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 polne 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 porrions. Notably, such lesions are frequently observed
in placentas of patients with BWS.”* Thus, while both upd(14)
pat and BWS are associated with placentomegzly and polyhy-
droamnios, characteristic histological indings appear to be di-
ferent berwreen upd(14)pat and BWS.

This study would also provide wseful information on the
methylation paterns of the MEG3-DMR in the placenta. Our
previous studies using formalin-fixed and paraflfin-embedded
placental samples revealed thar roughly rwo-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)part (not cases 1 and 2} and epimu-
tation (hypermethylation of the IG-DMR and the MEG3-DMR
of maternal origin), and thar roughly one-third of clones were
hypermethylated and the remaining roughly two-thirds of clones
were hypomethylated in control placental samples (sce Fig. $2C
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 thac identified in the fresh con-
trol placental samples. In this regard, it is narable that PCR prod-
uets could be obtained only after 35 cycles for the formalin-fixed
and paraffin-embedded placental samples and were sufficiendy
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 trearment {conversion of unmethylated cytosine into
uracils and subsequently thymines) may be insufficient for the
formalin-fixed and paraffin-cmbedded placental samples. Thus,
it appears that the present dara denote precise methylation pat-
terns of the MEG3-DMR in the placenta.

[n summary, the present study provides useful clues for the
clarification of regulatory mechanism for the RTL7 expression,
imprinting status of DJO3 and characteristic placental histologi-
cal findings in pacients with upd(14)pat and relaced condidons.
Further studics' will help improve our knowledge abour upd{14)
pat and relatéd conditions.

Methods

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

Primers. Primers utilized in this study are summarized in
Table §3.

Sample preparation for molecular studies. Genomic DNA
samples were obtained from leukocytes using FlexiGene DNA
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Case1 Case2 C;ses Control

wks 37wks  30wks 37 whs
870 g 1,384 g 642 g 480 g
t (198%)  (262%)  (163%)  (91%)

. Figure 5. Histological examinations. LM, light micrascopic examina-

| tions; EM, electron microscofsic examinations; DLK1, RTLT and DIO3,

- immunohistochemical examinations for the corresponding proteins,

- The arrows and arrowheads in the EM findings indicate endothelial

- cells and pericytes, respectively. Scale bars represent 100 um for 1-4,
15-18, 2346 and 31-34, 50 pm for 5-8, 19-22 and 27-30, 5 pm for 9-11
L and 2 m for 12-14, Gestational age, placental weight, and % placental
| weight assessed by the gestational age-matched Japanese referances
for placental welght“ i are descr!beci

Kit (Qiagen}) and from placental samples using ISOGEN
(Nippon Gene). Transcripts of DLKI, MEG3, RTLI, MEGS
and DIO3 were isolated with ISOGEN (Nippon Gene}, and
microRNAs were extracted with mirVana™ miRNA Isolation Kit
(Ambion}. After DNase trearment, ¢cDNA samples for DLKJ,
MEG3, MEGS and DIO3 were prepared with oligo(dT) primers
from 1 pg of RNA using Superscript 111 Reverse Transcriprase
(Invitrogen}, and those of microRNAs were synthesized from
300 ng of RNA using TaqMan MicroRINA Reverse Transcription
Kit (Applied Biosystems). For RTLI, 3-RACE was utilized to
prevent amplification of R7Lias; cDNA was synthesized from
1 pg of RNA using Superscripe IIT Reverse Transeriptase with a
long primer hybridizing to poly A site and introducing the adap-
tor sequence. Lymphoeyte metaphase spreads for FISH analysis
were prepared from leukocytes using coleemide {Invitrogen).
Molecular studies. Microsatellite analysis for 19 loci on
chromosome 14, methylation analysis for the IG-DMR and
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assay 1D: 001028 for »:R433 and 000452

for miR127). For RTLI, ¢-PCR analy-
sis was performed with a forward primer
hybridized o the sequence of RTLI and a
reverse primer hybridized to the adaptor
sequence. Fifty nanongrams of ¢cDNA in a

50 jul reaction mixture contacting 2x KOD
FX buffer {Toyobo), 2.0 mM dNTP mix-

ture {Toyobo), KOD FX {Toyobo), SYBR
Green I {Invitrogen), and primer set for
RTLI were subjected ro the ABI PRISM
7000. Data were normalized  against
GAPDH {catalog No: 4326317E) for
DLKI, MEG3, MEGS, RTLI, and DIO3,

and against RNU48 (assay 1D: 0010006)
for micreRNAs. The expression studies were
performed three times for each sample.
Oligoarray CGH was performed using 1x
1M format Human Genome Array (Catalog
No G4447A) (Agilent Technologies).

Body Piacenta
oL 2711 DIo3 pit FIL 03
Control
i G gne MEGY
MEGE RTLtas MEBDL
RN
ooz
s .
3-DMR NEGR {3%&?“
Cases e 1 Di03
1&2 - 4
Cas=3
iw{zé‘? R’! ms’;ﬂ%%%m‘?} E?d Hff ngf}%}?’\};‘
iFENAs N
DLHT BT 0103
. P k
1G-DMR Mscsuomcz
; Lo RTLT £Io3
Cased @
L IG-DMR MEGIDMR
: D03
| M
4 4a MEGE
: MEG QT 85 npitins!
: niAe

S Histopathogical analysis. Placental
samples were fixed with 20% buffered
formaldehyde at room temperature and
embedded in paraffin wax according to
standard protocols for LM examinations,
Then, sections of 3 pm thick were stained
with hematoxylin-eosin, For EM exami-
nations, fresh placental tissues were fixed
with phosphate-buffered 2.5% glutaralde-
hyde, postfixed in 1% osmium tetroxide,

Figure 6, Schematic representation of the chromosome quz 2 impri nted regicn Sﬁ a comml
subject, cases 1 and 2 with upd{14)pat, case 3 with a microdeletion {indicated by stippled

‘| rectangles), and case 4 with two copies of the imprinted region of paternal erigin and a single
copy of the imprinted region of maternal origin, This figure has been construrted using the pres- |
erit results and the previous data.® P, paternally derived chromasoms; M, maternaily derived
chromosome, Filled and open circles represent hypermethylated and hypomethylated DMRs,
respectively; since the MEG3-DMR is grossly hypomethylated and regarded as non-DMR in the
placents, itis painted in gray. PEGs {DLKT and RTL1) are shown in blue, MEGs (MEG3, RTLias, MEGS,
snofiNAs and miRNAs) in red, a probably non-imprinted gene (D/03) in black, and nan-expressed
genes in white. Thick arrows for 717 in cases 1--3 represent increased 8717 exprassion that is
ascribed to foss of functional microRNA-containing BTL1as as a repressor for RTLT,

and embedded in Epon 812 {catalog No,
R3245, TAAB). Semithin sections were
stained with 196 methylene blue, and ultra-
thin secrions were double-stained with ura-
nyl acetate and lead citrate. Subsequendly,
they were examined with a Ninhon Denshi
JEM 1230 electron microscope.

For THC analysis, sections of 3 pm
thick were prepared by the same methods
utitized for the LM examinations, and

}

the MEG3-DMR, and FISH analyses for the 14q32.2 region
were performed as described previously.?* For FISH analysis of
17p13.3, a 17p sub-telomere probe and an RP11-411G7 probe for
the 17p13.3 region were utilized, rogether with a CEP17 probe for
the 17p11.1 region utilized as an internal control. The 17p sub-
telomere probe was detected according to the manufacture’s pro-
tocol, the RP11-411G7 probe was labeled with digoxigenin and
detected by rhodamine anti-digoxigenin, and the CEP17 control
probe was labeled with biotin and detected by avidin conjugated
t0 fluorescein isothiocyanate. Quantitative real-time PCR apaly-
sis was performed on an ABI PRISM 7000 {Applied Biosystems)
using TaqMan real-time PCR probe primer mixture for the fol-
lowing genes (assay No: HsD0171584 for DLKY, Hs00292028
for MEG3, Hs00419701 for MEGS and Hs00704811 for DIO3;

www.landeshiostience.com

Epigenetics

were cxamined with rabbit antd human
DLK] polyclonal antibody at 1:100 dilu-
tions (catalog No 10636-1-AP, ProteinTech Group), rabbit anti
human RTLI polyclonal antibody at 1:200 dilutions, and rabbit
anti human DIO3 polyclonal antbody at 1:50 dilutions (cata-
log No ab102926, abcam); anti human RTL1 polyclonal andi-
body was produced by immunizing rabbits with the synthesized
RTLI peptide (NH2-RGFPRDPSTESG-COOH] in this stady.

Sections were dewaxed in xylene and rehydrated through graded
ethanol series and, subsequentdy, incubated in 10% cirrate buffer
{pH 6.0} for 40 min in a 98°C water bath, for antigen retrieval,

Endogenous peroxidase activity was quenched with 1% H,0, and
100% methanol for 20 min. To prevent non-specific hackgmund'
staining, sections are incubared with Protein Block Serum-Free
{Dzko corporation) for 10 min at room temperature. Then, sec-
tions were incubared overnight with primary antibody at 4°C
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and, subsequently, treated with the labeled polymer prepared by
combining amino acid polymers with peroxidase and anti-rabbit
polyclonal antibody (Histofine Simple Stain MAX PO MULTT,
Nichirei). Peroxidase activities were visualized by diaminoben-
zidine staining, and the nuclei were stained with hemarcoxylin,
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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 Morchashi,
Shinichiro Sano, Eiko Nagata, Maki Fukami, and Tsutomu Ogata

Departments of Molecular Endocrinology (MM, MM, MF, 7.0.) and Reproductive 8ialogy (K.M1},
Mational Research institute of Child Health and Development, Tokyo 157-8535, Japan; Department of
Molecular Biclogy (K.Mo.}, Graduste School of Medical Sciences, Kyushu University, Fukucka 812-8582,
Japan; and Department of Pediatrics (5.5, £, 7.0, Hamamatsu University School of Medicing,
Hamamatsu 431-3192, Japan

Although mastermind-fike domain containing 1 (MAMLDT) (CXORF6E) on human chromosome
X428 has been shown 1o be a causative gene for 46,XY disorders of sex development with hypos-
padias, the biological function of MAMLD1/iMamid T remains to be elucidated. in this study, we first
showed gradual andsteady increase of testicular Mamld T mRNA expression levels in wild-type male
mice from 12.5 to 18.5 d postcoitum. We then generated Mamld1 knockout (KO) male mice and
revealed mildly but significantly reduced testicular mRNA levels (65-80%) of genes exclusively
expressed in Leydig cells (Star, Cyp71a7, Cypi7al, 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 immunchistochemical
findings for anti-Millerian hormone (Sertoli cell marker), HSD38 {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/d? 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 Mamld7 KO male mice and
MAMLDT 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 {MAMLDIT)
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-F124X, p.Q197X, p.R653X, and p.E109£X121) have
been identified in patients with various types of hypospadias
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with and without other associared genital abnormalities,
such as micropenis and cryprorchidism (1-3). In addition,
a specific polymorphism{s) and a haplotype of MAMLD1
appear to constitute a genetic risk factor for hypospadias
(2,4, 3).

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

Abbreviations: Ab, Antibody; AGD, anogenital distance; AGHL AGD index; CYPITAL op-
tochrome PAS0 17A%; dpe, days posteotturn; DSD, disorder of sex dovelopraent; H3038,
3B-hydrowystercid denydrogenase; KO, knockout! AMAMLDI, mastermindike domain
contairing 1; MITC, mouse Leydig tomar cell; S, sonic hedgehog: siRNA, small inter-
fering RHA: T, testosterons, WT, wild nme.
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upstream region of MAMLD1/Mamldl harbors a puta-
tive binding site for NR3AT (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 targetsite and exert a transactivation function for
Mamldl (). Third, Mamld1 is clearly coexpressed with
mouse NrSal in fetal Leydig and Sertoli cells in the fetal
testis {1). Fourth, transient Mamld] 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/Mamld] is involved
in the molecular network for T production probably via
the transactivation of CYPI7A1/Cyp17al under the reg-
ulation of NRSAT and that MAMLD1 mutations resultin
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 MAMLDI/
Mamldl during testis development remains to be eluci-
dated. Thus, we examined testicular Mamidl mRNA ex-
pression pattern in wild-type (WT) male mice and
performed molecular and phenotypic analyses in Mamild]
knockout (KO} male mice.

Materials and Methods

WT and Mamld1 KO male mice

- We examined WT male mice of the CS7BL/é 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. :

Marld1 KO male mice were produced by a srandard gene-

targeting procedure {9). In brief, a targeting vecror was designed
to replace Mamldl exon 3, which harbors a translation start
codon and approximately two thirds of the coding sequence,
with a PG K-neo cassette {Fig. 1A). After transfection of the tar-
geting vector into 129/5v embryonic stem cells by electropora-
tion, two clones of recombination-positive embryonic stem cells
were selected by Southern blotanalysis using probes at the §' 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 CS37BL/6 female mice, and germline trans-
mission of the mutant gene was confitmed by Southern blot
analysis, Subsequently, Mamidl KO male mice were produced
by mating heterozygous {+/~) female mice with WT male mice.
The Mamldl KO mouse strain was backerossed with the
CS§57BL/6 strain and maintained for multiple generations by
cross-mating between heterozvgous {+/~} female mice and WT
male mice.

Endocrinoiogy, December 2012, 153(12):6033-6040
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FIG. 1. Gensration of Mamidl KO mice. A, Schematic representation
of the gene targeting procedure. Exon 3 of WT MamidT was replaced
by the PGK-neo cassette (POK-nea) through homalogous
recombination indicated by cross symbaols. The black and while boxes
denote the coding regions and the unlransiated regions, respactively.
Falred black, white, and gray arrowheads indicate the primer set for
amplification of WT Mam/21 genormic seguence, that for amplification
of Mamid! transcripts, and that for amplification of Necmycin-
resistant gene. B, Confirmation of MamfdT KO. Genotyping analysis
{upper panely, RT-PCR analysis {middle panef), and Western blot
aralysis {fower panel) are consistent with successful Mamid? KO, +/+,
W1 female mice; +/—, heterozygous female mice; ~/—, homozygous
female mice; RT {~), negative contral without reverse franscriptase.

In 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
Mamldl, PGK-neo, and Sry, using primers shown in Supple-
mental Table 1, published on The Endocrine Society’s Journals
Online web site at hup:fendo.endojonrnals.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, geniral and resticular samples were prepared from
genorype- and embryonic day-matched KO male mice and their
T lictermates 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
tabes were prepared for cach 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 eDNA Reverse Transcription kit
{Life Technologies, Carlsbad, CA). Real-time RT-PCR was per-
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formed for Mamldl and 17 genes involved in sex development
and expressed in the fetal testis {Amb, Ar, Arx, Cypllal,
Cypl7al, Ddx4, Dhb, Dix5, Dix6, Gata4, Hsd1763, Hsd3b1,
Insl3, Nr5al, Pich1, Sox9, and Star} as wellas Gapdh used asan
internal control, using the ABI 7500 Fast real-time PCR system
{Life Technologies) and TagMan gene expression assay kir.
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-MAMLDI-antibody [Ab), anti-cyto-
chrome P450 17A1{CYP17A1}-Ab, and anti-38-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 mounse 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 Blor Detection kit {GE Healthcare UK Lrd., Buckingham-
shire, UK}, and signal densities were assessed using an QOdyssey
Infrared Imiaging System {LI-COR Biosciences, Lincoln, NE).

Stereoscopic observation

Morphological findings of external and internal genital re-
gions were examined, as were anogenital disrance (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 in sits hybridization was performed
for sonic hedgebog [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. BCO63087; nucle-
otide position, 138-1499). Sense cRNA was used as a negartive
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 wirh
hematoxylin-eosin.

Immunochistochemical examination was carried out for the
remaining section slides that were deparaffinized and incubated
with 3% H,O0, in PBS toinactivate endogenous peroxidases. The
slides were then incubated in blocking solution {Roche} and
transferred into & new solution containing polyclonal primary
Abs against anti-Miilerian hormone {sc-46081; Santa Cruz Bio-
technology, Inc.) asa marker for Sertoli cells, HSD3B 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} wasused for
color development. Apoprotic cells were detected by terminal
deoxynucleotidyl transferase 2'-deoxyuridine, 5'-triphosphate
nick end labeling staining using an Inr Site Apoprosis 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, becanse intratesticular T usnally peaks at 18.5
dpc in normal mice (10, 11).

Cross-mating experiments

Cross-mating was performed berween Mamldl KO male
mice and WT or heterozygous {+/—) female mice and between
YWT male mice and WT or heterozygous {-+/~) female mice,

Statistical analysis

The data are expressed as the mean = ses. Stadstical 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 << (.05 was considered significant,

Results ‘

Mamld1 expression in the fetal testis of WT male
mice Ny

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

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

(FC)
2.0

1.5
1.0
0.5
0.0

12.5dpc] %
13.5dpcl____
14.5dpc| %
16.5dpc_______ &
18.5dpc________

FIG. 2. Testicular MamidT expression levels during the latter half of
the fetal life in WT male mice. Figure indicates the data oblained by
real-time AT-PCR analyses. Fold change (FC) represents relative mRNA
levels of Mamid against Gapdh. The relative expression level of
Marmld? mRMA at 12.5 dpe was desionated a5 1.0,
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TABLE 1. Comparison between Mamid? KO mice and their WT littermates

KO WT P value

Body weight (g) (at birth) ‘ 148 =003 (n=10)- 144 =0.03(n =10 0.40
AGD (mim) (at birth) . 133 £002(n=10) 1.32 £ 0.02 {n = 10} 0.62
AGI (mm/g} {at birth) 080 £ 0.02 (n=10) 092002 =10} .55
Leydig cells (HSD3B-stained cellsy (number/HPF} (2t 14.5 dpg) 693 =82(nh=13 751+ 76h =3} 0.63
Testis weight {mg} (a1 birth) 1.46 = 0.08 {n = 10} 1.35 = Q.08 {n = 10} 0.34
Intratesticular steroid metabolites {at 18.5 dpc)

Pragnencione (po/iwo testas) 179 2 40(n=4) 154+ 14(n=4} 0.57

Progesterone (pg/ftwo testas) 85 =46(h=4 1502170 =4 0.56

17-0H pregnenolone (pgAwo testes) 18229 (n = 4) 15.4 = 1.3{n = 4) 0.77

17-0H progesterone (pg/iwo testes) 04=x17{n=4 1352250 =4} .15

Androstenedione {ngfiwo testes) 044 2015(n=4) 0512007 =4} 0.25

T {ngftwo testes) 231 =030nh=4 2382031 n=4) (.89

Expressed as mean = sem. BPF, High power field (234.1 X 1755 pm).

mice, and neither Mamldl mRNA nor MAMLD1 protein ~ Gene and protein expression pattern in the fetal
was identified in the testis of the KO mice (Fig. 1B}. Body  testes of Mamlid1 KO mice

weight was comparable between the KO male mice and The results are shown in Fig. 3. Relative mRNA levels
their WT lrrermates (Table 1). of Cyp17al, Hsd3b1, and [nsl3 mRNAs were mildly but
A
(5%? Star{L) (1?% Cyp‘i?d‘l (g Ej) Cypirat (L) (g{? Hsd3bt {L) {g_%} Hsd1753 (S}
2.0 25
15 1.0 * * 1l 2.0
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it : m T 000
o 145 16.5 185 0. 4.9 165 16.5 OC"145 165 185 0‘0145 155 185 0. 145 18.5 185
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FIG. 3. Gene and protain expression patterns in the fetal testes, A, Relative mRNA levels of examined genes against Gapdh. FC, Fold change; L,
Leydig celis; 5, Sertoli cells; G, germ cells; P, peritubular cells; | [non-L, interstitial cells excluding Leydig cells; | inc.-L, interstitial calls including
Leydig celis. The green and the yellow bars indicate the dala oblained from WT male mice and MamidT KO male, respectively. For each gene, the
relative expression level of mRNA In WT male mice at 14.5 dpc was ses;gnated a5 1.0. Red asterisks indicate significant resu!t: {P<0.05) 8,
Western biot anzlysis for CYP17AT and HSD3B, as well as for ACTIN
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KO

14.5 dpc

16.5 dpc

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 Cypilal at 14.5 and 16.5 dpc (65-80%) (Dix5
and DIx6 expression levels were extremely low). By con-
trast, relative mRNA levels of the remaining genes were
comparable between the KO male mice and their WT lit-
termates, except for relative mRINA levels of Hsd 1763 and
Amb at14.5 dpe. However, expression levels of CYP17A1
and FISD3B 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 Mamld1 KO male mice

External genitalia were obviously normal in the
Mamldl KO male mice (Fig. 4 and Table 1). Shh was
normally expressed in the urechral epithelium of the KO
male mice ar 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 Mam/d7 KO mice
Internal genitalia of the Mani/d1 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-

Newborn

FIG. 4. External genitalia of WT and Mamid? KO male mice. A and B, Whole mount in situ hybridization for Shi {arrowheads) in the develaging
genital region at 14.5 dpc. C-F, Appearance of the genital wherdle at 16.5 dpc. G and K, Appezarance of the external ganitslia at birth. The
distance between the anus and the penoscrotal junction {arrowheads) represents the AGD. -1, Histolagical findings »f the external genitalia at
birth, Arrowheads in K and Lindicate the fused prepuce. g, Glans; p, prepuce; pa, preputal gland; u, urethra. Scale bars: 500 um (A-F |, and 1}, 1
mm (G and H), and 100 pm (K and L),

ings were comparable between the KO mice and their WT
littermates at 14.5 dpcand at birth. Immunohistochemical
findings indicated the presence of similar numbers of Ser-
toli cells (anti-Mudlerian hormone-stained cells), Leydig
cells (HSD3B-stained cells), and germ cells [DEAD {Asp-
Glu-Ala-Asp) box polyoeortide 4-stained cells] ac 14.5 dpc
as well as the presence of a similar number of Leydig ceils
{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 litcer-
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 berween the KO mice and their WT
littermates. / '

Cross-mating experiments

The results are shown in Table 2. Mamld! KO male
mice produced offspring with WT and heterozyvgous
{+/~)female mice, as did WT male mice. Furthermore, the
frequency of littermate offspring {Mamld! 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.
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16.5 dpc

14.5 dpc

Newborn

Discussion

The Mamldl mRNA expression was gradually and
steadily increased from 12.5 to 18.5 dpc in the feral testis
of WT male mice. In this regard, intratesticular T has also
been reported to increase in a similar manner in the mouse
{10, 11). In addition, human study has also revealed clear
MAMLD] expression in the fetal testis. These findings
would argue for a positive role of MAMLD1/Mamldl in
the T production in the fetal testis (1, 21).

We generated and studied Mamidl KO male mice. The
results are summarized as follows: 1) mRNA levels of
genes exclusively expressed in Leydigcells (Star, Cyp11al,
Cyp17al, Hsd3bl, and Insl3} were mildly but signifi-
cantly reduced, whereas those of genes expressed in other
celltypes orin Leydig and other cell types grossly remained
normal (Hsd17b3 is expressed in Sertoli cells of the fetal
testis, although it is expressed in Leydig cells of the adult
testis) (22, 23); 2) despite such mild reduction of mRNA
levels, CYP17A1 and HSD3B proteins were sufficiently
produced; 3) no demonstrable abnormality was identified
by detailed studies for the external and internal genital
regions; and 4} the Mamld1 KO male mice retained nor-
mal ferrility. Collectively, these findings imply that
Mamldl deficiency reduces mRNA expression levels of
multiple, if not all, genes expressed in mouse fetal Leydig

14.5 dpc

Newbom

FIG. 5. Internal genitalia of WT and MamidT KO male mice. A and B, Appearance of internal genits! organs at 16.5 dpe. U-F, Histologicat findings
of testes at 14.5 dpc and birth. G-N, immunohisiochermical findings of testes at 14.5 dpc and birth. b, Bladder; t, testis. Scake bars: 1 mm {A and
B), 100 pwm (C and Dy, 200 pm (£, F, M, and N}, and 50 pm (G-L).

HSD3B

cells but permits normal genital development and repro-
ductive functon. In support of this notion, such discrep-
ancy berween mRNA levels and protein levels as well as
phenotypic consequences has been reported previously
(24-26). Indeed, Greenbaum et al. (27) have proposed
three possible explanations for the poor correlations be-
tween mRNA and protein expression levels: 1} there are
many camplicated and varied postrranscriptional mech-
anismsinvolvedin turningmRNA into proteinthatare not
vet sufficiently well defined; 2) proteins may differ sub-
stantially in their iz vivo half lives; and 3) there may be a
significant amount of error and noise in both protein and
mRNA experiments that limit our ability to get a clear
picture, These explanations would also apply to our re-
sults indicating normal expression of CYP17A1 and
HSD3B proteins, in the presence of mildly but significantly
reduced expression of Cypl7al and Hsd361 mRNAs.
Furthermore, because CYP17A1 and HSD3B protein lev-
els increased in a manner grossly similar to that reported
for intratesticular T (10, 11} in both the Mam!ldI KO male
mice and their WT lirtermates, this would be consistent
with the apparently normal testicular function of the
Mamldl KO male mice.

The normal phenotype in the Mamld1 KO male miceis
contrastive to the DSD phenotype in the MAMLDI mu-
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TABLE 2. Cross-mating experimentis for Mamid?

Cffspring produced by cross-mating between
fMamld? KO male mice (n = 5)
and WT femala mice {n = 24)

Sex and Mamid1 genotype Male (=)
Mumber and frequency nfo
Offspring produced by cross-mating between
famld1 KO male mice (n = 14)
and heterozygous femzle mice (n = 49)
Sex and MamidT genotype Male (~)

Number and frequency 841{23.6%)
Cffspring produced by cross-mating
hetween WT male mice {n = 6) and

WT female mice (n = 12}

Sex and Mamid1 genotype Male {—)
MNumber and frequency nfo
fispring produced by cross-mating

betwean WT male mice {n = 9) and

heterozygous female mice n = 46)
Sex and Mamid? genotype fviale {—)

Number and frequancy 86 (25.3%)

Male {+) Female {(—/—)  Female (+/—)  Female {(+/+)
83 {45.6%) néc 106 (54.4%) no
Male {+) Female {~/~)  Female («+/~)  Female {+/+)
86 {27.0%:) 34 {26.49%) 82 (23.0%) a/o
Male {+) 'Fema%e {—/=) Female{+/—) Female {+/+}
58 (59.8%) no nfo 3G (40.2%)
Male {+} Fermale {—/~)  Female {+/—)} Female (+/+}
85 (25.0%) o 84 {24.7%) 85 (25.0%)

WT or +, WT, KO or —~, Mamid! KO; nfo, notl obtained.

tation positive patients {1, 3). In this regard, it is notable
that male genital development is primarily induced by tes-
ticular T that is produced via A*-pathway under the stim-
ulation of chorionic gonadotropin during the first trimes-
ter in the human {28-31}, whereas it is primarily carried
out by testicular T that is produced via A*-pathway inde-
pendently of the chorionic gonadotropin stimulation dur-
ing the late gestational period in the mouse (10, 31, 32).
Thus, although the detailed mechanismi{s) remains to be clar-
ified, such species difference in the fetal male sex develop-
ment may underlie the phenotypic difference between the
Mamld? KO male mice and the MAMLDI mutation posi-
tive patients. In addition, the bias that individuals with ab-
normal phenotypes only are usually examined in the human
study may also be relevant to this matter.

The results of mRNA expression levels and intratestic-
ular hormone concentrations in the Mamidl KO male
mice are different from those identified by transient
Mamldl knockdown experiments using siRNAs and
MLTCs {6, 8), although the normal Leydig cellnumber of
the Mamld1l KO male mice appears to be consistent with
the sustained proliferation of siRNA-transfected MLTCs
{8). Indeed, Mamlidl knockdown has predominantly af-
fected Cyp17al expression (8] and significantly decreased
T and other steroid metabolite after 17a-hydroxylation
{6, 8). However, MLTCs are derived from adult Leydig
tumor cells and are characterized by a markedly low 17a-
hydroxylase activity and a well-preserved 17/20 lyase ac-
tivity for both A*- and A%-pathways (33}, Such unique
properties of ML'TCs may be relevant to the preferential
impairment of Cyp17al expression and 17a-hydroxyla-
tion in siIRNA-transfected MLTCs,

Two findings also appear to be worth pointing out in
this study. First, [n#si3 mRNA expression was significantly
reduced and Amb mRNA expression was grossly normal,
inthe Mamldl KO mice. Such mRNA expression patterns,
if they also take place in the human, would be relevant to
the frequent occurrence of eryptorchidism and the lack of
miillerian derivatives in patients with MAMLDI muta-
tions {1}. Second, Mamldl KO male mice, WT male mice,
homazygouns (—/—} female mice, heterozygous (+/—) fe-
male mice, and WT female mice were born with frequen-
cies consistent with the Mendelian mode of inheritance.
Thus, although Mamldl is ubiqduitously expressed with
strong expressions in the central nervous system {1},
Mamild1 deficiency is unlikely to affect viability.

In summary, the present study implies that Mamlidl
enhances mRNA expression levels of multiple genes ex-
clusively expressed in feral Leydig cells, although the ef-
fects of Mamld1 deficiency are insufficient to compromise
the genital and reproductive development. Further studies
will permit a beiter clarification of the biological function
of MAMLD1/Mamld1.
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Aromatase excess syndrome (AEXS} is a rare autosomal dominant disorder characterized by gynecomastia. This condition is caused
by overexpression of CYPI9A] encoding aromatase, and three types of cryplic genomic rearrangemnent around CYPI9AL, that is,
duplications, deletions, and inversions, have been identified in AEXS. Duplications appear to have caused CYPI9AT overexpression
because of an increased number of physiological promoters, whereas deletions and iaversions would have induced wide CYPI9A]
expression due to the formation of chimeric genes consisting of a noncoding exon{s) of a neighboring gene and CYPI9AT coding
exons. Genotype-phenotype analysis implies that phenotypic severity of AEXS is primarily determined by the expression pattern of
CYPI9AI and the chimeric genes and by the structural property of the fused exons with a promoter function {i.e., the presence or
the absence of a natural translation start codon). These results provide novel information about molecular mer.hamsms of hurnan

genetic disorders and biological function of estrogens.

1. Introduction

Aromatase encoded by CYPISAL is a cytochrome P450 en-
zyme that plays a key role in estrogen biosynthesis [1]. It
catalyzes the conversion of A*-androstendione into estrone
{E1} and that of testosterone (T) into estradiol (E,) in the
placenta and ovary as well as in other tissues such as the fat,
skin, bone, and brain [1]. )

. Overexpression of CYPI9A! causes a rare autosomal
dominant disorder referred to as aromatase excess syndrome
(AEXS, OMIM no. 139300) [2-8]. AEXS is characterized by
pre- or peripubertal onset gynecomastia, gonadal dysfunc-
tion, advanced bone age from childhood to pubertal period,
and short adult height in affected males [2-8]. In particular,
gynecomastia is a salient feature in AEXS, and, therefore,
this condition is also known as hereditary gynecomastia or
familial gynecomastia [5]. Affected females may also show
several clinical features such as macromastia, precocious
puberty, irregular menses, and short adult height {5, 6, 8].

Recently, three types of cryptic genomic rearrangements
around CYPI9A1 have been identified in 23 male patients
with AEXS [2-4]. The results provide useful implications not
only for the clarification of underlying mechanisms but also
for the identification of phenotypic determinants. Here, we
review the current knowledge about AEXS,

2. The Aromatase Gene (CYPI9A1)

CYP19A1 encoding aromatase is located on 15¢21.2 adjacent
to DMXL2 and GLDN (Figure 1)(3, 9]. It spans ~123 kb and
consists of at least 11 noncoding exens 1 and nine coding
exons 2-10 [9-12]. Each exon 1 is accompanied by a tissue-
specific promoter and is spliced alternatively onto a common
splice acceptor site at exon 2, although some transcripts
are known to contain two of the exons 1 probably due to
a splice error [9-11]. Transcription of CYPI9AI appears
to be tightly regulated by alternative usage of the multiple
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Figure 1: Simplified schematic representation indicating the genomic steucture of CYPISAT. CYPISA! is located on 15g21.2 adjacent to
DMXL2 and GLDN and consists of at least 11 noncoding exons | and nine coding exons 2-10 [9, 101, Fach exon 1 is accompanied by a
tissue-specific promoter and is spliced alternatively onto a common splice aceeptor site at exon 2 [9-13].

promoters [9-13]. Actually, CYPI9A] is strongly expressed in
the placenta and moderately expressed in the ovary, whereas
it is only weakly expressed in a rather limited number of
tissues including skin, fat, and hypothalamus [4, 13]. Of the
11 noncoding exons 1, exon L4 seems to play a critical role in
the regulation of estrogen biosynthesis in males, because this
exon contains the major promoter for extragonadal tissues
{9, 10].

3. Molecular Bases of AEXS

A family with dominantly transmitted gynecomastia of pre-
pubertal onset was first described in 1962 by Wallach and
Garcia [14]. After this initial report, several cases have been
described [5-8, 15]. Laboratory examinations of the affected
males revealed markedly elevated serum estrogen values
and estrogenfandrogen ratios and significantly increased
aromatase activity in fibroblasts and lymphocytes {5-8, 151,
Linkage analyses in two families indicated a close association
between CYPI9AI-flanking polymorphic markers and the
disease phenotype {5, 6]. Thus, the condition was assumed to
be caused by gain-of-function mutations of CYPI9AI, and,
therefore, the name of AEXS was coined for this condition
[7, 8l. However, since direct sequencing and Southern
blotting analysis failed to detect mutations or copy number
abnormalities in the coding region of CYPI9AI [5, 6], the
molecular basis of this entity remained elusive until recently.

In 2003, Shozu ct al. reported a father-son pair and a
sporadic case with AEXS in whom they identified heterozy-
gous chromosomal inversions of the chromosome 15 2]
Subsequently, Demura et al. performed detailed molecular
studies for these cases and additional two cases and char-
acterized four types of inversions affecting the 5" region of
CYP19A1 [3]. Each inversion has resulted in the formation
of a chimeric gene consisting of CYPI9AI coding exons

and exon 1 of the widely expressed neighboring genes,
that is, CGNLI, TMOD3, MAPKG, and TLN2. These data
imply that overexpression of CYPI9AI in the inversion-
positive cases are caused by cryptic usage of constitutively
active promoters. Consistent with this, i1 silico analysis
revealed the presence of promoter-compatible sequences
around exon 1 of CGNI, TMOD3, and MAPKG in multiple
cell types, although such sequences remain to be identified
for noncoding exons of TLNZ [4].

We recently studied 18 males from six families with AEXS
(families A-F) and identified three types of heterozygous
cryptic genomic rearrangements in the upstream region of
the CYPI19A! coding exons (Figure 2} [4]. In families A
and B, we identified the same 79,156bp tandem duplica-
tiorl encompassing seven of the 11 noncoding exons 1 of
CYPI9AI. Notably, this duplication includes exon 1.4 that
functions as a major promeoter for extragonadal tissues such
as fat and skin; therefore, CYPI9A1 overexpression in these
families would be explained by increasing the number of
this promoter. Indeed, RT-PCR analysis detected a splice
variant consisting of exon 1.4 at the 5° side and exon 1.8 at
the 3’ side in lymphoblastoid cell lines and skin fibroblasts
of the patients, indicating that the duplicated exon 14
at the distal nonphysiological position actually functions
as transcription start sites. In family C, we identified a
211,631 bp deletion affecting exons 2-43 of DMXL2 and
exons 5-10 of GLDN. This deletion appears to have caused
CYP19AI overexpression because of cryptic usage of DMXL2
exonn 1 as an extra transcription start site for CYP19AI
Indeed, RT-PCR revealed the presence of chimeric mRNA
clones consisting of DMXL2 exon 1 and CYPI9AI exon 2,
supporting the notion that aberrany splicing has occurred
between these two exons. Such DMXL2/CYPI9A] chimeric
mRNA accounted for 2-5% of CYP19AI-containing tran-
scripts from skin fibrablaste, In families D-F, we identified
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- Ticuse 2: Schematic representation of duplications and deletions identified in patients with AEXS. (a) the tandem duplication of famnilies A

and B [4]. Genome: the duplication {yellow boxes) includes seven of the 11 noncoding exons | of CYPI241. mRNA: the sequence of a rare
transcript is shown. The 3'-end of exon 1.4 is connected with the 5'-end of exon L8, (b} The deletion of family C4]. Genome: the deletion
{a gray arsa) includes exons 2-43 of DMXL2 and exons 3-10 of GLON. mRNA: The sequence of a rare chimeric gene transcript is shown.
DMXL2 exon | consisting of a noncoding region and a coding region is spliced onto the common acceptor site of CYPI9A1 exon 2. {¢) The
deletion of families D-F [4]. Genome: the deletion {a gray area) includes exons 2-43 of DMXL2, mRNA: the sequence of a rare chimeric
gene transcript is delineated. The mRNA structurs is the same as that detected in family C.

an identical 165,901 bp deletion including exons 2-43 of
DMXL2. RT-PCR identified the same chimeric mRNA as that
detected in family C.

Collectively, three types of genomic rearrangements on
15q21 have been identified in AEXS to date, namely, inver-
sion type (four subtypes), duplication type, and deletion
type {two subtypes) {Figure3(a)) [2-4]. In this regard,
sequence analyses for the breakpoints have indicated that (1)
inversion types are formed by a repeat sequence-mediated

nonallelic intrachromosomal or interchromosomal recombi-
nation or by a replication-based mechanism of fork stalling
and template switching (FoSTeS) that occurs in the absence
of repeat sequences and is often associated with microhomol-
ogy [16], {2) duplication type is generated by FoSTeS, and
(3) deletions are produced by nonhomalogous end joining
that takes place between nonhomologous sequences and is
frequently accompanied by an insertion of a short segment
at the fusion point or by a nonallelic recombination [16].
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Figure 3: Structural and functional properties of the fused exons. (a) Schematic re;:-ff:sentaaon of the rearranged genome and mRNA
structures, The white and the black boxes of CYPISAI exon 2 show untransiated rcgmn and coding region, respectively. For genome, the
smped and the painted arrows indicate noncoding and coding exons, respeczlwiy {5" ~3).The ;merted genomic regions are delineated
in blue lines. For mRNA, colored siriped boxes represent noncoding regions of each gene. The ‘DMXL2-CYPI9AI chimeric mRNA has
two translation initiation codons and therefore is destined to produce net only CYP19A1 protein but also a 47 amino acid protein which
is predicted to undergo nonsense-mediated mRNA decay (NMD}, The deletion and the inversion types are associated with heterozygous
impairment of neighboring genes (deletion or disconnection between noncoding exon(s} and the following coding exons). The inversion
subtype 1 is accompanied by inversion of eight of the 11 CYPI9AT exons i, and the inversion subtype 2 is associated with inversion of
the placenta-specific CYPI9AL exon L1, (b} Expression patterns of CYPI9A1 and the five neighboring genes involved in the chimeric gene
formation [4}. Relative mRNA levels against TBP in normal human tissues are shown.

Thus, it appears that genomic sequence around CYPI194] 4, Clinical Features of AEXS
harbors particular motifs that are valnerable to replication-
and recombination-mediated errors. The results provide
novel mechanisms of gain-of-function mutations leading to
human diseases.

To date, a total of 23 male cases from 10 families have
been reported to have molecularly confirmed AEXS (Tzble 1,
Figure 3{a)) [2-4). They exhibited pre- or peripubertal onset
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Tasre 1: Summary of clinical studies in male patients with aromatase excess syndrome (modified from [4]}.

AZoourmopuy JO [BUINO| [RUOLN I T

(&)
Family Family A Family B Family C Tamily D Pamily £
Mutation types Duplication Duplication Deletion Deletion Deletion
g‘,}ﬁ’;ﬁ?gﬁ ;‘;;‘i‘;‘:ir CYPISAI CYPI9A1 CYPISAL DMXL2 DMXL2
Case Case 1 Case 2 Case 3 Case 4 Case 5 Casen  Case?  Case$ Case 9 Case 10
Age at examination {year) 656 15 20 15 15 13 42 9 12 13
<Phenotypic Aindings>
Gynecomastia {lanner breast stage) 2 2 3 4 4 3 4 4
Onset of gynecomastia (year} 13 13 10 it 12 1 1 7 9 10
Mastectomy (year) No Yes (15) No Yes (15) Yes (15)  Yes (13) No No Yes (12}  Yes {13}
Testis (ml) N.E. 12 12 12 12 12 N.E, 3 12 20
Pubic hair (tanner stage) N.E. 2-3 5 4 N.E. 1 3 4
Facial hair Normal Scarce Scarce Normal Absent Absent  N.E Absent Absent Absent
Height (SDS)* ~1.2 =0.3 +0.4 +0.8 2.0 -0 -6 +2.7 =0 +1.8
Bone age {year)® N.E. N.E. NL.E. 16.0 16.0 135 N.E. 13.0 15.0 17.0
Fertility (spermatogenesis) Yes 7 [ Yes)h ? ? Yes H ? ?
<Endocrine indings>* B B S B s B S B S B 5 B B 5 IR B S
<At Dxx Stimulus ’
LH {mlUfmL) GnRE? 3.8 23 14.3 L1 17.0 14 294 L9 406 LB 692 L1 115 0.6 395 65 148
LH {mIU/mL) GnRH (after priming)’ 1.5 9.5 1.3 107
FSH (mIU/mL) GnRE? 1.7 3.1 5.3 <5 1.2 09 24 14 42 2.0 78 32 66 06 25 07 1.0
FSH {mIUfmL) GnRH {after priming)’ 2.6 3.2 <05 09
Prolactin (ngfml) 4.3 5.3 8.2 9.1 113 18.8
AfA (ngiml) 0.5 1.1 1.2 0.6 0.7 24 29
T (ngfml) hCG# 9 1.6 2.2 4.0 26 73 14 79 U6 36 24 32 97
DHT {ngfmL} 0.4 0.2 ' 04 1.2
Inhibin B (pgfmL) 61.6 74.6 83.5 75.2
E; (pgfmL) 157 120 124 57 e3 23
Ey (pg/mL) 29 15 22 59 56 38 24 1 25 58
Ep/T ratio {10} 10.0 9.4 10.0 14,8 £L.3 271 L7 10.4 18.1
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{b)
Family Tamily T Family G Family H Sporadic
Mutation types Deletion Inversion Inversion Inversion
g‘,;?;‘j‘;}’gi‘i‘r:;;‘fi‘;gf DMXL2 CGNLI MAPK6  TMOD3 TLN2
Case Case 11 Case 12 Case 13 Case 14 Case 15 Case 16 Case 17 Case 18 Case 19 Case20 Case2ll Case22 Case23
Age at examination {year) &4 35 44 45 g & 13 10 35 7 13 17 36
<Phenotypic findings=> :
Gynecomastia (lanner breast stage) Yes! Yes' Yes' Yes* 2 3 3 3 Yes 3 5 N.E. Yes
Onset of gynecomastia (year} ? ? ? ¥ ] 8 11 10 5 5 8 7 ?
Mastectomy {year} . Yes' Yes' Yes! Yes' Nao No Yes (3} Yes(¥) Yes(16) No Yes (2} Yes () Yes (19)
Testis {ml} N.E. N.E. N.E. N.E. 2 1.5 2 2 N.E. N.E. N.E Normal  N.E,
Pubic hair (tanner stage} N.E  NE N.E. N.E. 1 L 2 l Normal 1 2-3{at21.0) N.L N.E.
Tacial hair N.E.  NE N.E, M.E.  Absent Absent Absent Absent Absent Absent N.E. Scarce  N.E.
Height {SDS)* NE ~-15% ~-15 - ~1.5 +14 NL.E. +2.0 +2.4 Short >+2.5 -—1.6(at21.0) Short NE
Bone age (year)? NE  NE  NE NE 125 130 150 (ﬂ:’f‘;’_s) NE. {a’t"’s‘f’s) 170 NE  NE
Fertility {spermatogenesis) Yes Yes Yes Yes ? ? 7 ? Yes 7 ? ¢ ?
<Endocrine findings>° B B B B B B B35 B B B B S5 B
<AL Dx> Stimulus
LH [mIU/mL} GnRH* 0.2 35 1.7 30 0.2 <.l 2.60 6.3 1.5 1.7 .1 26 10,0 4.3
LH (mIUfmL) GnRH {after priming)r
FSH {mlUfmL) GnRH*® 1.4 2.3 0.8 0.8 1.4 0.5 0.8 1.2 1.2 L5 0.3 <01 <0.1 2.7
FSH {mIUfmL) GnRH (alter priming}r
Prolactin (ng/ml)
AtA (ng/mlL) 14 0.4 1.7 0.5 0.3 <03 0.9 1.5 1.3 0.8 0.3 2409
T (ng/mL) hCGE 2.6 25 2.1 25 =00 <Dl 27 92 27 32 <01 1.2 38 2.3
DHT {ngfml) ‘ 0.2 0.5
Inhibin B {(pg/mL)
E; {pg/mk) 32 34 39 34 26 4 ¥ 86 903 19 bad 356
Fy {pafml) 10 19 24 31 11 725 40 223 15 178 392
B/ T ratio (x 107} 3.8 7.6 114 124 2.3 148 690 JEER 170.4

SDS: standard deviation score; D diagnosis; Tx: therapy; LH: futeinizing hormone; FSH: follicle stimulating hormone; A%Az androstenedione; T testoslerone; DHT: dilydrolestosterane;
Ly: estrone; Bx: estradiol; GnRH: gonadotropin-releasing hormone; hCG: human chorionic gonadotroping NLE: not examined; B: basal; and S: stimulated.

Abrnormal clinical findings are boldfuced.

Abnormally low hormone values are boldfaced, and abnarmally high hormone values are underlined.

Mivabuated by age- and ethuicity-matched growth references; heights 2+2.0 SD or below = 2.0 SI? were regarded as abnermal,

b Agsessed by the Tanner-Whitehouse 2 method standardized for Japanese or by the Greulich-Pyle method for Caucasians; bone age was assessed as advanced when it was accelerated a year or more.
“Evaluated by age-matched male reference data, except for inhibin B and E; that have been Lcmpaud with data from 19 adult males. “

ITreated with aromatase inhibitors (anastrozelel.

Gl 100 gg'm® (max. 100 gl bolus Lv; blocd sampling at 0, 30, 60, 90, and 120 minutes.

FGoRH test after priming with GaRIT 100 g i, for 5 consecutive days.

ERCG 300010 m? (max 5000 1) tm, for 3 consecutive days; blood sampling on days § and 4.

bl lough Case 3 bas not yet fathered a child, he bas normal spermatogenesis with semen volume of 2.5 ml {reference value: >2 i}, spexm count of 105 % 10%ml] (20 % 10%/ml}, total speron count of 262.5 %

108 (=40 » 10%), motile cells of 70% {>50%6), and normal morphological sperms 779 (>30%).

¥l hese four patients allegedly had gynecomastia that required mastectomy {age unknown.

The sister has macromastia, large vterus, and irregular oenses; the parental phenotype has not been described.

The conversion factor to the STunit: LH 1.0 {IU/L), FSH L0 (IU/L), E; 3.699 {pmol/L}, Ex 3.671 {(pmol/L], A*A 3,492 {nmaliL}, and T 3.467 {nmol/L}.

ASojournopug 1o [LINO| [BUOTEUIAI]
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gynecomastia, small testes with fairly preserved masculin-
ization, obvious or relative tall stature in childhood and
grossly normal or apparent short stature in adulthood,
and age-appropriate or variably advanced bone ages. Blood
endocrine studies revealed markedly elevated E; values and
E3/T ratios in all cases examined and normal or variably
clevated E; walues. In addition, A*-androstenedione, T,
and dihydrotestosterone values were low or normal, and
human chorionic gonadotropin (hCG) test indicated normal
T responses. Notably, LH values were grossly normal at
the baseline and variably responded to GnRH stimulation,
whereas FSH values were low at the baseline and poorly
responded to GnRH stimulation even after preceding GnRH
priming, in all cases examined.

The severity of such clinical phenotypes is primarily de-
pendent on the underlying mechanisms {Table 1}. They are
obviously mild in the duplication type, moderate in the
deletion type, and severe in the inversion type, except for
serum FSH values that remain suppressed irrespective of the
underlying mechanisms. Likewise, gynecomastia has been
reported to be ameliorated with | mg/day of aromatase
inhibitor (anastrozole) in the duplication and the deletion
types and with 2—4 mg/day of anastrozole in the inversion
type [4].

5. Expression Pattern of CYPI9A1 and
the Chimeric Genes as
One Phenotypic Determinant

Phenotypic severity is much milder in the duplication type
than in the deletion and the inversion types. This would
be explained by the tissue expression pattern of CYPI941
and the chimeric genes. Indeed, RT-PCR analysis using
normal human tissue samples revealed that CYPI9AL is
expressed only in a limited number of tissues such as
placenta, ovary, skin, and fat, while the five genes involved
in the formation of chimeric genes are widely expressed with
some degree of variation (Figure 3(b)}. Therefore, it is likely
that the duplication types would simply increase CYP1941
transcription in native CYPI9A [-expressing tissues, whereas
the deletion and the inversion types lead to CYPI9A1
overexpression in a range of tissues, because expression
patterns of chimeric genes are predicted to follow those of
the original genes. Furthermore, it is also likely that the
native CYPI9AI promoter is subject to negative feedback
by elevated estrogens [17], whereas such negative feedback
effect by estrogen is weak or even absent for the chimeric
genes in the deletion and the inversion types.

6. Structural Property of the Fused Exons as
Another Phenotypic Determinant

Phenotypic severity is also milder in the deletion type than
in the inversion types, despite a similar wide expression
pattern of genes involved in the chimeric gene formation
{Table 1, Figure 3(b)). In this context, it is noteworthy that
a translation start codon and a following coding region

are present on exon 1 of DMXL2 of the deletion type but
not on exons 1 of the chimeric genes of the inversion
types (Figure 3{a}}. Thus, it is likely that DMXL2/CYPI9AI
chimeric mRNAs transcribed by the DMXL2 promoter
preferentially recognize the natural start codon on DMXL2
exon 1 and undergo nonsense-mediated mRNA decay and
that rather exceptional chimeric mRNAs, which recognize
the start codon on CYPI9A! exon 2, are transcribed into
CYP19A1 protein. By contrast, such a phenomenon would
not be postulated for the inversion-mediated chimeric
mRNAs. Consistent with this, it has been shown that the
DMXL2ICYP19A1 chimeric mRNA is present only in 2-
5% of CYPI19AI-containing transcripts from skin fibroblasts,
whereas the CGNLIJCYPI9AD chimeric mRNA and the
TMOD3ICYPI9AI chimeric mRNA account for 89-100%
and 80% of transcripts {rom skin fibroblasts, respectively
(2, 4]. '

In addition, the genomic structure caused by the rear-
rangements would affect efficiency of splicing between non-
coding exon(s) of neighboring genes and CYPI9AI exon 2.
For example, in the inversion subtype 1, the physical distance
between CGNLI exon 1 and CYPI9A] exon 2 is short, and,
while a splice competition may be possible between exon 1 of
neighboring genes and original CYPI9A1 exons 1, eight of 11
CYPI9A] exons 1 including exon 1.4 have been disconnected
from CYP19A1 coding exons by inversion (Figure 3(a}), This
may also enhance the splicing efficiency between CGNLI
exon 1 and CYPI9A] exon 2 and thereby lead to relatively
severe overexpression of the CGNLI-CYPISAI chimeric
gene, although this hypothesis would not be applicable for
other chimeric genes.

7. Implication for
the Hypothalamus-Pituitary-Gonadal
Axis Punction

It is notable that a similar degree of FSH-dominant hypog-
onadotropic hypogonadism is observed in the three types,
although E; and E, values and Ey/T ratios are much higher
in the inversion type than in the duplication and deletion
types {Table 1}. In particular, FSH was severely suppressed
even after GnRH priming in the duplication type {4]. This
implies that a relatively mild excess of circulatory estrogens
can exert a strong negative feedback effect on FSH secretion
primarily at the pituitary. This would be consistent with
the results of animal studies that show strong inhibitory
effect of By on transcription of FSH beta-subunit gene in ‘the
pituitary cells and almost negligible effect on synthesis of LH
beta-subunit and secretion of LH {18, 19]. In this regard,
while T responscs to hCG stimulation are normal in the
duplication and the deletion types and somewhat low in the
inversion type, this would be consistent with fairly preserved
LH secretion in the three types and markedly increased
estrogen values in the inversion type. In addition, whereas
fertility and spermatogenesis are nogmally preserved in the
three types, this would be explained by the FSH-dominant
hypogonadotropic hypogonadism, because FSH plays only a
minor role in male fertility (spermatogenesis) [20].
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8. Conclusions

Carrent studies argue that AEXS is caused by overexpression
of CYPI9AI due to three different types of cryptic genomic
rearrangements including duplications, deletions, and inver-
sions. It seems that transcriptional activity and structural
property of the fused promoter constitutes the underlying
factor for the clinical variability in most features of AEXS
except for FSH-dominant hypogonadotropic hypogonadism.
Thus, AEXS represents a novel model for gain-of-function
mutation leading to human genetic disorders.
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Abstract
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MAMLD1T (mastermind-like domain containing 1) is a recently discovered causative gene
for 46,XY disorders of sex development (DSD), with hypospadias as the salient clinical
phenotype. To date, microdeletions involving MAMLD1 have been identified in six
patients, and definitive mutations (nonsense and frameshift mutations that are
predicted to undergo nonsense mediated mRNA decay [NMD]) have been found in
six patients. In addition, specific MAMLDT ¢SNP(s) and haplotype may constitute a
susceptibility factor for hypospadias. Furthermore, in vitro studies have revealed that (1)
the mouse homolog is expressed in fetal Sertoli and Leydig cells around the critical
period for sex development; (2) transient Mamid]1 knockdown results in significantly
reduced testosterone production primarily because of compromised 17a-hydroxylation
and Cypl7al expression in Murine Leydig tumor celis; (3) MAMLD1 localizes to the
nuclear bodies and transactivates the promoter activity of a non-canonical Notch target
gene hairyfenhancer of split 3, without demonstrable DNA-binding capacity; and (4)
MAMLDT is requlated by steroidogenic factor 1 (SF1). These findings suggest that the
MAMLD1 mutations cause 46,XY DSD primarily because of compromised testosterone
production around the critical period for sex development. Further studies will provide
useful information for the molecular network involved in fetal testosterone production.

MAMLD1 {mastermind-like domain containing, 1}, previously
known as CXORF6 (chromosome X open reading frame 6}, is a
recently discovered gene for 46 XY disorders of sex develop-
ment (DSD) with abnormal external genitalia, especially
hypospadias.! After the first report describing MAMLD1
mutations in human 46XY DSD, a remarkable progress has
been made for MAMLD1. Here, we summarize the current
knowledge about MAMLD1, including some hitherto unre-
ported data.

Cloning of CXORFG6 as a Candidate Gene for 46,
XY DSD

A gene for 46,XY DSD has been postulated around MTM1 for
myotubular myopathy on Xq28. Indeed, since genital devel-
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opment is normal in patients with intragenic MTM1 muta-
tions and invariably abnormal in six patients with
microdeletions  involving  MTMT  {patients  1-6
in ~Table 1),°~° this suggests that a gene for sex development
resides in the vicinity of MAM1, and that loss or disruption of
the putative sex development gene results in 46, XY DSD as a
consequence of contiguous gene deletion syndrome.

In 1997, Laporte et al°® identified a protein coding gene
CXORF6 from a 430-kb region deleted in two sporadic cases
with myotubular myopathy and 46XY DSD? (~Fig. 1).
CXORFG cansists of seven exons, and harbors a protein coding
sequence on exons 3-6 that is predicted to produce two
proteins of 701 and 660 amino acids because of in-frame
alternative splicing with and without exon 4. Furthermore,
subsequent studies have shown that MAMLDT is located
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