be an
example of missing heritability, that is, the majority
of heritability of complex traits that are unexplained
by common variants with a small effect size.?®!
Thus, this variant should not be considered as one of
common variants contributing to common diseases.

The ¢.14576G>A variant has not been found
among the total number of 55 Caucasian patients in
the previous studies on RNF213.'4'> However, 4
other rare variants were identified in 4 of 50 Cauca-
sian patients.'” The overall variant detection rate for
RNF213 was as high as 90.2% for our Japanese pa-
tients, in contrast to 8% for the Caucasian patients in
the previous study.'> Importantly, 82.4% of our pa-
tients were accounted for by the ¢.14576G>A vari-
ant. It was reported that c.14576G>A variant was
identified in 90% of Japanese patients, 79% of Ko-
rean patients, and 23% of Chinese patients.’> The
founder effect widely distributed in some areas of
east Asia was likely to be expected, and this variant
could explain the difference of prevalence of MMD
between Asian and non-Asian populations.

RNF213 is a RING (really interesting new gene)
finger protein containing an AAA (ATPases associ-
ated with variety of a cellular activities) domain, indi-
cating that it has E3 ubiquitn ligase activity and
energy-dependent unfoldase activity.!?? Knock-
down of RNF213 in zebrafish leads to the abnormal
sprouting and irregular diameter of intracranial ves-
sels, suggesting its possible contribution to vascular
formation.” More research on its contribution to
MMD pathogenesis will be necessary.

Although the number of adult-onset cases was rel-
atively small, the similar rates of the cases with this
variant between childhood-onset patients and spo-
radic adult-onset patients might suggest that the vari-
ant apparently contributes to both groups. Either a
heterozygous or homozygous ¢.14576G>A variant
increased the risk for adult-onset MMD (OR 217,
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95% CI 72~656, p < 0.001) compared with that in
adult normal controls.

Whether bilateral and unilateral MMD belong to
a single entity is a very important question. Of the 6
patients with unilateral MMD, 2 were heterozygotes
and the others were wild types, which indicated a
lower frequency of heterozygotes than that in the
previous study.'¥ Because we showed a significant
difference in the frequency of bilateral vasculopathy
between GG and other genotypes, we speculate that
to some extent patients with unilateral MMD share a
genetic background, but there could be different ge-
netic backgrounds in these groups. Further investiga-
tion is needed to confirm these findings with larger
numbers of patients with unilateral MMD.

The recent spread of brain check-up has increased
the opportunity to encounter patients with asymp-
tomatic MMD.? Whereas our patients in this study
all had symptomatic MMD, it is necessary to further
examine the RNVF213 variant in the asymptomatic
group.

The homozygous ¢.14576G>A variant carriers
showed significantly earlier age at onset, more fre-
quent occurrence of infarctions at initial presenta-
tion, and PCA involvement. The association of
PCA involvement and infarction or intellectual
impairment in our data were compatible with the
previous report.'! These features indicate that
¢.14576G>A homozygotes have more severe and
wider vasculopathy in the brain. The other poor
prognostic factors, such as intellectual impairment
and epilepsy,® were probably more frequent in ho-
mozygotes but did not reach statistical signifi-
cance. We speculated that these conditions might
be modified or prevented by early diagnosis and by
surgical and medical interventions.

Early surgery for young patients with MMD
(<<3—4 years of age) has been recommended previ-
ously,? because they often demonstrate a more se-
vere clinical course.”'®* Approximately 80% of
these patients had infarction at initial presentation
and had subsequent preoperative infarctions more
frequently than patients with older age at onset.?#*
In our study, 77.1% of the patients diagnosed before
age 4 had infarctions at diagnosis, whereas 38% of
those diagnosed after age 4 had infarctions (p <
0.001), results similar to the previous data.

Conversely, it was demonstrated that young age
at onset of symptoms did not always herald a poor
later outcome. Instead, neurologic deficits due to in-
farctions ar the time of surgery held the most prog-
nostic value.”?0 It was recently reported that an
irreversible infarction was the greatest risk for an un-
favorable outcome by multivariate logistic regression
analysis.® Specific biomarkers, which might be
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strongly associated with infarction, would be of in-
valuable clinical importance to provide the appropri-
ate timing for an operation. In our study, 60% of
homozygous ¢.14576G>A individuals were diag-
nosed with MMD before age 4, and all of them had
infarctions at initial presentation. Thus, the homozy-
gous ¢.14576G>A variant may be a more specific
predictor, which would discriminate those with poor
prognosis from those with relatively favorable prog-
nosis among patients with young-onset MMD.

We therefore propose that the homozygous
c.14576G>A genotype could be an efficient DNA
marker predicting the severe type of MMD with a
poor prognosis and a strong biomarker for patients
requiring early operation. ¢.14576G>A genotyping
could also be useful to predict the actual risk of severe
initial infarctions. Careful follow-up of these high-
risk homozygotes could make it possible to under-
take intervention before the first infarctions and
prevent the irreversible neurologic deficits that can
occur in these patients. Thus, the homozygous
¢.14576G>A variants may provide a better monitor-
ing and prevention strategy. Furthermore, this vari-
ant could be very useful in genetic counseling.
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Introduction

The disorders of sex development (DSD) comprise a variety of
anomalies defined by congenital conditions in which chromosom-
al, gonadal, or anatomical sex is atypical. The prevalence 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
Metropolitan 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 clucidation of the pathophysiology 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, NR5A1
[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 (MAMLDI)
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 MAMLD7 mutations. The black squares indicate patients with
posterior hypospadias. All mutant sequences were controlled by wildtype (WT) DNA. Regarding case 1's family, only the members lIl-3 and II-4 were
genotyped, as the other members in the pedigree declined genetic testing.

doi:10.1371/journal.pone.0032505.g001

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 MAMLD] 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 MAMLD! coding exons and their flanking
splice sites was performed in all patients and controls using primers
as previously described [17]. The 3730x] 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 MAMLDI 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 (SRD5A2) genes was performed in all patients.
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Table 1. Clinical and hormonal data of patients with mutated MAMLD].

Case 1

Patient

Previous medical history None
Scrotal

Urethral meatus

Microphallus

Normal

Testis size (normal=1-2 ml)

Renal and urinary tract structure Normal

Growth

Time of measurment (yr,mo)

LH (UIN) (1-12 Ui 10

AMH 336 ng/mi

Exons 1-8 of the 4R gene were amplified by PCR using sets of
primers and reactions previously described [18]. Molecular
analysis of the SRDJA2 gene (exons 1-5) was performed as
previously reported [19]. PCRs were verified for correct length on
agarose gel, purified with Qjaquick PCR columns (Qiagen), and
sequenced with the ABI Prism Big Dye terminator sequencing kit.
NR541was 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
MAMLIDI gene and alignments were made with the ClustalW
software at http://www.ebl.ac.uk/Tools/msa/clustalw2/.

Structure prediction

The potential impact of variants was first predicted using X -
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 http:www.sbg.bio.ic.ac.uk/phyrew/. This tool can
detect remote homologous proteins with similar tertiary structures,

@ PLoS ONE | www.plosone.org

Case 2

Maternal diabetes

Penile posterior

Yes, 20 mm with cuvature

Normal

Normal

0.3

19 ng/ml*

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

*It is notable that anti-mullerian hormone and inhibin were lowered in one case. MAMLD1 is indeed reported to be expressed in Sertoli cells, as well [15].
doi:10.1371/journal.pone.0032505.t001

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

The functional consequences 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 http://
genetics.bwh.harvard.edu/pph/, http://www.pantherdb.org/tools/
csnpScoreForm jsp., http://siftjevi.org/, 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 MAMLDI proteins
was analyzed by the luciferase method [29]. We used the
previously reported luciferase reporter vector containing the
promoter sequence of mouse hairy/enhancer of split 3 (Hes3)
(=2,715~+261 bp) [30] and expression vectors containing cDNAs
for wildtype MAMLDI, p.S143X and p.P384L [29]. Mouse Leydig
tumor (MLTC1) cells (ATCC, CRL-2065) seeded in 12-well dishes
(0.5-1.0x10° cells/well) were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) with 0.6 pg of luciferase reporter
vector and 0.6 pug 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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Figure 2. Tertiary structure prediction of the wildtype 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.0032505.9002

Statistical methods

Haplotype frequencies were compared between cases and
controls using the y? 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 = NOREL(+irt+h)” Hapmap
and ensemblorg were used to exclude linkage disequilibrium.
Regarding the transactivation analysis of MAMLD], the results are
expressed using the mean and SD, and statistical significance was
determined by the itest.

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.S143X
(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 NR5A1 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 i silico 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 5% through whole genome) (Fig. 2).
The @ vitro functional study confirmed no residual transactivating
function of the mutant (Fig. 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 i 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 2) 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 (Fig. 3).

Polymorphisms of MAMLD1

We identified three polymorphisms of AMMAMLDI in our series:
p-P359S  (c.1075C>T, 1rs41313406), p.N662S (c.1985A>G,
1s2073043) 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=35, 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, »=0.0003)
(OR =3.86, CI from 1.94 to 7.70, p = 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 in a patient with posterior hypospadias and microphallus (25 mm
length at birth).

@ PLoS ONE | www.plosone.org
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Table 2. Prediction of affected protein function using four
algorithms.

Algorithm

pP384L

score =0.961 (sensitivity: 0.71; specificity: 0.93)

Sift score =0.04

(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.t002

Discussion

MAMLD] 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 MAMLDI mRNA expression
results in significantly reduced testosterone production in mouse
Leydig tumor cells [29]. MAMLDI is further coexpressed with
steroidogenic factor (NR541), which regulates the transcription of
genes involved in sex development, and an NR5A4Itarget site was
found within the MAMLDI 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.P359S,
p.-V505A, 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 c.1041C>A and
¢.1151C>T mutations.

Horse MSSSNLPGSTLQGSPNALLSSMVSGSSAAL

Mouse MSSSSLSGSAVQSSPNALLSSMAPSSNASL

doi:10.1371/journal.pone.0032505.t003

March 2012 | Volume 7 | Issue 3 | 32505

— 164 —



patients.

MAMILD1 Mutations in 46,XY DSD

Table 4. Incidence of exonic polymorphisms p.P359S and p.N662S, and relative haplotypes in normal controls and 46,XY DSD

Haplotype 359-662 Patients, n=70

p.359T- p.662A 1.5% (n=8)

p.359T- p.662G (S-S polymorphism)  20% (n=14) 6% (n=31)

Controls, n=510

OR confidence interval
{p=0.05)

Fisher, p value OR
p=0. ’ 0.02-7.35

p=0.0003 3.86

1.94-7.70

p=0.0001.
doi:10.1371/journal.pone.0032505.t004

Regarding severe 46,XY DSD with uncertain sex, only one
published paper to date has reported three MAMLDI mutations
p-E124X, p.Q197X and p.R653X) [15]. It is precisely in this
situation of severe genital malformation that the diagnosis of the
causative mechanism is of clinical interest for medical treatment
(hormone substitution, pubertal follow-up). In order to determine
whether this report was an exceptional observation or of practical
clinical interest, we screened 70 patients with severe 46, XY DSD
of unknown origin. We identified two new mutations of MAMLDI
in patients with severe hypospadias and microphallus (1 stop
codon and 1 missense mutation). These mutations were associated
with a severe phenotype, and reduced (p.P384L) or abolished
(p-S143X) transactivation function was found in two cases. 46,XY
DSD with normal 4R, SRD542 and NR5A4Igene sequences can
thus reveal a mutation of MAMLDI. This finding suggests a new
diagnostic investigation for these patients and may be helpful in
genetic counselling if a mutation is identified. It also provides new
insight into the pathophysiology of DSD. Indeed, in the family of
the child bearing the p.S143X mutation, the mother was
heterozygous and two other males on the maternal side of the
family exhibited a consistent phenotype. Unfortunately, the family
declined any further investigation.

The mechanisms by which these mutations with reduced
transactivation induce DSD are still under investigation. As noted
above, several studies have provided strong evidence of MAMLD]
implication in fetal sex development through modulation of
testosterone production at the time of sex differentiation. The
plasma testosterone measured in one of our cases was indeed
lowered but it was normal in the other one, as previously reported
in patients with nonsense mutations [15]. Plasma testosterone
evaluation is thus not systematically helpful in orienting the
diagnosis of DSD since mutations of the genes implicated in
testosterone production - such as MAMLDI and NR5AI - have
been reported in 46,XY DSD patients with normal plasma
testosterone. These findings, along with the absence of correlation
between the in wviro functional analysis and the biological and
clinical phenotype, suggest that the genital malformation is
primarily related to a transient prenatal testicular (Leydig cell)
dysfunction and the resulting compromised testosterone produc-
tion around the critical period of sex differentiation [33]. In the
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postnatal period, the mouse homolog of MAMLD! was indeed
reported to be weakly expressed in the testis at one week of age
and the expression was faint thereafter.

We also report a high incidence of the rare haplotype p.P359S-
p.N662S in our series. The p.P359S (which was designated
p.P286S in the previous report) variant was first reported in a
patient with hypospadias but it was absent in his brother and
nephew with the same phenotype [15]. The p.N662S (which was
designated p.P589S in the previous report) variant was found in
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Severe undervirilization in XY newborns can reveal mutations
of MAMLDI. MAMLD! should be routinely sequenced in these
patients with otherwise normal 4R, SRD5A2 and NR5AI genes.
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and related disorders
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Although recent stud|es in patlents with: paternal unlparental dlsomy 14 [upd(l4)pat] and other condmons affectlng -
the chromosome 14q32.2 imprinted region have successfully identified underlying eprgenetlc factors' involved in
the development of upd(14)pat phenotype, several matters, mcludmg regulatory mechamsm(s) for RTLT expressron, :
:mpnntlng status- of D/03 and placental hlstologlcal charactenstlcs, remain to be. elucidated. We therefore performed
molecular studies using fresh placental samples from two patients W|th upd(14)pat We observed that RTL1 expression
Jevel was about five tlmes hrgher in the placental samples of the two patrents thanin control placental samples, whereas :
DIO3. expressnon level was 5|m|lar betwee the placental sample of the two. patlents and the control placental samples
‘We next performed hlstolog|cal studies: ‘using the above freshp cental samples and ormalin-fixed and parafﬁn-'
embedded placental samples obtained from a patrent with a maternally derived microdeletion rnvolvmg DLK? the-1G-
DMR, the MEG3- DMR and MEG3. Termmal V!||| were associated with swollen vascula el thellal cells and hypertrophro
pericytes, together with narrowed caplllary lumens.. DLKl RTL1 and DIO3 protems were s ecrﬁcally rdentlﬁed invascular’
endothelial cells and pencytes and the degree of protem starnmg was well correlated wit h the expressron dosage of
correspondmg genes These: results suggest that RTL7as—encoded mlcroRNA functlons as a repressor of RTLT expression,
-and argue against DIO3 berng a paternally expressed gene Furthermore, itisinferred that Dl_Kl Dl03 and specrally, RTL1

kproterns playa prvotal role in the development of vascular endoth' lral cells and pencytes

Introduction

Human chromosome 14q32.2 region carries a cluster of
imprinted genes including protein coding paternally expressed
genes (PEGs) such as DLKI and RTLI (alias PEGII) and non-
coding maternally expressed genes (MEGs) such as MEG3
(alias GTL2) and RTLIas (RTLI antisense encoding microR-
NAs).»? The 14q32.2 imprinted region also harbors two
differentially methylated regions (DMRs), i.e., the germline-
derived primary DLKI-MEG3 intergenic DMR (IG-DMR)
and the postfertilization-derived secondary MEG3-DMR."?

*Correspondence to Tsutomu Ogata Emall tomogata@hama -med.ac Jp
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Both DMRs are hypermethylated after paternal transmis-
sion and hypomethylated after maternal transmission in the
body, whereas in the placenta the IG-DMR alone remains as
a DMR and the MEG3-DMR is rather hypomethylated.? We
have previously revealed that the hypomethylated IG-DMR
and MEG3-DMR of maternal origin function as imprinting
control centers in the placenta and the body, respectively, and
that the IG-DMR functions hierarchically as an upstream reg-
ulator for the methylation pattern of the MEG3-DMR on the
maternally inherited chromosome in the body, but not in the
placenta.’
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Consistent with these findings, paternal uniparental disomy
14 [upd(14)pat] results in a unique phenotype characterized by
facial abnormality, small bell-shaped thorax with coat hanger
appearance of the ribs, abdominal wall defects, placentomegaly
and polyhydramnios.** We have studied multiple patients with
upd(14)pat and related conditions, such as epimutations of the
maternally derived DMRs and various types of microdeletions
involving the maternally inherited imprinted region, suggesting
that markedly increased RTLI expression is the major underlying
factor for the development of upd(14)pat-like phenotype.” The
notion of excessive RTLI expression is primarily based on the
following mouse data indicating a trans-acting repressor function
of Rtllas-encoded microRNAs for R#l] expression: (1) targeted
deletion of the maternally derived IG-DMR causes maternal to
paternal epigenotypic switch of the imprinted region, with -4.5
times rather than -2 times of R#/I expression as well as ~2 times
of DIkI expression and nearly absent Megs expression, in the pres-
ence of two functional copies of Pegs and no functional copy of
Megs® and; (2) targeted deletion of the maternally derived Rellas
results in 2.5-3.0 times of R#/I expression, in the presence of a
single functional copy of R#/1.° Similarly, in the human, typi-
cal upd(14)pat phenotype is observed in patients with epimu-
tations that are likely associated with markedly increased RTLI
expression because of the combination of two functional copies
of RTLI and no functional copy of RTLIas, whereas relatively
mild upd(14) pat-like phenotype is found in patients with mater-
nally inherited microdeletions involving RTLIas that are likely
accompanied by moderately elevated RTLI expression because
of the combination of a single functional copy of RTLI and no
functional copy of RTLIas.?

Human imprinting disorders are usually associated with
placental abnormalities. For example, Beckwith-Wiedemann
syndrome (BWS) and upd(14)pat are associated with placento-
megaly,*” and Silver-Russell syndrome is accompanied by hypo-
plastic placenta.® Similarly, mouse imprinting aberrations also
usually affect placental growth and development.? In agreement
with this, virtually all the imprinted genes studied to date are
expressed in the placenta and play a pivotal role in the placental
growth and development,'® although placental structure is more
or less different between placental animals."!

However, several matters remain to be clarified in upd(14)
pat and related conditions. For example, it is unknown whether
human RTLI expression is actually elevated in the absence of
functional R7Llas-encoded microRNAs. It is also unknown
whether DIO3 is a PEG, although mouse Dio3 has been shown to
undergo partial imprinting.? In this regard, while we examined
fresh blood cells, cultured skin fibroblasts and formalin-fixed and
paraffin-embedded placental and body samples obtained from
patients with upd(14)pat-like phenotype, precise assessment
of RTLI and DIO3 expression levels was impossible because of
extremely low RTLI and DIO3 expression levels in fresh blood
cells and cultured skin fibroblasts and poor quality of RNAs
extracted from paraffin-embedded tissues.>? In addition, while
cSNP genotyping has demonstrated paternal DLKT and RTLI
expression and maternal MEG3 expression in the body and the
placenta,®® no informative cSNP data showing paternal DIO3
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expression have been obtained.”® Furthermore, although stan-
dard light microscopic (LM) examinations have been performed
using formalin-fixed and paraffin-embedded placental samples,
fine placental histopathological studies, such as electron micro-
scopic (EM) examinations and immunohistochemical (IHC)
examinations, remain to be performed.

To examine these unresolved matters, fresh placental tissues
are highly useful, because precise quantitative real-time PCR
(g-PCR) analyses and EM studies can be performed with fresh
placentas. Thus, we performed ¢-PCR analyses and EM stud-
ies, as well as THC studies with RTL1 antibodies produced by
ourselves and commercially available DLK1 and DIO3 antibod-
ies, using fresh placental samples obtained from two previously
reported patients with prenatally diagnosed upd(14)pat.!*"* We
also performed IHC studies using formalin-fixed and parafhn-
embedded placental samples obtained from a previously reported
patient with a microdeletion involving DLKI, but not RTLI
and DIO3,? to compare the placental protein expression levels
between upd(14)pat and the microdeletion. Furthermore, we
also studied a hitherto unreported patient with an unbalanced
translocation involving the 14q32.2 imprinted region, to obtain
additional data regarding the RTLI-RTLlas interaction and the
primary factor for the development of upd(14) pat phenotype.

Results

Patients and samples. This study consisted of three previously
reported patients with typical body and placental upd(14)pat
phenotype and a normal karyotype (cases 1-3),>"*"* and a new
patient with various non-specific features and a 46,XX,der(17)
t(14;17)(q31;p13) karyotype accompanied by three copies of the
distal 14q region and a single copy of the terminal 17p region
(case 4) . Clinical phenotypes of cases 1-4 are summarized in
Table S1. In brief, cases 1 and 2 were suspected to have upd(14)
pat phenotype including bell-shaped thorax by prenatal ultra-
sound studies performed for polyhydroamnios, and were con-
firmed to have upd(14)pat by microsatellite analysis after birth.
Case 3 was found to have typical upd(14)pat phenotype during
infancy and was shown to have a maternally derived microdele-
tion affecting the chromosome 14q32.2 imprinted region. Case
4 had growth failure, developmental delay, multiple non-specific
anomalies, and omphalocele. There was no history of polyhy-
dramnios or placentomegaly. Thus, except for omphalocele, case
4 had no upd(14)pat-like phenotype. The parental karyotype
was normal, indicating a de novo occurrence of the unbalanced
translocation.

‘We obtained fresh placental samples immediately after birth
from prenatally diagnosed cases 1 and 2 for molecular studies
using genomic DNA and RNA, and fresh leukocyte samples
from cases 1, 2 and 4 and their parents for molecular studies
using genomic DNA. The fresh placental samples of cases 1 and
2 were also utilized for histopathological examinations, together
with formalin-fixed and paraffin-embedded placental samples of
case 3. For controls, we obtained three fresh placentas at 37 weeks
of gestation, and fresh leukocytes from three adult subjects; for
molecular studies using placentas, we prepared pooled samples
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consisting of an equal amount of DNA or RNA extracted from
each placenta.

Molecular studies in cases 1 and 2. We performed micro-
satellite analysis for 19 loci on chromosome 14 and bisulfite
sequencing for the IG-DMR (CG4 and CG6) and the MEG3-
DMR (CG7), using placental and leukocyte genomic DNA
samples; while microsatellite analysis had been performed for 15
loci in case 1 and 16 loci in case 2, only leukocyte genomic DNA
samples were examined in the previous study.® Consequently,
we identified two peaks for DI45609 and single peaks for the
remaining loci in case 1 (the combination of paternal heterodi-
somy and isodisomy), and single peaks for all the examined
loci in case 2 (apparently full paternal isodisomy) (Table S2).
Furthermore, no trace of maternally inherited peak was identi-
fied in both placental and leukocyte genomic DNA samples
(Fig. 1). Bisulfite sequencing showed that both the IG-DMR
and the MEG3-DMR were markedly hypermethylated in the
leukocytes of cases 1 and 2, whereas in the placental samples
the IG-DMR was obviously hypermethylated and the MEG3-
DMR was grossly hypomethylated to an extent similar to that
identified in control placentas (Fig. 2). Furthermore, ¢-PCR
analysis for placental RNA samples revealed that DLKI, RTLI,
and DI/O3 expression levels were 3.3 times, 6.1 times and 1.9
times higher in the placental samples of case 1 than in the con-
trol placental samples, respectively, and were 3.1 times, 9.4 times
and 1.7 times higher in the placental samples of case 2 than in
the control placental samples, respectively (Fig. 3A). By contrast,
the expressions of all MEGs examined were virtually absent in
the placental samples of cases 1 and 2. PCR products were suf-
ficiently obtained after 30 cycles for the fresh placental as well
as leukocyte samples, consistent with high quality of DNA and
RNA obtained from fresh marterials.

Molecular studies in case 3. Detailed molecular findings
have already been reported previously.? In brief, microsatellite
analysis revealed biparentally derived homologs of chromosome
14, and a deletion analysis demonstrated a maternally inher-
ited 108,768 bp microdeletion involving DLKI, the IG-DMR,
the MEG3-DMR, and MEG3, but not affecting RTLI/RTLIas.
Since loss of the DMRs causes maternal to paternal epigeno-
typic alteration,? it is predicted that case 3 has a single func-
tional copy of DLKI and two functional copies of R7LI and
DIO3, as well as no functional copy of RTZ1as and other MEGs.
Bisulfite sequencing showed that both the IG-DMR and the
MEG3-DMR were markedly hypermethylated in leukocytes,
whereas in the formalin-fixed and paraffin-embedded placental
samples the IG-DMR was obviously hypermethylated and the
MEG3-DMR was comprised of roughly two-thirds of hyper-
methylated clones and roughly one-third of hypomethylated

90 100'11_0_ 130 140 150 160 170 (bp)
w w *

Patient }
Placenta

Father

Mother

Case 2 Case 4
(D148985) (D145250)

Figure 1. Represerifétxve results of microsatellite analysis, using
leukocyte genomnc DNA samples of the patient and the parents and
placental genomlc ‘DNA samples In cases 1 and 2, one of the two pater-
nal peaks is mhented by the patients and the placentas, and no trace of
maternal peaks i is ldentlﬁed Incase4d, both paternally and maternally
derived peaks are found in the patient, with the paternally derived long
peak being larger thankt’he matemally inherited short peak.

clones. In addition, RT-PCR analysis for such placental sam-
ples indicated positive PEGs (especially RTLI) expression and
absent MEGs expression. For the formalin-fixed and paraffin-
embedded placental samples, PCR products could be obtained
only after 35 cycles, because of poor quality (severe degrada-
tion) of DNA and RNA.

Molecular findings in case 4. We examined the presence or
absence of the 14q32.2 imprinted region on the der(17) chro-
mosome (Fig. 4). Oligoarray comparative genomic hybridiza-
tion (CGH) indicated three copies of a ~-19.6 Mb 14g31~qter
region, and FISH analysis for four segments around the chro-
mosome 14q32.2 imprinted region delineated positive signals on
the der(17) chromosome as well as on the normal chromosome
14 homologs. This demonstrated the presence of the 14q32.2
imprinted region on the der(17) chromosome. In addition, simi-
lar oligoarray CGH and FISH analysis revealed loss of a ~455 kb
region from the distal chromosome 17p (Fig. S1).

Thus, we investigated the parental origin of the translo-
cated 14q distal region. Microsatellite analysis for DI45250 and
D1481007 on the translocated 14q distal region delineated bipa-
rentally derived two peaks, with paternally derived long PCR
products showing larger peaks than maternally derived short
PCR products (Fig. 1; Table S2). Since short products are usually
more easily amplified than long products, this indicated paternal

from three control placentas homozygous for that SNP.

Flgure 2 (See oppOSlte page) Blsulﬁte sequencmg analysrs of the 1G-DMR (CG4 and CG6) and the MEG3 DMR (CG7), usmg leukocyte and placental -
genomic DNA samples. Filled and open circles indicate methylated and unmethylated cytosmes at the CpG dmucleo’udes, respectlvely Upperpart:
structure of CG4, CGé and CG7. Pat, paternally denved chromosome, Mat maternally denved chromosome The PCR products for CG4 (311 bp) harbor
6 CpG dinucleotides anda G/A SNP (rs12437020), those for CG6 (428 bp) carry 19 CpG dmucleotrdes anda C/T SNP (rs10133627). and those for CcG7: s
(168 bp) harbor 7CpG dmucleotrdes Lower part:the results of cases1,2,4 and a control subject. Each horrzontal lme mdlcates a smgle subcloned j ‘
allele; The control data represent the methylatlon patterns obtamed witha leukocyte genomic DNA sample extracted from a smgle subject hetero-
zygous for the G/A SNP.(rs12437020) (body) and those obtained wrth a pooled DNA sample consisting of an equal. amount of genomlc DNA extracted
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origin of the der(17) chromosome
harboring the chromosomel4q32.2
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this, bisulfite sequencing showed

moderate hypermethylation of the
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(Fig. 2).

Placental histopathological
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studies. We performed LM and
EM studies, and THC examinations
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(Fig. 5). LM examinations showed
proliferated chorionic villi in cases
1-3. Capillary lumens were irregu-
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larly dilated with thickened endo-

thelium in the stem to intermediate
villi, but not in the terminal villi.
Immature villi were present in case
3, probably because of 30 weeks of
gestational age. Chorangioma was
also identified in case 3. There was
no villous chorangiosis, edematous
change of villous stroma, or mes-

Figure 3. Quantitative real-time PCR ahalySns using placental samples‘ Fora control, a pooled RNA sam-
ple consisting of an equal amount of total RNA extracted from three fresh control placentas was utilized.
(A) Relative mRNA -expression |eve!s for DLKI RTL1,and DIO3 agamst GAPDH (mean + SE) and lack of MEGs
express:on (indicated by arrows) (mIR433 and miR127 are encoded by RTL1as) in'the placental samples of
cases 1.and 2. (B) Relative MRNA expressron levels for DLKT,RTL, and DIO3 against GAPDH (mean * SE), in
the equal amount of-expression posmve placental cells (vascular endothehal cellsand pencytes) of cases
1and2 (corrected for the difference in the relatxve proportion of expresston posmve cells between the
placental samples of cases and 2 and the control placental samples, onthe assumptlon thatthe DLKT
expression level is “simply doubled” in the expression positive placental cells of case 1and 2). -

enchymal dysplasia characterized

by grapelike vesicles in cases 1-3.

Although the terminal villi exhibited no definitive abnormali-
ties in the LM studies, EM examinations revealed swelling of
vascular endothelial cells and hypertrophic change of pericytes
in the terminal villi, together with narrowed capillary lumens, in
cases 1 and 2.

THC examinations identified RTL1, DLK1 and DIO3 protein
expressions in the vascular endothelial cells and pericytes of cho-
rionic villi, but not in the cytotrophoblasts, syncytiotrophoblasts,
and stromal cells, in the placentas of cases 1-3 and in the control
placenta. The PEGs protein expression level was variable in the
control placenta, with moderate DLK1 expression, high RTL1
expression, and low DIO3 expression. Furthermore, DLK1 pro-
tein expression was apparently stronger in the placentas of cases
1 and 2 than in the placenta of case 3 and the control placenta,
RTL1 protein expression was obviously stronger in the placen-
tas of cases 1-3 than in the control placenta, and DIO3 protein
expression was apparently similar between the placentas of cases
1-3 and the control placenta.

Discussion

We studied placental samples obtained from cases 1-3 with typi-
cal body and placental upd(14)pat phenotype. In this regard, the
microsatellite data suggest that upd(14)pat with heterodisomic
and isodisomic loci in case 1 was caused by trisomy rescue or
gamete complementation, and that upd(14)pat with isodisomic
loci alone in case 2 resulted from monosomy rescue or post-
zygotic mitotic error, although it is possible that heterodisomic
locus/loci remained undetected in case 2.” Notably, there was no
trace of a maternally inherited locus indicative of the presence of
trisomic cells or normal cells with biparentally inherited chromo-
some 14 homologs in the placentas as well as in the leukocytes of
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cases 1 and 2. In addition, the microdeletion of case 3 has been
shown to be inherited from the mother with the same microdele-
tion.” These findings imply that the placental tissues as well as
the leukocytes of cases 1-3 almost exclusively, if not totally, con-
sisted of cells with upd(14)pat or those with the microdeletion.
The q-PCR analysis was performed for the fresh placental
samples of cases 1 and 2. In this context, two matters should
be pointed out. First, the proportion of vascular endothelial
cells and pericytes expressing DLKI, RTLI, and DIO3 would
be somewhat variable among samples, because only a small por-
tion of the placenta was analyzed. This would be relevant to the
some degree of difference in the expression levels between the
placental samples of cases 1 and 2. Second, the relative propor-
tion of vascular endothelial cells and pericytes expressing DLKT,
RTLI, and DIO3 would be higher in the placental samples of
cases 1 and 2 than in the control placental samples, because the
placentas of cases 1 and 2 were accompanied by proliferation of
the chorionic villi with such expression positive cells. Thus, it
would be inappropriate to perform a simple comparison of rela-
tive expression levels against GAPDH between the placental sam-
ples of cases 1 and 2 and the control placental samples. Indeed,
although a complex regulatory mechanism(s), as implicated for
the RTLI expression,”* is unlikely to be operating for the DLK7
expression, the relative DLKI expression level was 3.3 times
and 3.1 times, not 2 times, higher in the placental samples of
cases 1 and 2 than in the control placental samples, respectively
(Fig. 3A). Assuming that DLKI expression level is simply dou-
bled in expression positive cells of cases 1 and 2, it is predicted
that the relative proportion of such expression positive cells is
1.65 times (3.3 + 2.0) and 1.55 times (3.1 + 2.0) larger in the
placental samples of cases 1 and 2 than in the control placental
samples, respectively. Thus, the expression level against GAPDH
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Figure 4. Array CGH and FISH analysis for the distal chromosome 14 region in case 4. In CGH analysis, the black, the red, and the green dots denote
signals indicative of the normal the increased (> +0.5), and the. decreased (<=1.0) copy numbers, respectively. In FISH analysis, red signals (arrows) are
derived from the probes detectmg the various parts of the 14g32.2 imprinted region (the physical positions are mdicated with yellow bars), and the
green signals.(arrowheads) are derived from an RP11-56612 probe for 14q11.2 used as an internal control. e

in the equal amount of expression positive cells is estimated as
3.69 times (6.1 + 1.65) increased for R7LI and 1.15 times (1.9
+ 1.65) increased for DIO3 in case 1, and as 6.06 times (9.4 +
1.55) increased for RTLI and 1.09 times (1.7 + 1.55) increased for
DIO3 in case 2 (Fig. 3B).

Thus, the expression data are summarized as follows (Fig. 6).
First, it is inferred that the relative RTLI expression level is mark-
edly (-5 times) increased in the expression positive cells of the
placentas with upd(14)pat, as compared with the control placen-
tas. This degree of elevation is grossly similar to that identified
in the body of mice with the targeted deletion of the maternally
derived IG-DMR (-4.5 times).” Such a markedly increased RTLI
expression would be explained by assuming that R7TLIas-encoded
mictoRNAs (e.g., miR433 and miR127) function as a repressor
for RTLI expression through the RNAi mechanism, as has been
indicated for the mouse R#/I-Rt/las interaction.'®V Second, it is
unlikely that DIO3 is solely expressed from the paternally inher-
ited allele, although it remains to be determined whether DIO3
undergoes partial imprinting like mouse D7o3" or completely
escapes imprinting. In either case, the results would explain why
patients with upd(14)pat and upd(14)mat lack clinically recog-
nizable thyroid disorders,” although DIO3 plays a critical role in
the inactivation of thyroid hormones.®

This study provides further support for a critical role of exces-
sive RTLI expression in the development of upd(14) pat phenotype
(Fig. 6). Indeed, markedly (-5 times) increased RTLI expression
is shared in common by cases 1-3 with typical upd(14)pat body
and placental phenotype. In this context, it is notable that case
4 had no clinically recognizable upd(14)pat body and placental
phenotype, except for omphalocele. This would imply that a sin-
gle copy of RTLIas can almost reduce the RTLI expression dos-
age below the threshold level for the development of upd(14)pat
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phenotype by exerting a trans-acting repressor effect on the two
functional copies of RTLI. By contrast, the relevance of DLKI to
upd(14)pat phenotype is unlikely, because case 3 exhibited typi-
cal upd(14)pat phenotype in the presence of a single functional
copy of DLKI, and case 4 showed no upd(14)pat phenotype
except for omphalocele in the presence of two functional cop-
ies of DLKI. Similatly, if DIO3 were more or less preferentially
expressed from paternally inherited allele, the relevance of DIO3
to upd(14)pat phenotype would also remain minor, if any. Case
4 had no upd(14)pat phenotype except for omphalocele in the
presence of with two copies of DIO3 of paternal origin. It should
be pointed out, however, that the absence of MEGs expression
may have a certain effect on the development of upd(14)pat
phenotype.

The placental histological examinations revealed several
informative findings. First, DLK1, RTLI1, and DIO3 proteins
were specifically identified in vascular endothelial cells and peri-
cytes of chorionic villi in the control placenta, with RTL1 pro-
tein being most strongly expressed. These results, together with
abnormal LM and EM findings of such cells in cases 1-3, sug-
gest that these proteins, especially RTL1 protein, plays a pivotal
role in the development of endothelial cells and pericytes. In this
regard, it may be possible that the endothelial thickening and
resultant narrowing the capillary lumens in the terminal villi
have resulted in the dilatation of the stem to intermediate por-
tions of the chorionic villi.

Second, the degree of protein staining was well correlated with
the expression dosage of corresponding genes. In this regard,
since characteristic macroscopic and microscopic placental fea-
tures were identified in cases 1-3 who shared markedly elevated
RTLI protein expression, this is consistent with the notion that

upd(14)pat phenotype is primarily caused by the markedly
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elevated RTLI expression.” Indeed, DLK1 protein expression was
not exaggerated in case 3 with typical upd(14)pat phenotype,
and DIO3 protein expression was not enhanced in cases 1-3.
It may be possible, however, that the abnormality of placental
structures may have resulted in a difference in immunostaining
without an actual change in gene expression. This point awaits
further investigations.

Third, villous chorangiosis, stromal expansion, and mesen-
chymal dysplasia were not identified in the placental samples of
cases 1-3, although such a lesion(s) may have existed in non-
examined portions. Notably, such lesions are frequently observed
in placentas of patients with BWS."*2' Thus, while both upd(14)
pat and BWS are associated with placentomegaly and polyhy-
droamnios, characteristic histological findings appear to be dif-
ferent between upd(14)pat and BWS.

This study would also provide useful information on the
methylation patterns of the MEG3-DMR in the placenta. Our
previous studies using formalin-fixed and paraffin-embedded
placental samples revealed that roughly two-thirds of clones
were hypermethylated and the remaining roughly one-third of
clones were hypomethylated in case 3 as well as in the previously
reported patients with upd(14)pat (not cases 1 and 2) and epimu-
tation (hypermethylation of the IG-DMR and the MEG3-DMR
of maternal origin), and that roughly one-third of clones were
hypermethylated and the remaining roughly two-thirds of clones
were hypomethylated in control placental samples (see Fig. S2C
in ref. 2). However, this study showed that the MEG3-DMR was
grossly hypomethylated in the fresh placental samples of cases 1
and 2, with an extent similar to that identified in the fresh con-
trol placental samples. In this regard, it is notable that PCR prod-
ucts could be obtained only after 35 cycles for the formalin-fixed
and paraffin-embedded placental samples and were sufficiently
obtained after 30 cycles for the fresh placental samples. Thus,
several specific clones may have been selectively amplified in the
previous study. Furthermore, it may be possible that efficacy of
bisulfite treatment (conversion of unmethylated cytosine into
uracils and subsequently thymines) may be insufficient for the
formalin-fixed and paraffin-embedded placental samples. Thus,
it appears that the present data denote precise methylation pat-
terns of the MEG3-DMR in the placenta.

In summary, the present study provides useful clues for the
clarification of regulatory mechanism for the R7ZI expression,
imprinting status of DJO3 and characteristic placental histologi-
cal findings in patients with upd(14)pat and related conditions.
Further studies will help improve our knowledge about upd(14)
pat and related conditions.

Methods

Ethical approval. This study was approved by the Institutional
Review Board Committees of each investigator, and performed
after obtaining written informed consent.

Primers. Primers utilized in this study are summarized in
Table S3.

Sample preparation for molecular studies. Genomic DNA
samples were obtained from leukocytes using FlexiGene DNA
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Figure 5. Hlstologlcal exammatlons LM, hght mlcroscopm examma-
tlons, EM electron mlcroscop:c exammat;ons, DLK! RTL1 and DIO3

The arrows and arrowheads in the EM ﬁndmgs |nd|cate endotheha] :
cells and perlcytes, respectlvely Scale bars | represent 100 wm for 1-4,
,15—18 23-26 and 31-34, 50 um: -8, 19—-22 and 27—30 5 p,m for9- 'H;
and 2 um for 12-14. Gestational. age, placental welght and % placental
',welght assessed by the gestatlonal -age- matched Japanese references -
for placental we;ght“ 2 are descnbed : :

Kit (Qiagen) and from placental samples using ISOGEN
(Nippon Gene). Transcripts of DLKI, MEG3, RTLI, MEGS
and DJO3 were isolated with ISOGEN (Nippon Gene), and
microRINAs were extracted with mirVana™ miRNA Isolation Kit
(Ambion). After DNase treatment, cDNA samples for DLKI,
MEG3, MEGS8 and DIO3 were prepared with oligo(dT) primers
from 1 pg of RNA using Superscript IIT Reverse Transcriptase
(Invitrogen), and those of microRNAs were synthesized from
300 ng of RNA using TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems). For RTLI, 3'-RACE was utilized to
prevent amplification of RTLIas; cDNA was synthesized from
1 g of RNA using Superscript III Reverse Transcriptase with a
long primer hybridizing to poly A site and introducing the adap-
tor sequence. Lymphocyte metaphase spreads for FISH analysis
were prepared from leukocytes using colcemide (Invitrogen).
Molecular studies. Microsatellite analysis for 19 loci on
chromosome 14, methylation analysis for the IG-DMR and

Volume 7 Issue 10

— 173 —



