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specific susceptibility factors, and false positive results might be
obtained in association studies with multiple comparisons. This
matter awaits further studies.

One may argue that although the present study indicates an
association of the specific ESR2 haplotype with SE there is no direct
evidence for estrogenic EEDs being involved in the development of SE.
Indeed, it may be possible that an interaction between the specific
ESR2 haplotype and endogenous estrogens rather than estrogenic
EEDs actually underlie the development of SE However, estrogenic
effects of EEDs are known to be primarily mediated by ER.M
In addition, as all the SF patients and the control males examined
in this study were apparently free from high exposure to EEDs, the
amount of exposed EEDs would be similar between the two groups of
subjects. Thus, although further studies such as the investigation of
subjects with a high risk of EEDs exposure (for example, workers at
chemical factories) are necessary, our results would suggest that the
specific ESR2 haplotype constitutes a susceptibility factor for the
development of SF in response to estrogenic EEDs in males who live
in an ordinary condition with no high risk of EEDs exposure.

Several points should be made with respect to the present study.
First, the number of subjects analyzed remains rather small. Second, the
true susceptibility factor(s) on the specific haplotype remains to be
identified, although the specific “TGTAGA’ haplotype would facilitate
the development of SF by enhancing the ERP signaling. Third, it
remains possible that another susceptibility factor(s) is present on
ESR2. In particular, as only a few of SNPs were examined in non-LD

block regions, a different susceptibility factor(s) may be present on the

non-LD block regions of ESR2. Fourth, several patients may have some
unidentified pathologic cause(s) for SF such as single gene disorders.
Fifth, there may be some unknown minor genetic and environmental
differences between the patients and the control males. In this context,
as SF becomes discernible in adulthood, such minor differences, if they
exist, may exert unfavorable influences on spermatogenic function
for a long time, leading to SE. This may explain why the OR obtained
in this study remained low, in contrast to the high ORs identified
in cryptorchidism (7.55) and hypospadias (13.75)%7 (and our
unpublished updated observation) which develop during the fetal
life. Sixth, although it is known that EEDs also exert anti-androgenic
effects and influence aromatization,”>?¢ these have not been examined
in this study. Lastly, it remains to be determined whether similar results
can be reproduced in other case—control studies.

Despite the above caveats, this study provides a useful clue to
clarify the genetic susceptibility to estrogenic EEDs. In summary, we
propose that the specific ESR2 haplotype raises the susceptibility to
the development of SF in response to estrogenic EEDs. Further studies
including similar haplotype analyses in different ethnic groups from
both developed and developing countries will serve to clarify the
relative importance of the dosage of exposed EEDs and the genetic
heterogeneity obtained in the process of natural human selection, in
the presumably EEDs-related phenomenon such as SE
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BACKGROUND: There is an increased incidence of rare imprinting disorders associated with assisted reproduction technologies (ARTs).
The identification of epigenetic changes at imprinted loci in ART infants has led to the suggestion that the techniques themselves may pre-
dispose embryos to acquire imprinting errors and diseases. However, it is still unknown at what point(s) these imprinting errors arise, or the
risk factors.

METHODS: In 2009 we conducted a Japanese nationwide epidemiological study of four well-known imprinting diseases to determine any
association with ART. Using bisulfite sequencing, we examine the DNA methylation status of 22 gametic differentially methylated regions
(gDMRs) located within the known imprinted loci in patients with Beckwith-Wiedemann syndrome (BWS, n = 1) and also Silver-Russell syn-
drome (SRS, n = 5) born after ART, and compared these with patients conceived naturally.

RESULTS: We found a 10-fold increased frequency of BWS and SRS associated with ART. The majority of ART cases showed aberrant
DNA methylation patterns at multiple imprinted loci both maternal and paternal gDMRs (5/6), with both hyper- and hypomethylation events
(5/6) and also mosaic methylation errors (5/6). Although our study may have been fimited by a small sample number, the fact that many of
the changes were mosaic suggested that they occurred after fertilization. In contrast, few of the patients who were conceived naturally exhib-
ited a similar pattern of mosaic alterations. The differences in methylation patterns between the patients who were conceived naturally or
after ART did not manifest due to the differences in the disease phenotypes in these imprinting disorders.

CONCLUSION: A possible association between ART and BWS/SRS was found, and we observed a more widespread disruption of
genomic imprints after ART. The increased frequency of imprinting disorders after ART is perhaps not surprising given the major epigenetic
events that take place during early development at a time when the epigenome is most vulnerable.

Key words: assisted reproduction technologies / genomic imprinting / DNA methylation / gametic differentially methylated regions /
genomic imprinting disorders
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introduction

Human assisted reproduction technologies (ARTs) are used in the
treatment of infertility and involve the manipulation of eggs and/or
sperm in the laboratory. Several recent studies have identified an
increased incidence of some normally very rare imprinting disorders
after ART, including Beckwith-Wiedemann syndrome (BWS: ONIM
130650), Angelman syndrome (AS: ONIM 105830} and Silver-Russell
syndrome (SRS: OMIM 180860) but not Prader-Willi syndrome (PWS:
OMIM 176270; DeBaun et of., 2003; Gosden et af., 2003; Svensson
et al., 2005). Additionally, there are several reports suggesting that epi-
genetic alterations (epimutations) at imprinted loci occur during the in
vitro manipulation of the gametes, with both IVF and ICSI approaches
implicated (Cox et al., 2002, DeBaun et ol.. 2003; Gicquel et af., 2003;
Maher et af,, 2003; Moll et al., 2003; Orstavik et al.,, 2003; Ludwig
et al, 2005; Rossignol et al, 2006; Bowdin et al, 2007; Kagami
et al., 2007). However, some studies do not support a link between
ART and imprinting disorders (Lidegaard et of., 2005, Doornbos
et al., 2007).

Epigenetic marks laid down in the male or female germ lines, and
which are inherited by the embryos, establish the imprinted expression
of a set of developmentally important genes (Surani, {998). Because
imprinted genes are regulated by these gametic epigenetic marks, and
by further epigenetic modifications in the somatic cell, they are particu-
larly vulnerable to environmentally induced mutation. One of the best
studied epigenetic marks is DNA methylation. DNA methylation is
established in either the matemal or paternal germline at discrete
genomic loci. This methylation is preserved in the fertilized embryo to
generate differentially methylated regions (DMRs) which then signal to
nearby genes to establish domains of imprinted chromatin by mechan-
isms that are not fully understood (john and Lefebvre, 2011). These
germline or gametic DMRs (gDMRs) can orchestrate the monoallelic ex-
pression of genes over megabases of DNA (Tomizawa et al, 201 1) and
are reset with every reproductive cycle (Luciferc et af., 2002; Obata and
Kono, 2002).

The increased frequency of epimutation(s) at imprinted loci in ART
infants has led to the suggestion that ART procedures may induce
imprinting error(s). However, these studies are confounded because
ART populations are, by their very nature, different from populations
who were conceived without the use of ART, with a low fertility rate,
an increased frequency of reproductive loss and usually of advanced
age, all of which are associated with increased occurrence of fetal
and neonatal abnormalities. Furthermore, it is difficult to determine
the causality of imprinting errors in any specific abnormality reported
after ART. Both IVF and ICSI appear to be associated with an
increased relative risk of imprinting disorders (Savage et al.. 2011).
These procedures are often undertaken for unexpected infertility
and require ovarian stimulation, oocyte collection and in vitro culture
before the embryos are implanted. It has been suggested that infertility
and any resulting ovarian stimulation may predispose to epigenetic
errors (Sato et af, 2007). Animal studies suggest that in vitro
embryo culture may be associated with epigenetic alterations. In par-
ticular, the large offspring syndrome in cattle undergoing ART is asso-
ciated with the loss of maternal allele methylation at insulin-like growth
factor 2 receptor (IGF2R) gDMR (Young et ai., 2001) and has pheno-
typic similarity to BWS. It is still unknown when these imprinting
errors arise and what factors predispose to epigenetic changes.

Previously, Chang et af. (2005) reported no phenotypic differences
between BWS patients who were conceived after ART and naturally.
However, Lim et al. (2009} reported that patients who were con-
ceived after ART had a significantly lower frequency of exomphalos
and higher risk of non-Wilms tumor neoplasia. Phenotypic differences
between patients who were conceived after ART and naturally are
largely unreported, while any changes to phenotype may be altered
by the frequency and the degree of epimutations. Studies revealed
that some patients with BWS born after ART presented with epimu-
tations that were not restricted to the | Ip15 region (Rossignol et ai.,
2006; Bliek et al., 2009; Lim et al.. 2009). Further analysis of abnormal
methylation patterns in imprinting disorders may provide clues as to
the cause of disease and identify the ART-related risk factor(s).

To address these questions in this study, we engaged in a nation-
wide epidemiological study of the Japanese population to determine
the frequency of four imprinting disorders after natural conception
and after ART. We then analyzed the DNA methylation status of
22 gDMRs in BWS and SRS patients conceived by the two routes.
Finally, we compared the abnormal methylation patterns and the
phenotypes reported for both sets of patients. As a result we
found that both BWS and SRS were more frequent after ART and
that ART patients exhibited a higher frequency of aberrant DNA
methylation patterns at multiple loci with, in some cases, mosaic
methylation errors.

Materials and Methods

Mationwide investigation of imprinting
disorders :

The protocol was established by the Research Committee on the Epidemi-
ology of Intractable Diseases. The protoco! consisted of a two-stage postal
survey. The first-stage survey was used to estimate the number of indivi-
duals with any of the four imprinting diseases: BWS, SRS, PWS and AS.
The second-stage survey was used to identify the clinico-epidemiological
features of these syndromes.

In the first-stage survey. the pediatric departments of all hospitals were
identified based on a listing of hospitals, as at 2008, supplied by the R&D
Co. Ltd (Nagoya, Japan). Hospitals were classified into seven categories
according to the type of institution and the number of hospital beds.
The survey was mailed to a total of 3158 departments in October 2009
with letters of request for participation in recording these diseases. A
simple questionnaire was used to ask about the number of patients with
any of the four imprinting disorders. Diagnosis was determined by karyo-
type analyses. genetic analyses and clinical phenotypes by their clinical
doctors. In December 2009, a second request was sent to departments
that had not responded to the earlier deadline (at the end of November
2009). Following the first-stage survey, we sent acknowledgement letters
to departments that had responded.

The second questionnaires were forwarded to the departments that
had reported patients with the imprinting disorders on the first question-
naires. Detailed clinical information for the patients with these imprinting
disorders was collected, including the age, gender. growth and develop-
ment pattern, the methods of the diagnosis, the presence of infertility
treatment and the methods of ART where applicable. Duplicate results
were exciuded using the information regarding the patient’s age and
gender where available. The study was approved by the Ethics Committee
of Tohoku University School of Medicine.
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Estimation of prevalence of imprinting
disorders

The number of patients, who were diagnosed by genetic and cytogenetic
testing and by clinical phenotypes, was obtained from data from the
departments who responded to the first survey. The 95% confidence
interval (Cl) was calculated as previously described (Wakai et al., 1997).
The prevalence was determined, based on the population of Japan in
2009 (127 510000) with data from the Statistics Bureau of the Ministry
of Internal Affairs and Communications.

DMNA preparation

Genomic DNA was obtained from blood or buccal mucosal cell samples
from patients with one of the imprinting disorders using standard extraction
methods (Kebayashi et al., 2007). For control DNAs, DNA was prepared
from the sperm and cord blood samples from unaffected individuals. The
study was performed after obtaining patients or their parents’ consent.

Bisulfite-treatment PCR including the SNPs

We first searched for single nucleotide polymorphisms (SNPs) within 22
previously reported human gDMRs (Kikyo et al., 1997; Smith et al, 2003;
Kobayashi et al.. 2008, 2009; Wood et ¢l., 2007) using 20 control Japanese
blood DNA samples. PCR primer sets were designed to span these SNPs
(Supplementary data. Table SI) and human sperm DNA and blood DNA
was used to confirm that these PCR assays detected the methylation
status of the 22 DMRs. Paternal DMRs were shown to be fully methylated
in sperm DNA, maternal DMRs were fully unmethylated and in blood
DNA, both paternal and maternal DMRs showed ~50% methylation (Sup-
plementary data, Fig. 51). The human gDMRs and the non-imprinted repeti-
tive long interspersed nucleotide element (LINE/) and Alu repetitive
sequences were examined by bisulfite sequencing using established proto-
cols (Kobayashi et of, 2007). Briefly, PCR products were purified and
cloned into the pGEM-T vector (Promega, Madison, W, USA). Individual
clones were sequenced using MI3 reverse primer and an automated ABI
Prism 3130xI Genetic Analyzer (Applied Biosystems. Foster City. CA,
USA). On average, 20 clones were sequenced for each sample.

Statistics
The frequency of the manifestation in patients who were conceived after

ART was compared with that observed in patients conceived naturally
using Fisher's exact test.

Results

Frequency of four imprinting disorders and
their association with ART

We first investigated the nationwide frequency of four imprinting disor-
ders (BWS, AS, PWS and SRS) in Japan in the year 2009. Of a total of
3158 departments contacted, 1602 responded to the first-stage
survey questionnaire (50.7%). The total number of cases was calculated
using a second-stage survey ensuring the exclusion of duplicates
(Table 1). Using this information, and taking into account the number
of patients with suspect clinical signs but without a formal diagnosis,
we identified 444 BWS patients (95% Cl: 351 -538), 949 AS patients
(95% Cl: 682~1217), 2070 PWS patients (35% Ch: 1504-2636) and
326 SRS patients (95% Cl: 235—416). From these figures (and using
the 2009 population of Japan: 127 510 000) we estimated the preva-
lence of these syndromes to be | in 287000, | in 134000, | in 62

Table | The 2009 frequency of four imprinting diseases
in Japan in relation to use of assisted reproduction
techniques (ART).

The total The
prevalence of number of

Total estimated
patient number

Imprinting
disorders

(95% CI) the syndrome patients
after ART/
total (%)

BWS 444 (351-538) | in 287 000 6/70 (8.6)
AS 949 (682~1217) 1 in 134000 2/123 (1.6)
PWS 2070 (1504-2636) | in 62000 4/261 (1.5)
SRS 326 (235-416) | in 392000 4/42 (9.5)

Results of a nationwide epidemiclogical investigation of four imprinting disorders in
Japan, under the governance of the Ministry of Health, Labor and Welfare of the
Japanese government. Precise diagnosis was performed using fluorescence in situ
hybridization and DINA methylation analyses. The type of ART, obtained from the
questionnaires, was compared with the frequencies of these diseases and the
epimutation rates. BWS, Beckwith-Wiedemann syndrome, AS, Angelman
syndrome, PWS, Prader-Willi syndrome; SRS, Silver-Russell syndrome.

000 and | in 392000, respectively, for BWS, AS, PWS and SRS.
Further details are given in Supplementary data, Table SIf and Supple-
mentary data, Fig. S2.

Between 1997 and 2008. the period during which the ART babies in
this study were born, 0.64-0.98% of the total number of babies born in
Japan were born as a result of IVF and ICSIl. We ascertained the
frequency of ART procedures in the cases of BWS, AS, PWS and SRS
via the questionnaire sent to doctors (Table |, Supplementary data.
Table SiH). The numbers of patients with PWS and AS we identified
was low; however, the frequency of ART in these cases was not
dissimilar to that expected, based on the population rate of ART use,
with 2/123 (1.6%) cases of AS and 4/261 (1.5%) cases of PWS born
after ART. In contrast, for BWS and SRS the frequency of ART
was nearly 10-fold higher than anticipated with 6/70 (8.6%) BWS and
4/42 (3.5%) SRS patients born after ART.

After analyzing the second questionnaire, the blood or buccal
mucosal cell samples were obtained from |5 individuals with BWS,
23 with SRS, 73 with AS and 29 with PWS. Using polymorphic
bisulfite-PCR sequencing, we examined the methylation status of
gDMRs within these samples at the imprinted regions implicated in
these syndromes. For BWS we assayed HI9 and KCNQIOT! (LITI)
gDMRs, for SRS we assayed the HI9 gDMR and for PWS and AS
we assayed the SNRPN gDMR. For all patients (conceived naturally
and with ART), the frequencies of DNA methylation errors (epimuta-
tions) corrected were 7/15 (46.7%) for BWS, 9/23 (39.1%) for SRS,
6/73 (8.2%) for AS and 2/29 (6.9%) for PWS. When looking at the
ART cases exclusively, epimutation rates were 3/5 (BWS), 3/7
(SRS), 0/2 (AS) and 072 (PWS).

Abnormal methylation patterns in the ART
and naturally conceived SRS patients with
epimutations.

While hypomethylation of H/ 9 at chromosome | | is known to be a fre-

quent occurrence in SRS (Bliek et al., 2006), various additional loci at
chromosomes 7, 8, 15, 17 and 18 have been implicated as having a
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role in this syndrome (OMIM 180860). We first identified SNPs in the
previously reported 22 human DMRs using genomic DNA isolated
from human sperm and blood from unaffected individuals, which
could then be used in bisulfite-PCR methylation assays to assign methy-
lation to the parental allele. We next collected a total of 15 SRS samples,
including previously collected samples (ART: 2, naturally conceived: 4),
which had DNA methylation errors at the paternal gDMR at H/ 9. Five
of these were born from ART and |0 were from natural conceptions.
We analyzed and compared the DNA methylation status of the 3
other paternal gDMRs and the |9 maternal gDMRs (Supplementary
data, Fig. 53, Table, Supplementary data, Table SIV). In four out of the
five ART cases, DNA methylation errors were not restricted to the
H 19 gDMR, and were present at both maternally and paternally methy-
lated gDMRs. These four cases showed a mixture of hyper- and hypo-
methylation with mosaic (partial) patterns. In contrast, only 3 of the
10 naturally conceived patients showed DNA methylation errors at
loci other than H19 gDMR.

To determine whether DNA methylation errors occurred in
patients at a broader level in the genomes, we assessed the methyla-
tion profiles of the non-imprinted LINE! and Alu elements. We exam-
ined a total of 28 CpG sites in a 413-bp fragment of LINE! and 12
CpG sites in a 152-bp fragment of Alu (Supplementary data, Table
$IV), and no significant differences were found in the methylation
ratios between patients conceived by ART and naturally.

The abnormal methylation pattern in BWS
patients with epimutations

In BWS, hypermethylation of H/9 or hypomethylation of KCNQ!O-
TI(LITI} at human chromosome || are both frequently reported
(Choufani et af., 2010). We collected seven BWS samples with
DNA methylation errors of the LIT/ gDMR, one of which was
derived from ART patient and six from naturally conceived patients
(Supplementary dawa, Fig. 53, Table ll, Supplementary data, Table
SiV). In the one ART (ICSl) case, we identified four additionally
gDMR methylation errors, again present at both maternally and pater-
nally methylated gDMRs and with mixed hyper- and hypomethylation
patterns. Furthermore, the methylation error at the NESPAS DMR was
mosaic in this patient. One of the six naturally BWS cases had similar
changes. Although we had only one BWS case conceived by ART,
widespread methylation errors were similar to those for the DNA
methylation error pattern in SRS.

Phenotypic differences between ART
patients and those conceived naturally

The increased frequency of DNA methylation errors at other loci in the
ART cases suggested that the BWS and SRS cases born after ART might
exhibit additional phenotypic characteristics. However, when we com-
pared in detail the clinical features from both categories of conception
(Supplementary data, Table SV), we found no major differences
between ART and naturally conceived patients with BWS and SRS.

Discussion

Our key finding from this study was a possible association between
ART and the imprinting disorders, BWS and SRS. We did not find a
similar association with PWS and AS but our numbers were quite

low in this study and a larger due to the questionnaire return rate
and relative rarity of the diseases, international study will be required
to reach definitive conclusions. Furthermore, factors such as PCR
and/or cloning bias in the bisulfite method and correction for changing
rate of ART over time must be considered when analyzing any results.

In addition to the possible association between ART and BWS/SRS,
we observed a more widespread disruption of genomic imprints after
ART. The increased frequency of imprinting disorders after ART
shown by us and others is perhaps not surprising given the major epi-
genetic events that take place during early development at a time
when the epigenome is most vulnerable. The process of ART
exposes the developing epigenome to many external influences,
which have been shown to influence the proper establishment and
maintenance of genomic imprints, including hormone stimulation
(Sato et al., 2007), in vitro culturing (DeBaun et af., 2003; Gicquel
et al, 2003; Maher et af., 2003), cryopreservation (Emiliani et al.,
2000; Honda et al, 2001) and the timing of embryo transfer
(Shimizu et al, 2004; Miura and Nikawa, 2005). Furthermore, we
and others have also shown that some infertile males, particularly
those with oligozoospermia. carry pre-existing imprinting errors in
their sperm (Marques et al., 2004 Kobayashi et ol, 2007; Marques
et al., 2008) which might account for the association between ART
and imprinting disorders.

Imprinting syndromes and their association
with ART

We report the first Japanese nationwide epidemiological study to
examine four well-known imprinting diseases and their possible asso-
ciation with ART. We found that the frequency of ART use in both
BWS and SRS was higher than anticipated based on the nationwide
frequency of ART use at the time when these patients were born.
Several other reports have raised concerns that children conceived
by ART have an increased risk of disorders (Cox et ol 2002;
DeBaun et al. 2003, Maher et af, 2003; Orstavik et ol.. 2003;
Ludwig et al., 2005; Lim and Maher, 2009). However, the association
is not clear in every study (Lidegaard et al., 2005; Doornbos et dl,,
2007). The studies reporting an association were mainly from case
reports or case series whereas the studies where no association
was reported were cohort studies. Therefore, the differences in the
epidemiological analytical methods might accounts for the disparity
in findings.

Owing to the rare nature of the imprinting syndromes, statistical
analysis is challenging. In addition, the diagnosis of imprinting diseases
is not always clear cut. Many of the syndromes have a broad clinical
spectrum, different molecular pathogenesis, and the infant has to
have reached a certain age before these diseases become clinically de-
tectable. It is therefore likely that some children with these diseases
are not recorded with the specific diagnosis code for these syn-
dromes. Nonetheless, in this study we were examining the relationship
between ART and the imprinting syndromes and these confounding
factors are likely to apply equally to both groups.

Both BWSand SRS occurred after ART but our numbers for PWS and
AS were low, precluding any definitive conclusion for these two
disorders. However, while most cases of BWS and SRS are caused by
an epimutation, epimutations are very rare in PWS and AS (only 1~
4%) and ART would not be expected to increase chromosome |5

— 205 —

framr tre Lmnioa 1 e Oacanta nunnay w Aaccrenmaimiorvordarnni o dan marr naneommort



Widespread methylation errors of imprinting disorders

2545

Table 11 Abnormal methylation in patients with SRS and BWS.

Case ART Abnormal methylation
SRS

SRS-1 IVF-ET HI9 hypomethylated (mosaic) PEGI hypermethylated
SRS-2  IVF-ET HI9 hypomethylated (mosaic)

SRS-3  IVF-ET HI9 hypomethylated (mosaic) PEGI hypermethylated
(masaic)

SRS-4  IVF-ET HI9 hypomethylated GRB1Q hypermethylated
SRS-5 IVF-ET HI9 hypomethylated (mosaic) INPPSF hypermethylated

SRS-6 H19 hypomethylated
SRS-7 H19 hypomethylated {mosaic) ZNF597 hypermethylated
{mosaic)
SRS-8 HI19 hypomethylated
SRS-9 H19 hypomethylated (mosaic)
SRS-10 H19 hypomethylated
SRS-11 H19 hypomethylated (mosaic) PEGI hypermethylated
SRS-12 HI19 hypomethylated
SRS-13 H19 hypomethylated (mosaic) FAMS0B hypomethylated
SRS-14 H19 hypomethylated
SRS-15 H19 hypomethylated
BWS
BWS-1 ICSI LITI hypomethylated ZDBF2 hypermethylated
BWS-2 LTI hypomethylated
BWS-3 LIT! hypomethylated
BWS-4 LIT! hypomethylated
BWS-5 LITH hypomethylated
BWS-6 LIT1 hypomethylated ZDBF2 hypomethylated
BWS-7 LIT1 hypomethylated

PEG10 hypermethylated (mosaic) GRBI0 hypermethylated; ZNF597

hypomethylated

ZNF33 | hypomethylated (mosaic)

PEGI hypermethylated NESPAS hypomethylated (mosaic)

ZNF331 hypomethylated (mosaic)

ET, embryo transfer. Summary of the abnormal methylation patterns in the ART conceived and naturaily conceived patients with Silver-Russeli syndrome (SRS) and
Beckwith-Wiedemann syndrome (BWS) with epimutations. Numbers in parentheses show the resuits of the methylation rates obtained using bisulfite-PCR sequencing. The % of DNA
methylation of 22 gDMRs in all patients with SRS and BWS examined are presented in Supplementary data, Table SiV. Depictions in red represent DMRs normally exclusively

methylated on the maternal allele, while blue represent paternally methylated sites.

deletions or uniparental disomy, consistent with our findings. Prior to
this investigation, there was some evidence for an increased
prevalence of BWS after ART but less evidence for an increased preva-
lence of SRS, with five SRS patients reported linked to ART (Svensson
et al., 2005; Bliek et al., 2006; Kagami et af., 2007; Galli-Tsinopoulou
et al., 2008). Our population-wide study provides evidence to
suggest that both BWS and SRS occur more frequently after ART in
the Japanese population.

Mechanisms of epimutation in the patients
conceived by ART

By performing a comprehensive survey of all the known gDMRs in a
number of patients with BWS and SRS, we found that multiple loci
were more likely to be affected in ART cases than those conceived
naturally. Lim et al. (2009) have reported a similarly increased fre-
quency of multiple errors after ART, with 37.5% of patients conceived
with ART and 6.4% of naturally conceived patients displaying abnormal

methylation at additional imprinted loci. However, while Bliek et al.
(2005) reported alterations in multiple imprinted foci in 17 patients
out of 81 BWS cases with hypomethylation of KCNQIOTI(LIT!)
ICR, only | of the cases with multiple alterations was bormn after
ART. Similarly, Rossignol et al. (2006} reported that 3 of || (27%)
ART-conceived patients and 7 of 29 (24%) naturally conceived
patients displayed abnormal methylation at additional loci. In these
four earlier studies, not all gDMRs were assayed and it may be that
by doing so, these incongruities will be resalved.

The pattern of cellular mosaicism we observed in some patients
suggested that the imprinting defects occurred after fertilization
rather than in the gamete as DNA methylation alterations arising in
the gamete would be anticipated to be present in every somatic
cell. This suggested the possibility that the DNA methylation errors
occurred as a consequence of impaired maintenance of the germline
imprints rather than a failure to establish these imprints in the germline
or a loss of these imprints in the sperm or oocytes in vitro. Further-
more, some patients conceived by ART with SRS and BWS showed
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alterations at both maternally and paternally methylated gDMRs sug-
gesting that the defects were not limited to one parental germline.
The mechanisms controlling the protection of imprinted loci against
demethylation early in the development remain unclear. Our data
suggested that this protection may fail in ART resulting in the tissue-
specific loss of imprints, though it remains unciear if this ever occurs
naturally. Potential factors involved could include the culture
conditions for the newly fertilized oocyte and the length of exposure
to specific media or growth factors, as part of the ART procedure.
Some of the naturally conceived patients also had abnormal methyla-
tion at both maternally and paternally methylated gDMRs, which were
in some cases mosaic. This could indicate that fertility issues arise as a
consequence of pre-existing mutations in factors required to protect
and maintain imprints early in life and it may therefore be possible
to identify genetic mutations in these factors in this group of patients.

Clinical features

In our large-scale epidemiological study., we found differences in the
frequency of some classic features of SRS and BWS between patients
conceived by ART and those conceived naturally. We found that 7/7
(100%) ART conceived SRS patients showed body asymmetry,
whereas only 30/54 (55.5%) who were conceived naturally possessed
this feature. Similarly in BWS, earlobe creases were present in 4/7
(57.1%) ART conceived cases and 44/89 (49.4%) naturally conceived,
bulging eyes in 3/7 (42.8%) versus 21/89 (23.6%). exomphalos in 6/7
(85.7%) versus 61/89 (68.5%) and nephromegaly in 2/7 (28.6%)
versus 18/89 (20.2%), respectively. It is therefore possible that the
dysregulation of the additional genes does modify the typical SRS
and BWS phenotypes (Azzi et al., 2010). BWS patients with multiple
hypermethylation sites have been reported with complex clinical phe-
notypes {Bliek et al., 2009) and a recently recognized BWS-like syn-
drome involving overgrowth with severe developmental delay was
reported after IVF/ICSI (Shah et af., 2006).

In our study patients with diagnosed imprinting disorders that pre-
sented with defects at additional loci (i.e. other than the domain re-
sponsible for that disorder) did not display additional phenotypes
not normally reported in BWS or SRS. Since we were effectively
selecting for classic cases of BWS and SRS in the first instance, it is
possible that there are individuals born through ART showing entirely
novel or confounding phenotypes that were not identified in our
survey. Alternatively, as many of the alterations we observed
showed a mosaic pattern, it is possible that mosaic individuals have
more subtle phenotypes. In light of this new information on mosai-
cism, we may be able to use our knowledge of the individual's epigen-
otype to uncover these subtle changes.

This study. and the work of our colleagues, highlights the pressing
need to conduct long-term international studies on ART treatment
and the prevalence of imprinting disorders, particularly as the use of
ART is increasing worldwide. It remains to be seen if other very
rare epigenetic disorders will also have a possible association with
the use of ART. Furthermore, it is not yet known what other patholo-
gies might be influenced by ART. For example, in addition to general
growth abnormalities, many imprint methylation errors also lead to
the occurrence of various cancers (Okamote et ol., 1997; Cui et of.,
1998). Further molecular studies will be required to understand the
pathogenesis of these associations, and also to identify preventative

methods to reduce the risk of occurrence of these syndromes
following ART.

Supplementary data

Supplementary data are available at htp://hurmrep.oxfordjournals.org/.

Acknowledgements

The authors thank the patients and their families who participated in
this study. We are also grateful to the physicians who responded to
the first and second surveys. We would like to thank Ms Chizuru
Abe for technical assistance.

Authors’ roles

HH.. H.O., N.M.. FS. and AS. performed the DNA methylation ana-
lyses. M.K., K.N. and H.S. collected the samples of the patients. K.N.
did the statistical analyses. H.H., M.V.D.P., R.M.J. and T.A. wrote this
manuscript. All authors have read and approved the final manuscript.

Funding

This work was supported by Grants-in-Aid from the Ministry of
Health, Labour and Welfare of the Japanese government (The Speci-
fied Disease Treatment Research Program: 162, 054) and Scientific
Research (KAKENHI; 21028003, 23013003, 23390385), as well
as the Uehara Memorial Foundation and Takeda Science
Foundation (TA).

Conflict of interest

None declared.

References

Azzi S, Rossignol S, Le Bouc Y, Netchine I. Lessons from imprinted
multilocus loss of methylation in human syndromes: A step toward
understanding the mechanisms underlying these complex diseases.
Epigenetics 2010:5:373-377.

Bliek J. Terhal P. van den Bogaard MJ, Maas S, Hamel B,
Salieb-Beugelaar G. Simon M, Letteboer T. van der Smagt J, Kroes H
et al. Hypomethylation of the H19 gene causes not only Silver-Russell
syndrome (SRS) but also isolated asymmetry or an SRS-like
phenotype. Am | Hum Genet 2006:78:604-614.

Bliek |, Verde G, Callaway |, Maas SM, De Crescenzo A, Sparago A,
Cerrato F, Russo S, Ferraiuolo S, Rinaldi MM et al. Hypomethylation
at multiple maternally methylated imprinted regions including PLAGLI
and GNAS loci in Beckwith-Wiedemann syndrome. Eur | Hum Genet
2009:17:611-619.

Bowdin S, Allen. C. Kirby G. Brueton L. Afnan M, Barrau C,
Kirkman-Brown }, Harrison R, Maher ER, Reardon W. A survey of
assisted reproductive technology births and imprinting disorders. Hum
Reprod 2007:22:3237 -3240.

Chang AS, Moley KH, Wangler M, Feinberg AP, Debaun MR. Association
between Beckwith-Wiedemann syndrome and assisted reproductive
technology: a case series of 19 patients. Fertil Steril 2005;83:349-354.

— 207 —

craw e Cmnioa 1 an Qrermann nunnn e Srossinnodnie o dacm o dug WoIl DaDeoumoct



Widespread methylation errors of imprinting disorders

2547

Choufani S, Shuman C, Weksberg R. Beckwith-Wiedemann syndrome. Am
J Med Genet Part C Semin Med Genet 2010;154C:343-354.

Cox GF, Burger |, Lip V. Mau UA, Sperling K, Wu BL, Horsthemke B.
Intracytoplasmic sperm injection may increase the risk of imprinting
defects. Am | Hum Genet 2002;71:162 - 164.

Cui H, Horon IL, Ohlsson R, Hamilton SR, Feinberg AP. Loss of imprinting
in normal tissue of colorectal cancer patients with microsatellite
instability. Nat Med 1998:4:1276-1280.

DeBaun MR, Niemitz EL, Feinberg AP. Association of in vitro fertilization
with Beckwith-Wiedemann syndrome and epigenetic alterations of LIT|
and HI9. Am | Hum Genet 2003;72:156~160.

Doornbos ME, Maas SM, McDonnell |, Vermeiden JP, Hennekam RC.
Infertility, assisted  reproduction technologies and  imprinting
disturbances: a Dutch study. Hum Reprod 2007:22:2476-2480.

Emiliani S, Van den Bergh M, Vannin AS, Biramane J. Englert Y.
Comparison of ethylene glycol, 1,2-propanediol and glycerol for
cryopreservation of slow-cooled mouse zygotes, 4-cell embryos and
blastocysts. Hum Reprod 2000;15:905-%10.

Galli-Tsinopoulou A, Emmanouilidou E, Karagianni P, Grigoriadou M,
Kirkos J, Varlamis GS. A female infant with Silver Russell syndrome,
mesocardia and enlargement of the clitoris. Hormones (Athens) 2008:
7:77-81.

Gicquel C. Gaston V, Mandelbaum J, Siffroi JP, Flahauit A, Le Bouc Y. In
vitre fertilization may increase the risk of Beckwith-Wiedemann
syndrome related to the abnormal imprinting of the KCNIOT gene.
Am | Hum Genet 2003;72:1338-1341.

Gosden R, Trasler . Lucifero D, Faddy M. Rare congenital disorders,
imprinted genes, and assisted reproductive technology. Lancet 2003;
361:1975-1977.

Honda S, Weigel A, Hjelmeland LM, Handa |T. Induction of telomere
shortening and replicative senescence by cryopreservation. Biochem
Biophys Res Commun 2001;282:493--498.

John RM, Lefebvre L. Developmental regulation of somatic imprints.
Differentiation 201 1;81:270-280.

Kagami M. Nagai T, Fukami M, Yamazawa K, Ogata T. Silver-Russell
syndrome in a gl born after in viro fertilization: partial
hypermethylation at the differentially methylated region of PEGI/
MEST. j Assist Reprod Genet 2007;24:131 - 136.

Kikyo N, Williamson CM, John RM, Barton SC, Beechey CV, Ball ST,
Catranach BM, Surani MA, Peters |. Genetic and functional analysis of
neuronatin in .mice with maternal or paternal duplication of distal
Chr 2. Dev Biol 1997;190:66-77.

Kobayashi H. Suda C. Abe T, Kohara Y, lkemura T, Sasaki H. Bisulfite
sequencing and dinucleotide content analysis of |5 imprinted mouse
differentially methylated regions (DMRs): paternally methylated DMRs
contain less CpGs than maternally methylated DMRs. Cytogenet
Genome Res 2006:113:130-137.

Kobayashi H. Sato A, Otsu E, Hiura H, Tomatsu C, Usunomiya T,
Sasaki H, Yaegashi N, Arima T. Aberrant DNA methylation of
imprinted loci in sperm from oligospermic patients. Hum Mol Genet
2007:16:2542-2551.

Kobayashi H, Yamada K, Morita S, Hiura H, Fukuda A, Kagami M, Ogata T,
Hata K, Sotomaru Y, Kono T. Identification of the mouse paternally
expressed imprinted gene Zdbf2 on chromosome | and its imprinted
human homolog ZDBF2 on chromosome 2. Genomics 2009:
93:461 -472.

Lidegaard O, Pinborg A, Andersen AN. Imprinting diseases and IVF:
Danish National IVF cohort study. Hum Reprod 2005;20:950--954.

Lim D, Bowdin SC, Tee L, Kirby GA, Blair E, Fryer A, Lam W, Oley C.
Cole T, Brueton LA et al. Clinical and molecular genetic features of
Beckwith-Wiedemann syndrome associated with assisted reproductive
technologies. Hum Reprod 2009;24:741--747.

Lim DH, Maher ER. Human imprinting syndromes. Epigenomics 2009:
1:347-369.

Lucifero D, Mertineit C, Clarke HJ, Bestor TH, Trasler JM. Methylation
dynamics of imprinted genes in mouse germ cells. Genomics 2002;
79:530-538.

Ludwig M, Katalinic A, Gross S, Sutcliffe A, Varon R, Horsthemke B.
Increased prevalence of imprinting defects in patients with Angelman
syndrome born to subfertile couples. | Med Genet 2005:42:289-291.

Maher ER, Brueton LA, Bowdin SC, Luharia A, Cooper W. Cole TR,
Macdonald F, Sampson |R, Barratt CL, Reik W et al. Beckwith-
Wiedemann syndrome and assisted reproduction technology (ART).
] Med Genet 2003;40:62-64.

Marques CJ, Carvalho F, Sousa M. Barros A. Genomic imprinting in
disruptive spermatogenesis. Lancet 2004;363:1700-1702.

Marques CJ, Costa P, Vaz B, Carvalho F, Fernandes S, Barros A, Sousa M.
Abnormal methylation of imprinted genes in human sperm is associated
with oligozoospermia. Mol Hum Reprod 2008:14:67-74.

Miura K, Nikawa N. Do monochorionic dizygotic twins increase after
pregnancy by assisted reproductive technology? | Hum Genet 2005;
50:1 6.

Moll AC. Imhof SM, Cruysberg JR, Schouten-van Meeteren AY, Boers M,
van Leeuwen FE. incidence of retinoblastoma in children born after
in-vitro fertilisation. Lancet 2003;361:309-310.

Obata Y, Kono T. Maternal primary imprinting is established at a specific
time for each gene throughout oocyte growth. | Biol Chem 2002
277:5285-5289.

Okamoto K, Morison IM, Taniguchi T, Reeve AE. Epigenetic changes at the
insulin-like growth factor lI/H19 locus in developing kidney is an early
event in Wilms twmorigenesis. Proc Natl Acad Sci USA 1997:
94:5367-5371.

Orstavik KH, Eiklid K, van der Hagen CB, Spetalen S, Kierulf K, Skjeldal O,
Buiting K. Another case of imprinting defect in a girl with Angelman
syndrome who was conceived by intracytoplasmic semen injection.
Am | Hum Genet 2003;72:218-219.

Rossignol 5. Steunou V, Chalas C, Kerjean A, Rigolet M, Viegas-
Pequignot E. jouannet P, Le Bouc Y, Gicquel C. The epigenetic
imprinting defect of patients with Beckwith-Wiedemann syndrome
born after assisted reproductive technology is not restricted to the
I1p15 region. | Med Genet 2006;43:902-907.

Sato A, Otsu E, Negishi H, Utsunomiya T, Arima T. Aberrant DNA
methylation of imprinted loci in superovulated oocytes. Hum Reprod
2007:22:26-35.

Savage T, Peek ], Hofman PL, Cutfield WS. Childhood outcomes of
assisted reproductive technology. Hum Reprod 201 1;26:2392-2400.
Shah PS, Weksberg R, Chitayat D. Overgrowth with severe developmental
delay following IVF/ICSI: a newly recognized syndrome? Am | Med Genet

A 2006;140:1312- 1315,

Shimizu Y, Fukuda |, Sato W, Kumagai |, Hirano H, Tanaka T. First-
trimester diagnosis of conjoined twins after in-vitro fertilization-
embryo transfer (IVF-ET) at blastocyst stage. Ultrasound Obstet Gynecol
2004;24:208-209.

Smith R}, Dean W, Konfortova G, Kelsey G. ldentification of novel
imprinted genes in a genome-wide screen for maternal methylation.
Genome Res 2003;13:558~569.

Surani MA. Imprinting and the initiation of gene silencing in the germ line.
Cell 1998:93:309-312.

Svensson |, Bjornstahl A, Ivarsson SA. Increased risk of Silver-Russell
syndrome after in vitro fertilization? Acta Paediatr 2005;94:1163~1165.

Tomizawa S, Kobayashi H, Watanabe T, Andrews S, Hata K, Kelsey G,
Sasaki H. Dynamic stage-specific changes in imprinted differentially
methylated regions during early mammalian development and prevalence
of non-CpG methylation in cocytes. Development 201 1;138:811-820.

— 208 —

£107 ‘17 Arenuga] uo ANsI0ALuN mjoyo ], 1 /S1o sprumolpioyxo donumysdinyg woly papeojumoq



2548 : Hiura et al.

Wakai K, Tamakoshi A. lkezaki K, Fukui M, Kawamura T. Aocki R, chromosome homology and maternal germ-line methylation. PLoS
Kojima M, Lin Y, Ohno Y. Epidemiological featres of moyamoya Genet 2007:3:e20.
disease in Japan: findings from a nationwide survey. Clin Neurol @ Young LE, Fermandes K. McEvoy TG, Butterwith SC. Gutierrez CG,
Neurosurg 1997:99(Suppl. 2):51-S5. Carolan C, Broadbent PJ, Robinson JJ, Wilmut 1, Sinclair KD.
Wood AJ, Roberts RG, Monk D, Moore GE, Schulz R, Oakey R]. A screen - Epigenetic change in IGF2R is associated with fetal overgrowth after
for retrotransposed imprinted genes reveals an association between X ° sheep embryo culture. Nat Genet 2001;27:153 154

— 209 —

mnraa r ra farotas s nuanay an Gcammalnasvadaunosodhan man naneammna

v brm O



JCEM ONLINE

m'
Genetics—Endocrine

Advances in

Research

PRKAR1A Mutation Affecting cAMP-Mediated G
Protein-Coupled Receptor Signaling in a Patient with
Acrodysostosis and Hormone Resistance
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Context: Acrodysostosis is a rare autosomal dominant disorder characterized by short stature,
peculiar facial appeararice with nasal hypoplasia, and short metacarpotarsals and phalanges with
cone-shaped epiphyses. Recently, mutations of PRKARTA and PDE4D downstream of GNAS on the
cAMP-mediated G protein-coupled receptor (GPCR) signaling cascade have been identified in
acrodysostosis with and without horfnone resistance, although functional studies have been per-
formed only for p,R368X of PRKARTA.

Objective: Our objéctive was to report a novel PRKARTA mutation and its functional consequence
in a Japanese female patient with acrodysostosis and hormone resistance.

Patient: This patient had acrodysostosis-compatible clinical features such as short stature and
brachydactyly and mildly elevated serum PTH and TSH values.

Results: Although no abnormality was detected in GNAS and PDE4D, a novel de novo heterozygous
missense mutation (p.T239A) was identified at the cCAMP-binding domain A of PRKARTA. Western
blot analysis using primary antibodies for the phosphorylated cAMP-responsive element (CRE)-
binding protein showed markedly reduced CRE-binding protein phosphorylation in the forskolin-
stimulated lymphoblastoid cell lines of this patient. CRE-luciferase reporter assays indicated sig-
nificantly impaired response of protein kinase A to cAMP in the HEK293 cells expressing the mutant
p. T239A protein.

Conclusions: The results indicate that acrodysostosis with hormone. resistance is caused by a
heterozygous mutation at the cAMP-binding domain A of PRKARTA because of impaired CAMP-
mediated GPCR sngnahng Because GNAS, PRKAR1A, and PDE4D are involved in the GPCR signal
transduction cascade and have some different characters, this would explain the phenotyplc sim-
ilarity and difference in patients with GNAS, PRKAR1A, and PDE4D mutations. {J Clin Endocrinol
Metab 97: E1808-E1813, 2012)

Acrodysostosis is a rare autosomal dominant disorder
characterized by short stature, peculiar facial appear-
ance with nasal hypoplasia, short metacarpotarsals and pha-
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langes with cone-shaped epiphyses, and variable degrees of
mental retardation (1, 2). Recent studies have shown that
acrodysostosis is caused by mutations of PRKAR 1A {protein

Abbreviations: AHO, Albright's hereditary osteodystrophy; CRE, cAMP-responsive ele~
ment; CREB, CRE-binding; DMR, differentially methylated regions; GNAS, stimulatory G
protein a-subunit; GPCR, G protein-coupled receptor; PDE4D, phosphodiesterase 4D,
cAMP-specific; PHP-la, pseudchypoparathyroidism type la; PKA, protein kinase A;
PRKAR1A, protein kinase, cAMP-dependent, regulatory type 1,e; Rlo, type 1a regulatory
subunit. .
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kinase, cCAMP-dependent, regulatory type 1,a) and PDE4D
(phosphodiesterase 4D, cAMP-specific) involved in the
cAMP-mediated G protein-coupled receptor (GPCR) signal-
ing cascade (3-5). PRKARI1A consists of 11 exons and en-
codes type 1a regulatory subunit (RIe) of protein kinase A
(PKA) with a dimerization domain, an inhibitory site, and
two cAMP-binding domains A and B (6). The PKA holoen-
zyme is a tetramer consisting of two regulatory subunits and
two catalytic subunits, and cooperative binding of two
cAMP molecules to each regulatory subunit leads to the dis-
sociation of the catalytic subunits from the regulatory sub-
units (7). The regulatory subunit-associated catalytic sub-
units remain inactive, whereas the free catalytic subunits
released from the regulatory subunits can phosphorylate a
variety of substrate proteins including the cAMP-responsive
element (CRE)-binding (CREB) protein (7, 8). It is likely,
therefore, that the PRKAR 1A mutations hinder the cAMP-
mediated dissociation of the catalytic subunits from the reg-
ulatory subunits, thereby leading to reduiced PKA signaling
(3). PDE4D comprises 15 exons and encodes cAMP-depen-
dent phosphodiesterase 4D (PDE4D) that regulates intracel-
lular cAMP concentrations by converting cAMP to AMP (9).
Thus, the PDE4D mutations appear to result in desensitiza-
tion to cCAMP because of persistently elevated intracellular
cAMP concentrations, thereby affecting the cAMP-mediated
GPCR signaling cascade (4). However, functional studies
have been performed only for the PRKARIA p.R368X mu-
tation that resides on the last exon and is predicted to escape
nonsense-mediated mRNA decay (3), whereas protein mod-

eling analysis argues for the pathological consequences of the

remaining PRKARIA and PDE4D mutations (4, 5).

‘Notably, nine of 10 PRKARIA mutation-positive pa-
tients and two of seven PDE4D mutation-positive patients -

identified to date exhibit resistance to PTH and/or TSH. Such
clinical findings, 7.e. acrodysostosis plus hormone resistance,
overlap with those of pseudohypoparathyroidism type Ia
(PHP-Ia), because PHP-Ia is associated with Albright’s he-
reditary osteodystrophy (AHQ) reminiscent of acrodysosto-
sis and resistance to several hormones such as PTH and TSH.
Indeed, although acrodysostosis and AHO have been clas-
sified as different skeletal disorders (2), it is often difficult to
distinguish between acrodysostosis and AHO on the basis of
clinical and radiological findings (10). Consistent with such
phenotypic similarities, PHP-Ia is primarily caused. by
heterozygous loss-of-function mutations of GNAS (the stim-
ulatory G protein a-subunit) (11) that resides in the upstream
of PRKAR1A and PDE4D on the cAMP-mediated GPCR
signaling cascade.

Here, we report on a novel de novo PRKAR1A muta-
tion and its functional consequence in a patient with ac-
rodysostosis and hormone resistance and discuss pheno-

jcem.endojournals.org E1809

typic findings in patients with PRKAR1A, PDE4D, and
GNAS mutations.

Patients and Methods

Case report

This Japanese female patient was born to nonconsanguineous
parents at 38 wk of gestation. At birth, her length was 46.5 cm
(—0.75 sp) and her weight 1.81 kg (—2.8 sp). Neonatal screening
tests were normal. Her gross motor milestones were somewhat
delayed, with sitting alone without support at 10 months and
walking alone at 21 months of age. Her stature remained below
~2.0 sp of the mean.

* At3yrand 10 months of age, she was referred to us because
of short stature. Her height was 86.9 cm (—3.1 sp) and her
weight 10.6 kg (—2.3 sp). She exhibited round face, nasal
hypoplasia, anteverted nostrils, severe brachydactyly of the
hands, and mild developmental retardation, and hand roent-
genograms showed generalized shortening of the tubular
bones with cone shaped epiphyses (Fig. 1A). Brain comput-
erized tomography showed neither sc nor intracranial calci-
fications. Biochemical and endocrine studies revealed 1) in-
creased serum PTH and plasma cAMP values and normal
serum calcium, phosphate, and vitamin D values; 2) decreased
urine calcium/creatinine ratio and normal percent tubular re-
absorption of phosphate; 3) slightly elevated serum TSH value
and normal free T, value; 4) age-appropriate serum LH and
FSH values;and 5) normal GH response to GHRH stimulatic}n
(Table 1). Thus, she was suspected as having acrodysostosis
with mild resistance to PTH and TSH.

- The parents showed neither brachydactyly nor abnormal en-
docrine findings (Table 1), although the mother had short stature
(144 cm, —2.6 D).

Molecular and functional studies

We performed 1) direct sequencing for coding exons and their
splice sites of PRKAR1A, PDE4D, and GNAS; 2) methylation
analysis for four differentially methylated regions (DMR)
around GNAS; 3) parental testing by microsatellite genotyping;
4) conservation of a substituted amino acid; 5) the forskolin-
induced PKA activity of lymphoblastoid cell lines in terms of the
phosphorylation status of the CREB protein using Western blot
analysis; and 6) forskolin-induced PKA activity using HEK293
cells expressing the wild-type and the mutant proteins. The prim-
ers used in this study are shown in Supplemental Table 1,and the
detailed methods are described in Supplemental Methods (pub-
lished on The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org). ‘

Results

Analysis of PRKARTA, PDE4D, and GNAS

No pathological mutation was found for PDE4D and
GNAS, nor was an aberrant methylation pattern detected
for the DMR around GNAS. By contrast, a novel
heterozygous missense mutation (c.715A—G; p.T239A)
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FIG. 1. Representative clinical and experimental findings of this patient. A, Radiograph of the left hand at 3 yr and 10 months of age.

Note the shortening of all tubular bones with cone-shaped epiphyses (arrows) and early infusions (arrowheads). B, The structure of
PRKAR1A and the position of the mutations identified. The black and white boxes on genomic DNA (gDNA) denote the coding regions on
exons 2-11 and the untranslated regions, respectively. PRKAR1A encodes a dimerization domain (DD), an inhibitory site (IS), and two cAMP-
binding domains A and B (CBD-A and -B). A missense mutation (p.T239A) was identified on exon 8 for the cAMP-binding domain A of this
patient, whereas the previously described one nonsense and three missense mutations have been found on exon 11 for cAMP-binding
domain B (3-5). C, Amino acid sequence of PRKAR1A. Note that the T239 residue is well conserved among species. D, Representative
results of Western blot analysis for lymphoblastoid cell lines of the patient and a control subject. The cells were collected before (basal) and
after stimulation with 10 um forskolin. The samples were probed with antibodies for phospho-CREB protein (Ser 133) (P-CREB) and CREB -
protein, together with those for B-actin used as an internal control. E, Transactivating activities of the wild-type and the mutant PRKAR1A
for the CRE-luc reporter. HEK293 cells were transfected with an empty expression vector or with vectors containing either the wild-type
PRKAR1A or the p.T239A mutant. Samples were treated with various concentrations of forskolin. The values (percentages to the maximal -
CRE-luciferase activity) are expressed as the mean = se. Curves are fitted with sigmoidal dose-response models. In cells expressing the
mutant protein, forskolin induced a concentration-dependent increase in CRE-luciferase activity, yet with a shift to the right in the dose-
response curve. The EC,, values were significantly higher in the cells expressing the mutant protein than those expressing the wild-type
protein (P < 0.001). The results are obtained from three independent experiments. '

was identified on exon 8 at the cAMP-binding site A of
PRKARI1A (Fig. 1B). This mutation was absent from her
parents and 100 Japanese control subjects.

Parental testing

Microsatellite genotyping data were consistent w1th
paternity as well as maternity of the parents (Supplemental
Table 2).

Functional characterization of the mutant
PRKAR1A

The T239 residue was well conserved among species
(Fig. 1C). Protein modeling analysis indicated that the

p-T239A resulted in loss of the hydrogen bond between
the M236 and the T239 residues and inaberration of the
random coils in the mutant PRKAR1A protein, al-
though there was no gross conformational alteration
affecting a-helices and B-strands (Supplemental Fig. 1).
Western blot analysis indicated obviously reduced for-
skolin-induced CREB protein phosphorylation in the
presence of the apparently normal amount of CREB
protein in the lymphoblastoid cell line of this patient
(Fig. 1D). Similarly, forskolin- mduced PKA activity
was significantly lower in the HEK293 cells expressing
the mutant PRKAR1A protein than in those expressing
the wild-type protein (Fig. 1E).
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TABLE 1. Clinical and laboratory data of the patient and her parents

Patient Father Mother?
Age (yr) 310/12 31 30
Height (cm) (SDS) 86.9 (—3.1) 177 (+1.1) 144 (-2.6)
Weight (kg) (SDS) 10.9(-2.3) 89 (+2.5) 4528
Blood
Intact PTH (pg/ml) 128 (10-65) 42 (10-65) 23(10-65)
Calcium (mg/dl) 9.4 (8.5-10.2) 9.4 (8.5-10.2) 9.0(8.5-10.2)
Phosphate (mg/d!) 5.6 (3.5-5.9) 3.2(.4-43) 3.6(2.4-4.3)
25-Hydroxyvitamin D (ng/ml) 26 (7-41) NA ‘ NA
TSH (mU/liter) 7.2 (0.5-5.0) 1.7 (0.5-5.0) 1.2 (0.5-5.0)
Free T, (ng/ml) 1.2(0.9-1.6) 1.3(0.9-1.6) 1.1(0.9-1.6)
LH (W/iter) - <0.1(<0.7) 4.1 (0.8-5.7) 0.17 (1.8-10.2)°
FSH (IU/liter) 0.9(0.6-5.3) " 6.6(2.0-8.3) 0.07 (3.0-14.7)¢ ~
GH (ng/ml) stimulated? 19.5 (>9) NA NA
CAMP (pmol/ml) 39.6 (6.4-20.8) NA NA
Urine .
Calcium/creatinine ratio 0.04 (0.13-0.25) NA NA
% TRP 91(81.3-93.3) NA NA

The values in parentheses indicate the sb score (SDS) for heights and weights and the age-and sex-matched reference blood and urine hormone
and laboratory data. The conversion factors to the SI unit are as follows: intact PTH, 1.0 (nanograms per liter); serum calcium, 0.25 (millimoles per

_liter); serum phosphate, 0.3229 (millimoles per liter); 25-hydroxyvitamin D, 2.496 (nanomoles per liter); free T,, 12.9%(picomoles per liter); GH, 1.0
(micrograms per liter); and cAMP, 1.0 (nanomoles per liter). Hormone values have been evaluated by the age- and sex-matched Japanese reference
data; abnormal data are in bold. NA, Not available; TRP, tubular reabsorption of phosphate.

2 During the second trimester of pregnancy.
b Not assessed because of pregnancy.

¢ Low LH/FSH values are consistent with pregnant status of the mother (18).
9 Blood sampling during the provocation tests were done at 0, 30, 60, 90, and 120 min after GHRH stimulation (1 pg/kg).

Discussion

We identified a novel de novo heterozygous PRKARIA
mutation in a patient with acrodysostosis and mild resis-
tance to PTH and TSH. In this regard, several findings are
noteworthy. First, although the phenotypic findings of
~ this patient are similar to those of PHP-Ia, the severe skel-
etal lesion would be regarded as acrodysostosis rather
than AHO. Consistent with this, a mutation was identified
in PRKAR1A rather than GNAS. Second, the p.T239A
was present at the cAMP-binding domain A, in contrast to
the previously reported PRKARIA mutations that were
invariably located at the cAMP-binding domain B (3-5).
In this regard, because cAMP binds first to the binding
domain B and then to the binding domain A, it has been
suggested that the binding domain B acts as the gatekeeper
of the PKA activation, and that the binding domain A is
relatively inaccessible to cAMP (8). Despite such a hier-
archical phenomenon, this study indicates that mutations
at the cAMP-binding domains A and B lead to a similar
clinical phenotype. Third, functional analyses showed ob-
viously reduced PKA signaling of the mutant PRKAR1A
protein. Thus, the p.T239A mutation appears to impair
the dissociation of the catalytic subunits from the Rla
regulatory subunits, thereby leading to the reduced GPCR
signaling, as has been stated by the functional studies for
the p.R368X mutation (3). Although the underlying fac-

tors remains to be elucidated, loss of the hydrogen bond
and aberration of the random coils in the mutant
PRKAR1A protein may be relevant to this functional
alteration. . :

‘To date, GNAS, PRKAR1A, and PDE4D mutations
have been identified in patients with overlapping skeletal
and endocrine phenotypes (3-5). It appears, however, that
GNAS abnormalities usually lead to relatively mild skel-
etal phenotype and clinically discernible hormone resis-
tance, whereas PRKAR1A and PDE4D mutations usually
result in relatively severe skeletal lesion and mild or absent
hormone resistance. In this regard, it is predicted in pa-
tients with maternally derived GNAS mutations that nor-
mally functioning GNAS is absent from several tissues
including renal proximal tubules where' GNAS is pater-
nally imprinted and is present in a single copy in other
tissues including skeletal tissues where GNAS is biparen-
tally expressed (11, 12). By contrast, it is likely in patients
with PRKAR1A and PDE4D mutations that normally

functioning PRKAR1A and PDE4D are present ina single

copy in all the tissues because of the absence of DMR
around these genes (13). Such a difference in the functional
gene dosage in several GNAS-imprinted tissues may more
or less be relevant to the prevalent hormone resistance in
GNAS mutations. Furthermore, because there are four
genes encoding the regulatory subunits of PKA (RIa, RIb,
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RIIa, and RIIb) and three genes encoding the catalytic
subunits (14), such redundancy would also be related to
the apparently mild hormone resistance in PRKAR1A mu-
tations. However, these factors are unlikely to account for
the apparently severe skeletal lesion in PRKARIA and
PDE4D mutations. Furthermore, although aberrant sig-
naling via PTHrP receptor belonging to the GPCR families
may play an important role in the development of skeletal
lesions in PRKAR1A mutations, this perturbation is also
- relevant to the occurrence of skeletal lesions in GNAS
abnormalities (15). Thus, there may be a hitherto un-
known factor involved in the development of severe skel-
etal phenotype in PRKARI1A and PDE4D mutations. No-

tably, hormone resistance is apparently infrequent in

acrodysostosis (2). It remains to be clarified whether acro-
dysostosis with and without hormone resistance may repre-
sent genetically heterogeneous conditions, and whether hor-
mone resistance may have been overlooked or remained at a
subclinical level in a certain fraction of patients with
PRKARI1A and PDE4D mutations.

For PRKARI1A, more than 100 different mutations
have been identified in Carney complex with multiple neo-
plasias and lentiginosis (16). Because most mutations re-
ported in Carney complex are frameshift, nonsense, and
splice mutations that are predicted to undergo nonsense-
mediated mRNA decay and cause PRKAR1A haploinsuf-
ficiency, they would result in the increased amount of the
free-lying intracellular catalytic subunits, leading to ex-
cessive PKA: signaling in target tissues (16, 17). Further-
more, other types of niutations have also been identified in
Carney complex, such as missense mutations at the cAMP-
binding domain A (e.g. p-D183Y and p.A213D) and an
in-frame deletion of 53 amino acids from the binding do-
main A (c.708 + 1 g—t) (16). Thus, in conjunction with
the results of this study, we presume that PRKARIA
mutations can cause a mirror image of disorders in
terms of the PKA activity, i.e. Carney complex resulting
from defective association between the regulatory and
the catalytic subunits and acrodysostosis with hormone
resistance ascribed to impaired dissociation between
the two subunits.

In summary, we identified a heterozygous PRKAR1A
mutation affecting cAMP-mediated GPCR signaling in a
patient with acrodysostosis with hormone resistance. Ad-
ditional studies will permit a better clarification of the
underlying causes in acrodysostosis with and without hor-
mone resistance.

Acknowledgments

. We thank Professor N. Matsuura (Seitoku University) and Dr. S.
Narumi (Keio University School of Medicine) for fruitful dis-

J Clin Endocrinol Metab, September 2012, 97(9):E1808-E1813

cussion. We are grateful to Drs. N. Katsumata and S. Takada and
Ms. A. Nagashima, T. Tanji, E. Suzuki, and I. Kobayashi (Na-
tional Research Institute for Child Health and Development) for
their technical assistance.

Address all correspondence and requests for reprints to: Dr.
Tsutomu Ogata, Department of Pediatrics, Hamamatsu Univer-
sity School of Medicine, Hamamatsu 431-3192, Japan. E-mail:
tomogata@hama-med.ac.jp; or Dr. Maki Fukami, Department
of Molecular Endocrinology, National Research Institute for
Child Health and Dcvelopment, Tokyo 157-8535, Japan.
E-mail: mfukami@nch.go.jp.

This work was supported by the Grant-in-Aid for Scientific Re-
search on Innovative Areas (22132004) from the Ministry of Ed-
ucation, Culture, Sports, Science, and Technology; by the Grant-
in-Aid for Scientific Research (B) (23390249) from the Japan
Society for the Promotion of Science; and by grants from the Foun-
dation for Growth Science, from the National Center for Child
Health and Development (23A-1), and from the Ministry of Health,
Labor, and Welfare.

Disclosure Summary: The authors declare no conflict of
interest.

References

1. WilsonLC, Oude Luttikhuis ME, Baraitser M, Kingston HM, Trem-
bathRC 1997 Normal erythrocyte membrane Gsa bioactivity intwo
unrelated patients with acrodysostosis. | Med Genet 34:133-136

2. Graham Jr JM, Krakow D, Tolo VT, Smith AK, Lachman RS 2001
Radiographic findings and Gs-a bioactivity studies and mutation
screening in acrodysostosis indicate a different etiology from pseu-
dohypoparathyroidism. Pediatr Radiol 31:2-9

3. Linglart A, Menguy C, Couvineau A, Auzan C, Gunes Y, Cancel M,
Motte E, Pinto G, Chanson P, Bougnéres P, Clauser E, Silve C2011
Recurrent PRKAR1A mutation in acrodysostosis with hormone re-
sistance. N Engl ] Med 364:2218-2226

4, LeeH, Graham Jr JM, Rimoin DL, Lachman RS Krejci P, Tompson
SW, Nelson SF, Krakow D, Cohn DH 2012 Exome sequencing iden-
tifies PDE4D mutations in acrodysostosis. Am J Hum Genet 90:
746-751 . )

5. Michot C,Le Goff C, Goldenberg A, Abhyankar A, Klein C, Kinning
E, Guerrot AM, Flahaut P, Duncombe A, Baujat G, Lyonnet §,
Thalassinos C, Nitschke P, Casanova JL, Le Merrer M, Munnich 4,

. Cormier-Daire V 2012 Exome sequencing identifies PDE4D niuta-
tions as another cause of acrodysostosis. Am ] Hum Genet 90:740-
745

6. Scott JD 1991 Cyclic nucleotide-dependent protein kinases. Phar-
macol Ther 50:123-145

7. TaskénK, Skalhegg BS, Solberg R, Andersson KB, Taylor 8§, Lea T,
Blomhoff HK, Jahnsen T, Hansson V 1993 Novel isozymes of
cAMP-dependent protein kinase exist in human cells due to forma-
tion of Rla-RIB heterodimeric complexes. ] Biol Chem 268:21276 -
21283

8. Kim C, Xuong NH, Taylor $S 2005 Crystal structure of a complex

- between the catalytic and regulatory (RIe) subunits of PKA. Science
307:690-696

9. Verghese MW, McConnell RT, Lenhard JM, Hamacher L, Jin SL
1995 Regulation of distinct cyclic AMP-specific phosphodiesterase
(phosphodiesterase type 4) isozymes in human monocytic cells. Mol
Pharmacol 47:1164-1171 s

10. Ablow RC, Hsia YE, Brandt IK 1977 Acrodysostosis coinciding
with pseudohypoparathyroidism and pseudo-pseudohypoparathy-
roidism. AJR Am ] Roentgenol 128:95-99

— 214 —



J Clin Endocrinol Metab, September 2012, 97(9):E1808-E1813

11,

12.

13.

14.

15.

Weinstein LS, Yu S, Warner DR, Liu ] 2001 Endocrine manifesta- .
tions of stimulatory G protein a-subunit mutations and the role of

genomic imprinting. Endocr Rev 22:675-705

Mantovani G, Bondioni S, Locatelli M, Pedroni C, Lania AG Fer-
rante E, Filopanti M, Beck-Peccoz P, Spada A 2004 Biallelic expres-
sion of the Gser gene in human bone and adipose tissue. J Clin En-
docrinol Metab 89:6316-6319

He H, Olesnanik K, Nagy R, Liyanarachchi S, Prasad ML, Stratakis
CA, Kloos RT, de la Chapelle A 2005 Allelic variation in gene ex-
pression in thyroid tissue. Thyroid 15:660-667

Foss KB, Landmark B, Skilhegg BS, Taskén K, Jellum E, Hansson
V, Jahnsen T 1994 Characterization of in-vitro-translated human

16.

17.

jcem.endojournals.org E1813

H, Segre GV, Kronenberg HM 1996 PTH/PTHIrP receptor in early
development and Indian hedgehog-regulated bone growth. Science
273:663-666

Horvath A, Bertherat ], Groussin L, Guillaud-Bataille M, Tsang K,
Cazabat L, Libé R, Remmers E, René-Corail F, Faucz FR, Clauser E,
Calender A, Bertagna X, Carney JA, Stratakis CA 2010 Mutations
and polymorphisms in the gene encoding regulatory subunit type
1-a of protein kinase A (PRKAR1A): an update. Hum Mutat 31:
369-379

Robinson-White A, Meoli E, Stergiopoulos S, Horvath A, Boikos S,
Bossis 1, Stratakis CA 2006 PRKAR 1A mutations and protein kinase
A interactions with other signaling pathways in the adrenal cortex.
] Clin Endocrinol Metab 91:2380-2388

regulatory and catalytic subunits of cAMP-dependent protein ki- 18, Kronenberg HM, Melmed S, Polonsky KS, Larsen PR 2008 Endo-
nases. Eur J Biochem 220:217-223 crine change in pregnancy. In: Braunstein GD, ed. Williams text-
Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A, Karpe- book of endocrinology. 11th ed. Philadelphia: Saunders Elsevier;
rien M, Defize LH, Ho C, Mulligan RC, Abou-Samra AB, Jiippner 743

THE

ENDOCRINE

SOCIETY®

Members can search for endocrinology conferences,
meetings and webinars on the Worldwide Events Calendar.

www.endo-society.org/calendar

— 215 —



REPRODUCTION-DEVELOPMENT

Mamlid1 Deficiency Significantly Reduces mRNA
Expression Levels of Multiple Genes Expressed in
Mouse Fetal Leydig Cells but Permits Normal Genital
and Reproductive Development

Mami Miyado, Michiko Nakamura, Kenji Miyado, Ken-ichirou Morohashi,
Shinichiro Sano, Eiko Nagata, Maki Fukami, and Tsutomu Ogata

Departments of Molecular Endocrinology (M.M., M.N., M.F., T.0.) and Reproductive Biology (K.Mi.),
National Research Institute of Child Health and Development, Tokyo 157-8535, Japan; Department of

Molecular Biology (K.Mo.), Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582,
Japan; and Department of Pediatrics (S.S., E.N., T.0.), Hamamatsu Unlversny School of Medicine,
Hamamatsu 431-3192, Japan

.

Although mastermind-like domain containing 1 (MAMLD1) (CXORF6) on human chromosome
Xg28 has been shown to be a causative gene for 46,XY disorders of sex development with hypos-
padias, the biological function of MAMLD 1/Mamlid1 remains to be elucidated. In this study, we first
showed gradual and steady increase of testicular Mam/d T mRNA expressionlevelsinwild-type male
mice from 12.5 to 18.5 d postcoitum: We then generated Mam/d1 knockout (KO) male mice and
revealed mildly but significantly reduced testicular mRNA levels (65-80%) of genes exclusively
expressed in Leydig cells (Star, Cyp?1al, Cyp17al, Hsd3b1, and Insi3) as well as grossly normal
testicular mRNA levels of genes expressed in other cell types or in Leydig and other cell types.
However, no demonstrable abnormality was identified for cytochrome P450 17A1 and 33-hydrox-
ysteroid dehydrogenase (HSD3B) protein expression levels, appearance of external and internal
genitalia, anogenital distance, testis weight, Leydig cell number, intratesticular testosterone and
other steroid metabolite concentrations, histological findings, in situ hybridization findings for
sonic hedgehog (the key molecule for genital tubercle development), and immunohistochemical
findings for anti-Mullerian hormone (Sertoli cell marker), HSD3B (Leydig cell marker), and DEAD
(Asp-Glu-Ala-Asp) box polypeptide 4 (germ cell marker) in the KO male mice. Fertility was also
. normal. These findings imply that Mam/d1 deficiency significantly reduces mRNA expression levels
of multiple genes expressed in mouse fetal Leydig cells but permits normal genital and reproduc-
tive development. The contrastive phenotypic findings between Mam/d? KO male mice and
MAMLD1 mutation positive patients would primarily be ascribed to species difference in the fetal
sex development. (Endocrinology 153: 6033-6040, 2012)

astermind-like domain containing 1 (MAMLDI)
M (alias CXORF6) on human chromosome Xq28 is a
causative gene for 46,XY disorders of sex development
(DSDs) with hypospadias as a salient clinical phenotype. In-
deed, several pathologic nonsense and frameshift mutations
(p.E124X, p.Q197X, p.R653X, and p.E109fsX121) have
been identified in patients with various types of hypospadias
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with and without other associated genital abnormalities,
such as micropenis and ctyptorchidism (1-3). In addition,
a specific polymorphism(s) and a haplotype of MAMLDI -
appear to constitute a genetic risk factor for hypospadias
(2,4, 35).

To date, several important flndmgs have been revealed
for MAMLD1 and its mouse homolog Mamld1. First, the

Abbreviations: A, Antibody; AGD, anogenital distance; AGl, AGD index; CYP17A1, cy-
tochrome P450 17A1; dpc, days postcoitum; DSD, disorder of sex development HSD38,
3p-hydroxysteroid dehydrogenase; KO, knockout! MAMLDY, mastermind-like domam
containing 1, MLTC, mouse Leydig tumor cell; Shh, sonic hedgeheg; siRNA, small 'inter-
fering RNA; T, testosterone; WT, wild type. ~
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upstream region of MAMLD1/Mamld1 harbors a puta-
tive binding site for NRSA1 (alias SF-1 and AD4BP) (6)
that regulates the transcription of a vast array of genes
involved in sex development (7). Second, nuclear receptor
subfamily 5, group A, member 1 protein can bind to the
putative target site and exert a transactivation function for
Mamld1 (6). Third, Mamld1 is clearly coexpressed with
mouse Nr5al in fetal Leydig and Sertoli cells in the fetal
testis (1). Fourth, transient Mamld1 knockdown using
" small interfering RNAs (siRNAs) significantly reduces
Cyp17al expression (8) and testosterone (T) production
in cultured mouse Leydig tumor cells (MLTCs) (6, 8).
These findings imply that MAMLD1/Mamld1 is involved
in the molecular network for T production probably via
the transactivation of CYP17A1/Cyp17al under the reg-
ulation of NRSA1 and that MAMLD1 mutations result in
46,XY DSD phenotype with hypospadias primarily be-
cause of compromised, but not abolished, T production
around the critical period for sex development.

However, the biological function of MAMLDI1/
Mamld1 during testis development remains to be eluci-
dated. Thus, we examined testicular Mamldl mRNA ex-
pression pattern in wild-type (WT) male mice and
performed molecular and phenotypic analyses in Mamlid1
‘knockout (KO) male mice.

Materials and Méthods

WT and Mamld1 KO male mice

We examined WT male mice of the CS7BL/6 strain pur-
chased from Sankyo Labo Service Corp., Inc. (Tokyo, Japan)
and Mamldl KO male mice generated by Macrogen, Inc.
(Seoul, Korea). This study was approved by the Animal Ethics
Committee of National Research Institute for Child Health
and Development. .

Mamld1 KO male mice were produced by a standard gene-
targeting procedure (9). In brief, a targeting vector was designed
to replace Mamldl exon 3, which harbors a translation start
codon and approximately two thirds of the coding sequence,
with a PGK-neo cassette (Fig. 1A). After transfection of the tar-
geting vector intd 129/Sv embryonic stem cells by electropora-
tion, two clones of recombination-positive embryonic stem cells
were selected by Southern blot analysis using probes at the 5’ and
3’ flanking regions of Mamld1 and injected into blastocysts. The

blastocysts were then transferred into pseudopregnant ICR fe-

male mice, to generate chimeric male mice. The chimeric male
mice were mated with C57BL/6 female mice, and germline trans-
mission of the mutant gene was confirmed by Southern blot
analysis. Subsequently, Mamld1 KO male mice were produced
by mating heterozygous (+/—) female mice with WT male mice.
The Mamldl KO mouse strain was backcrossed with the
CS7BL/6 strain and maintained for multiple generations by
cross-mating between heterozygous (+/—) female mice and WT
male mice.

Endocrinology, December 2012, 153(12):6033-6040
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FIG. 1. Generation of Mamld1 KO mice. A, Schematic representation
of the gene targeting procedure. Exon 3 of WT Mamld1 was replaced
by the PGK-neo cassette (PGK-neo) through homologous
recombination indicated by cross symbols. The black and white boxes
denote the coding regions and the untransiated regions, respectively.
Paired black, white, and gray arrowheads indicate the primer set for
amplification of WT Mamid1 genomic sequence, that for amplification
of Mamlid1 transcripts, and that for amplification of Neomycin-
resistant gene. B, Confirmation of Mam/d1 KO. Genotyping analysis
(upper panel), RT-PCR analysis (middle panel), and Western blot
analysis (lower panel) are consistent with successful Mamld1 KO. +/+,
WT female mice; +/—, heterozygous female mice; —/—, homozygous
female mice; RT (—), negative control without reverse transcriptase.

1In this study, KO male ‘mice of the ninth generation were
examined. The noon of the day when a vaginal plug was observed
was designated 0.5 d postcoitum (dpc). PCR-based genotyping
analysis with tail tissue genomic DNA was performed for
Mamld1l, PGK-neo, and Sry, using primers shown in Supple-
mental Table 1, published on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org. Body weight
and testis weight were measured at birth.

Genital and testicular sample preparation

In the male mice, androgen synthesis starts after approxi-
mately 13.5 dpc (10, 11), and morphological characteristics of
the male external genitalia are established around 16.5 dpc (12,
13). Thus, genital and testicular samples were prepared from
genotype- and embryonic day-matched KO male mice and their
WT littermates in the latter half of the fetal life and at birth.

Real-time RT-PCR analyses

Testes from three mice were pooled in a single tube, and five
tibes were prepared for each embryonic day. Total RNA was-
extracted from homogenized samples using ISOGEN (Nippon-
gene, Tokyo, Japan), and cDNA was synthesized from 200 ng of
total RNA using High Capacity cDNA Reverse Transcription kit
(Life Technologies, Carlsbad, CA). Real-time RT-PCR was per-
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formed for Mamld1 and 17 genes involved in sex development
and expressed in the fetal testis (Amb, Ar, Arx, Cypllal,
Cyp17al, Ddx4, Dhb, DIxS, Dix6, Gata4, Hsd17b3, Hsd3b1,
Insl3,NrSal, Ptchl, Sox9, and Star) as well as Gapdb used as an
internal control, using the ABI 7500 Fast real-time PCR system
(Life Technologies) and TagMan gene expression assay kit.
Primers and probes used are shown in Supplemental Table 2.

Western blot analysis

Testes collected as described above were homogenized, di-
luted in Laemmli buffer, and heated at 95 C. Protein extracts
were subjected to a standard SDS-PAGE (12% gel) and were
hybridized with anti-MAMLD1-antibody (Ab), anti-cyto-
chromeP45017A1(CYP17A1)-Ab, and anti-3B-hydroxysteroid
dehydrogenase (HSD3B)-Ab, as well as anti-ACTIN-Ab
(A2066; Sigma, St. Louis, MO) used as an internal control. Anti-
MAMLD1-Ab was generated against mouse MAMLD1 peptide
(CGSESFLPGSSFAHE) using rabbits, anti-CYP17A1-Ab was
purchased from Santa Cruz Biotechnology, Inc. {(sc-46081; Santa
Cruz, CA), and anti-HSD3B-Ab was as reported previously (14).
Chemiluminescence signals were detected using ECL Plus West-
ern Blot Detection kit (GE Healthcare UK Ltd., Buckingham-
shire, UK), and signal densities were assessed using an Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE),

Stereoscopic observation

Morphological findings of external and internal genital re-
gions were examined, as were anogenital distance (AGD) (the
distance between the anus and the penoscrotal junction) and
AGD index (AGI) (AGD divided by body weight) as indicators
for the androgen action during the embryonic period {15-17).
Furthermore, whole mount iz situ hybridization was performed
for sonic hedgehog (Shh), one of the key molecules for the de-
velopment of genital tubercle (18, 19), using an antisense cRNA
fragment as a probe (GenBank accession no. BC063087; nucle-
otide position, 138-1499). Sense cRNA was used as a negativé
control. Hybridization was performed using the Wilkinson pro-
cedure (20), and signals were visualized with the BM Purple AP
Substrate (Roche, Mannheim, Germany).

Histological and immunohistochemical
examinations

Histological examination was performed for tissue samples
that were fixed with 4% paraformaldehyde, dehydrated, and
embedded in paraffin. Serial 6-um sections were mounted on
Superfrost slides, and every tenth section was stained with
hematoxylin-eosin.

Immunohistochemical examination was carried out for the
remaining section slides that were deparaffinized and incubated
with 3% H,0, in PBS to inactivate endogenous peroxidases. The
slides were then incubated in blocking solution (Roche) and
transferred into a new solution containing polyclonal primary
Abs against anti-Miilerian hormone (sc-46081; Santa Cruz Bio-
technology, Inc.) asa marker for Sertoli cells, HSD 3B as a marker
for Leydig cells, DEAD (Asp-Glu-Ala-Asp) box polypeptide 4
(ab13840; Abcam, Cambridge, UK) as a marker for germ cells,
and proliferating cell nuclear antigen (PC10; Dako, Glostrup,

-Denmark) as a marker for proliferating cells. The samples were
washed and incubated with secondary Abs conjugated with
horseradish peroxidase {Santa Cruz Biotechnology, Inc.). The
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Simple Stain DAB Solution (Nichirei, Tokyo, Japan) was used for
color development. Apoptotic cells were detected by terminal
deoxynucleotidyl transferase 2'-deoxyuridine, 5'-triphosphate
nick end labeling staining using an In Situ Apoptosis Detection
kit (TaKaRa Bio, Shiga, Japan). Furthermore, HSD3B-positive -
cells in four randomly selected fields of each testis were counted,
to estimate the number of Leydig cells.

Measurement of intratesticular T and steroid
metabolites

Intratesticular T and steroid metabolites were measured at
18.5 dpc by liquid chromatography tandem mass spectrometry
(ASKA Pharma Medical, Kanagawa, Japan) using samples
stored at —80 C, because intratesticular T usually peaksat 18.5
dpc in normal micé (10, 11).

Cross-mating experiments -

Cross-mating was performed between Mamidl KO male
mice and WT or heterozygous (+/—) female mice and between
WT male mice and WT or heterozygous (+/—) female mice.

Statistical analysis

The data are expressed as the mean = SEM. Statistical signif-
icance of the mean between two groups was examined by Stu-
dent’s ¢ test, and that of the frequency between two groups was
examined by x* test. P < 0.05 was considered significant.

Results

Mamld1 expression in the fetal testis of WT male
mice -

Real-time RT-PCR analyses indicated a gradual and
steady increase in the Mamld1 mRNA levels from 12.5 to
18.5 dpc (Fig. 2).

Generation of Mamld1 KO male mice
- Mamld1 KO male mouse was successfully produced.
Mamld1 exon 3 was deleted from the genome of the KO

(FC)
2.0
1.5
1.0
0.5
0.0

3.5dpc
pe ¥

4.5d
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FIG. 2. Testicular Mam/d1 expression levels during the fatter half of
the fetal life in WT male mice. Figure indicates the data obtained by
real-time RT-PCR analyses. Fold change (FC) represents relative mRNA
levels of Mamld1 against Gapdh. The relative expression level of-
Mamld1 mRNA at 12.5 dpc was designated as 1.0.

12.5 dpc )

6.5 dpc )
18.5dpc|

— 218 —



6036} Miyado et al. Marnld1 KO Male Mouse Endocrinology, December 2012, 153(12):6033-6040
TABLE 1. Comparison between Mamld1 KO mice and their WT littermates
~ KO WT P value
Body weight (g) (at birth) 1.48 = 0.03 (n = 10) 1.44 + 0.03 (n = 10) 0.40
AGD (mm) (at birth) 133 x0.02(n=10) 1.32 £ 0.02 (n = 10) 0.62
AGI (mm/g) (at birth) 090 £0.02(n=10) 0.92 £ 0.02 (n = 10) 0.55
Leydig cells (HSD3B-stained cells) (number/HPF) (at 14.5 dpc) 69.3 = 8.2(n=3) 75.1£7.6(n=3) 0.63
Testis weight (mg) (at birth) 1.46 = 0.08 (n = 10) 1.35 £ 0.08 {(n = 10) 0.34
Intratesticular steroid metabolites (at 18.5 dpc) ,
Pregnenolone (pg/two testes) 179 + 4.0 (n = 4) 154 = 1.4(n=4) 0.57
Progesterone (pg/two testes) 165 £46(n=4) 15.0 £ 1.7(n = 4) 0.56
17-OH pregnenolone (pg/two testes) 152 29 (n=4) 154+ 13(n=4) 0.77
17-OH progesterone (pg/two testes) 104 = 1.7 (n = 4) 13.5%2.5(n = 4) 0.15
Androstenedione (ng/two testes) 044 £0.15(n = 4) 0.51 £0.07 (n = 4) 0.25
T (ng/two testes) 231=030(n=4) 238 x031(n=24) 0.89

Expressed as mean = sem. HPF, High power field (234.1 X 175.5 um).

mice, and neither Mamld1 mRNA nor MAMLD1 protein
was identified in the testis of the KO mice (Fig. 1B). Body
weight was comparable between the KO male mice and
their WT littermates (Table 1).

Star (L) (f,c)

Cyp11§1 (L)

Gene and protein expression pattern in the fetal
testes of Mamld1 KO mice

The results are shown in Fig. 3. Relative mRNA levels
of Cyp17al, Hsd3b1, and Insl3 mRNAs were mildly but

C F
(5_5) Hsd3b1 (L) (3%) Hsd17b3 (S)
2.0

15 I =
0. 1000 | ol |
CEE R 0. Sim ; . I - ] -
00,5 155 185 0145 165 185 00535 765 185 0745 165 185
(dpc) (dpc) {dpc) {dpc)
(FC) (FC) (FC)

Insi3 (L) Nrsat (L, S)

1.5 Arx(1non-L)) 4 g; Ptoh1 (I inc.-L)

005 155 185 O01a5 Tos 785 01as i65 185 00145 165 185
(dpc) (dpc) (dpc) (dpc) (dpc)
FC FC
Sox9 (S) (1 _5) (FC) ( Gata4 (L, S)

1.0

o8|

Dhh (8) 1.5

i

FC)
Ddx4 (G) 1,5[

0035 765 185 00125 165 185 00125 165 185 00145 165 185 00145 165 185
(dpc) (dpe) (dpc) (dpc) (dpc)
B 145 165 18.5dpc

WT KO WT KO WT KO kDa

(O GETZN T [P ——

HSD3B | - -

UL p——— P

FIG. 3. Gene and protein expression patterns in the fetal testes. A, Relative mRNA levels of examined genes against Gapdh. FC, Fold change; L,
Leydig cells; S, Sertoli cells; G, germ cells; P, peritubular cells; | [non-L], interstitial cells excluding Leydig cells; | [inc.-L], interstitial cells including
Leydig cells. The green and the yellow bars indicate the data obtained from WT male mice and Mam/d1 KO male, respectively. For each gene, the
relative expression level of mRNA in WT male mice at 14.5 dpc was designated as 1.0. Red asterlsks indicate significant results (P<0. OS) B,

Western blot analysis for CYP17A1 and HSD3B, as well as for ACTIN.
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FIG. 4. External genitalia of WT and Mamld1 KO male mice. A and B, Whole.mount in situ hybridization for Shh (arrowheads) in the developing
genital region at 14.5 dpc. C-F, Appearance of the genital tubercle at 16.5 dpc. G and H, Appearance of the external genitalia at birth. The
distance between the anus and the penoscrotal junction (arrowheads) represents the AGD. I-L, Histological findings of the external genitalia at
birth. Arrowheads in K and L indicate the fused prepuce. g, Glans; p, prepuce; pg, preputal gland; u, urethra. Scale bars: 500 um (A-F, I, and J), 1

mm (G and H), and 100 um (K and L).

significantly lower in the KO male mice than in their WT -

littermates at 14.5, 16.5, and 18.5 dpe, as were those for
Star and Cyp11al at 14.5 and 16.5 dpc (65-80%) (DixS
and DIx6 expression levels were extremely low). By con-
trast, relative mRINA levels of the remaining genes were
comparable between the KO male mice and their WT lit-
termates, except for relative mRNA levels of Hsd17b3 and
Amb at14.5 dpc. However, expression levels of CYP17A1
and HSD3B proteins were similar between the KO male
mice and their WT littermates and were obviously higher
at 16.5 and 18.5 dpc than at 14.5 dpc.

External genital findings of Maml/d1 KO male mice

External genitalia were obviously normal in the
Mamld1 KO male mice (Fig. 4 and Table 1). Shh was
normally expressed in the urethral epithelium of the KO
male mice at 14.5 dpc, and subsequent outgrowth of gen-
ital tubercle and fusion of the urethral folds at the ventral
midline occurréd in the KO male mice at the same embry-
onic stages as in their WT littermates. Furthermore, ex-
ternal genitalia were normally developed at birth, with the
comparable AGD and AGI between the KO mice and their
WT littermates.

Internal genital findings of Mamld1 KO mice

Internal genitalia of the Mamld1 KO male mice were
also free from demonstrable abnormality (Fig. 5 and Table

1). Intraabdominal testicular descent, wolffian develop-
ment, and miillerian regression were normally observed in
the KO male miceat 16.5 dpc. Testicular histological find-

ings were comparable between the KO mice and their WT
littermatesat 14.5 dpc and at birth. Imnmunohistochemical
findings indicated the presence of similar numbers of Ser-
toli cells (anti-Miillerian hormone-stained cells), Leydig
cells (HSD3B-stained cells), and germ cells [DEAD (Asp-
Glu-Ala-Asp) box polyoeotide 4-stained cells] at 14.5 dpc
as well as the presence of a similar number of Leydig cells
(HSD3B-stained cells) at birth between the KO mice and
their WT littermates. A relatively large number of mitotic
cells (proliferating cell nuclear antigen-stained cells) was
also identified in both the KO mice and their WT litter-
mates, as were a small number of apoptotic cells (terminal
deoxynucleotidyl transferase 2'-deoxyuridine, 5'-triphos-
phate nick end labeling-stained cells) (data not shown). In
addition, testis weights at birth and intratesticular con-
centrations of T and other steroid metabolites at 18.5 dpc
were also similar between the KO mice and their WT
littermates. -

Cross-mating experiments

The results are shown in Table 2. Mamld1 KO male
mice produced offspring with WT and heterozygous
(+/—)female mice, as did WT male mice. Furthermore, the
frequency of littermate offspring [Mamld1 KO male mice,
WT male mice, homozygous (—/—) female mice, heterozy-
gous (+/—) female mice, and WT female mice] was in
agreement with the expected Mendelian mode of
inheritance.

— 220 —



