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At 29 years of age, he came to us with his wife, because of infer-
tility despite an ordinary conjugal life for 2 years. His penile length
was 4.5 cm (age-matched normal: 9.0 + 1.0 cm), pubic hair devel-
opment at Tanner stage 4 (normal stage 4--5), and testis volume 10
mL bilaterally (normal 13-20 mL) (8-10). Wolffian structures
(epididymides and vasa deferentia) were apparently normal, and
there was no varicocele. Basal serum LH was 2.08 mIU/mL
(normal 1.8-5.2 mIU/mL) (11), FSH 6.98 mIU/mL (normal 2.9-
8.2 mIU/mL), T 6.56 ng/mL (normal 2.5-11.0 ng/mL), DHT 0.27
ng/mL (normal 0.23-0.85 ng/mL), and a T/DHT ratio 24.3 (normal
12 £ 3) (11, 12). His karyotype was 46, XY in all of the 50
lymphocytes examined. Therefore, he was diagnosed as having
Sa-reductase-2 deficiency.

To confirm the diagnosis, mutation analysis was performed for
SRDSA2, encoding steroid Sa-reductase-2. The present study was
approved by the Institutional Review Board Committee at the
National Center for Child Health and Development and was
performed after obtaining written informed consent. In brief, leuko-
cyte genomic DNA was amplified with the primers for all five exons
and their flanking splice sites of SRDSA2 by polymerase chain
reaction {(PCR), and the PCR products were subjected to direct
sequencing on a CEQ 8000 autosequencer (Beckman Coulter,
Fullerton, CA; the primer sequences are available on request).
Consequently, a homozygous p.R246Q missense mutation was
identified on exon 5 of the patient (Fig. 1). His parents were both het-
erozygous for this mutation. This mutation is predicted to create
a Ddel restriction site, and this was confirmed by Dded digestion

of the PCR. products harboring the mutation. The p.R246Q mutation .
was absent from 100 normal individuals. No sequence variation was -

identified in his wife. Furthermore, no discernible microdeletion
was detected for the AZFa, AZFb, and AZFc regions on the ¥

chromosome (13) after analyzing multiple loci, mciudmg RBMY ‘

and DAZ.

Subsequently, semem analysis was performed after 7 d‘ays of

abstinence. Semen volume was 0.3 mL (normal >2 mL), sperm
count 15 x 10%mL (normal >20 x 10%mL), total sperm count
4.5%10% (normal >40 x 10%), motile cells 17% {normal >350%),
and normal morphologic sperm 8% (normal >30%; Table 1) (13).
The couple selected ICSI after thorough cansultauan ‘A motile sper-

FIGURE 1

Mutational analysis of SRD5A2. The patient Is homozygous for the
p.R246Q missense mutation, and the pamnts are heterozygous for
the mutation.
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matozoa was microinjected into each of 20 mature (metaphase II)
oocytes that were obtained after ovarian stimulation with FSH.
Ten oocytes were fertilized and a single healthy-looking embryo
was transfered to the uterus on day 3. This resulted in a successful
production of a healthy 3.32 kg and 52.0 cm male infant at 41 weeks
of gestation.

DISCUSSION

This Japanese patient with Sa-reductase-2 deficiency had oligozoo-
spermia and achieved paternity by 1CSI. Because the p.R246Q
mutation identified in this patient has been shown to be a hypomor-
phic mutation by functional studies (14, 15), it would explain why he
had relatively mild clinical features, such as undermasculinized but
obviously male genital development, unequivocally male gender
role behavior, and a relatively low T/DHT ratio, It is likely that
the residual enzymatic activity led to oligozoospermia rather than
azoospermia, thereby permitting successful paternity by ICSL

To date, twelve 46,XY patients with Se-reductase-2 deficiency,
including’ the present case, have received semen analysis andfor
achieved paternity (Table 1) (4-7). They are invariably
homozygotes for hypomorphic missense mutation (cases 1-10) or
compound heterozygotes for hypomorphic missense mutations
(cases 11 and 12), and there is no report documenting semem
findings or paternity in patients with more severe mutations
(e.g., patients with nonsense mutations on both alleles). Tt is
assumed, therefore, that patients with residual activities have

usually been reared as male, whereas those with more severe

mutations have usually been raised as female.

- Spermatogenic function was variable among the 12 patients,
although external genitalia were invariably undermasculinized.
Indeed, even in the same pedigree, cases 3 and 5-10 had severely
impaired spermatogenesis, whereas case 2 had small semen volume
and high sperm concentration and fathered three children by intra-
uterine insemination and case 4 showed oligozoospermia (4, 5). In
addition, cases 11 and 12 retained fertility, although semen
analysis was not performed (6, 7). Furthermore, such variability in
spermatogenic function is apparently independent of the presence
or absence of cryptorchidism (Table 1). Such variability in
spermatogenic function, however, would not be unexpected,
because, in contrast to external genital formation that occurs in
the fetal life, spermatogenic function is inflaenced by multiple
genetic and environmental factors for a long time (>20 y). There-
fore, although residual enzymatic activities would have a certain
effect on spermatogenic function, prediction of spermatogenic func-
tion appears to be difficult in patients with Sa-reductase-2
deficiency.

Nevertheless, it is noteworthy that four patients with Se-reduc-

tase-2 deficiency, including the present case, achieved paternity
with and without artificial reproductive technology (5-7).
Recently, male gender assignment has been recommended for
46,XY patients with Sa-reductase-2 deficiency, primarily because
they tend to show male gender role behavior (16, 17). The reports
of successful paternity provide additional support for male gender
assignment in 46,XY patients with Sc-reductase-2 deficiency,
especially those with residual enzymatic activities.

When performing artificial reproductive techniques, including
ISCI, in patients with genetic disorders for male infertility, thor-
ough genetic counseling is required regarding the transmission
risk of genetic abnormalities. Indeed, vertical transmission
from father to son has been reported for a Yq deletion and an au-
tosomal dominant mutation affecting spermatogenesis (18, 19).
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h Sa-reductase-2 deficiency who received semem analysis and/or achieved paternity.
Genital findings Endocrine data Semen parameters
SRD5A2 External Testis vol,, DHT 8C T8C
Case no. Age(y) mutation genitalia R, L{ml) Tg/ml} (ne/ml) T/DHTratic Vol (mi) (%10%ml) (x10% MC{%} NM (%) Paternity
1 29  pR246Q(homo)  MPHY,RT(B) 10,10 6.58 27 24 03 15 45 17 .8 csl
o200 2000 pR24eW homo) MPLHY o 25,20 1100 0.29 38 Snas 321 48 58 o
S R 34 i . : 6.81 . 012 57 05 185 83 88 ND f-iU{
e L B A A 888 010 87 oS 85 38 - 8 - ND- W
24 p;5246W{hcmo} HY ,,;'14,'15 7.83 0.25 31 .08 2 A 0 i < A
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: 2,41 ‘, pRQéﬁW s}y;éé:};:)}f CHY e Gk 8.18 - 0,17 48 o1 <t <’§ (s 0 <1
22 pR246W(omo) HY 1512 104 o8t 20 10 . 0 0O 6 0
o 30 pﬂQé&W{hﬁmo} HY,GO{U) Ni}' 10.51 017 o820 <005 <t g Rt i 4
24 pR246W(homo)  HY,COU) 1512 1051 0.18 B85 D0 ] 0
20  p-R246W (homo) H‘{, F{T(B) ot0.8 0 881 0238 87 b2 o 0. St 0 SRR RN
28" pH231R/P.G196S  MP,HY,CO  NA 8.93 0.19 47  ND  UND  ND ND  ND  Natural
22°  pH231R/(p.G196S MP,HY,CO -~ NA 2.7 ND ND 0 UND O UND O ND . ND 'ND  Natural -
o T SR s S 2.5-11.0  0.23-~0.85 12+£3 =2 : =20 S »40 >50 >30 R
e o an-oan (2 (13) 1y 13y (18 (19
Note: Case 1 is the present case, cases 210 are derived from a large pedigree (4, 5), and cases 11 and 12 are brothers (8, 7). All of the cases received surgical repair and/or testosterone treatment for
undermasculinized external genitalia. B = bilateral; CO = cryptorchidism; DHT = dihydrotestosterone; HY = hypospadias; ICSI = Infracytoplasmic sperm injection; Ul = intrauterine insemination; L = left;
MC = motile cells; MP = micropenis; ND = not determined; NM = normal marphology; R = right; RT = retractile testis; 5C = sperm count; T = testosterone; TSC = total sperm count; U = unilateral.
2 Endacrine data were obtained at 16 years of age.
® Endocrine data were obtained at 14 years of age.
Matsubara. ICSI and steroid So-reductase-2 deficiency. Fertil Steril 2010,
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For an autosomal
heterozygous for the corresponding genes, half of children
should have biallelic mutations for male infertility. Thus, we
performed SRDS5A2 analysis in his wife to examine a possible

recessive  disease,

transmission risk.

| REFERENCES

L.

. Nordenskjold A,

Wilson JD, Griffin JE, Russel DW. Steroid 5a-
reductase 2 deficiency. Endocr Rev 1993;14:577-93.

. Russel DW, Wilson JD. Steroid Sa-reductase two

genes/two enzymes. Annu Rev Biochem 1994;63:
25-61.

. Imperato-McGinley J, Gautier T, Zirinsky K, Hom T,

Palomo O, Stein E, et al. Prostate visualization
studies in male homozygous and heterozygous for
Sa-reductase deficiency. J Clin Endocrinol Metab
1992;75:1022-6.

. Cai LQ, Fratianni AM, Gautier T, Imperato-

McGinley J. Dihydrotestosterone regulation of
semen in male pseudohermaphrodites with Sa-
reductase deficiency. J Clin Endocrinol Metab
1994;79:409--14.

. Katz MD, Kligman 1, Cai LQ, Zhu YS, Fratianni AM,

Zervoudakis I, et al. Paternity by intrauterine
insemination with sperm from a man withSa-
reductase-2 deficiency. N Engl | Med 1997:336:
9947,

SA.  Molecular
characterization of Sa-reductase type 2 deficiency
and fertility in a Swedish family. J Clin Endocrinol
Metab 1998;83:3236-8.

Ivarsson

Matsubara et al.

if a

oo

11,

14.

spouse were

. Ivarsson SA. 5a-Reductase deficient men are fertile.

Eur J Pediatr 1996;155:435.

. Fujieda K, Matsuura N. Growth and maturation in the

male genitalia from birth to adolescence II: change of
penile length. Acta Paediatr Jpn 1987;29:220-3.

. Matsuo N. Skeletal and sexual maturation in Japanese

children. Clin Pediatr Endocrinol 1993;(2 Suppl):
1-4.

. Matsuo N, Anzo M, Sato S, Ogata T, Kamimaki T.

Testicular volume in Japanese boys to the age of 15
years. Eur J Pediatr 2000;159:843--5.

Japan  Public Health Association. Normal
biochemical values in Japanese children. Tokyo:
Sanko Press, 1996.

. Imperato-McGinley J, Peterson RE, Gautier T,

Cooper G, Danner R, Arthur A, et al. Hormonal
evaluation of large kindred with complete androgen
insensitivity: evidence for secondary So-reductase
deficiency. J Clin Endocrinol Metab 1982;54:931-41.

. Wein AlJ, Kavoussi LR, Novick AC, Partin AW,

Peters CA, eds. Campbell-Walsh urology. 9th ed.
Philadelphia: Saunders, 2006.

Wigley WC, Prihoda 1S, Mowszowicz |,
Mendonca BB, New MI, Wilson JD, et al. Natural

ICSI and steroid 5a-reductase-2 deficiency

15.

. Sato N, Hasegawa T, Hori

In summary, we observed successful paternity by ISCI in a male
patient with molecularly confirmed Sa-reductase-2 deficiency and
oligozoospermia. Further studies in various aspects, including sper-
matogenic function, will permit to set forth better management strat-
egies in this condition.

mutagenesis study of the human steroid Sa-

reductase 2 isozyme. Biochemistry 1994;33:
1265-70.
Thigpen AE, Davis DL, Milatovich A,

Mendonca BB, Imperato-McGinley J, Griffin JE,
et al. Molecular genetics of steroid Sa-reductase 2
deficiency. J Clin Invest 1992;90:799-809.

. Wilson JD. The role of androgen in male gender role

behavior. Endocr Rev 1999;20:726-37.

. Lee PA, Houk CP, Ahmed SF, Hughes 1A, Inter-

national Consensus Conference on Intersex orga-
nized by the Lawson Wilkins Pediatric
Endocrine Society and the European Society for
Paediatric Endocrinology. Consensus statement
on management of intersex disorders. J Pediatr
2006;118:e488-500.

. Hargreave TB. Genetics and male infertility. Curr

Opin Obstet Gynecol 2000;207-19.

N, Fukami M,
Yoshimura Y, Ogata T. Gonadotrophin therapy in
Kallmann syndrome caused by heterozygous
mutation of the gene for fibroblast growth factor
receptor 1: report of three families: case report.
Hum Reprod 2005;20:2173-8.

Vol. [, No. @, @ 2010

SCO 5.0 DTD @ FNS25594_proof ® 11 May 2010 ® 8:18 pm B ce E

....38_

43

44

44
45
45
45
45
45
45
45



457
458
459

461
462
463
464
465
466
467

1 Semen analysis and successful paternity by
intracytoplasmic sperm injection in a man with
sterold So-reductase-2 deficioncy

K. Matsubara, H. lwamoto, A. Yoshida, and T. Ogata
Tokyo, Japan

Successful paternity was achieved by intracyto-
plasmic sperm injection in a male patient with
molecularly confirmed Sa-reductase-2 deficiency
and oligozoospermia.
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Mamld7 Knockdown Reduces Testosterone Production
and CypT77al Expression in Mouse Leydig Tumor Cells
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Abstract

Background: MAMLDT is known to be a causative gene for hypospadias. Although previous studies. have indicated that
MAMLD1 mutations result in hypospadias primarily because of compromised testosterone production around the critical
period for fetal sex development, the underlying mechanism(s) remains to be darified, Furthermore, although functional
stuclies have indicated a transactivation function of MAMLDT for the non-canonical Notch target Hes3, its relevance to
testosterone production remains unknown, To examine these matters, we performed Mamid1 knockdown experiments.

Methodology/Principal Findings: Mamid1 knockdown was performed with two siRNAs, using mouse Leydig tumor cells
(MLTCs). Mamidi knockdown did not influence the concentrations of pregnenolone and progesterone but significantly
reduced those of 17-OH pregnenolone, 17-OH progesterone, dehydroeplandrosterone, androstenedione, and testosterone
in the culture media. Furthermore, Mamlid? knockdown significantly decreased Cyp17aT expression, but did not affect
expressions of other genes involved in testosterone biosynthesis as well as in insulin-like 3 production. Hes3 expression was
not significantly altered. In addition, while 47 genes were significantly up-regulated (fold change >2.0x) and 38 genes were
significantly down-regulated (fold change <0.5x), none of them was known to be involved in testosterone production. Cell
proliferation analysis revealed no evidence for compromised proliferation of siRNA-transfected MLTCs,

Conclusions/Significance: The results, in conjunction with the previous data, imply that Mamld! enhances Cypl7al
expression primarily in Leydig cells and permit to produce a sufficient amount of testosterone for male sex development,
independently of the Hes3-related non-canonical Notch signaling.
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Introduction

MAMLDI (mastermind-like domain containing 1, alias CXorf6) on
human chromosome Xq28 is a causative gene for hypospadias, a
mild form of 46,XY disorders of sex development (DSD) [1]. To date,
multiple mutations have been identified in patients with various types
of hypospadias [1-3]. In this regard, the mousc homologous genc
Mamldl is transiently cxpressed in fetal Sertoli and Leydig cells
around the critical period for sex development [1], and transicnt
Mamld] knockdown using small interfering RNAs (siRINAs) reduces
testosterone (T) production in cultured mousc Leydig tumor cells
(MLTCs) [4]. Furthermore, the upstrcam region of MAMILDI/
Mamld1 harbors a putative binding site “CCAAGGTCA” for NR5A1
(alias, SI-1 and AD4BP) [4] that rcgulates the transcription of a vast
array of genes involved in sex development [5], and NR5A] protein
has been shown to bind to the putative target sitc and cxert a
transactivation function for Mamidl [4]. These findings imply that
MAMIDI1/Mamidl is involved in fctal T production under the
rcgulation of NR5SAI, and that MAMLD] mutations result in
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hypospadias primarily because of compromised T production around
the critical period for sex development.

However, the underlying mecchanism(s) by which impaired
MAMLEDI/ MamidI leads to compromised T production remains to
be clarified, although there are several possibilitics such as defective
activitics of enzymef(s) involved in T production and compromised
proliferation of Leydig cells. Furthermore, although previous
functional studies have indicated that MAMLDI has a transactivation
function for the non-canonical Notch target Hes3 [4], its relevance to
biological function including T production remains unknown. To
cxamine these matters, we performed detailed analyses in Mamidl
knockdown experiments using MLTCs.

Methods
Knockdown experiments

MLTCs (ATCC, CRL-2065"™) were maintained in RPMI
1640 supplemented with 10% fctal bovine serum, and werc
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transiently transfected with two siRNAs, ie., siRNAL (sense:
GCUUCCAGUUCAGAUGCCATT; and anti-sense: UGG-
CAUCUGAACUGGAAGCTT) and siRNA2 (scnse: GGAA-
CUAACCAAAAUUCAATT; and anti-sense: UUGAAUUUUG-
GUUAGUUCCTC) or with non-targeting control RNA (4611G)
(final concentration 20 nM), using Lipofectamine RNAIMAX
(Life Technologics). Relative amount of endogenous Mamld]
mRNA against BZm (f2-microglobulin) was determined by the
TagMan real-time PCR method using the probe-primer mix on
ABL  PRISM 7000 (Life  Technologies) (Assay No.:
Mm01293665_m1 for Mamldl; and Mm00437762_ml for B2m).

Steroid metabolite measurements

MLTCs are known to have the capacity to produce T primarily
via A'-pathway, although the amount of T’ production remains
small primarily because of low 17a-hydroxylase and Hsd17b3
activities [6]. MLTCs are also known to retain responsiveness to
human chorionic gonadotropin (hCG) [6-8]. Thus, afier 48 hours
of incubation of transfected MLTCs in 12-well plates with 1 ml of
culture medium (an initial cell count: 1x10° cells/well), hCG
(Mochida Pharmaceutical) was added to the media at a final
concentration of 50 TU/L, and the culture media were obtained at
onc hour after the additon of hCG. Subsequently, steroid
metabolites in the T production pathway were measured by the
liquid chromatography-tanderm  mass  spectrometry  (ASKA
Pharma Medical). This experiment was performed three times.

Gene expression analyses

Real-time reverse transcriptase (RT)-PCR and microarray
analyses were performed using total RNA extracted from MLTCs
that were harvested at the time of steroid metabolite measure-
ments. For real-time RT-PCR analysis, 1 pg of total RNA was
examined for relative mRINA dosage against B2m by the TagMan
Gene Expression Assay on ABI PRISM 7000 (Assay No.:
Mm00446826_m 1 for Nral ($f7); Mm00441558_m1 for Star
Mm00490735_m1 for Gypllal; Mm01261921_mH for Hsd3b1,
and Mm00484040_m1 for Gypl7al). In addition to the genes for
steroidogenic enzymes involved in T blosynthesis, we also studied
Insl3 (Mm01340353_ml) for gubernacular development that is
expressed in Leydig cells [9,10]. This experiment was repeated
three times. For microarray analysis, 300 ng of total RNA was
converted into ¢cRNA associated with Cyanine-3 labeled CTP
using RNA Spike-In Kit and Quick Amp Labeling Kit, and was
subjected to hybridization on Whole Mouse Genome Oligo
Microarray in triplicate (4x44 K G4122TF) (Agilent Technolo-
gies). Subsequently, fluorescent signals were detected by Agilent
Scanner, and were analyzed by GeneSpring GX 10 (Tomy Digital
Biology). The microarray data have been deposited in NCBI’s
Gene Expression Omnibus and arc accessible through GEO
serics accession number GSE26913 (http://www.ncbinlm.nih.
gov/geo/ query/acc.cgitacc=GSE26913). All data is MIAME
compliant and the raw data has been deposited in a MIAME
compliant databasc (GEO), as detailed on the MGED Society
website  (http://www.mged.org/ Workgroups/ MIAME/miame.
html).

Cell proliferation assays

The number of viable MLTCs transfected with two siRNAs or
with non-targeting RNA was calculated by the colorimetric
method [11,12], using CellTiter 96 AQucous One Solution Cell
Proliferation Assay (Promega). The detailed procedure has been
described in the manufacturer’s protocol. In brief, ML TCs were
cultured in 96-well plates (an initial cell count: 1x10* cells/well),
and the cell number was determined every 24 hours by measuring
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the absorbance on a plate reader (Molecular Device) at 490 nm.
This method is based on a positive correlation between the
number of viable cells and the absorbance until the cells become
confluent, and our preliminary studies showed a good correlation
until the absorbance of ~2.0 (~6x107 cells/well) (Figure S1). This
experiment was performed three times.

Statistical analysis
Statistical significance was examined by Student’s test or by
Mann-Whitney’s U-test. P<0.05 was considered significant.

Results

Steroid metabolite measurements

The mean steroid metabolite concentrations are shown in
Figure 1, together with the mean endogenous Mamldl mRNA
levels that were markedly reduced in both siRNAT- and siRINA2-
transfected MLTCs at the time of steroid metabolite measure-
ments. The concentrations of pregnenolone and progesterone
remaincd comparable between the culture media with siRINA-
transfected MILTCs and those with non-targeted MUTCs, whereas
the concentrations of 17-OH pregnenolone, 17-OH progesterone,
dehydroepiandrosterone, androstenedione, and T were signifi-
cantly lower in the culture media with siRNA-transfected MLTCs
than in those with non-targeted MLTCs. Furthermore, compar-
ison of the steroid metabolite concentrations in the media with
non-targeted MLTCs confirmed revealed the A*-pathway dom-
inant T production, markedly low 170-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 Mamld] knockdown further reduced 17a-hydroxy-
lase activity that was originally low in MLTCs.

Gene expression analyses

Real-time RT-PCR and microarray analyses showed signifi-
cantly decreased Cypl7al expression (~70%) in both siRNA1- and
siRNAZ-transfected MLTCs (Figure 2). Although Gypllal and
Hsd3b1 expressions were found to be reduced in siRNAI-
transfected MLTCs by rcal-ime RT-PCR and microarray
analyses respectively, such reduced activities were not reproduced
in siRINA2-transfected MLTCs. The siRNAs knockdown did not
alfect the expressions of Mdal ($f1), Star, Por, and Insi3. The
assessment of /1sb17b3 was impossible, because of its extremely low
CXpression.

In addition, 47 genes including a Notch-related gene Heyl were
significantly up-regulated (fold change >2.0x) and 38 genes were
significantly down-regulated (fold change <0.5X%) in both siRNA1-
and siRNA2-transfected MLTCs (Table S1 and Table S2).
However, Mamid! knockdown had no discernible effect on the
Hes3 expression level (siRNAT: fold change 0.92, P=0.80; siRNA2:
fold change 1.43, P=0.35). The microarray data have been
deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO series accession number GSE26913 (http://www.
ncbinlm.nih.gov/geo/query/acc.cgitacc = GSE26913).

Cell proliferation assays

The results are shown in Figure 3. The mean endogenous
Mamld] mRINA levels were sufliciently suppressed for 120 hours in
both siRNAI- and siRNA2-transfected MLTCs. Under this
condition, the absorbance values for the siRNA-targeted and
non-targeted MLTCs showed a roughly linear increase until
72 hours (absorbance ~2.0). In this lincar proliferative phase,
although the absorbance values were significantly decreased in
siRNA2-treated MLTCs at 24 and 48 hours after the transfection,
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Figure 1. Steroid metabolite concentrations. A. Steroid metabolic pathway from cholesterol to testosterone and enzymes involved in each
conversion. Pregnenolone, 17-OH pregnenolone, and DHEA (dehydroepiandrosterone) are A*-steroid metabolites (A*-pathway), and progesterone,
17-OH progesterone, and androstenedione are A®-steroid metabolites (A>-pathway). Hsd3b1 also functions as A® * isomerase. B. Steroid metabolite
concentrations in culture media and endogenous Mamld1 expression levels in MLTCs. The yellow, the green, and the blue bars indicate the data
obtained from MLTCs transfected with non-targeting RNA, siRNA1, and siRNA2, respectively. ¥: P<0.01; and I: P<0.001. The conversion factor to the
St unit: cholesterol 0.026 (mmol/L), pregnenolone 3.16 (nmol/L), progesterone 3.18 (nmol/L), 17-OH pregnenolone 3.00 (pmol/L), 17-OH progesterone
3.03 (nmol/L), DHEA 3.46 (pmol/L), androstenedione 3.49 (nmol/L), and testosterone 3.46 (nmol/L).
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this was not reproduced in siRNAI-transfected MLTCs. After
72 hours of incubation, the MLTCs became confluent, and the
absorbance values became a platcau phasc around ~2.0. In this
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Figure 2. Gene expression analysis. The yellow, the green, and the
blue bars indicate the data obtained from MLTCs transfected with non-
targeting RNA, siRNAT1, and siRNA2, respectively. *: P<0.05; : P<0.0%;
and I: P<0.001. A. Real-time RT-PCR analysis. B. Microarray analysis.
doi:10.1371/journal.pone.0019123.g002
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plateau phase, although the absorbance values at 96 hours after
the transfection were significantly low in both siRNAI- and
siRNA2-treated MLTCs, this was not reproduced at 120 hours
after the transfection.

Discussion

Mamld] knockdown with two siRINAs resulted in compromised
T production, together with reduced 17a-hydroxylase activity and
Cypl7al expression in MLTCs. This provides further support for a
positive role of Mamld! in T production [4], and implies for the
first time a possible interaction between Mamld! and Cypl7al, at
least in MLTGs. In this regard, it is notcworthy that Mamidl is
clearly expressed in fetal Leydig and Scrtoli cells and is barely
expressed in adrenal cells [1,13], and that Cypl7al cxpression is
indispensable for T production in Leydig cells [14]. Thus, it
appears likcly that Mamid]l enhances Cypl7al cxpression primarily
in Leydig cells, permitting the production of a sufficicnt amount of
T for male sex development. In addition, since the expressions of
other genes involved in T production and insulin-like 3
biosynthesis were not clearly affected in siRNA-transfeeted
MLTGs, this would arguc against the possibility that Mamld!
knockdown causcs a global dysfunction of MLTCs, resulting in T
hyposeccretion.
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¥ P<0.05; and }: P<<0.001. A. Endogenous Mamld1 expression levels. B.
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However, a straightforward explanation appears to be difficult
between impaired 17a-hydroxylase activity and reduced Cypl7al
expression. Indeed, 17/20 lyasc activity was well preserved in
siRNA-transfected MLTCs, although the same Cypl7al enzyme
is utilized for both17a-hydroxylase and 17/20 lyase reactions [14].
In addition, defective 170-hydroxylase activity occurred in the
presence of ~70% of Gypl7al expression, despite 17a-hydroxylase
deficicncy being an autosomal recessive disease in which 50% of
cnzyme reduction has no major effect on the steroid metabolism
[14]. In this context, it is notable that MLTCs originally have a
markedly low 170-hydroxylase activity and a well preserved 17/20
lyase activity for both A*- and A’-pathways (Figure 1) [6]. Such a
unique property of MLTCs may be relevant to the preferential
impairment of 17a-hydroxylasc activity in siRNA-transfected
MLTCs.

Mamldl knockdown had no discernible effect on the Hes3
expression. In addition, while a Notch-related gene Hey! [15-17)
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was up-regulated in siRNA-transfected MLTCs, there are no data
suggesting a possible interaction between Hes3 and Heyl in the T
production process. Furthermore, while Hes3 is weakly expressed
in the MLTCs [4], Hes3 expression is apparently absent from
mouse fetal gonads around the critical period for sex development
[18]. Thus, it is unlikely that Hes3-related non-canonical Notch
signaling underlies a link between Mamldl and Cypl7al. In
addition, while microarray analysis revealed multiple up-regulated
and down-regulated genes in siRNA-transfected MLTCs, none of
them is known to be involved in the T production at present. It
remains to be clarified, therefore, how Mamld] enhances Cypl 7al
expression and T production.

The cell proliferation analysis revealed no clear evidence for the
reduced number of viable MLTCs transfected with siRNAs. This
implies that the reduced T and several other steroid metabolite
concentrations obscrved at 48 hours after the transfection
(Figure 1) are inexplicable by impaired proliferation of MLTCs.
However, since the cell doubling time of MLTCs is 35-40 hours
[8], a slight difference in cell proliferation would not be detected
by the present analysis. Thus, it might remain tenable at this time
that impaired cell proliferation becomes discernible after multiple
cell divisions, and that such a possibly reduced cell proliferation
underlies the development of hypospadias phenotype in patients
with MAMLDI mutations, in addition to compromised T
production in Leydig cells.

In summary, the present study implies that Mamld/ enhances
Gypl7al expression primarily in Leydig cells and permit to
produce a sufficient amount of T for male sex development,
independently of the Hes3-related non-canonical Notch signaling.
Although the data were obtained from in witro studies using
MLTGs, they provides a useful clue to clarify the underlying
factors for the development of hypospadias and other forms of
46,XY DSD.
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Figure 81 Cell proliferation assay by the colorimetric
method, using non-transfected MLTCs. The absorbance
value is well correlated with cell number until the absorbance
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Proximal Promoter of the Cytochrome P450
Oxidoreductase Gene: Identification of
Microdeletions Involving the Untranslated Exon 1
and Critical Function of the SP1 Binding Sites
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Context: POR (cytochrome P450 oxidoreductase) is a ubiquitously expressed gene encoding an
electron donor to all microsomal P450 enzymes and several non-P450 enzymes. POR mutations
cause an autosomal recessive disorder characterized by skeletal dysplasia, adrenal dysfunction, and
disorders of sex development. Although recent studies have indicated the presence of a CpG-rich
region characteristic of housekeeping genes around the untranslated exon 1 (exon 1U) and a tropic
effect of thyroid hormone on POR expression via thyroid hormone receptor-8, detailed regulatory
mechanisms for the POR expression remain to be clarified.

Objective: Our objective was to report a pivotal element of the proximal promoter of POR.

Results: We first studied three patients (cases 1-3) with POR deficiency due to compound heterozy-
gosity with an p.R457H mutation and transcription failure of an apparently normal allele, by
oligoarray comparative genomic hybridization and serial direct sequencing of the deletion fusion
points. Consequently, a 2,487-bp microdeletion involving exon 1U was identified in case 1 and an
identical 49,604-bp deletion involving exon 1U and exon 1 was found in cases 2 and 3. We next
analyzed the 2,487-bp region commonly deleted in cases 1-3 by in silico analysis, DNA binding
analysis, luciferase assays, and methylation analysis. The results showed a critical function of the
evolutionally conserved SP1 binding sites just upstream of exon 1U, especially the binding site at
the position —26/-17, in the transcription of POR.

Conclusions: The results suggest that the SP1 binding sites constitute an essential element of the
POR proximal promoter. (J Clin Endocrinol Metab 96: E1881-E1887, 2011)

ytochrome P450 (CYP) oxidoreductase (POR) defi-
ciency (PORD) is a rare autosomal recessive disorder
caused by mutations in the gene encoding a flavoprotein
that functions as an electron donor to all microsomal P450
enzymes and several non-P450 enzymes (1-3). Salient clin-
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ical features of PORD include skeletal dysplasia referred
to as Antley-Bixler syndrome, adrenal dysfunction, 46,XY
and 46,XX disorders of sex development (DSD), and ma-
ternal virilization during pregnancy (1-4). Such features
are primarily explained by impaired activities of POR-
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Abbreviations: CGH, Comparative genomic hybridization; CYP, cytochrome P450; DSD,
disorders of sex development; exon 1U, untranslated exon 1; HEK, human embryonic
kidney; POR, CYP oxidoreductase; PORD, POR deficiency; SL.2, Schneider line 2.
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dependent CYP51A1 and squalene epoxidase involved in
cholesterologenesis and CYP17A1, CYP21A2, and CYP-
19A1 involved in steroidogenesis (1-4). Anorectal and
urinary anomalies are also occasionally observed in
PORD, probably due to decreased activity of CYP26 rel-
evant to retinoic acid metabolism (5). The complete ab-
sence of POR activity is assumed to be lethal (4), and
consistent with this, all the patients identified to date have
at least one missense mutation that is likely to preserve
some residual activity (1, 2, 6, 7). In addition, heterozy-
gosity with one apparently normal allele has been reported
in approximately 12% of PORD patients (4).

The POR/Por gene is transcribed ubiquitously with
more or less variable expression levels among different
tissues (8, 9). Consistent with the ubiquitous expression
pattern, rat Por is known to be associated with a CpG-rich
region (CpG islands) (9) characteristic of housekeeping
genes (10). Similarly, human POR consists of a single un-
translated exon 1 (exon 1U) and coding exons 1-15, and
the region around exon 1U harbors a CpG-rich region
(11). In addition, the SP1 binding sites as a potential prox-
imal promoter element reside in the CpG-rich region of rat
Por (9), whereas they have not yet been reported in the
CpGe-rich region of human POR. Furthermore, Tee et al.
(12) have recently studied the approximately 300-bp

J Clin Endocrinol Metab, November 2011, 96(11).E1881-E1887

proximal promoter region just upstream of exon 1U of
human POR, showing that thyroid hormone exerts a ma-
jor trophic effect on POR expression primarily via thyroid
hormone receptor-B, with thyroid hormone receptor-a,
estrogen receptor-a, Smad3, and Smad4 exerting lesser
modulatory effects. However, the detailed regulatory
mechanisms for the transcription of human POR remain
to be clarified.

Here, we report two types of microdeletions, one in-
volving exon 1U alone and the other involving exon 1U
and exon 1, in patients with PORD and suggest a pivotal
role of the SP1 binding sites in the transcriptional regula-
tion of POR. The results, in conjunction with the previous
data (12), provide significant progress in the clarification
of the regulatory machinery for the expression of POR.

Patients and Methods

Patients

We examined three nonconsanguineous patients {case 1 with
46,XY and cases 2 and 3 with 46,XX) reported in our previous
paper describing 35 patients with PORD (7); cases 1, 2, and 3 in
this report correspond to cases 18, 26, and 27 in the previous
paper, respectively. Cases 1-3 manifested Antley-Bixler syn-
drome-compatible skeletal features, adrenal dysfunction with

E1 5‘2 53—14 E15

47 bp insertion Alu element
fx{;C A i GG { CA%I‘GGCMMCACCI&TC TOTACAARARBAATTTICT CTACAG TT G GUCCT CG CAG
; Y LAl -
/ \f\{\ L ”A\!”‘f‘\‘f HANV %f M Siifx,m T T . LN WL
E1U E1 E2 E3-14 E15
: B {

CAGBREEATTEUTTGAGC GTTCAAGACCAG
N RA oA |
i AR A {
A ‘N(” j \llf L e i“f\- .

Alu element CAGGRGEATTGCTTCAGCE

GATTGCTIGAGCCAGGAGTTCARGACCAG Alu element
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FIG. 1. Identification and characterization of the microdeletions in case 1 (panel A) and cases 2 and 3 (panel B) by CGH analysis and direct
sequencing of the deletion junctions. The position of POR exons (E1U-E15) is shown on the CGH findings; the black and white boxes denote the
coding regions and the untranslated regions, respectively. In the CGH resuits, the black and green dots denote signals indicative of the normal and
the decreased (<—0.5) copy numbers, respectively. In the direct sequencing findings, the 47-bp segment inserted into the fusion point in case 1 is
highlighted with light yellow, and the 13-bp overlapping sequence at the fusion point in cases 2 and 3 is highlighted with light blue. The Alu

elements are indicated with light blue bars.
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drastically compromised cortisol response to ACTH stimula-
tion, and DSD (bilateral cryptorchidism in case 1, partial labial
fusion in case 2, and mild clitoromegaly in case 3). Cases 2 and
3 also experienced adrenal crisis, whereas maternal virilization
during pregnancy was not identified in cases 1-3. In addition,
case 2 had right vesicoureteral reflux, and case 3 manifested
imperforated anus. In cases 1--3, direct sequencing for leukocyte
genomic DNA indicated apparent heterozygosity for the Japa-
nese founder mutation p.R457H, and that for leukocyte cDNA
demonstrated transcription failure of an apparently normal al-
lele (7). Thus, although cases 1-3 were found to have compound
heterozygosity for p.R457H and transcription failure, the cause
of transcription failure remained to be clarified.

Primer and probe

The primers and probes used in the present study are shown
in Supplemental Table 1 (published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org).

Genome structure analysis

Oligoarray comparative genomic hybridization (CGH) was
performed for leukocyte genomic DNA, using a custom-build
oligo-microarray containing 39,169 probes for an approxi-
mately 8-Mb region around POR and 26,662 reference probes
for a different genomic interval (2x105K format, design ID
022431) (Agilent Technologies, Palo Alto, CA). The procedure

A 1 78
B POR Exon 1U (78 bp)
+356

jcem.endojournals.org E1883

was as described in the manufacturer’s instructions. To deter-
mine the deletion size and the junction structure, serial direct
sequencing was performed for long PCR products obtained with
primer pairs flanking the deleted region, and the obtained junc-
tion sequence was compared with the reference sequence at the
NCBI Database (NT_007933.15). The presence or absence of
repeat sequences around the breakpoints was examined with
Repeatmasker (http://www.repeatmasker.org).

In sifico analysis

In silico analysis was performed for CpG islands, evolution-
ally conserved sequences, and promoter-associated histone
marks, using UCSC genome browser (http://genome.ucsc.edu/).
Putative transcription factor binding sites were searched by
TFSEARCH (http://mbs.cbre.jp/research/db/TFSEARCH.html).
In addition, because animal Por has been well studied in rats (9),
conservation status of identified sites was examined using rat data.
The transcription start site of POR exon 1U (+1) was determined
on the basis of the POR ¢<DNA sequence (NM_000941) obtained
from the NCBI database.

Luciferase assays

A series of promoter-reporter constructs were generated by
inserting PCR-amplified DNA fragments into PGL3-enhancer
vector or pGL3-basic vector (Promega, Madison, WI). Deletion
mutants were created by site-directed mutagenesis. Transient trans-
fection was carried out using human embry-
onic kidney (HEK) 293 cells with endogenous
SP families, because of their stable transfec-
tion efficiency and usefulness in iz vitro func-
tional studies for SP1 binding sites (13). HEK

Conservation |, .
H3K4me3|
H3Kgac[™
HaK2ac|
Pol 2

293 cells were cultured in DMEM at 37 G,
seeded in 12-well dishes, and transfected us-
ing Lipofectamine 2000 (Life Technologies,
Carlsbad, CA) with 0.6 ug of the reporter
plasmids. As an internal control for the trans-

B

fection, 20 ng pRL-CMV vector (Promega)
was used. In addition, transient transfection
was also performed using Drosophila Sch-
neider line 2 (SL2) cells (CRL-1963; Ameri-
can Type Culture Collection, Manassas, VA)
that lack endogenous SP families. SL2 cells
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FIG. 2. Localization of the promoter region to a 178-bp segment just upstream of exon 1U.
Panel A, In silico analysis in search of the promoter-compatible sequences. The transcription
start site of POR exon 1U (+1) is based on the POR cDNA sequence at the NCBI database
(NM_000941). The CpG-rich region spans from —454 to +356 bp. The ENCODE histone
modification analysis indicates the presence of a highly conserved promoter-compatible
sequence just upstream of exon 1U. The fragments A-F denote the DNA sequences used for
the luciferase assays. Panel B, Luciferase reporter assays using the fragments A-F. The results
are expressed as fold-change of the target vectors over the empty pGL3 enhancer vector
(mean = sem). Transfections were performed in triplicate within a single experiment, and the
experiments were repeated three times. Although the increase in the relative luciferase
activity is significant for fragment A (92.6 = 5.2, P = 0.0006), fragment B (101.6 + 5.8, P =
0.0006), fragment C (106.0 = 5.5, P = 0.0004), fragment D (137.7 + 29.0, P = 0.0009),
and fragment E (131.3 = 13.4, P = 0.0006), it is not significant for fragment F (2.6 + 1.1,

P = 0.25).

were grown in Schneider’s medium at 25 C,
seeded in six-well dishes, and transfected us-
ing calcium phosphate (14) with 1.0 ug of the
reporter plasmid and a total of 50 ng of var-
ious combinations of the SP1 expression vec-
tor (pPAC-SP1) and an empty pPAC vector,
as well as 50 ng of the SP3 expression vector
(pPAC-SP3). As an internal control for the
transfection, 50 ng pPAC-B-galactosidase
vector was used. For both experiments using
HEK 293 cells and SL2 cells, luciferase activ-
ities were determined at 48 h after the
transfections.

Transfections were performed in tripli-
cate within a single experiment, and the
experiments were repeated three times.
The results are expressed as mean * SEm,
and statistical significance was examined
by the ¢ test. P < 0.05 was considered
significant.
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DNA binding analysis

EMSA was performed as described previously (15). In brief,
10 pg of nuclear extracts of HEK 293 cells were incubated with
32P-labeled oligonucleotides and unlabeled polydeoxyinos-
inic-deoxycytidylic acids and subjected to polyacrylamide gel
electrophoresis (4%). For a competition experiment, a 200-
fold molar excess of unlabeled competitor DNA was added.
Supershift assay was performed by preincubating the nuclear
extracts with anti-SP1 antisera (PEP2) and/or anti-SP3 antisera
(D-20) (Santa Cruz Biotechnology, Santa Cruz, CA).

Methylation analysis

Bisulfite sequencing was performed for human leukocyte-
and HEK 293-derived genomic DNA samples treated with the
EZ DNA Methylation Kit (Zymo Research, Orange, CA) that
converts all the cytosines except for methylated cytosines at the
CpG dinucleotides into uracils and subsequently thymines. A
282-bp CpG-rich region containing SP1 binding sites just up-
stream of exon 1U was amplified with primer sets that hybridize
to both methylated and unmethylated alleles because of absent
CpG dinucleotides within the primer sequences. Subsequently,

J Clin Endocrinol Metab, November 2011, 96(11):E1881-E1887

the PCR products were subcloned with the TOPO TA Cloning
Kit (Life Technologies), and multiple clones were subjected to

direct sequencing on the CEQ 8000 autosequencer {(Beckman
Coulter, Fullerton, CA).

Results

Identification and characterization of
microdeletions in cases 1-3

Oligoarray CGH analysis indicated cryptic heterozy-
gous deletions in cases 1-3 (Fig. 1). Furthermore, sequenc-
ing of the long PCR products harboring the fusion points
revealed a 2,487-bp microdeletion (13,575,403-13,
577,889 bp) encompassing exon 1U in case 1 and an iden-
tical 49,604-bp deletion (13,571,326-13,620,929 bp) in-
volving exon 1U and exon 1 in cases 2 and 3. Thus, the
2,487-bp microdeletion on the noncoding upstream re-
gion was common to cases 1-3. The microdeletion in case
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FIG. 3. Functional studies of the SP1 binding sites. Panel A, The three potential SP1 binding sites 1-3 at the position just upstream of exon 1U.
The transcription start site of POR exon 1U (+1) is based on the POR cDNA sequence at the NCBI database (NM_000941). Panel B, EMSA showing
positive bindings of SP1 and SP3 proteins to the SP1 binding sites 1-3. The red arrows indicate the strong bands derived from the SP1 protein
binding to the probes containing the SP1 binding sites. These bands become weak, and supershifted bands (red arrowheads) are seen by adding
anti-SP1. In addition, the blue arrows denote specific bands derived from the SP3 protein binding to the same probes. These bands become very
weak by adding anti-SP3; the extremely faint supershifted bands are not visible in this figure. The band shift pattern is more obvious for SP1
protein than for SP3 protein. Panel C, Luciferase reporter assays using fragment E and its deletion mutants. The results are expressed as fold
change of the target vectors over the empty pGL3 enhancer vector (mean = sem). Transfections were performed in triplicate within a single
experiment, and the experiments were repeated three times. Although the relative luciferase activity is similar between Fragment E (121.8 = 3.4)
and ABinding site-3 (117.8 = 3.1) (P = 0.22), it is significantly different between Fragment E and ABinding site-2 (105.7 % 3.5) (P = 0.015),
ABinding site-1 (25.8 = 1.2) (P = 0.0007), and ABinding site-1, -2, and -3 (5.2 = 0.5) (P = 0.0004). Panel D, Methylation analysis of the CpG-rich
region. Each circle denotes a CpG island, and filled and open circles represent methylated and unmethylated cytosines, respectively. The CpG
dinucleotides within the exon 1U are surrounded by blue squares, and those within the SP1 binding sites 1, 2, and 3 by red squares.
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1 occurred between an Alu element and a nonrepeat se-
quence and was associated with an addition of a 47-bp
segment of unknown origin, whereas that in cases 2 and 3
occurred between two Alu elements with an overlap of a
13-bp segment.

Critical function of the SP1 binding sites

In silico analysis for the noncoding 2,487-bp region
showed an 810-bp long CpG-rich region involving exon
1U, an approximately 350-bp long evolutionally con-
served sequence-rich region encompassing exon 1U, and
anapproximately 1.3-kb region with promoter-associated
histone marks (Fig. 2A). The TATA box was not identi-
fied. Thus, relative luciferase activity was examined for
fragments A-F with various lengths of the candidate pro-
moter region, localizing a critical sequence for the POR
promoter to a 178-bp segment defined by fragment E and
fragment F (Fig. 2B).

The 178-bp segment was found to harbor three SP1
binding sites, i.e. site 1 at the position —26/—17, site 2 at
the position —48/—39, and site 3 at the position —132/
—123 (Fig. 3A). The three binding sites were well con-
served in rats. EMSA indicated specific binding of SP1 and
SP3 proteins to the three binding sites, with the band shift
pattern being more obvious for SP1 protein than for SP3
protein (Fig. 3B). Deletion of the binding site 1 and the
binding site 2 significantly reduced the relative luciferase ac-
tivity (by ~80and ~15%, respectively), although deletion of
the binding site 3 had no significant effect on the relative
luciferase activity; furthermore, loss of the binding sites 1-3
virtually abolished the relative luciferase activity (Fig. 3C).
The 282-bp segment containing the three SP1 binding sites
was almost completely unmethylated (Fig. 3D).

Furthermore, relative luciferase activity was examined
for a 170-bp fragment (—120/+50) harboring the SP1
binding site 1 and the SP1 binding site 2, using SL2 cells
devoid of endogenous SP families. Relative luciferase ac-
tivity was clearly increased in a dose-dependent manner by
adding the SP1 expression vector but was barely elevated by
adding the SP3 expression vector (Fig. 4).

Discussion

We identified two types of cryptic deletions, one involving
exon 1U alone and the other encompassing exon 1U and
exon 1, in three cases with PORD. The microdeletion in
case 1 is explained by nonhomologous end joining that
occurs between nonhomologous sequences and is fre-
quently accompanied by an insertion of a short segment at
the fusion point (16). The microdeletion in cases 2 and 3
is compatible with a repeat sequence mediated nonallelic

jcem.endojournals.org E1885

Relative luciferase activity
120
100

80
60
40
20

0
~120/+50 reporter vector (1g) 1.0 1.0 1.0 1.0 1.0
pPAC-empty (ng) 50 375 25 0 0
PPAC-SP1(ng) 0 125 25 50 O
pPAC-SP3(ng) 0 0 0 0 50
FiG. 4. Luciferase assays of a fragment containing the SP1 binding
sites 1 and 2, using SL2 cells lacking endogenous SP families. The
results are expressed as fold change of the target vectors over the
empty pPAC vector (mean = sem). Transfections were performed in
triplicate within a single experiment, and the experiments were
repeated three times. The relative luciferase activity is significantly
increased by adding the SPT expression vector of 12.5 ng (14.7 + 4.4)
(P=0.037), 25.0 ng (31.8 = 7.6) (P = 0.035), and 50 ng (95.8 = 7.1)
(P = 0.0002), although it is barely elevated by adding the SP3
expression vector of 50 ng (5.2 + 1.5) (P = 0.054).

intrachromosomal or interchromosomal recombination
(16). Although cases 2 and 3 were apparently nonconsan-
guineous, it would not be unexpected that the same repeat-
mediated genomic rearrangement took place in unrelated
individuals. Notably, because the apparently normal allele
in cases 1-3 was not transcribed (7), this implies that the
2,487-bp microdeletion common to cases 1-3 has affected
the promoter function for POR. In this context, because
approximately 12% of patients with PORD are known to
be heterozygotes with one apparently normal POR allele
(4), it might be possible that some, if not all, of them have
similar microdeletions or other genetic aberrations affect-
ing the POR transcription.

The present study revealed a pivotal role of the SP1
binding sites, especially the binding site 1, in the transcrip-
tion of POR. This implies that the SP1 binding sites con-
stitute an essential element of the POR proximal pro-
moter. Indeed, SP1 binding sites as well as other noncore
promoter elements are usually located in multiple copies
within the proximal promoter region (~250 bp upstream
of the transcription initiation site) of a ubiquitously ex-
pressed gene like POR (10). In this regard, several findings
are noteworthy. First, the TATA box was apparently ab-
sent from the POR promoter region. This is compatible
with the ubiquitous expression of POR, because the
TATA box is usually identified in genes with a tissue-spe-
cific expression pattern (10). Second, the SP1 binding sites
were highly conserved between the human and the rat.
This finding, in conjunction with the previous data indi-
cating absence of polymorphism for the three SP1 binding
sites in 842 individuals (17), implies that the wild-type
sequences of the SP1 binding sites are indispensable for the
regulation of POR transcription. Third, the functional
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receptor; AP-2, activator protein 2.

data using SL2 cells indicated a major role of SP1, rather
than SP3, in the POR transcription. This is consistent with
the notion that although both SP1 and SP3 can bind to the
same cognate SP1 binding site, the DNA binding proper-
ties and regulatory functions are quite different between
SP1 and SP3, depending on the promoter context and the
cell type (18). Lastly, the SP1 binding sites were almost
completely unmethylated. This argues for a transcription-
ally active status of POR, because SP1 protein binding is
known to be reduced when the CpG-rich region around
the SP1 binding sites is methylated (19).

The proximal promoter region of POR has been stud-
ied previously (11, 12). Scott et al. (11) analyzed the 5’
region of POR coding exons by means of comparative
genomics and characterized human POR exon 1U and its
flanking sequences. Subsequently, Tee ez al. (12) examined
a 361-bp region around the transcription start site of exon
1U (—325/+36) using adrenal NCI-H295A and liver
Hep-G2 cells and found a major trophic effect of thyroid
hormone on POR expression primarily via thyroid hor-
mone receptor-f3 as well as modulatory effects of thyroid
hormone receptor-a, estrogen receptor-o, Smad3, and
Smad4 on POR expression. The binding sites for these
factors reside in a —263/~240 region upstream of the SP1
binding sites (Fig. 5). Furthermore, Tee et al. (12) screened
functional alterations of polymorphisms within the 325-bp
region, suggesting that the common —152C— A polymor-
phism may play a certain role in the genetic variation of
steroid biosynthesis and drug metabolism. In this regard,
whereas the —152C—A polymorphism resides on the
AP-2 (activator protein 2) binding site, the functional dif-
ference of the polymorphism is obviously independent of
the recruit of AP-2 (12). Thus, the underlying factors for
the reduced activity of the —152A allele remain to be
clarified.

Taken together, multiple regulatory elements have
been identified in the proximal promoter region of POR
(Fig. 5). Although the regulatory machinery has not yet
been fully elucidated, we suggest that the presence of the
SP1 binding sites has permitted the ubiquitous expression
of POR and that the presence of other sites including thy-
roid hormone receptors is relevant to the variability in
POR expression level among different tissues. In this re-
gard, although the present study failed to identify the ef-

3 ~132/-123 -48/-39 26417
FIG. 5. Schematic representation indicating the binding sites for various factors in the
proximal promoter region of POR. The diagram of the promoter upstream of — 143 has been
taken from Tee et al. (12). ER, Estrogen receptor; Pol i, polymerase II; TR, thyroid hormone
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fects of the —263/—240 regulatory se-
quence identified by Tee et al. (12)
(fragment D ws. fragment E in Fig. 2),
this may be due to the difference in the
cell type and/or in the promoter-lu-
ciferase construct used in the study by
Teeetal. (+36) and in this study (+99).
In addition, the hormonal effects on the
POR transcription have not been ex-
amined in this study.

Finally, it would be useful to refer to clinical phenotypes
of cases 1--3. In this context, we have previously compared
clinical phenotype between Japanese PORD patients with
homozygosity for the hypomorphic p.R457H mutation
(group A) and those with compound heterozygosity for
p.R457H and one apparently null mutation including
nonsense and frameshift mutations (group B) and found
that skeletal features are definitely more severe and adre-
nal dysfunction and 46,XY DSD are somewhat more se-
vere in group B than in group A, whereas 46,XX DSD,
maternal virilization during pregnancy, and anorectal and
urinary anomalies are similarly identified in the two
groups (5, 7). It is likely, therefore, that the residual POR
activity reflected by the p.R457H dosage constitutes the
underlying factor for clinical variability in some features
butnotin other features, probably due to the simplicity and
complexity of POR-dependent metabolic pathways relevant
to each phenotype. The clinical features of cases 1-3 are
quite comparable to those of group B patients and, there-
fore, are consistent with transcription failure of one allele
being a null mutation.

In summary, we identified microdeletions involving
exon 1U and its upstream region in PORD patients, and
revealed the critical function of the SP1 binding sites in the
transcription of POR. Additional studies will permit to
elucidate the regulatory machinery for POR expression.
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Abstract

Primary ovarian insufficiency (POI) is a heterogeneous con-
dition defined by the triad of oligo/amenorrhea, elevated
gonadotropins and estrogen deficiency in women under the
age of 40 years. Although autoimmune abnormalities ap-
pear to be involved in the development of POI, there are only
a few studies with respect to human leukocyte antigen
(HLA). The objective of this study was to identify an HLA
allele(s) and/or haplotype(s) constituting a susceptibility
factor(s) for POl We examined 83 Japanese women with ap-
parently idiopathic isolated POL. For controls, Japanese HLA
reference data registered in the HLA Laboratory were uti-
lized. No significant association was found for a total of 94
alleles for HLA-A, B, C, DRB1, and DQB1 lodi, after both strin-
gent Bonferroni correction and less stringent Benjamini-
Hochberg (B-H) correction for multiple comparisons. By con-
trast, of 86 haplotypes identified for MHC class | (HLA-A, B,
and C) and 31 haplotypes detected for MHC class I} (HLA-
DRB1 and DQB1), a single haplotype (A*24:02-C*03:03-B*35:

01) remained significant after Bonferroni and B-H correc-
tions {frequency: 4.82% in women with POl and 1.06% in the
control data; p = 0.00049). The results imply that a specific
HLA haplotype (A*24:02-C*03:03-B*35:01) constitutes a sus-
ceptibility factor for apparently isolated POl in Japanese
women. Copyright © 2011 5. Karger AG, Basel

Primary ovarian insufficiency (POI), or premature
ovarian failure, is a heterogeneous condition defined by
the triad of oligo/amenorrhea, elevated gonadotropins
and estrogen deficiency in women under the age of 40
years [Kalantaridou et al., 1998]. While POI is frequently
observed in women with sex chromosome aberrations, it
also occurs in women with normal karyotype [Laml et
al., 2000]. In this regard, although underlying factors for
POI remain to be elucidated in most women with normal
karyotype, various genetic and environmental factors
have been implicated in the development of POI in such
women. Indeed, mutations of several genes including
BMPI5 [Di Pasquale et al.,, 2004], NOBOX [Qin et al.,
2009] and NR5AI (alias SF-1 and AD4BP) [Lourengo et
al., 2009] are known to cause PO, as well as premutations

KARG ER @ 2011 S. Karger AG, Basel

1661-5425/11/0000-0000§38.00/0
Fax +41 61 306 12 34

E-Mail karger@karger.ch Accessible online at:
www.karger.com www.karger.com/sxd

Dr. T. Ogata

Department of Molecular Endocrinology

National Research Institute for Child Health and Development
2-10-1 Ohkura, Setagaya, Tokyo 157-8535 (Japan)

Tel. +81 3 3416 0181, ext. 4920, E-Mail tomogata@nch.go.jp

_52_



of FMR1 [Cronister et al., 1991]. In addition, several can-
didate genes such as LHX8 [Qin et al., 2008] and GDF9
[Kovanci et al., 2007] have been identified to date. Fur-
thermore, endocrine disruptors, chemotherapy, radia-
tion, smoking, and viral infections also constitute risk
factors for POI [Morrison et al., 1975; Howell and Shalet,
1998; Sharara et al., 1998; Di Prospero et al., 2004].

Autoimmune abnormalities also appear to be involved
in the development of POl in women with normal karyo-
type. Indeed, POI can occur as a part of autoimmune
polyendocrine syndromes [Kauffman and Castracane,
2003]. Moreover, women with POI occasionally have au-
toimmune hypothyroidism, type 1 diabetes mellitus
(T1IDM), hypoadrenalism, myasthenia gravis and sys-
temic lupus erythematosus and, conversely, women with
autoimmune disorders occasionally exhibit POI [Mon-
cayo-Naveda et al., 1989; Belvisi et al., 1993; Bakalovetal.,
2002; Ryan and Jones, 2004]. Non-specific autoantibod-
ies such as antinuclear antibodies are often identified in
women with POI [Ishizuka et al., 1999], as are organ-spe-
cific autoantibodies such as anti-thyroid autoantibodies
[Belvisi et al., 1993] and steroid-producing cell autoanti-
bodies [Betterle et al., 1993]. ‘

Human leukocyte antigen (HLA) of the major histo-
compatibility complex (MHC) plays an essential role in
the human immune system. Consistent with this, spe-
cific HLA alleles or haplotypes are known to constitute
susceptibility factors for several autoimmune disorders
such as TIDM [Todd et al., 1988]. For POI, however, there
are only a few studies with respect to HLA, and there is

no haplotype association study. Thus, we performed HLA

allele and haplotype analyses in Japanese women with
POL. Here, we focused on apparently idiopathic isolated
POl as a relatively homogeneous group, because POI with
associated autoimmune abnormalities may represent ge-
netically heterogeneous disorders.

Subjects and Methods

Subjects

This study consisted of 83 Japanese women with apparently
idiopathic isclated POI who satisfied the following selection cri-
teria: (1) lack of somatic abnormalities; (2) absence of clinically
discernible autoimmune diseases; (3) no history of chemotherapy
or radiation; (4) 46,XX karyotype in all the =30 lymphocytes ex-
amined; (5) no demonstrable mutations in BMPI5, NOBOX,
NR5A1, LHXS8, and GDF9, and (6) no FMRI premutations. Two
women were familial cases with a similarly affected sister or
mother, and the remaining 81 women were sporadic cases. Organ-
specific autoantibodies such as anti-thyroid autoantibodies as
well as non-specific antinuclear antibodies were not detected in

2 Sex Dev 330122

60 patients examined, although they were not examined in the
remaining 23 patients. The menarchial age ranged from 10 to 15
years (median, 13 years) (menarchial age in normal Japanese girls,
12.25 & 1.25 years), and the age of POI onset (amenorrhea per-
sisting =6 months) ranged from 13 to 39 years (median, 31 years).
Serum FSH was above 40 IU/] and estradiol was undetectable or
below the normal range on at least 2 occasions. Serum testoster-
one was undetectable, and polycystic ovary was excluded by ab-
dominal ultrasound studies.

Thus, the following patients with overt autoimmune diseases
were excluded from the present study: (1) ten patients with Hashi-
moto thyroiditis accompanied by anti-thyroid peroxidase auto-
antibodies; (2} one patient with Basedow disease; (3) one patient
with Sjégren syndrome; (4) two patients with systemic lupus ery-
thematosus, and (5) two patients with anti-phospholipid antibody
syndrome.

Human Leukocyte Antigen Analysis

This study was approved by the Institutional Review Board
Committees of the investigators’ affiliations. After obtaining
written informed consent, genotyping was performed for HLA-A,
B, C, DRBI, and DQB1 loci by the polymerase chain reaction-
based sequence-specific oligonucleotide probe method, using
leukocyte genomic DNA samples. Haplotype inference was per-
formed for MHC class I (HLA-A, B,and C) and class IT (DRBI and
DQBI) by the maximum likelihood method using expectation
maximization algorithm [Excoffier and Slatkin, 1995] imple-
mented in the software LDSUPPORT [Kitamura ef al., 2002]. For
controls, we utilized Japanese HLA reference data registered in
the HLA Laboratory (http://www.hla.or,jp/) that have been ob-
tained from 14,631 control subjects for HLA-A, B, and DRBI loci,
8,240 control subjects for HLA-C locus and MHC class I haplo-
type, and 2,934 control subjects for HLA-DQBI locus and MHC
class Il haplotype. The sex ratio was nearly equal in the control
subjects, and HLA allele and haplotype patterns have been shown
to be comparable between men and women control subjects
(http:/fwww.hla.orjp/).

Statistical Analysis

Allele and haplotype frequencies were compared between
women with POI and control subjects by the Fisher’s exact prob-
ability test, using R environment version 2.7.1 (http://www.r-

projectiorg/). The odds ratio and the 95% confidence interval

were also calculated using the same environment. To address the
problem of multiple comparisons, the Bonferroni correction and
the Benjamini-Hochberg (B-H) correction were employed in
this study [Shaffer, 1995]. The Bonferroni correction is the most
stringent method that sets the corrected significance level by di-
viding the empirical significance level (0.05) by the number of
tests, and corrected p values by multiplying the observed p val-
ues by the number of tests. The B-H correction is a subsequently
developed less stringent method that defines the significance
level by multiplying the Bonferroni significance level by the fre-
quency order of observed p values, and corrected p values by
dividing the Bonferroni corrected p values by the frequency or-
der of observed p values. In both corrections, observed p values
are regarded as significant when corrected p values remain be-
low the empirical significance level (0.05). Since individual HLA
genotyping data are not available in the control reference data, it
was impossible to perform the permutation test that is frequent-
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Table 1. Representative results of the association studies between POI and each HLA allele (p < 0.05)

Allele

' 'Frequency,

Bonfermm correctxoﬁ : 'Béujammi -Hochberg cofrecﬁon

" women c:ontrol véi(té; addsmtxo 95% CI

sxgniﬁmnce correctedp sigmﬁcance: correctedp frequency order

with POI sub}pcts : “level Jevel .- of pvalue
f 5304 21.51-13,080  0.0017 0.16 0.0017 0.16 1
0. [5304 21.51-13,080 0.0017 0.16 0.0017 a.16 1
12 6.60 1.59-27.29 0.0017 1.00 0.0069 0.25 4
1. 9.38 224-3921 00017 021 00052  0.07 3
: 02 : 2.77-22470 00033 065 00033 0.4 1
DRBI1 *04 01 3.01 94 € 1.34-8.07 0.0023 0.42 0.0023 0.41 1
DRB1*12:02  4.22 . . 1.11-5.09 0.0023 0.99 0.0068 0.33 3
DRB1*14:01  6.63 3.36 0.035 0.0023 0.77 0.0046 0.38 2

1.11-3.78

ly utilized to estimate significan

sons [Shaffer, 1995]. Gart
The power (1 - B [type I error}: the

false null hypothesis) was estimat,

Co., Ltd.). T he power of >50% is u

in a replication study [Cohen, 1988]. Furtherm
report probability (FPRP), the pmbabzhty of
between a genetic variant and disease given a,
cant finding, was also calculated using « (the
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haplotype; in this study, 7 was assumed as 0.02
2004]. The FPRP of <5% is usually regarded as ve
ity of the obtained data.

ility allele or
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Results

HLA genotyping identified 16 alleles for the HLA-A
locus, 29 alleles for HLA-B, 15 alleles for HLA-C, 22 al-

leles for HLA-DRBI, and 12 alleles for HLA-DQBI in

women with POI (online suppl. table 1; for all suppl.
material, see www.karger.com/doi/10.1159/000330122).
While low p values (p < 0.05) were identified for 8 of these
alleles (table 1), none of them were significant after the
Bonferroni and B-H corrections.

Haplotype estimation indicated 86 haplotypes for
MHC class I and 31 haplotypes for MHC class IT in wom-
en with POI (online suppl. table 2). Low p values (p <
0.05) were identified for 34 of these haplotypes (table 2),
and one of them (A*24:02-C*03:03-B¥35:01) remained
significant after the Bonferroni and B-H corrections.
This haplotype was invariably present in a heterozygous
condition, and accounted for 4.82% of haplotypes in
women with POI (the 2nd most frequent haplotype in

Association of POI with HLA Haplotype
in Japanese Women

this group) and 1.06% of haplotypes in the control sub-
jects (the 15th most common haplotype in this group).
The power was calculated as 72.2%, and the FPRP was
' Notably, each of the A*24:02, C*03:03, and B*35:01

both women with POI and control subjects
tified with similar frequencies (online sup-

- groups of POI, as well as
diseases such as autoim-

mune polyendocrme syndrof‘ ,
cane, 2003] Sumiarly, thyroid ' di

type (A*24:02- C¥03:03-B*35: 01) in ese women. In
this regard, since the frequency of each allele for the spe-
cific haplotype was similar between women with POl and
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Table 2. Representative results of the association studies between POI and each HLA haplotype (p < 0.05)

Haplotype = Frequency, % Statistical analysis Bonferroni correction  Benjamini-Hochberg correction
: women . control - pvalue odds ratio 95% CI significance corrected ' significance corrected frequency
with sub)ects ‘ level p - level P order of
POL ‘ ‘ p value

A*02:01 C“OI-QZ»B*M'OI 2.41 073 . 0036 3.37 1.23-9.23 0.00058 1.00 0.01 0.13 23

: :03- ; ; - 0.0083 16.74 3.72-7540 0.00058 0.71 0.0017 0.24 3
A*02:01-C*03: 04-B*40; 025 S 0.026 3.74 1.36-10.28 0.00058 1.00 0.01 0.13 17
A*02:01-C*08:01-B*40:02 0. 0.01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4
A¥02:01-C*08:01-B*48:01 0.0029 - 11.65 3.49-38.88 0.00058 0.25 0.0012 0.12 2
A*02:06-C*01:02-B*15:01 0.01. 29870 12.12-7,366 0.00058 0.86 0.0023 0.22 4
A¥02:06-C*01:02-B*40:06 ' - 49.93 4.50-553.7 0.00058 1.00 0.01 0.14 18
A¥02:06-C*07:02-B*67:01 2496 2.77-224.7 0.00058 1.00 0.02 0.16 27
AX2:07-C*01:02-B*54:01 24.96 2.77-224.7 0.00058 1.00 .02 0.16 27
A%02:10-C*01:02-B*15:01 49.93 4.50-553.7 0.00058 1.00 0.01 0.14 18
A¥11:01-C*03:04-B¥15:01 298.70 12.12-7,366 0.00058 0.86 0.0023 0.22 4
A*11:01-C*03:04-B*51:01 0. 29870  12.12-7,366  0.00058  0.86 0.0023 0.22 4
A*11:01-C*07:02-B*40:02 0.6 29870 - 12.12-7.366  0.00058  0.86 0.0023 022 4
A¥11:01-C*08:03-B*15:01 12987 12.12-7,366 0.00058 0.86 0.0023 0.22 4
A¥24:02-C*01:02-B*46:01 1.12-8.37 0.00058 1.00 0.02 0.16 26
A¥24:02-C*01:02-B¥56:03 4.50-553.7 0.00058 1.00 0.01 0.14 18
A¥24:02-C*03:03-B*35:01 2.30-9.81 0.00058 0.042 0.00058 0.042 i
A¥24:02-C*04:01-B*27:07 12. 12 7,366 0.00058 0.86 0.0023 0.22 4
A¥24:02-C*08:01-B*07:05 : 0.86 0.0023 0.22 4
A¥24:02-C*08:01-B*40:01 1.00 0.02 0.16 27
A¥*26:01-C*01:02-B*15:01 100 0.02 0.16 27
A¥26:01-C*03:04-B*40:01 1.00 0.01 0.17 25
A*26:01-C*07:02-B*39:02 4.50-553.7. 100 0.01 0.14 i8
A%26:01-C*08:01-B*35:01 1.69-30.34 1.00 0.01 0.13 24
A*26:01-C*12:02-B*52:01 1.41-24.77 1.00 0.02 0.14 31
A*26:01-C*14:02-B*51:01 p 2.21-2348 0.86 0.0093 5.5E-02 16
A¥29:01-C*15:05-B*15:02 298.70 12.12-7,366 0.86 0.0023 0.22 4
A*31:01-C*03:04-B*51:02 12.12-7,366 0.86 0.0023 0.22 4
A¥31:01-C*07:02-B*67:01 1L.00 0.01 0.14 18
A¥32:01-C*15:02-B*35:03 29 0.86 0.0023 6.22 4
A¥33:03-C*07:02-B*67:01 . 0.86 0.0023 022 4
DRB1%04:01-DQB1%03:01  : 1.00 0.0048 0.48 3
DRB1*12:02-DQB1*03:01 . ; . 0 1.00 0.0032 0.53 2
DRBI*14:06-DQB1%06:02  0.60 0.00 0.0039 10640  431-2,623  0.0016 0.0016 0.12 1

L0z

CI = Confidence interval,

the control subjects, this would imply that an additive or
a synergic effect of the alleles constituting the specific
haplotype increases susceptibility to the development of
POL Thus, this study exemplifies the importance of hap-
lotype analysis in the investigation of genetic suscepti-
bility.

The mechanism(s) by which this specific haplotype
raises the susceptibility to POI remains to be clarified. It
may be possible, however, that this haplotype has some
ovary-specific effect such as the production of hither-
to unknown autoantibodies against an ovary-specific
tissue(s), because this haplotype was identified as a sus-
ceptibility factor for the apparently isolated POI, and be-
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cause there is no study suggestmg a positive association
between this haplotype and non-ovarian autoimmune
disorders: In support of this notion, it is known in TIDM
that pancreatlc B- c:ell—spemfic insulinoma-associated an-
tigen 2 autoantibodies are preferentially detected in pa-
tients with a specific HLA aliele {Qu and Polychmnakos,
2009].

HLA association studies have ‘previously been per-
formed for POI in non-Ja anese populations. Walfish et
al. [1983] found that the prevalence of DR3 antigen was
significantly higher in 19 women with POI than in 80
control women. Anasti et al. [1994] reported that the fre-
quency of DR4 antigen was significantly higher in 102

Ayabe et al.



