assay ID: 001028 for m7R433 and 000452

for miR127). For RTLI, ¢-PCR analy-
sis was performed with a forward primer
hybridized to the sequence of R7ZI and a
reverse primer hybridized to the adaptor
sequence. Fifty nanongrams of cDNA in a

50 pl 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 to the ABI PRISM
7000. Data were normalized against
GAPDH (catalog No: 4326317E) for
DLKI, MEG3, MEGS8, RTLI, and DIO3,

and against RNU48 (assay ID: 0010006)
for microRINAs. 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).
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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,

and embedded in Epon 812 (catalog No.

Figure 6. Schematlc representat:on ofthe chromosome 14q32 2 imprinted reglon ina control
-subject, cases 1 ‘and 2 with upd(14)pat case3 thh a microdeletion (indicated by stxppled £
rectangles), and case 4 with two copies. of the 1mpr|nted region of paternal origin and asingle
copy of the xmprmted reg|on of maternal ongm This figure has been constructed using the pres-
“entresults and the prewous data?? P, patemally denved chromosome, M, matemally denved
chromosome. Fllled and open arcles represent hypermethylated and hypomethylated DMRs, g
respectively; since the MEG3- DMR is grossly hypomethylated and regarded asnon-DMRin the
placenta, itis pamted in‘gray. PEGs (DLKI and RTL1) are shown in blue, MEGs (MEGB RTLIaS, MEG8
snoRNAs and miRNAs) inred, a probably non- nmprmted gene (DIO3) i in black, and’ non- expressed
genes in white. Thick arrows for RTL7 in.cases 1-3 represent increased RTL1 expression that is
ascribed to loss of functional mlcroRNA—contammg RTLlasasa repressorfor RTLT. ‘

R3245, TAAB). Semithin sections were
stained with 1% methylene blue, and ultra-
thin sections were double-stained with ura-
nyl acetate and lead citrate. Subsequently,
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
utilized for the LM examinations, and

the MEG3-DMR, and FISH analyses for the 14932.2 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, together 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
to fluorescein isothiocyanate. Quantitative real-time PCR analy-
sis was performed on an ABI PRISM 7000 (Applied Biosystems)
using TagMan real-time PCR probe primer mixture for the fol-
lowing genes (assay No: Hs00171584 for DLKI, Hs00292028
for MEG3, Hs00419701 for MEGS8 and Hs00704811 for DIO3;

www.landesbioscience.com

Epigenetics

were examined with rabbit anti human
DLKI1 polyclonal antibody at 1:100 dilu-
tions (catalog No 10636-1-AP, ProteinTech Group), rabbit ant
human RTLI polyclonal antibody at 1:200 dilutions, and rabbit
anti human DIO3 polyclonal antibody at 1:50 dilutions (cata-
log No ab102926, abcam); anti human RTL1 polyclonal anti-
body was produced by immunizing rabbits with the synthesized
RTLI peptide (NH2-RGFPRDPSTESG-COOH) in this study.
Sections were dewaxed in xylene and rehydrated through graded
ethanol series and, subsequently, incubated in 10% citrate buffer
(pH 6.0) for 40 min in a 98°C water bath, for antigen retrieval.
Endogenous peroxidase activity was quenched with 1% H,O, and
100% methanol for 20 min. To prevent non-specific background
staining, sections are incubated with Protein Block Serum-Free
(Dako corporation) for 10 min at room temperature. Then, sec-
tions were incubated 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 MULTI,
Nichirei). Peroxidase activities were visualized by diaminoben-
zidine staining, and the nuclei were stained with hematoxylin.
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REPRODUCTION-DEVELOPMENT

Mamld1 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 University School of Medicine,
Hamamatsu 431-3192, Japan

Although mastermind-like domain containing 1 (MAMLD1) (CXORF6) on human chromosome
Xqg28 has been shown to be a causative gene for 46,XY disorders of sex development with hypos-
padias, the biological function of MAMLD1/Mamld1 remains to be elucidated. In this study, we first
showed gradual and steady increase of testicular Maml/d7 mRNA expression levels in wild-type male
mice from 12.5 to 18.5 d postcoitum. We then generated Mamlid1 knockout (KO) male mice and
revealed mildly but significantly reduced testicular mRNA levels (65-80%) of genes exclusively
expressed in Leydig cells (Star, Cyp7ial, Cyp17al, Hsd3b1, and Ins/3) 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 38-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 Maml/d7 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 Maml/d1 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 Xg28 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 cryptorchidism (1-3). In addition,
a specific polymorphism(s) and a haplotype of MAMLD1
appear to constitute a genetic risk factor for hypospadias
2, 4, 5).

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

Abbreviations: Ab, Antibody; AGD, anogenital distance; AGl, AGD index; CYP17A1, cy-
tochrome P450 17A1; dpc, days postcoitum; DSD, disorder of sex development; HSD38B,
3p-hydroxysteroid dehydrogenase; KO, knockout; MAMLDT, mastermind-like domain
containing 1; MLTC, mouse Leydig tumor cell; Shh, sonic hedgehog; siRNA, small inter-
fering RNA; T, testosterone; WT, wild type.
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upstream region of MAMLD1/Mamldl harbors a puta-
tive binding sité 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 Mamldl 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 MAMLD1/
Mamld1 during testis development remains to be eluci-
dated. Thus, we examined testicular Mamld1 mRNA ex-
pression pattern in wild-type (WT) male mice and
performed molecular and phenotypic analyses in Mamld1
knockout (KO) male mice.

Materials and Methods

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 Mamld1 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 into 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
C57BL/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 Mamld7 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 untranslated regions, respectively.
Paired black, white, and gray arrowheads indicate the primer set for
amplification of WT Mamld1 genomic sequence, that for amplification
of Mamld1 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.

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
Mamld1, 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
tubes 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,
Cypl17al, Ddx4, Dhb, Dix5, DIx6, Gata4, Hsd17b3, Hsd3b1,
Insl3, NrSal, Ptch1,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 Kkit.
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-3 B-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 negative
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-pm 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, O, 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.) as a 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

endo.endojournals.org 6035

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 Iz 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 peaks at 18.5
dpc in normal mice (10, 11).

Cross-mating experiments

Cross-mating was performed between Mamldl 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 Mam/d1 KO male mice
Mamldl KO male mouse was successfully produced.
Mamld1 exon 3 was deleted from the genome of the KO

(FC)
2.0
15
1.0
0.5
0.0

12.5dpc| 4
13.5dpc|__
145dpc[ %
16.5dpc|_____ %
18.5dpc|______

FIG. 2. Testicular Mamld1 expression levels during the latter 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
Mamid1 mRNA at 12.5 dpc was designated as 1.0.
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TABLE 1. Comparison between Mamid1 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) 1.33 £0.02 (n = 10) 1.32 £ 0.02 (n = 10) 0.62
AGI (mm/g) (at birth) 0.90 + 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) 751+ 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 +4.6((n =4) 150 1.7 (n=4) 0.56

17-OH pregnenolone (pg/two testes) 152 +29(n=4). 154 13 =4) 0.77

17-0OH progesterone (pg/two testes) 104 +1.7(n=4) 135 £25(n=4) 0.15

Androstenedione (ng/two testes) 0.44 £ 0.15(h = 4) 051 =007 (nh=4) 0.25

T (ng/two testes) 231 +030(nh=4) 238031 (nh=4) 0.89

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

mice, and neither Mamldl 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).

Gene and protein expression pattern in the fetal
testes of Maml/d1 KO mice

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

FC FC
G ormgrw §F oprarn G5

1.0

Hsd3b1 (L)

Hsd17b3(S)

0.
00565 185 *0145 165 185 00145 165 185 00145 165 185 *C145 165 185
(dpc) (dpc) (dpc) (dpc) (dpc)
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T s G2 wearq s) ) per G2 aximon) e piont (i finc-Ll)

Y145 165 185 V145 165 185 145 165 185 145 16.5 18.5
(dpc) (dpc) (dpc) (dpc)
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145 165 18.5 145 165 185 145 165 185 145 165 185 145 16.5 185
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ACTIN[ e e e g wioie poven | 42

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 Mamld1 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 asterisks indicate significant results (P < 0.05). B,

Western blot analysis for CYP17A1 and HSD3B, as well as for ACTIN.
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WT KO

14.5 dpc ‘

16.5 dpc

Newborn

TR

FIG. 4. External genitalia of WT and Mamid1 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 pm (A-F, |, 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 dpc, as were those for
Star and Cypllal 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 mRNA levels of Hsd1753 and
Amb at 14.5 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 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 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 occurred 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 Mamid1 KO mice
Internal genitalia of the Mamldl 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 mice at 16.5 dpc. Testicular histological find-

ings were comparable between the KO mice and their WT
littermates at 14.5 dpc and at birth. Immunohistochemical
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.
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WT KO

16.5 dpc

14.5 dpc

Newborn

14.5 dpc

Newborn

FIG. 5. Internal genitalia of WT and Mam/d7 KO male mice. A and B, Appearance of internal genital organs at 16.5 dpc. C-F, Histological findings
of testes at 14.5 dpc and birth. G-N, Immunohistochemical findings of testes at 14.5 dpc and birth. b, Bladder; t, testis. Scale bars: 1 mm (A and

B), 100 wm (C and D), 200 um (E, F, M, and N), and 50 um (G-L).

Discussion

The Mamldl mRNA expression was gradually and
steadily increased from 12.5 to 18.5 dpc in the fetal 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
MAMLD1 expression in the fetal testis. These findings
would argue for a positive role of MAMLD1/Mamld1 in
the T production in the fetal testis (1, 21).

We generated and studied Mamld1 KO male mice. The
results are summarized as follows: 1) mRNA levels of
genes exclusively expressed in Leydig cells (Star, Cyp11al,
Cypl7al, Hsd3b1, and Insl3) were mildly but signifi-
cantly reduced, whereas those of genes expressed in other
cell types orin Leydigand 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 fertility. Collectively, these findings imply that
Mamld1 deficiency reduces mRNA expression levels of
multiple, if not all, genes expressed in mouse fetal Leydig

cells but permits normal genital development and repro-
ductive function. In support of this notion, such discrep-
ancy between 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 complicated and varied posttranscriptional mech-
anismsinvolved in turning mRNA into protein thatare not
yet sufficiently well defined; 2) proteins may differ sub-
stantially in their i 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 Hsd3b1 mRNA:s.
Furthermore, because CYP17A1 and HSD3B protein ley-
els increased in a manner grossly similar to that reported
for intratesticular T (10, 11) in both the Mamld1 KO male
mice and their WT littermates, this would be consistent
with the apparently normal testicular function of the
Mamld1l KO male mice.

The normal phenotype in the Mamld1 KO male mice is
contrastive to the DSD phenotype in the MAMLD1 mu-
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TABLE 2. Cross-mating experiments for Mamld1

Offspring produced by cross-mating between
Mamld1 KO male mice (n = 5)
and WT female mice (n = 24)

Sex and Mamld1 genotype Male (=)
Number and frequency n/o
Offspring produced by cross-mating between
Mamld1 KO male mice (n = 14)
and heterozygous female mice (n = 49)
Sex and Mamld1 genotype Male (=)

Number and frequency 84 (23.6%)
Offspring produced by cross-mating
between WT male mice (n = 6) and
WT female mice (n = 12)
Sex and Mamld1 genotype
Number and frequency
Offspring produced by cross-mating
between WT male mice (n = 9) and
heterozygous female mice (n = 46)
Sex and Mamld1 genotype
Number and frequency

Male (—)
n/o

Male (—)
86 (25.3%)

Male (+) Female (—/=) Female (+/—)  Female (+/+)
89 (45.6%) n/o 106 (54.4%) n/o

Male (+) Female (~/—)  Female (+/—)  Female (+/+)
96 (27.0%) 94 (26.4%) 82 (23.0%) n/o

Male (+) Female (—/—)  Female (+/—)  Female (+/+)
58 (59.8%) n/o n/o 39 (40.2%)

Male (+) Female (—/—)  Female (+/—)  Female (+/+)
85 (25.0%) n/o 84 (24.7%) 85 (25.0%)

WT or +, WT; KO or —, Mamld1 KO; n/o, not 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 mechanism(s) remains to be clar-
ified, such species difference in the fetal male sex develop-
ment may underlie the phenotypic difference between the
Mamld1 KO male mice and the MAMLD1 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 Mamldl KO male
mice are different from those identified by transient
Mamldl knockdown experiments using siRNAs and
MLTCs (6, 8), although the normal Leydig cell number of
the Mamld1 KO male mice appears to be consistent with
the sustained proliferation of siRNA-transfected MLTCs
(8). Indeed, Mamldl 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 17 -
hydroxylase activity and a well-preserved 17/20 lyase ac-
tivity for both A*- and A’-pathways (33). Such unique
properties of MLTCs may be relevant to the preferential
impairment of Cyp17al expression and 17a-hydroxyla-
tion in siRNA-transfected MLTCs.

Two findings also appear to be worth pointing out in
this study. First, InsI3 mRNA expression was significantly
reduced and Ambh mRNA expression was grossly normal,
in the Mamld1 KO mice. Such mRNA expression patterns,
if they also take place in the human, would be relevant to
the frequent occurrence of cryptorchidism and the lack of
miillerian derivatives in patients with MAMLD1 muta-
tions (1). Second, Mamld1l KO male mice, WT male mice,
homozygous (—/—) 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 ubiquitously expressed with
strong expressions in the central nervous system (1),
Mamld1 deficiency is unlikely to affect viability.

In summary, the present study implies that Mamld1
enhances mRNA expression levels of multiple genes ex-
clusively expressed in fetal Leydig cells, although the ef-
fects of Mamld1 deficiency are insufficient to compromise
the genital and reproductive development. Further studies
will permit a better clarification of the biological function
of MAMLD1/Mamldl1.
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Neuromuscular symptoms in a patient with familial
pseudohypoparathyroidism type Ib diagnosed by
methylation-specific multiplex ligation-dependent probe
amplification
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Abstract, Pseudohypoparathyroidism type Ib (PHP-1b) is a rare genetic disorder characterized by hypocalcemia and
hyperphosphatemia due to imprinting defects in the maternally derived GNAS allele. Patients with PHP-Ib are usually
identified by tetany, convulsions, and/or muscle cramps, whereas a substantial fraction of patients remain asymptomatic
and are identified by familial studies. Although previous studies on patients with primary hypoparathyroidism have
indicated that hypocalcemia can be associated with various neuromuscular abnormalities, such clinical features have been
rarely described in patients with PHP-Ib. Here, we report a 12-year-old male patient with familial PHP-Ib and unique
neuromuscular symptoms. The patient presented with general fatigue, steppage gait, and myalgia. Physical examinations
revealed muscular weakness and atrophies in the lower legs, a shortening of the bilateral Achilles’ tendons and absence of
deep tendon reflexes. Laboratory tests showed hypocalcemia, hyperphosphatemia, elevated serum intact PTH level, and
impaired responses of urinary phosphate and cyclic AMP in an Ellsworth-Howard test, in addition to an elevated serum
creatine kinase level. Clinical features of the patient were significantly improved after 1 month oftreatment with alfacalcidol
and calcium. Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) and subsequent PCR
analyses identified a methylation defect at exon A/B of GNAS and a microdeletion involving exons 4-6 of the GNAS
neighboring gene S7X76 in the patient and in his asymptomatic brother. The results suggest that various neuromuscular
features probably associated with hypocalcemia can be the first symptoms of PHP-Ib, and that MS-MLPA serves as a
powerful tool for screening of GNAS abnormalities in patients with atypical manifestations.

Key words: PHP-1b, Neuromuscular symptoms, Hypocalcemia, STX 76, MS-MLPA

PSEUDOHYPOPARATHYROIDISM (PHP; MIM
103580) is a genetically heterogeneous condition char-
acterized by hypocalcemia and hyperphosphatemia
resulting from end-organ resistance to PTH [I]. PHP
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is classified into 2 subtypes, PHP-Ia and -Ib, accord-
ing to the molecular causes and clinical features of
the patients [1]. PHP-la results from loss-of-func-
tion mutations in the maternally derived GNAS gene
that encodes the stimulatory G protein a-subunit [1].
Patients with PHP-la manifest multiple hormone resis-
tance and characteristic physical stigmata such as short
stature, obesity, round face, brachydactyly, subcutane-
ous ossification, and mild to moderate mental retarda-
tion, which are collectively referred to as Albright’s
hereditary osteodystrophy (AHO) [1, 2].

PHP-Ib is caused by imprinting defects of the mater-
nally derived GNAS allele; patients with this condi-
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tion show hypomethylation at one or more of the 4
differentially methylated regions (DMRs) of GNAS
[3-7]. Genetic causes of PHP-Ib include cryptic dele-
tions within the genes neighboring GNAS, STX16 and
NESPS55, and epimutation of GNAS DMRs [4, 5].
Patients with PHP-Ib manifest PTH resistance with-
out AHO [1]. These patients are usually identified by
hypocalcemia-associated neuromuscular irritability,
such as tetany, generalized convulsions, and/or muscle
cramps, although a substantial fraction of the patients
remain asymptomatic and are identified only by famil-
ial studies [6, 7].

Previous studies of patients with primary hypopara-
thyroidism have shown that hypocalcemia can be asso-
ciated with various types of neuromuscular symp-
toms [8, 9]. However, such clinical features have been
rarely described in patients with PHP-Ib [10]. Here,
we report a Japanese patient with familial PHP-1b due
to an intragenic deletion of STX76, who presented with
unique neuromuscular symptoms.

Methods

Case report

This male patient was born as the third child to non-
consanguineous Japanese parents at 39 weeks of ges-
tation, after an uncomplicated pregnancy and delivery.
His birth weight was 3482 g (+1.1 SD) and length 50 cm
(+0.7 SD). Neonatal screening tests were normal. His
postnatal growth and development were uneventful,

From the age of 6 years, he had general fatigue. At
12 years of age, he was seen by a local doctor because
of general fatigue, gait disturbance, and myalgia in the
lower legs. He was suspected to have congenital myo-
pathy, and was referred to our clinic for further investi-
gation. His height and weight at the time of examina-
tion were 161.4 cm {+1.1 SD) and 42.4 kg (-0.2 SD},
respectively. Physical examinations revealed muscu-
lar atrophies with weakness in the lower legs, a short-
ening of the bilateral Achilles’ tendons and absence of
deep tendon reflexes. He showed a high stepping gait
with markedly reduced strength of dorsiflexors of the
ankles. Sense of touch and temperature was normal.
The Chvostek’s sign was positive, while the Trousseau’s
sign was negative. He had neither AHO stigmata nor
episodes of tetany or convulsions. Laboratory exam-
inations revealed hypocalcemia, hyperphosphatemia,
and an elevated serum intact PTH level, together with
decreased urinary calcium excretions (Table 1). Serum

creatine kinase (CK) level was markedly elevated. An
Ellsworth-Howard test showed impaired responses of
both urinary phosphaturic and cyclic AMP levels (Table
1). The TSH level was slightly elevated, while free T4
and gonadotropin levels were within the normal range.
The serum 1,25-dihydroxy vitamin D (1,25(0OH)2D)
level was mildly elevated. Head computerized tomog-
raphy (CT) delineated symmetric calcifications of the
basal ganglia and thalami, and subcortical calcification
of the right middle frontal gyrus. Dual-energy X-ray
absorptiometry (DEXA) revealed decreased bone min-
eral density at the lumbar spine (L2-L4) (0.640 g/cm?,
-2.9 SD). Based on these data, we diagnosed him as
having PHP-Ib with neuromuscular symptoms. After 1
month of treatment with alfacalcidol (1.5 ug/day) and
calcium lactate (3.0 g/day), his general fatigue, gait
disturbance, and myalgia were markedly improved.

The 15-year-old brother of the patient manifested
no clinically discernible phenotype; the brother had
no gait disturbance or muscle weakness. Furthermore,
physical examinations revealed neither muscular atro-
phy nor neurologic abnormalities. However, labora-
tory examinations detected an elevated serum intact
PTH level, although serum calcium level was within
the normal range (Table 1). Thus, the brother was also
suspected as having PHP-Ib. The brother manifested
mildly elevated serum 1,25(OH)2D level.

The 50-year-old father and 17-year-old sister were
clinically normal. The mother, deceased at 49 years
of age of an unknown cause, allegedly had no clini-
cal symptoms indicative of PHP. Endocrine stud-
ies revealed no abnormalities in the father, sister, or
mother (Table 1).

Molecular analyses

This study was approved by the Institutional Review
Board Committee at the National Center for Child
Health. After obtaining written informed consent, we
extracted genomic DNA from leukocytes of the patient
and his brother and father,

We examined mutations in the coding region of
GNAS by direct sequencing, and copy number alter-
nations and methylation defects in the GNAS-flanking
region by methylation-specific multiplex ligation-de-
pendent probe amplification (MS-MLPA), using a
commercially available probe mix (SALSA MLPA
kit, ME031-Al) (MRC-Holland, Amsterdam, The
Netherlands). To confirm the results of MS-MLPA,
we performed PCR analyses using forward and reverse
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Table 1 Laboratory findings of the patient and his family members

Patient Brother Father Mother Sister ~ Reference range
Age at the examinations (years}) i2 15 50 43 17
Height (cm) (SDS) 1614 (+1.1) 171 (+0.1} N.A. N.A, N.A.
Weight (kg) (SDS) 42.4 (-0.2) 53(-0.9) N.A. N.A, N.A,
<Blood>
Intact PTH (pg/mL) 430 254 26 44 26 10-65
Calcium {mg/dL) 64 8.9 9.3 87 9.2 8.5-102
Phosphate (mg/dL) 9.1 52 2.9 3.8 34 2443
Magnesium (mg/dL) 1.3 2.0 N.A. N.A. N.A. 1.8-2.5
Na (mEq/l} 142 140 N.A. N.A. N.A. 135-147
K (mEqg/l) 4.1 4.0 N.A. N.A. N.A. 3.6-5.0
Creatinine (mg/dL) 0.6 0.7 N.A. N.A. N.A. 0.4-1.1
Alb (g/dL) 49 4.5 N.A. N.A. N.A. 3.9-5.1
CK (IUL)Y 741 136 NA. NA. N.A. 0-170
ALP (IU/L) 1809 (388-1190)" 648 (225-680)* N.A, N.A. N.A.
1,25(OH)2D (pg/mL) 69 79 N.A. N.A. N.A. 20-60
TSH (mU/L) 5.6 4.1 N.A. N.A. N.A, 0.5-5.0
Free T4 (ng/dL) 1.0 1.0 N.A, N.A. N.A. 0.9-1.6
<Urine>
Calcium/Creatinine ratio 0.004 0.008 N.A. N.A. N.A. 0.08-0.20
%TRP 99.6 99.6 N.A. N.A. N.A. 89.6-93.6
<Ellsworth-Howard test>
Urinary phosphate (mg/2 hrs)® $.33 N.A. N.A. N.A. N.A. =30
Urinary cAMP (umol/hr)® 0.029 N.A. N.A. N.A. N.A. =>1.0

The conversion factors to the international system of units (S unit) are as follows: intact PTH 1.0 (ng/liter), serum calcium 0.25
(mmol/liter), serum phosphate 0.3229 (mmol/liter) serum magensium 0.411 (mmol/liter), serum sedium 1.0 (mmol/liter), serum
potassium 1.0 (mmeol/liter), serum creatine 88.4 (umol/liter), serum albumin 10 (g/liter), serum 1,25(0H)2D 2.6 (pmol/liter),
serum Free T4 12.9 (pmol/iter). Hormone values have been evaluated by the age- and sex-matched Japanese reference data,

abnormal data are in bold.

2 The values in parentheses indicate the age-and sex-matched reference laboratory data.

5 Urinary phosphate denotes the increment of 2 hours urinary excretion of phosphate after injection of human PTH (100 unit).
¢ Urinary cAMP denote the increment of 1 hour urinary cAMP excretion after injection of human PTH (100 unit).

N.A., not analysed; CK, creatine kinase; 1,25(OH)2D, 1,25-dihydroxy vitamin D; %TRP, % tubular reabsorption of phosphate

primers that hybridize to introns 3 and 6 of STX!6,
respectively [4].

Results

Direct sequence analysis for the patient identified
no mutation in the coding region of GNAS. However,
MS-MLPA revealed decreased peak heights of probes
that correspond to exons 5 and 6 of STX/6, indicat-
ing a heterozygous deletion within STX76, In addition,
MS-MLPA indicated hypomethylation at GNAS exon
A/B and a normal methylation pattern of the other 3
GNAS DMRs (Fig. 1A, B). Subsequent PCR analy-
ses showed the presence of a heterozygous 3 kb dele-
tion involving exons 4-6 of STX76 (STX16Aexons 4-6)

(Fig. 1C). The microdeletion and methylation defect
were also observed in the brother, but not in the father.
DNA samples of the mother and the sister were not
available for genetic analyses.

Discussion

We report here a Japanese patient with PHP-Ib, who
was identified by general fatigue, gait disturbance, and
myalgia in the lower legs. He showed muscular atro-
phies in the lower legs, a shortening of the bilateral
Achilles’ tendons, absence of deep tendon reflexes, and
an elevated serum CK value. Such clinical features
are indicative of neuromuscular symptoms, although
a detailed neurological workup was not performed for
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Fig. 1 Molecular analysis of the patient and his family members.

Hha | digested

A, Schematic representation of the genomic region around GNAS. Upper panel: The loci examined by methylation-specific
multiplex ligation-dependent probe amplification (MS-MLPA) are indicated by letters (a-d) and asterisks. Lower panel;
Microdeletion identified in the patient and his brother. Horizontal arrows indicate the binding sites of the primers used for PCR

analysis.

B. Representative results of MS-MLPA. Left panel: Decreased peak heights with probes a and b in the patient and his brother
indicate heterozygous deletion involving exons 5 and 6 of STX76. Right panel: Absence of peaks with probes ¢ and d indicate

hypomethylation of GNAS exon A/B.

C, PCR analysis using a primer pair flanking the deletion. Both the 4.3 kb (wild-type) and 1.3 kb (STX16Aexons4-6) products
were amplified from the patient and his brother, while only the 4.3 kb product was obtained from the father and the control

individual.

this patient. In this regard, it is noteworthy that periph-
eral neuropathy and metabolic myopathy have been
reported in patients with primary hypoparathyroidism
[8, 9], whereas such symptoms have not been described
in patients with PHP, except for mildly elevated blood
CK and lactate dehydrogenase (LDH) levels in a single
case of PHP-la [10]. Moreover, in vitro experiments
showed that calcium concentration affects excitability
at neuromuscular junctions [11]. Thus, the neuromus-
cular symptoms of our patient are likely to be asso-
ciated with hypocalcemia. A significant improvement
in the clinical features of the patient after 1 month of
treatment with alfacalcidol and calcium supports this

hypothesis. However, we cannot exclude the possibil-
ity that other factors such as vitamin D deficiency may
also have played a role in the development of these fea-
tures. Indeed, slightly elevated serum levels of ALP
and 1,25(0OH)2D in the patient are consistent with mild
vitamin D deficiency [12]. On the other hand, since
serum 1,.25(0OH)2D levels were similarly elevated in
the patient and his asymptomatic brother, phenotypic
variation in this family can not be explained by vitamin
D deficiency. These results indicate that neuromuscu-
lar features probably associated with hypocalcemia can
be the first symptoms of PHP-Ib. Nevertheless, this
notion is based on observations of a single case, and
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requires further investigations.

Both the patient and his brother carried a heterozy-
gous STXI16Aexonsd-6. Although DNA samples
of the mother were not available for genetic analy-
ses, the absence of the deletion in the father indicated
the maternal inheritance of the deletion. It has been
shown that maternally inherited STX16Aexons4-6
(STX16Aexons4-6mat) is associated with hypomethy-
lation at GNAS exon A/B, whereas GNAS epimutations
are usually accompanied by methylation defects not
only at exon A/B but also at other GNAS DMRs [3, 7].
These results suggest that the 3 kb region around exon
4-6 of STX]6 contains a cis-acting element that regu-
lates methylation status at GNAS exon A/B. Consistent
with this, our patient and his brother had methylation
defects exclusively at exon A/B. Further studies are
necessary to clarify the mechanism by which a DNA
element >200 kb from GNAS controls the methylation
status at exon A/B.

Clinical severities of patients with PHP-Ib are
known to be variable [6, 7]. Notably, Linglart e al.
have shown that STX16Aexons4-6mat is often asso-
ciated with a mild phenotype. They found that about
40% of patients carrying this microdeletion remained
asymptomatic, and more than 50% of asymptomatic
individuals had normocalcemia at the time of diagno-
sis [7]. Consistent with this, our patient and his brother
lacked typical PHP-Ib features such as tetany, general-
ized convulsions, or muscle cramps. Furthermore, the
brother had normocalcemia. These results suggest that
physical examinations and measurement of serum cal-

cium levels are not sufficient to identify patients with
PHP-Ib, and that genetic analyses or detailed endo-
crine evaluations, such as measurement of intact PTH
levels and an Ellsworth-Howard test, are necessary
for patients with atypical manifestations. In this con-
text, although STX16Aexons4-6mat is the most fre-
quent genetic cause of familial PHP-Ib [7], microde-
letions affecting NESPJ5 as well as epimutations of
GNAS DMR also account for etiology of PHP-Ib [5,
7]. Since MS-MLPA is capable of detecting both copy
number abnormalities and methylation defects in the
GNAS-flanking region in a single assay, this method
should be particularly useful for the molecular diagno-
sis of PHP-Ib.

In summary, the present study provides that vari-
ous neuromuscular features probably associated with
hypocalcemia can be the first symptoms of PHP-Ib,
and suggests that MS-MLPA serves as a powerful tool
for screening of GNAS abnormalities in patients with
atypical manifestations.
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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 appearance 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 hormone resistance, although functional studies have been per-
formed only for p.R368X of PRKARTA.

Objective: Our objective 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 cAMP-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 PRKAR1A because of impaired cAMP-
mediated GPCR signaling. Because GNAS, PRKAR1A, and PDE4D are involved in the GPCR signal
transduction cascade and have some different characters, this would explain the phenotypic 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 PRKAR1A (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, pseudohypoparathyroidism type la; PKA, protein kinase A;
PRKAR1A, protein kinase, cAMP-dependent, regulatory type 1,e; Rla, type 1« regulatory
subunit.

J Clin Endocrinol Metab, September 2012, 97(9):E1808-E1813
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kinase, cAMP-dependent, regulatory type 1,&) and PDE4D
(phosphodiesterase 4D, cAMP-specific) involved in the
cAMP-mediated G protein-coupled receptor (GPCR) signal-
ing cascade (3-5). PRKARTA consists of 11 exons and en-
codes type 1« regulatory subunit (RIa) 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 PRKAR1A mutations hinder the cAMP-
mediated dissociation of the catalytic subunits from the reg-
ulatory subunits, thereby leading to reduced 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 cAMP 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 PRKAR1A 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 (AHO) 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
(—0.75sp) 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.

At 3 yrand 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 §) normal GH response to GHRH stimulation
(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 sp).

Molecular and functional studies

We performed 1) direct sequencing for coding exons and their
splice sites of PRKARIA, 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 PRKAR1TA, 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. PRKARTA 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 PRKARTA
for the CRE-luc reporter. HEK293 cells were transfected with an empty expression vector or with vectors containing either the wild-type
PRKARTA 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 ECg, 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 with
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 in aberration 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-induced 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) 45°
Blood
Intact PTH (pg/mi) 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/dl) 5.6 (3.5-5.9) 3.2(2.4-4.3) 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 (IU/liter) <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 Sl 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.

@ 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 ug/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
PRKARI1A 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
resultin 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 in a 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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