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the steroid metabolite concentrations in the media with non-
targeted MLTCs confirmed the A*-pathway dominant testos-
terone production, markedly low 17a-hydroxylase activity
and well-preserved 17/20 lyase activity for both A%- and A’-
pathways, and extremely low Hsd17b3 activity in MLTCs.
These results indicated that Mamid1 knockdown further
reduced 17a-hydroxylase activity that was originally low in
MLTCs. Consistent with these findings, real-time RT-PCR and
microarray analyses showed significantly decreased Cyp17al
expression (~70%) in siRNA-transfected MLTCs. The siRNAs
knockdown did not affect the expressions of Nr5a1 (Sf1), Star,
Por, and InslI3. The assessment of Hsh17b3 was impossible
because of its extremely low expression. By contrast, the
proliferation capacity, which was examined for 120 hours,
was comparable between siRNA-transfected MLTCs and non-
transfected MLTCs.

These results imply that MAMLD1 is involved in testoster-
one production via augmenting CYP17A1 (17a-hydroxylase)
activity. In this regard, it is noteworthy that Mamld1 is clearly
expressed in fetal Leydig and Sertoli cells and is barely
expressed in adrenal cells,’”” and that 17a-hydroxylase ac-
tivity is indispensable for testosterone production in Leydig
cells.?? Thus, it appears likely that Mamld1 enhances Cyp17a1
expression primarily in Leydig cells, permitting the produc-
tion of a sufficient amount of testosterone for male sex
development. In addition, since the expressions of other
genes involved in testosterone production and insulin-like
3 biosynthesis were not clearly affected in siRNA-transfected
MLTCs,'® this would argue against the possibility that
Mamld1 knockdown causes a global dysfunction of MLTCs,
resulting in testosterone hyposecretion.

However, a straightforward explanation appears to be
difficult between impaired 17a-hydroxylase activity and
reduced Cyp17al expression. Indeed, 17/20 lyase activity
was well preserved in siRNA-transfected MLTCs, although
the same Cyp17al enzyme is utilized for both17a-hydroxy-
lase and 17/20 lyase reactions.?? In addition, defective 17a-
hydroxylase activity occurred in the presence of ~70% of
Cyp17al expression, despite 17a-hydroxylase deficiency be-
ing an autosomal recessive disease in which 50% of enzyme
reduction has no major effect on the steroid metabolism.?? In
this context, it is notable that MLTCs originally have a
markedly low 17a-hydroxylase activity and a well preserved
17/20 lyase activity for both A*- and A°-pathways.'® Such a
unique property of MLTCs may be relevant to the preferential
impairment of 17o-hydroxylase activity in siRNA-transfected
MLTCs. Thus, although the in vitro data strongly argue for a
positive role of MAMLD]1 in testosterone production, further
studies are necessary to examine the precise in vivo function
of MAMLD]1.

Transcriptional Regulation of MAMLD1|
Mamld1 by NR5A1|Nr5aT

Mouse Mamld1 is coexpressed with Nr5al (Sf1), and NR5A1/
Nr5al is known to regulate the transcription of a vast array of
genes involved in sex development, by binding to specific
DNA sequences.'®'” This implies that MAMLD1/Mamld1 is
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also controlled by NR5A1/Nr5al. Consistent with this notion,
human MAMLD1 harbors a putative NR5A1 binding sequence
“CCAAGGTCA” at intron 2 upstream of the coding region, and
mouse Mamld1 also carries a putative Nr5a1 binding site at
intron 1 upstream of the coding region.® Furthermore, we
performed DNA binding and luciferase assays, showing that
NR5A1 protein binds to the putative target sequence and
exerts a transactivation function.” These findings argue for
the possibility that MAMLD1/Mamld1 expression is regulated
by NR5A1|Nr5al.

In Vitro Function of MAMLD1 'Protein

MAMLD1 protein has a unique structure with homology to
that of mastermind like 2 (MAML2) protein (~Fig. 1).° In
particular, both MAMLD1 and MAML2 contain a unique
amino acid sequence to which we designate mastermind-
like (MAML) motif. The MAML motif was well conserved
among MAMLD1 orthologs identified in frog, bird, and mam-
mals. In addition, glutamine-, proline-, and serine-rich do-
mains reside on MAMLD1.

MAML2 is a non-DNA binding transcriptional co-activator
in Notch signaling that plays an important role in cell
differentiation in multiple tissues by exerting either inductive
or inhibiting effects according to the context of the cells.Z3-2>
Upon ligand-receptor interaction, Notch intracellular domain
(N-ICD) is translocated from the cell surface to the nucleus
and interacts with a DNA-binding transcription factor, re-
combination signal binding protein-] (RBP-]), to activate
target genes like hairy/enhancer of split 1 (Hesl) and
Hes5.2% In this canonical Notch signaling process, MAML2
forms a ternary complex with N-ICD and RBP-J at nuclear
bodies, enhancing the transcription of the Notch target
genes.?>2427-29 |n addition to such canonical Notch target
genes, recent studies have shown that Hes3 can be induced by
stimulation with a Notch ligand, via a STAT3 mediated
pathway.3? This finding, together with lack of Hes3 induction
by N-ICD,%> implies that Hes3 represents a target gene of a
non-canonical Notch signaling.

Thus, we have performed functional studies of wildtype
MAMLD1 in terms of Notch signaling, thereby revealing
several findings.? First, MAMLD1 is distributed in a speckled
pattern and co-localized with the MAML2 protein in the
nuclear bodies. Second MAMLD1, as well as MAML2, is
unlikely to have a DNA-binding capacity. Third, although
MAMLDT1 is incapable of enhancing the promoter activities
of the canonical Notch target genes Hes1 and Hes5 with the
RBP-] binding site, MAMLD1 transactivates the promoter
activity of the non-canonical Notch target gene Hes3 without
the RBP-] binding site. These findings imply that MAML2 and
MAMLD1 may have derived from a common ancestor and
evolved as a co-activator for the canonical and the non-
canonical Notch signaling.

We have also performed similar functional studies for the
three nonsense mutants identified in patients 7 to 10 (p.
E124X, p.Q197X, and p.R653X) and missense variants (p.
P286S, p.Q507R, and p.N589S).° The p.E124X and p.Q197X
proteins, though they localize to the nucleus, are incapable of
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localizing to nuclear bodies and have no transactivation
function for Hes3, whereas the p.R653X protein as well as
the three variant proteins localize to the nuclear bodies and
retained nearly normal transactivating activities. This sug-
gests that the p.E124X and p.Q197X proteins have no trans-
activation function primarily because of the failure in
localizing to the nuclear bodies, and that the p.R653X protein,
when it is artificially produced, has a normal transactivating
activity. Thus, if not all the mRNAs with nonsense mutations
are subject to NMD,® this would permit the production of
functional protein for p.R653X, but not for p.E124X and
p-Q197X. In addition, the transactivation function has been
shown to be significantly reduced in a p.L103P protein (an
artificially constructed variant affecting the MAML motif) and
normal in the AExon 4.° This implies the importance of the
MAML motif, and the biological equivalence between exon 4
positive and negative MAMLDI.

MAMLD1 Variations as a Susceptibility
Factor for Hypospadias

It is possible that single nucleotide polymorphisms (SNPs),
especially those in the promoter region and the cDNA se-
quence (cSNPs), and haplotypes (a combination of SNPs) of
disease-causing genes constitute susceptibility factors of the
corresponding diseases. In this regard, MAMLD1 harbors
several cSNPs, and the p.P286S and p.N589S cSNPs are fairly
common in Caucasian populations, although they remain rare
in the Japanese population.L12 In this regard, Chen et al'?
have revealed that the p.P286S allele, the p.N589S allele, and
the p.P286S-p.N 589S haplotype (S-S haplotype) are more
frequent in patients with hypospadias than in control males.
While functional studies using the non-canonical Notch
target Hes3 showed normal transactivation function for
p.P286S allele, the p.N589S allele, and the 2865-589S haplo-
type (~Fig. 2), it is known that a substitution exerts differen-
tial effects on different promoters.>! Thus, it remains possible
that a specific SNP(s) or haplotype(s) may form a susceptibil-
ity factor for the development of hypospadias and other forms
of 46,XY DSD.

Implications for Primary Ovarian
Insufficiency

MAMLD1 may also have a certain role in the ovarian develop-
ment. This notion is primarily based on two findings: (1)
murine Mamld1 is clearly identified in granulosa cells at the
perifollicular regions of most of Graafian follicles at 3 and
8 weeks of age; and (2) a female with a heterozygous micro-
deletion involving MAMLD1, who gave birth to a boy with the
same microdeletion and 46,XY DSD, has exhibited ovarian
dysfunction from her late teens,'® although ovarian dysfunc-
tion has not been identified in other obligatory carrier
females. These findings may suggest that MAMLD1 is involved
in the normal ovarian development, and that rather excep-
tional females with a heterozygous MAMLD1 mutation/dele-
tion and skewered inactivation of the X chromosome carrying
the normal allele manifest primary ovarian dysfunction. In
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this context, we examined a total of 78 females with primary
ovarian insufficiency and 46,XX karyotype, and identified
p.P494S and p.428delQ (shortening of the first polyglutamine
domain from 11 to 10) (our unpublished observation). How-
ever, functional studies using Hes3 system showed apparently
normal transcription activities for the two variants. Thus,
further studies are necessary to reveal the relevance of
MAMLDI to ovarian development.

Conclusions

MAMLD]1 is a causative gene for 46,XY DSD with hypospadias
as the salient clinical phenotype. It appears to play a support-
ive role in the testosterone production around the critical
period for sex development. Interestingly, Mamld1 knockout
mice exhibit normal genital findings and reproductive func-
tions, although they manifest metabolic syndrome (our un-
published observation). Further studies will permit to reveal
the frequency of MAMLD1 mutations in 46,XY DSD and the
in vivo function of MAMLD1.
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Wiz, LA L 163 E2 BRI L eT 2080 <,
ARz buyry - FurzsFo gk T
MO TIREBDTHY, FEISHT BT buy
VIR, BAZERS B EEL N, 72, 1/81
THMPEESEE I N, 1/4 K TEERELT
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IOy VRBABRETA RS54 "5 T,

BEEEE Vol.18 No.1 2012

12~15 EOMIC B2 B E 2 WX 2 buyrvd
BREPOBTABE L - 5 BIARER L, —&kH
BOBPULHER T B EIORIT & SETE V=9,
T FHEED ORAGRITET 5 2 LN TE 2R,
AR ARG, IROEAZRS A by Yy
RSHOMAZN S 570, M E2EELE 45
FIZLENLEEL T ORIV ERbR,

3k

1) Hibi, I, Tanae, A, Tanaka, T. Spontaneous puberty in
Turner syndrome : its incidehce, influence on final height
and endocrinological features. Turner syndrome : Growth
promoting therapies (Eds Ranke, M. B., Rosenfeld R. G.)
Excepta Medica pp75-81, 1991.

2) Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM,
Specker B, et al. Estrogen resistance caused by a mutation
in the estrogen-receptor gene in a man. N Engl J Med.
331 : 1056-1061, 1994,

3) Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin
K. Aromatase deficiency in male and female siblings
caused by a novel mutation and the physiological role of
estrogens. ] Clin Endocrinol Metab. 80 : 3689-3696, 1995.

4) Tanaka T, Horikawa R, Tanae A, Hibi I Final height in
girls with Turner syndrome after growth hormone
treatment ; Experience at National Children's Hospital.
Clin Pediatr Endocrinol 9 : 41-46, 2000.

5) Tanaka T, Horikawa R, Naiki Y, Yokoya S, Satoh M.
Prediction of pubertal growth at start of estrogen
replacement therapy in Turner syndrome. Clin Pedi:;tr
Endocrinol. 17 : 9~15, 2008. '

6) HRHE, RHR B, KEE— i BAR GH BRI
&% 58— T —ERBEOHRIR : 4 —F —ERH GH BR
HFE#FE (TRC) O 7 FEDBFHEER. HERERSMHE
17 : 9-15, 2011.

7) ERERE WA f, BAINEE, 4 ¥ —F—EERC
BUIDITA sy VREHN A F 74 Y. HERNRRIZESE
7% 112 : 1048-1050, 2008.

8) #iE F. CH-003 % ] MERAR—HEENNRE— B
PREEHE 12 - 3478-3495, 1996. ;

9) #iE H. CH-003 % [ HERABR—RIEWNRE— B
PRIZESE 12 : 34973534, 1996.

- 157 -

27



28

Effect of estrogen replacement therapy starting at a small dose using
estradiol patch on secondary sexual maturation and adult height
- ' in Turner syndrome

Toshiaki Tanaka”?, Yoshihiro Naiki?, Reiko Horikawa®

1) Taraka Growth Clinic
2) Division of Endocrinology & Metabolism, National Center for Child Health and Development

Abstract

We experienced five patients with Turner syndrome who had been treated with estrogen
replacement therapy starting at a small dose using estradiol (E2) patch between 12 and 15
years old according to “Guideline on estrogen replacement therapy in Turner syndrome” by
The Japanese chiety for Pediatric Endocrinology.

All patients received growth hormone (GH) treatment starting from 8.33 years at —3.02 SD
of height SD score till 15.82 years at —1.82 SD of height SD on average. Mean duration of GH
treatment was 7.5 years. Three patients received anabolic hormone (1 mg of stanazolol or 2.5
mg of methanolone).

All patients started estrogen replacement therapy with 1/8 sheet (0.09 mg) of E2 patch
every two days. Mean age and height at start of E2 patch were 13.5 years (12.5~14.3 years)
and 141.6 cm (139.1~149.2 cm), respectively. Slow maturation of breast development and
slow progression of bone age were observed with increasing dose of E2 patch to 1/4 sheet (0.18
mg) and to 1/2 sheet (0.36 mg). Patients experienced menarche at ages between 14 years 7
mohths and 18 years and 4 months. Four patients experienced menarche when they receive E2
patch at doses between 1/4 sheet and one sheet, whereas one patient experienced after cyclic
estrogen—progesterone treatment. It is suggested that individual has a different sensitivity of
uterus to estrogen and a different absorption rate of estradiol.

They reached their mean adult height of 149.3%2.5cm (146.2~152.5cm) 3to4 years after
starting E2 patch.

Estrogen replacement therapy starting at a small dose using E2 patch recommended by
guideline resulted in clinically satisfactory slow secondary sexual maturation and adult height.
There were no adverse events by E2 patch.

Key words : Turner syndrome, estradiol patch, secondary sexual character, adult height
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