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We report on molecular and clinical findings in 10 Japanese
patients (four males and six females) from eight families (two
pairs of siblings and six isolated cases) with Antley-Bixier
syndrome accompanied by abnormal genitalia and/or im-
paired steroidogenesis. Direct sequencing was performed for
all the 15 exons of cytochrome 450 oxidoreductase gene
(POR), showing two missense mutations (R457H and Y578C},
a 24-bp deletion mutation resulting in 1oss of nine amino acids
and creation of one smino acid (L812_W620delinsR), a single
bp insertion mutation leading to frameshift (I444fsX449), and
a silent mutation (G5G). R457H has previously been shown to
be a pathologic mutation, and computerized modeling anal-
yscsindicated that the 15A> G for G5G could disturb an exonic
splicing enhancer motif, and the remaining three mutations
should affect protein conformations. Six patients were com-
pound heterozygotes, and three patients were R457H homozy-
gotes; no mutatlion was identified on one allele of the remain-

ing one patient. Clinical findings included various degrees of
skeletal featares, such as brachycephaly, radichumeral syn-
ostosis, and digital joint contractures in patients of both sexes,
normal-to-poor masculinization during fetal and pubertal pe-
riods in male patients, virilization during fetal life and poor
pubertal development withoul worsening of virilization in
female patients, and relatively large height gain and delayed
bone age from the pubertal period in patients of both sexes,
together with maternal virilization during pregnancy. Bleod
cholesterol was grossly normal, and endocrine studies revealed
defective CYP17A1 and CYP21A2 activities. The results suggest
that Antley-Bixler syndrome with abnormal genitalia and/or im-
paired steroidogenesis is caused by POR mutations, and that
clinical features are varisble snd primarily explained by
impaired activities of POR-dependent CYP51Al1, CYP17Al,
CYP21A2, and CYP19AL. (J Clin Endocrinol Melab 90: 414-426,
2005)

NTLEY-BIXLER SYNDROME (ABS) is a rare congenital
malformation disorder characterized by craniofacial
dysmorphism and skeletal features, such as brachycephaly,
radiohumeral synostosis, and multiple joint contractures (1).
ABS is a heterogeneous disorder, and it occurs with and
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without abnormal genitalia in both sexes (1). ABS without
abnormal genitalia appears to be an autosomal dominant
disorder, and de novo heterozygous mutations of the gene for
fibroblast growth factor receptor 2 (FGFR2) have been iden-
tified in more than 10 patients (2—4). Thus, this condition may
be regarded as a variant of Pfeiffer syndrome (5). ABS with
abnormal genitalia is likely to be an autosomal recessive
disorder, and it is usually associated with impaired steroi-
dogencsis (3). Although this implics the relevance of steroi-
dogenic impairment to the development of abnormal geni-
talia, it remains to be determined why abnormal genitalia
take place in both sexes.

Fliick et al. (6) have recently identified mutations of cyte-
chrome P450 oxidoreductase gene (POR) in three unrelated
ABS patients (two males and one female) with ambiguous gen-
italia and impaired steroidogenesis. The POR gene consists of
15 exons and shows a ubiquitous expression pattern (7, 8). TOR
is a flavoprotein that accepts a pair of electrons from nicotin-
amide adenine dinucleotide phosphate, reduced (NADPH)
with flavin-adenine dinucleotide (FAD) and flavin mono-
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nucleotide (FMN) being the ports of entry and exit, respec-
tively, and transfers electrons to all microsomal P450 en-
zymes, including CYP51A1, CYP17Al1, CYP21A2, and
CYP19A1 (9-11), as well as to several non-P450 enzymes,
such as squalene epoxidase (SQLE) (12). Indeed, defective
CYP51A1 and CYP17A1 activities have been indicated in
POR mutation-positive patients {6, 13).

Subsequent studies have detected POR mutations in an
additional five patients (fwo males and three females) from
four families (14, 15). Although impaired steroidogenesis
was invariably manifested by the five patients, typical ABS
with abnormal genitalia was exhibited by one female only.
ABS-compatible skeletal features were absent or equivocal in
one of the two males and in the remaining two females, and
abnormal genitalia were absent in the two males. These find-
ings, in conjunction with lack of skeletal and external genital
abnormalities in a POR mutation-positive female with ste-
roidogenic impairment described by Fltick ef al. (6), suggest
that POR mutations lead to a relatively wide phenotypic
spectrum, including ABS with abnormal genitalia.

However, molecular and clinical studies have been per-
formed on only a few subjects with ABS accompanied by
abnormal genitalia and/or impaired steroidogenesis, so that
several matters remain to be clarified, including the fre-
quency and the type of POR mutations and the cause and the
character of clinical features. To examine these matters, we
studied 10 patients with ABS and abnormal genitalia and/or
impaired steroidogenesis.

Patients and Methods
Patients

Ten Japanese patients (four males and six females), 2-29 yr old, were
investigated (Table 1). Cases 1 and 2 were siblings, as were cases 3 and
4, The remaining six cases were isolated. Male patients were ascertained
in their Jate teens because of hypomasculinization (cases 1 and 2), fa-
milial study of a severely affected younger sister (case 4), and skeletal
anomalies (case 5). Female patients were identified at birth due to vir-
ilization of external genitalia (cases 3 and 6—10). Mental development
was apparently normal, and karyotype and routine laboratory tests were
normal in all the 10 ¢cases. Cases 3, 7, and 9 had adrenal crisis at the time
of infections, and case 3 dicd of adrenal failure. There was no particular
episode, such as intoxication to drugs, including barbitals used for
anesthesia in eight cases who received surgical treatment. According to
the hospital records, maternal virilization, such as hirsuitism and voice
deepening, was observed during pregnancy of cases 3, 4, 6,9, and 10,
and placental dysfunction was present during pregnancy of case 7. In
case 1, maternal blood estriol was recorded as being low in the third
trimester. The mother of case 7 experienced one miscarriage. There was
no inprafamilial consanguinity.

Molecular and modeling analvses of POR

This study was approved by the Institutional Review Board Com-
mittee at the National Center for Child Health and Development.
After obtaining written informed consent, leukocyte genomic DNA
was amplified by PCR for all the 15 exons and their flanking introns
of POR, with primers designed by Web Primer (http: // genome-www2.
stanford.edu /cgi-bin/SGD/web-primer) using genomic and ¢DNA
sequences (Ensembl Genome Browser, http://www.ensembl.org/,
accession numbers AC005067, AC006330, and NM_000941.1), The
primer sequences are shown in Table 2, together with the annealing
temperatures and the PCR product sizes. Subsequently, the PCR
products were subjected to direct sequencing from both directions on
a CEQ 8000 autosequencer (Beckman Coulter, Fullerton, CA). To
confirm a heterozygous mutation, the corresponding PCR products
were subcloned with a TOPO TA Cloning Kit (Invitrogen, Carlsbad,
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CA), and normal and mutant alleles were sequenced separately.
When possible, the corresponding PCR products were digested with
appropriate restriction enzymes. Moreover, single-nucleotide poly-
morphisms (SNPs) were genotyped to evaluate the presence or ab-
sence of mutation-specific haplotypes. For controls, DNA samples of
100 normal Japanese individuals were used with permission.

Furthermore, exonic splicing enhancer (ESE} motif and three-di-
mensional protein conformation were analyzed for POR mutations.
ESEs are distinctive exonic sequences of approximately 6-8 nucle-
otides that play a critical role in the accuracy or efficiency of pre-
mRNA splicing (16). The ESE motil was examined by ESEfinder
(http://exon.cshl.edu/ESE/. release number 2.0} using four motif-
scoring matrices to predict functional ESEs recognized by four
serine/arginine-rich proteins (SRp): splicing factor-2/alternative
splicing factor (SF2/ASF), splicing component 35 kDa (5C35), SRp 40
kDa (SRp40}, and SRp 55 kDa (SRp55), with the threshold value being
1.956 for SF2/ ASF, 2.383 for SC35, 2.67 for SRp40, and 2.676 for SRp55
(17). The protein conformation was analvzed by EsyPred3D (http: //
www . fundp.ac.be/urbm/bioinfo/esypred /) (18).

Clintcal assessment

Clinical assessment was primarily performed for skeletal abnormal-
ity, sex development, and growth patiern. For skeletal assessment, phys-
ical examination and bone survey were performed. Conduction deafness
was evaluated by auditory brain stem response in patients with hearing
difficulty, Tracheal anomaly was investigated by fluoroscopy and/or
endoscopy in patients with severe stridor. For sex development eval-
uation, external genitalia were observed clinicaily. Penile length, clitoral
size, lestis volume, and Tanner pubertal stage were assessed by the
Japanese reference data (19-21). Internal genital structure was examined
by ultraseunds and /or magnetic resonance imaging. For growth eval-
uation, birth length (BL) and birth weight (BW) were assessed by the
gestational age-matched Japancse standards, and present actual height
and weight were evahuated by the longitudinal Japanese standards (22).
Bone age (BA) was determined by the Tanner-Whitehouse 2 method
standardized for the Japanese (23). In addition, cardiac abnormality was
evaluated by auscultation, electrocardiography, and /or echocardiogra-
phy: and renal malformation was examined by ultrasounds and/or
magnetic resonance imaging. Voiding cystourethrugraphy and iv py-
elography were also performed in patients with episodes of urinary tract
infections.

Cholesterol-related studies

Blood total cholestero] and high-density lipoprotein (FIDLY choles-
terol were obtained. When possible, the activity of low-density lipopro-
tein (LDL} receptor was examined for peripheral lymphocytes by a flow
cytometric assay (24}

Endocrine studies

Basal blood ACTH, renin activity, and various adrenal stervids were
measured, as were basal blood LH, FSH, testosterone (T}, and estradiol
(E.). When possible, an ACTH stimulation test [250 ug/m? (inaximum,
250 pg) bolus iv; bloed sampling at 0 and 60 nun], a GnRH test [100
pg/m* (maximum, 100 pg) bolus iv; blood sampling at @, 30, 60, 9C, and
120 min), and a human chorionic gonadotropin (hCG) test [3000 IU/
m?/dose (maximum, 5000 IU) im for three consecutive days; blood
sampling on d 1 and 4] were performed. Furthermore, urine steroid
hormone profile was determined for random urine samples by gas
chromatograph-mass spectrometry. The results were compared with the
age- and sex-matched reference data (25-28).

Results
Molecular and modeling analvses of POR

POR mutations are summarized in Table 3, and repre-
sentative results are shown in Fig. 1. Fifteen of the 16
alleles from eight families were found to have mutations:
10 alleles bore a missense mutation (R457H) at exon 11;
two alleles bore a single bp insertion mutation leading
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TABLE 1. Summary of clinical findings

Tukaemi et al. » POR Mulations and Antley-Bixler Syndrome

Case 1 Case 2 Cose 3 Case 4

Present age (yr) 26.0 29.0 10.9 179
Familial/isolated Familial-A Familial-A Familial-B Familial-B
Karvotype 46 XY 46,XY 46, XX 46 XY
Adrenal crisis - - + (10 yry=t -
Maternal virilization during pregnancy - - + +
Skeletal lesion

Brachycephaly/craniosynostosis + (Overt, 1 yrf° + (Overt) + (Overt) + (Overt)

Midface hypoplasia + (Overt) + (Overt) + (Qvert) + (Overt)

Conduction deafness +0 44 - -

Radivchumeral synostosis - + (10 yry + +

Restricted elbow extension + + + +

Femoral bowing - - - -

Carpal/tarsal synostosis + + - ++

Multiple digital joint contractures + {Overt) + (Overt) - -

Arachnodactyly + {Qvert) + (Overt) + (Qvert) + (Overt)

Syndactyly - - - + (3-4th toes, B)

Sculiosis + (Overt, 13 yr)° - - -
Male sex development

Micropenis (penile length SDS) + (—5.7F + (5.0} -

Cryptoechidism + (L~inguinal) + (R-inguinal) -

Hypospadias + {Scrotal, 19 yry - -

Testis size (ml) 12 (RY 25 (LY 25 (RY, 20 (LY

Pubic hair (Tanner stage? . 2 3 5
Female sex development

Clitoromegaly (clitoral length SDS) + (10 yr¥

Labtal fusion + (Complete) (10 yr¥

Breast (Tanner stage) 1¢

Pubic hair (Tanner stage} 1

Ovarian cyst + (L)
Growth pattern

Birth lengih (SDS) +0.2 N.E. +0.6 NE.

Birth weight (SDS) -1.8 NE. -0.2 -1.3

Gestational age (wk) 38 N.E. 39 40

Present actual height (SDS) +1.2 +1.5 +1.2 +0

Present actual weight (SD3) -1.5 -0.2 +0.9 ~0.9

Bone age (chronological age at exam.} (yr) 13.6 (18.0} N.E. 7.9(8.5) 16.5{17.9)
Other findings

Renat lesion +{R-VUR) - - -

N.E., Not examined; R, right; L, left: B, bilateral: PIP, proximal interphalangeal joint; and VUR, vesicoureteral reflux.

“ Age at the occurrence of adrenal failure.
b Deceased at the time of adrenal failure.

¢ Surgical intervention for the corresponding lesion at the age shown in parentheses.

“ With hearing aids.
*TE im (250 mg/dose, every 3 wk) from 18.5 yr of age.

f Japanese reference data: 13-20 ml at 15 yr of age, depending on the pubertal stage: nn adult data available.

# Japanese reference data imean = sn, vr) P2, 12.56 = 0.9: P3, 14.0 * 0.3; P4, 14.9 * 0.3; and P35, not available.
4 TE im (25-50 mg/dose, 10 times; total 400 mg) during 2~11 months of age.

! Japunese reference data (mean = s, yrr: B2, 10.0 = 1.4; B3.11.6 = 1.5; B4, 133 * 1.5, and B5, 142 + 1.2

7 On hormone replacement therapy froml 3 yr of age.
* On hormone replaccment therapy from 15 yr of age.

! Japanese. reference data (mean * §p, yr): P2, 11,7 = 1.6; P3, not available; P4, 13.9 = 1.0; P5, not availabie,
™ Left ovaricctomy due to a large ovarian cyst (no cyst in the right ovary).

to frameshift and resultant premature termination
(T444fsX449) at exon 11; and the remaining three alleles
bore private mutations, i.e. another missense mutation
{Y578C) at exon 13, a 24-bp deletion mutation leading to
logs of nine amino acids and creation of one aming acid
(L612_We20delinsR) at exon 14, and a silent mutation
(G5G) at exon 1. These mutations were confirmed by se-
quencing of the subcloned alleles. In addition, creation of
a BsaXI site by R457H and that of an Rsal site by Y578C
were confirmed by the enzyme digestion analysis. Cases
1-5 and 9 were compound heterozygotes, and cases 6, 8,
and 10 were homozygotes for R457H. In case 7, no mu-
tation was identified on one allele. The five mutations

were absent in the 100 control subjects. The ESEfinder
analysis showed that the silent 15A>G mutation for G5G
specifically disrupted a high-score SRp40 motif. The
EsyPred3D analysis indicated that R457H caused no ap-
parent conformational alteration, whereas Y578C affected
three B-strands at the H322-V325, R457-5%460, and F515-
R517 regions, [444fsX449 resulted in a drastic conforma-
tional alteration, and L612_W420delinsR disrupted an
a-helix in the corresponding region. '
Furthermore, a novel SNP (IV54 + 33G>A) and nine re-
current SNPs reported in the National Center for Biotech-
nology Information Database (http://www.ncbinim.nih.
gov/) were identified in a region encompassing exons 4-12
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TABLE 1. Continued
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Case 5 Case 6 Case 7 Case 8 Case 9 Cage 10
17.5 2.0 6.7 9.5 13.2 15.0
Isolated Isolated Jsolated Isolated Tsolated Isolated
46, XY 46, XX 46.XX 46, XX 46.XX 46, XX
- - + (6 yry - + (5 yrr -

- + - - + +
+ (Overt) + (Mild} + (Overt) + (Mild) + (Overt) Borderline

+ (Overt) + (Mild) + tOvert) + (Mild + (Overt) . -
- - +¢ - + (13 yr)° -
+ + + + + -
- —_— + — —_— —
—-— + - + P
+ {Overt) - (Mild} + (Overt) + (Mild) + (Overt) PIP only
+ {Mild) - + (Overt) - + (Overt} Borderline
- + (3~4th toes. B) - - - -
- - + (Overt) - + (Overt) -
+ {B-inguinal, 6 yrr
12 (BY
I
- + (+5.2) (2 yr)it - + (9 yrF + {1 month) + (1 yr¥
- + (Complete) (2 yr)’ + (Partial) + (Complete) (9 yr¥ + {Complete) (1 mo)¥ -
- 1y 1 Budding’ 2 ok
— 1.' 1.! 1& 1! 21
- - - - + (L) {7 yr) + (L)
N.E. N.E. -1.5 +0.3 -0.4 +0.9
N.E. -0.6 ~-2.8 -0.2 -1.0 +1.2
N.E. 39 39 £0 39 : 37
~1.2 +2,1% ~0.4 -0.3 +0.8 2.6
-26 +1.1 -16 -0.3 -0.3 +15
14.0 (17.5} 2.5{1.3)" 6.0 (6.7) 9.5 19.5) 10.0413.2) 13.0 (15.00
- - + (R-VUR) - - + (B-VUR}

(Table 3). The 10 SNPs and the four mutations on exons 11-14
resided within a genomic region of roughly 6 kb, whereas
G5G on exon 1 was present in a genomic region approxi-
mately 26 kb apart from exon 4. Cases 6, §, and 10 homozy-
gotes for R457H were also homozygous for the SNP pattern
constituting the A-G-G-C-C-G-T-G-T-C haplotype (Table
3), and the genotyping results in patients and parents het-
erozygous for R457H were consistent with the association of
R457H with this haplotype. Moreover, the results were com-
patible with 1444£sX449 and Y578C residing on an identical
haplotype, and L612_W620delinsR and the apparently nor-
mal allele of case 7 residing on another identical haplotype.
The haplotype for R457H was apparently absent from the
normal alleles of heterozygous parents, whereas that for
I444fsX449 and Y578C was apparently present in the mother
of cases 3 and 4, as was that for L612_W620delinsR in the
mother of case 5.

Clinical assessment

The results are summarized in Table 1. Skeletal features
were primarily identified in the craniofacial, elbew, and dig-
ital regions (Fig. 2A). The phenotypic severity was grossly
similar among the three major affected regions of each case,
but it was variable among the 10 cases with borderline man-

ifestation in case 10, mild manifestation in cases 6 and 8, and
overt manifestation in the remaining cases. Surgical inter-
vention was carried out for craniosynostosis and scoliosis in
case 1, radichumeral synostasis in case 2, and conduction
deafness in case 9. In addition, cases 7 and 9 had tracheo-
malacia, case 4 had bilateral micropia, and case 8 had choanal
stenosis.

Formation of external genitalia and secondary sexual char-
acteristics were variably impaired in most cases (Fig. 2B).
Male cases 1, 2, and 5 exhibited undermasculinization at birth
and had defective pubertal development, whereas male case
4 had apparently normal sex development. Testosterone en-
anthate (TE) therapy was performed for micropenis in case
1, and surgical repair was performed for hypospadias in case
1 and cryptorchidism in case 5; testicular biopsy in case 1, at
the time of operation, showed hypospermatogenesis. Female
cases 3 and 6-10 had variably virilized external genitalia at
birth, and genitoplasty was carried out in cases 3, 6, and 8-10,
Case 6 was initially reared as a male and was repeatedly
treated with TE (total dosage, 400 mg). Cases 3,9, and 10 had
ovarian cysts, and case 9 underwent left ovariectomy because
of alarge cyst. Cases 9 and 10 had poor pubertal development
with no worsening of virilization and received hormone
replacement therapy from 13 and 15 yr of age, respectively.
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TABLE 2. The primer sequences, the annealing temperatures, and the product sizes for POR

Exon Forward primer Reverse primer AT (C) Product size (bp; Remark
1 CTGACATCTGCTETITCTCTCTCCTAR ACTGCTTGGAGTGETGACAGRAGA 60 281
2 CACGCTCATTGCACACTTTTGT TTCCTGAGAAGAGTAAAGACATGECAG 62 113
3 ACCAACCCTGTGTCTGCCTT TCCTACCCACTGCCTCCATCT 62 202
4 TCTGGTCCEGETTGRACCTT TGGAGGGCTGCCTTTCAGATA 62 310 5% DMSO
5+6 TCAGAGCGGCCCCTGTAT ACCTGCGEGCACTTGCTCA 62 605
7 TGTAGTCCAACCCCTCCCTCT ATACACGGCAGACTGAGCCT 62 248
8§+0 TGGAGACGGAGACTCAGATCARA GCAAGGGECCTCCCAGGTA 65 519
10 + 11 AGCATAGGCCTTGTTTCCAGCA TOTGGCTGGCAGGGCAGT 62 GO0 5% DMSO
12+ 13 TGAGETTTGGGTGCCAGGT GCCAAGGGTGGTGCTETGA G5 708 5% DMS0
14 + 15 CCCTCACAGCACCALCCTTG AAGGCCAAGCCARACACA 62 445

AT, Annealing temperature; DMSO, dimethyl sulfoxide.

No structural abnormality was detected for internal genitalia
of the 10 cases.

Birth size was within the normal range, except for low BW
in case 7, complicated by placental dysfunction, and the sp
score (SDS) for BL was larger than that for BW in five of six
cases in whom both BL and BW were available. Present
actual bedy size was within the normal range, except for fall
stature in case 10 and low weight in case 5, and height SDS
was larger than weight SDS in all the 10 cases. Longitudinal
height data obtained in case 10 showed that her height SDS
remained around +1.0 in childhood and increased to +2.6
during her early to middle teens. In addition, height SDS in
case 1 increased from —0.2 to +1.2 between 18 and 26 yr of
age. BA was age-appropriate in cases examined in childhood
age and delaved in cases examined in pubertal age by atleast
2 yr, except for fairly preserved BA in a pubertal case 4 with
normal masculinization and advanced BA in an infantile case
& treated with a large amount of TE. Other features included
vesicoureteral reflux in three cases. Cardiac abnormality was
absent in the 10 cases.

TABLE 3. Sumunary of molecular analysis

Cholesterol-related studies

Blood total cholesterol was low in case 1; low-normal in
cases 2,4, 5, 7, and 9; and normal in cases 6, 8, and 10. HDL
cholesterol ' was low-normal in cases 1, 6, 7, and 10 (Table 4).
Biood cholesterol was also measured in the parents of case
10, showing maternal hypercholesterolemia [total choles-
terol, 350 mg /di (9.1 mmol/liter); HDL cholesterol, 46 mg/dl
{1.2 mmol/liter)} and paternal normocholesterolemia [total
cholesterol, 193 mg/d! (5.0 mmol/liter}; HDL cholesterol, 70
mg/dl (1.8 mmol/liter)]. The activity of LDL receptor was
110% for the mother of case 10 (normal adult range, 75-130%;)
and 68% for case 10 {(normal range for her age is unknown
but lower than that for adults).

Endocrine studies

Blood hormone data were consistent with defective adre-
nal and gonadal steroidogenesis (Table 4). ACTH was nor-
mal or elevated at baseline, and cortisol was normal at base-
line but did not increase to the normal range after ACTH

Mulation

SNP

Nucleotide change® Aming aeid change

1 2 3 4 5 & 7 8 8 10

Cases 1 and 2 1370G>A/1835 1858del®

Father 1370G>A /-) R457H /(-)
Mother 1835 1558del® 4—) L612_We20delinsR /(-
Cases 3 and 4 1329_1330insC /1733A>G  1444fsX449 /Y578C
Mother 1329_1330insC A ~) 14441sX 449 /(—)
Case & (15A>GY N1370G>A (G5GY /R45TH
Father (15A=GY A~} (G5GY /-)
Mother 1370G=A /1-) R457H K~)
Case 8 1370G>A /1370G>A -R457H /R45TH
Case 7 1370G=AS () R457H /i-)
Case 8 1370G>A /1370G>A R45TH /R457TH
Father 1370G=>A /(=) R457H /i -)
Mother 1370G>A /=) R457H /(-)
Case 9 1329, 1330insC /1370G>>A  1444feX449 /R457H
Case 10 1370G>=A /1370G>A R457H /R457TH
Father 1370G>A K~) R457H /()
Mother 1370G>A /(—) R45TH /(-)

R457H /L612_W620dclinsR A /A G /G

G/A C/hG C/C GG T/C G/T T/C CT
A/A G/G G/A C/G C/C G/G T/ T G/G T/C CIT
A/A G/G A/JA GG C/C G/G C/C T/ T C/IC TMT
G/G G/G A/A G/G T/T A/A C/C TIT CIC CIC
G/G G/G A/A G/G T/M A/A C/C TM CIC CKC
G/A A/G A/G G/ T/C A/G C/T TI/IG CIT C/IC
G/A A/G A/A G/ T/C A/G C/C T/T C/C CT
AA G/G G/A C/G CIC G/G T/ G/T TIC CT
A/A G/G G/G C/C C/C G/G T G/ TIT C/C
AA G/G G/A C/G C/C G/G TIC G/T T/IC CIT
AA G/G G/G C/C C/C G/G T/T GIG TT CIC
A/G G/G G/A C/G C/C GI/G T/IC GI/T TIC CIT
A/G G/G G/A C/G C/T G/A T/IC G/T TiIC ¢
G/A G/G A/G G/IC T/C AJG C/T T/ G CM CIC
AA G/G G/G C/C C/C G/G TIT G/G T CIC
A/ GIG G/A C/G C/C G/G T/C GIT T/ CT
A/G G/G G/A C/G C/C G/G T/C G/T T/IC CKC

The (-} symbo] indicates the absence of a recognizable mutation. The order of mutations and SNPs is: 5'-G5G-SNP1-SNP2-SNP3-SNP4-
SNP5-SNP6-1444{6X449-R45TH-SNPT7-SNI'8-SNP9-8NP10-Y578C-L612_W620delinsR-3°
= The A of the ATG encoding the initiator methionine residue of the predicted translation product is denoted position -r»l

b 1835_1858de] TAAAGCAAGACCGAGAGCACCTGT.
* This silent mutation is absent in 100 Japanese cootrol subjects.

? §NP 1. 387A>G (P129P) at exon 4; SNP 2, IV84+33G>A at intron 4; SNP 3, IVS5-72G>A at intron 5; SNP 4, IV89-13C>G at intron 9;
SNP 5, IVS10-88C>T at intron 14, SNP 6, IVS10-80G:>A at intron 10; SNP 7, IV811-34T>=C at intron 11; SNP 8, IVS11.33G>T at intron 11;
SNP 9, 1455T=>C (A485A) at exon 12; and SNP 10, 1508C>T (A503V) at exon 12.
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F15. 1. POR mutations identified in the present study. Eleetropheroprams indicate the DNA sequences of subcloned normal aund mutant alleles.
Forward sequences are depicted for G5G, R457H, Y578C. and 144415X449, and reverse sequence is shown for L612_W620delinsR, The bar chart
ahove the G5G electropherograms represents the resuits of ESE analysis, in which high scores above the threshold for SF2/ASF are shown in
red, those for SC35 in blue, those for SRp40 in green, and those for SRp55 in yellow. Each bar is placed on the nucleotide motif for each SEp
{6~8 nucleotides), and the keight of each bar indicates the caleulated score. It is predicted that the 15A > G for GG (written in red letters) disrupts
a high score SRp40 motif imarked with an orange asterisk). The ribbon diagrams above or below the electropherograms of the remaining four
mutations show the results of protein modeling analysis, in which a-helices are shown in blue, B-strands /n yellow, and random cails in white,
The white arrows indicate the 457th residue for R45TH, the §78th residue for YA78C, the 444th residue for 1444fsX44, and the 612th residue
for 1.612_WG620delinsR. It is predicted that; 1) R457H resulés in no apparent conformational alteration; 2) Y578C affects three f-strands at the
H322-V325, R457-5460, and F515-R517 regions (orange arrow); 3) 1444fsX449 causes a drastic conformational alteration; and 4)
L612_W620delinsE disrupts an a-helix in the corresponding region (orange arrotw). In the middle of this figure, the upper diagram represents
the cofaclor binding domains (FMN, FAD, NADPH) and the connecling domain tstippled area), and the lower diagram indicates the corre-
sponding exons of POR.

stimulation in most cases. Renin activity was normal atbase-  costerone and corticosterone, whereas basal and ACTH-
ling, as was aldosterone. Basal and ACTH-stimulated preg-  stimulated dehydroepiandrosterone (DHEA) and andro-

nenolone, progesterone, 17-OH pregnenolone, and 17-OH  stenedione (A*A) were normal or decreased. 17-OH
progesterone were obviously elevated, as were deoxycorti- progesterone was markedly elevated in all cases. Similarly,
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Case 9 (13.2 years) Case 10 (15.0 years)

B ey

(0.5 years)

Case 3
Fig. 2. Reprerentative clinteal findings. A, Skeletal features. Case 9,
Craniosynostosis presents with overt brachycephaly, hypoplastic fa-
vial bones, short anterior cranial fussa ta thick block arrow), and deep
bilateral middle eranial fossas (¢hin block arrows). Radiohumeral
syvnostosis (a dotted white arrow) and arachnodactyly are also defin-
itively manifested. Case 10, Borderline brachycephaly is seen, to-
pether with relative hypoplasia of the facial bones. Radiochumeral
synostosis is absent, whereas slight arachnodactyly is suspected. B,
External genitalia. Case 1, This patient with a 46, XY karyotype has
micropenis, left eryptorchidism, right small intraseretal testis, hypo-
spadias, and sparse pubic hair. Case 3, This patient with a 46.XX
karyotype shows clitoromegaly and complete labial fusion.

Case 1 (18.0 years)

basal and GnRH-stimulated LH and FSH were obviously
elevated in moslt cases, and basal T was normal or decreased
inmale cases and variable but grossly normal in female cases,
with repeatedly measured basal T in female cases 3, 6, and
8-10being 0.2-0.6 ng /ml (0.6—2.0 nmol/liter) in the neonatal
to infantile age (reference data, not available), <0.1 ng/ml
(<0.3 nmol/liter) in childhood age [reference data, <0.1
ng/ml (<0.3 nmol/liter)], and <0.1-0.5 ng/ml (<0.3-1.8
nmol/liter) in pubertal age [reference data, 0.1-0.4 ng/ml
{0.3-1.3 nmol/liter)]. hCG tests yielded poor T response in
male case 5 and no T response in female cases 3, 6, and 8.
Basal E, was Jow in most cases.

Urine hormone data were also compatible with impaired
steroidogenesis (Fig. 3). The steroid metabolite ratios indi-

Fukami of al. « POR Mulativns and Antley-Bixler Syndrome

cating 17,20 lyase activity were at a borderline level or below
the normal range in all cases examined, as were those re-
flecting 21-hydroxylase activity. The steroid metabolite ra-
tios representing 17a-hydroxylase, 11 8-hydroxylase, and 33-
hydroxysteroid dehydrogenase activities grossly remained
within the normal range.

Discussion
POR mutations

POR mutations were identified in 15 of the 16 alleles
from eight families examined, and nine cases were found
to be compound heterozygotes or homozygotes for five
types of matations {Table 3). Although no mutation was
detected on one allele of case 7, it might be possible that
a mutation resides in unexamined regions, such as the
promoter and the intron sequences. Flick et al. (6) have
also described a patient with no demonstrable mutation on
one allele. Of the five mutations identified, R457H has
previously been shown to be a hypomorphic mutation by
the functional! studies (R457H has been described as
R454H in Arlt and colleagues) {6, 14). Because the R457
residue plays an essential role in the FAD binding and
stabilization (10, 14), R457H may specifically disturb the
interaction with FAD in the absence of a gross conforma-
tional alteration. L612_W620delinsR and [444fsX449 would
drastically disrupt the POR function because of the gross’
conformational alterations. For YS78C, conservation of the
Y578 residue among different species may argue for the
functional importance of this amine acid, and the protein
modeling analysis suggests the conformational change of the
mutant POR protein with the cystein residue. For G5G, al-
though this does not cause an amino acid substitution and
has been described as a polymorphism in the National Center
for Biotechnology Information Database (no allele frequency
reported), G5G was absent in 100 control Japanese and could
affect pre-mRNA splicing by disrupting the ESE motif. In-
deed, it has been shown that silent, as well as nonsense and
missense, mutations can affect the splicing mechanism (15).
Taken together, the results would provide compelling evi-
dence for ABS with abnormal genitalia and/or impaired
steroidogenesis being an autosomal recessive disease caused
by loss-of-function mutations of POR.

Two matters are noteworthy for the mutations. First, R457H
was the most frequent mutation that was identified in 10 of the
16 alleles examined. The high frequency of R457H would be due
to a founder cffect in the Japanese, because R457H was asso-
ciated with a specific haplotype. Indeed, R457HH has also been
identified in a heterozygous condition in all the three Japanese
paticnts reported by Flick et al. (6) and Adachi et al. (15). The
possibility of a hot spot mutation appears unlikely, hecause
R457H has been detected in a heterozygous state in only one of
the six non-Japanese patients from five families (6, 14), and no
demonstrable fresh mutation was identified in this study. Sec-
ond, the 10 cases had missense mutations in one or both alleles.
In this context, the previous studies have indicated that all the
nine patients have at least one missense mutations with residual
POR activities (6, 14), explaining why POR mutation-positive
patients are compatible with life, whereas Por knockout mice
are embryonically lethal (29). Thus, although a functional study
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has notbeen performed for Y578C, the 10 cases examined in this
study must have at least one allele retaining a partial POR
activity.

Skeletal features

Skeletal abnormality would be related to decreased activ-
ity of POR-dependent CYP51A1 (lanosterol 14a-demethyl-
ase) (11) (Fig. 4). Reduced CYP51A1 activity has been dem-
onstrated in 2 POR mutation-positive patient (6, 13), and
human fetuses exposed to a high dose of fluconazole, an
antifungal agent with an inhibitory effect on CYP51A1, are
known to have ABS-compatible skeletal features (30). Al-
though the underlying mechanism remains to be deter-
mined, impaired cholesterol biosynthesis appears to play an
important role in the development of skeletal abnormalities:
1) other disorders with defective cholesteral biosynthests,
such as Smith-Lemli-Opitz (SLO) syndrome, X-linked dom-
inant chondrodysplasia punctata (CDPX2), and congenital
hemidysplasia with ichthyosiform erythema and limb de-
fects (CHILD) syndrome, also have skeletal abnormalities,
although an aberrant sterol profile specific to each disorder
should contribute to the development of pathognomonic
skeletal features in each disorder (31); and 2) impaired cho-
lesterot biosynthesis is known to affect Hedgehog signaling
involved in skeletal development (32, 33). Thus, decreased
activity of SQLE may also be relevant to the development
of skeletal abnormalities in ABS, because SQLE is also a
TOR-dependent enzyme involved in the cholesterol bio-
synthesis (12).

Blood cholesterol was grossly normal in the nine cases
examined. In this context, blood cholestero] value is de-
termined by the amount of cral intake and the balance of
synthesis and degradation primarily in the liver (34). In
addition, an alternative pathway has been postulated for
cholesterol synthesis on the basis of a substantial amount
of cholesterol production in SLO syndrome patients with
nul! mutations of DHCR?7 for 7-dehydrocholesterol reduc-
tase (13), and POR-dependent CYP7Al (cholesterol 7«
hydroxylase) is required for cholesterol degradation (34).
Moreover, it has been reported that patients with CDPX2
and CHILD syndrome have minimal or no stero} abnor-
malities in blood but show diagnostic abnormalities in
cultured lymphoblasts (35, 36). These findings would ex-
plain why blood cholesterol was grossly normal in POR
mutations, and suggest that the impaired cholesterolo-
genesis and resultant Hedgehog signaling defects could be
present within the target skeletal cells despite the grossly
normal blood cholesterol values.

Skeletal abnormality was mild in cases 6 and 8 and ata
borderline level in case 10. Because cases 6, 8, and 10 were
homazygous for R457H with a residual activity (6, 14), this
would suggest that the severity of skeletal features is pri-
marily determined by the degree of the residual POR
activity that permits cholesterol-dependent Hedgehog sig-
naling in the developing skeletal tissues. Consistent with
this, Fliick et al. (6) have reported that severe POR muta-
tions cause skeletal abnormality and mild POR mutations
permit apparently normal skeletal development. For the
borderline skeletal features in case 10, maternal hyper-
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cholesterolemia might have played a certain role. Because
fetal blood cholesterol value correlates with maternal
blood cholesterol value (37), a relatively large amount of
cholesterol might have been transported into the devei-
oping skeletal tissues via LDL receptor with a low normal
activity, as well as via other pathways (34), mitigating the
skeletal features of case 10. In support of this, maternal
high cholesterol intake has mitigated skeletal features in
the model mice for SLO syndrome (38). However, this
notion is based on the results of a'single case and remains
speculative at present.

Steroidogenic impairment and adrenogenital features

Steroidogenesis is primarily inhibited by decreased ac-
tivity of POR-dependent CYP17A1 (17a-hydroxylase and
17,20 lyase) and CYP21A2 (21-hydroxylase) (9) (Fig. 4);
17,20 lyase and 21-hydroxylase deficiencies are indicated
by blood and urine hormone data, and 17a-hydroxylase
deficiency is suggested by the clevated blood preg-
nenclone and progesterone, as well as increased blood
deoxycorticosterone and corticosterone in the presence of
21-hydroxylase deficiency. Because 17,20 lyase reaction is
much more severely lmpeded by low POR concentrations
than 17c-hydroxylase reaction (39), this would explain
why 17,20 lyase deficiency is more evident than 17a-hy-
droxylase deficiency in POR mutations. In addition, de-
creased availability of cholesterol as the precursor of sex
steroids would also be relevant to defective steroidogen-
esis. In addition, because CYP19A1 (aromatase) activity
should also be impaired in POR mutations (9), tluq would
affect pubertal estrogen production.

Furthermore, two unique hormonal environments
would emerge during pregnancy (Fig. 4). First, placental
CYP19A1 activity would be compromised. In this context,
the placenta would synthesize a certain amount of T and
A*A from maternally derived DHEA, although DHEA of
fetal origin would be reduced because of an impaired
CYP17A1 activity. Itis inferred, therefore, that most, if not
all, of the T and A*A remain unaromatized and are trans-
ferred into the maternal and fetal circulations, as has been
indicated in CYP19A1 deficiency (40). In addition, the
placental estriol production would also be impaired, be-
cause of a compromised placental CYI'19A1 activity af-
fecting aromatization and a defective fetal CYP17A1 ac-
tivity affecting the fetal 16-OH DHEA-S§ (DHEA sulfate)
production. Second, fetal gonads may provide an alter-
native pathway for dihydrotestosterone {DHT) synthesis
{14). It is known in the tammar wallaby that the fetal
gonads can convert 17-OH progesterone to Sa-pregnane-
3a,17a-diol-20-one, which has a much higher affinity for
CYP17A1 than other substrates, including 17-OH proges-
terone {41), although such a conversion has not been dem-
onstrated in the human. Because 17-OH progesterone is
markedly increased in patients with POR mutations, this
pathway for DHT synthesis, if it exits in the human, would
be more active in patients with POR mutations than in
normal individuals.

Adrenal crisis occurred in cases 3, 7, and 9, with sudden
death in case 3. In this context, although baseline cortisal and
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TABLE 4. Summary of bloed cholesteral and hormone data

Fukami ¢ al. * POR Mulations and Anlley-Bixler Syndroune

Cate no. 1(18.0) 2(23.5) 3105 4(17.9; 5(17.5) 6 (2.0} 71{6.6) 8189) 9 10.6/13.2%)
(age at examinyry g s B B s B s B s B s B 8 B 8 B 5
Cholesterol
Total (mg/dl) 99 138 121 117 130 133 170 124
HDL (mg/dh 44 . 33 34
Adrenal function
ACTH tpg/ml) 114 101 43 92 50 25 366 52 85
Corlisol (pg/dh 108 101 162 107 127 153 178 97 121 104 344 63 54 84 105 104 136
Renin activity 28 1.0 1.7 4.4 5.9
tng/mlh)
Aldosterone 14.0 13.3 9.1 19.0 17.0 2.5 9.4
(ng/dl}
Pregnenolone 26 712 2.8 23 39 13 1.9
(ng/ml)
Progesterone 273 773 11.6 73.0 16.1 463 5.9 38.0 16.7 52.1 21.0 82,0
(ng/ml) .
17-CH 121 181 154 6.7 115 259 198 89 107 21 23 21 286 5.6 23.7 26.7
pregnenolone
(ng/ml)
17-OH 100 148 339 11.0 21.0 240 350 222 381 4.9 32.0 8.1 13.7 63 405 21.0 56.0
progesterone
(ng/ml)
DOC (ng/ml) 06 12 1.7 14 36 0.7 1.2 08 07 03 0.5 06 13
Corticosterone 62.4 121.0 50.7 22.2 69.5 254 638
(ng/ml)
DHEA (ng/ml) 14 1.3 14 02 04 14 20 =01 <01 0.9 09 23 20
Androstenedione 03 0.4 1.9 05 05 0.5 0.7 03 03 <01 <01 1.8
(ng/ml)
Gonadal function
LH {mIU/mD 14.7 134.5 21.7 03 164 9.3 35.2 58.3 0.2 107 <02 <0.2 6.3 7.7 504
FSH (m1U/ml) 21.3 46.8 371 9.1 326 7.2 11.2 62.4 58 41.5 0.3 24 88 129 207
Testosterone 22 39 05 W0hH 3.9 0.2 03 <01 <01 <01 <01 (<0.1) 0.4
tng/ml)
Estradiol <10 <10 13 510 =10 <10 <10
{pg/ml

B, Baseline value; 5, stimulated value; DOC, deoxycorticosterone, The values above the age- and sex-matched reference range are boldfaced.
and those below the reference range are underlined; no reference data are available for the stimulated testosterone values in female cases 3
and 8. Stimulated values have been obtained by rapid ACTH tests for adrenal steroids, by GnRH tests for gonadotropins, and by hCG tests

for testosterone,

“ A rapid ACTH test was performed at 0.6 yr of age, and a GnRH test and cholesterc] measurement at 13.2 yr of age after left

gonadectomy.

5 A rapid ACTH test was performed at 1.2 yr of age, and a GnRH test and cholesterol measurement at 15.0 yr of age.

aldosterone were grossly normal probably due to the pres-
ence of some residual POR function, cortiso] response to
ACTH stimulation was insufficient. Thus, steroid supple-
mentation therapy is recommended at the stress time, to
avoid adrenal crisis, although daily supplementation ther-
apy appears to be unnccessary.
Male cases 1, 2, and 5 had congenital genital abnormalities
and poor pubertal development, and cases 1 and 5 received
therapy and/or surgical repair. The defective male sex
relopment is consistent with impaired CYP17A1 activity,
ause CYP17A1 activity is indispensable for T production
roth fetal and pubertal periods {42). In this connection, T
L A*A derived from the placenta, and maybe DHT derived
1 the fetal gonads as well, may have contributed to the
< of severe congenital undermasculinization or pseudo-
maphroditism. In addition, the phenotype of case 4 sug-
ts that male sex development can be normal in POR
tations, although the reason for sufficient masculinization
1ains to be clarified. Such normal male development has

also been described in the previously reported two males
with POR mutations (14, 15).

Female cases had variable virilization at birth and poor
pubertal development with no progress of virilization,
which required genitoplasty in infancy in most cases and
hormone replacement therapy from the pubertal age. Vir-
ilization at birth would primarily be due to T and A*A
derived from the placenta, and maybe to DHT derived
from the fetal gonads as well. Because all female cases had
genital virilization, the effects of these androgens may be
large enough to cause virilization, irrespective of the type
of POR mutations. In particular, because the placenta is
known to produce a large amount of estrogens that are
converted from androgens by CYPIZA1 (40), impaired
placental CYP19A1 activity may result in production of a
fairly large amount of T and A*A. In this context, mild
virilization of case 7 may be due to placental dysfunction,
because placental androgen production may remain small
in this condition. Poor pubertal development with no as-
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TABLE 4. Continued
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10 (1.2/15.0M

Age- and sex-motched reference data

Conversion factor 10 51 unit

B s B 5 B S B s
Cases 1, 2,4, and 5 Case 6§ Cases 7-10
173 114-198 45-182 124-217 * 0.026 tmmel/liter)
a5 3565 3584 34-84 » 0.026 unmolliter)
Cases 1, 2,4, and 5 Cases 3 and 9 Cases 6 -8 and 10

b1 25-100 5-50 5-50 % 0.22 (pmol/liter)

224 28.0 5.0-16.5 18.0-27.0 4.2-23.0 32.0-60.0 3.0-19.0 17.0-40.0 X 27.6 (mmolditer)
0.3-4.3 <16.8 <6.7 X 1.0 (ugfkh)

19.0 3.6-32.4 7.2-71.9 3. 5-36.0 X 0.028 (nmol/liter)
0.2-0.8 0.9-2.2 0.2-0.9 0.5-2.8 0.2-05 0.3-1.4 % 3.16 (nmolAiter?
0.2-12.9 0.4-10.8 0.1-0.5 0.7-2.0 0.1-0.9 0.5-2.3 » 3.18 (nmol/iter}
0.3-3.0 2.2-8.6 0.6-8.8 9.0-31.8 0.1-16 0.4-73 X 3.00 (nmol/liter)

11.3 0.5-1.9 1.0-2.3 0.1-1.0 0.8-2.1 0.1-0.9 0.5-3.5 % 3.03 (nmolliter)

1.6 <0.1 0.2-0.4 0.1-0.6 04-1.1 =<0.6 0.3-1.2 » 3.03 (nmol/liter)
362 1.6-3.9 17.2-51.0 0.8-17.5 22.5-65.3 1.1-13.8 21.5-75.5 X 2.89 (nmol/liter)
0.9 1.0-4.0 1.9-5.1 0.3-5.9 1.0-11.1 0.1-1.5 0.2-3.2 X 3.46 (nmoltiter)
27 0.2 0.6-1.9 0.8-2.1 0.1-0.8 0.3-1.0 0.1-0.7 0.1-1.0 x 3.49 (nmolliter)

Cases 1,2, 4, and §

Cases 3 and 6--8

Cases 9 and 10

7.0 51.6 0.2-5.0 5.5-21.0 <2.0
9.5 20.1 0.6-4.9 1.2-8.0 0.3-4.0
0.5 2.8-7.0 <f.1

56 10-35 10-20

1.4-10.0 0.4-4.5 5.5-30.0 x 1.0 (IUAliter)

2.5-26.0 12-5.5 4.5-12.0 x 1.0 (IUAiter)
0.1-0.4 * 8.46 (nmol/liter)
10-60 X 3.67 (pmol/liter)

sociated virilization is explained by reduced activities of
CYP17A1 and CYP19Al, because this should cause im-
paired production of both T and E; during puberty (42).In
addition, ovarian cysts may be fairly common in POR
mutations, because they were present in cases 3, 9, and 10,
and have previously been described in two of three fe-
males with POR mutations (6, 14). Although the under-
lying factor(s) remains to be determined, the abnormal
endocrine status, including hypergonadotropinism, may
be relevant to ovarian cysts.

Growth pattern

Growth patterns are also primarily consistent with POR
mutations. Relatively thin body habitus would be ascribed
to chronic relative glucocorticoid deficiency, because
chronic adrenal insufficiency usually results in weight loss
(43). Large height gain in the middle-to-late teens in cases
1and 10 and retarded BA in cases 1, 5, 9, and 10 would be
explained by estrogen deficiency resulting from defective
CYP19A1 activity, because lack of bicactive estrogens
caused by mutations of CYP19AI for aromatase or ESR1
for estrogen receptor g, though it does notaffect childhood
growth and BA maturation, is known to cause tall stature
and delayed BA from the pubertal age (40). In this regard,
although the precise mechanisms remain to be clarified,

grossly age-appropriate BA in case 4 with sufficient mas-
culinization, and advanced BA in case 6 treated with a
large amount of TE, may be accounted for by a residual
POR activity.

Other findings

Several features are also worth pointing out. First, ma-
ternal virilization was present during pregnancies of five
cases. This phenomenon has also been documented in
three of nine pregnancies of fetuses with POR mutations
(6, 14, 15) and is primarily explained by the effects of T
transferred from the placenta to the maternal circulation
{Fig. 4). Indeed, maternal virilization is also found during
pregnancy of fetuses with CYP1947 mutations (40). Sec-
ond, maternal blood estriol was recorded as being low in
the preghancy of case 1. Low maternal blood estriol has
also been reported in the pregnancies of sibs with ABS and
steroidogenic impairment, although POR analysis has not
been performed in the sibs (44). This phenomenon would
be due to compromised placental estriol production
caused by impaired fetal CYP17AT activity and defective
placentai CYP19A1 activity (Fig. 4). Third, renal anomalies
were identified in three cases. This may be related to
aberrant sterol metabolism, because renal malformation
has frequently been identified in SLO syndrome (45). Last,
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Fi. 3. Urine steroid hormone profile analysis. Dark blue and red closed circles represent male and female patient data. respectively. Light
blue and pink areas indicate the normal ranges (from the minimum to the maximum) determined by the analysis of urine samples collected
from 431 males and 559 females, respectively, 2-40 yr old. The age of examination is 2.0 yr for case 6 (female), 3.6 yr for case 7 (female),
10.5 yr for case 8§ (female). 13.2 yr for cuse 9 (female), 14.0 yr for case 10 (female), 17.0 yr for ease 4 (mele), 17.8 yr for cage 5 (male). 18.3
yr for cese 1 fmale), and 29.0 yr for case 2 (male). Case 3 was not studied because of sudden death, and data for CYP21A2 and CYP11B1
have not been obtained in case 5. 17TOHP5-M: 17«-hydroxypregnenclone metabolites (5-pregnene-3p,17a-diol-20-¢ne, 5-pregnene-
38,17a,20a-triol, and 5-pregnene-38,158,17a-triol-20-one); P5-M: pregnenoclone metabolites (3-pregnene-38,16a-diol-20-one and 5-preg-
nene-38.21-diol-20-une); 170HP-M: 17a-hydroxyprogesterone metabolites (53-pregnane-3a,17a-diol-20-one, 5e-pregoane-3a,17a-diol-20-
one, 56-pregnane-3a4,174,20a-triol, Sa-pregnane-3a,174,200-triol, 58-pregnane-3n,17n-diol-11,20-dione, 58-pregnane-3a,17¢,20a-triol-
1l-one, 5B-pregnane-3a,11B,17a-triol-20-one, 5B-pregnane-3a,118,170,20a-tetro!, and 5B-pregnane-3a,11f,158,17a-tetrol-20-one);
Prog-M: progesterone metabolite (58-pregnane-3¢,20a-dioly; DHEA-M: DHEA metabolites {DHEA. §-androstene-383,17a-diol, 5-andro-
stene-38,16u-diol-17-one, 5-androstene-3{,164-diol-17-one, 5-androstene-3f3,17n-diol-16-one, and 5-androstene-38,16x,17«-triol);
AD4-M: A*A metabolites tandrosterone and etiocholanolone); DOC-M: 11-deoxvcorticosterone metabolite {tetrahydro-11-deoxycortico-
sterone): 11DOF-M: 11-deoxycortisel metabolite (tetrahydro-11-deoxycortisel); B-M: corticosterone metabolites (55-tetrahydrocortico-
sterone, Sa-tetrahydrocorticosterone, 58-tetrahydro-11-dehydro-corticosterone, and bu-tetrahydro-11-dehydro-corticosterone), and F-M:
cortisel metabolites (58-tetrahydrocortisune, Sa-tetrahydrocortisone, §B-tetrahydrocortisol, Sa-tetrahydrocortisol, cortisone, cortisol,
88-hydroxyvcortisol, and 18-hydroxycortisol).

there was no history indicating abnormal responses to
environmental toxins and drugs, including barbitals for
anesthesia used in eight cases who underwent surgical
treatment, although POR is required for microsomal 450
enzymes involved in detoxication (34). By contrast, liver-
specific Por knockout mice show a drastically reduced
pentobarbital clearance (46). Although the constructive
response to barbitals between the patients and the knock-

out mice may be due, more or less, to the difference in
species or drug dosage used, itis likely that a residual POR
activity in patients is sufficient for detoxication.

Summary

The present study suggests that ABS with abnormal
genitalia and/or impaired steroidogenesis results from
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FiG. 4. Simplified schematic representation indicating impaired cholesterologenesis and steroidogenesis in POR mutations (DHEA, DHEA-S,
A*A, and DHT). The activities of POR-dependent SQLE, CYP51A1 (lanostero]l 14a-demethylase), CYP17A1 (17a-hydroxylase and 17,20 kyase),-
CYP21A2 (21-hydroxylase), and CYPI19A1 (aromatase) should be impzired in patients with POR mutations. Only the important metabolites
are shown, and the reaction stepa in which some metabolites are omitted are indicated by two tandem arrotes. Patient: Cholesterologenesis and
steroidogenesis are impaired at the POR-dependent reaction steps. Fetal gonad: In the tammnar wallaby, 17-OH progesterone transported into
the fetal gonads can be converted into Sa-pregnane-3a,17«-diol-20-one after sequential conversion by ba-reductase type 1 and 3o-hydrexysteroid
dehydrogenase. Because Sa-pregnane-3a,17a-diol-20-one has a much higher affinity to CYP17A1 than other substrates, including 17-OH
progesterone, a certain amount of androsterone may be preduced and further converted into DHT after sequential conversion by 178-
hydroxvsteroid dehydrogenase and 3a-hydroxysteroid dehydrogenase (this pathway is indicated by dotted lines with arrows. because it has not
been verified in the human.) Placenta: The placenta should synthesize a cerlain amount of T, as well as A*A, using DHEA derived from maternal
DHEA-S tarrow), although DHEA-S of fetal erigin should be reduced because of decreased CYP17A1 activity (broken line with an arrowhead).
Because the aromatization of T to E, and that of A*A to estrone are impaired, excessive T and A*A would be transferred into the maternal and
fetal circulations during the pregnancy (arrew). Furthermore, the estriol synthesis in the placenta would be impaired because of the reduced
supply of 16-OH DHEA-S from the fetus (brofen line with an arrowhead) and compromised aromatizating in the placenta, Mother: In addition
to the transfer of DHEA-S from the mather to the placenta, cholesterol is transparted from the mother into the fetus via placenta (arrow).
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POR mutations with R457H being most frequent in the
Japanese because of a founder effect, and that clinical
features are variable and primarily accounted for by im-
paired activities of POR-dependent CYP51A1, CYP17A1,
CYP21A2, and CYP19A1. Further studies including fune-
tional analysis of mutants will permit a better character-
ization of POR mutations and genotype-phenctype cor-
relations of this condition.
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