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Original Article

Stress Doses of Glucocorticoids Cannot Prevent
Progression of All Adrenal Crises

Keiko Aso® 2, Masako zawa?, Asako Higuchi?, Shinobu Kotoh? and Yukihiro Hasegawa®
'First Department of Pediatrics, Toho University Medical Center; Omori Hospital, Tokyo, Japan
Department of Endocrinology and Metabolism, Tokyo Metropolitan Kiyose Children’s Hospital, Tokyo, Japan

Abstract. Adrenal crises (ACs) sometimes progress rapidly and can be fatal. The aims of the present
study were to reveal whether stress doses of glucocorticoids (SDGs) can prevent progression of severe
ACs and to suggest a method of prevention, through analysis of its clinical features. We studied 24
severe ACs (nine patients) that occurred after diagnosis of primary or secondary adrenal insufficiency,
retrospectively. The following information was analyzed: 1) whether SDGs were given orally and/or
sc; 2) duration from the time when some symptoms started to the time when the patient came to the
hospital; and 3) presence of hypoglycemia and electrolyte disturbance (hyponatremia, hyperkalemia).

" Eleven crises occurred after taking SDGs. Ten crises progressed within 3 h. Six of these ten crises
progressed to severe ACs despite the fact that the patients took SDGs. Six crises were observed in
association with hypoglycemia, and five of these six crises occurred in patients under 5 yr of age.
Three of the six crises in association with hypoglycemia progressed to ACs within 3 h. Two of the
three crises progressed to severe status within 3 h despite the fact that the patients took SDGs.
Electrolyte disturbance was observed in only one crisis. In conclusion, SDGs cannot prevent progression
of all ACs. Progression can be associated with hypoglycemia, particularly in patients under 5 yr of
age. Patients should be given guidance on an ongoing basis on how to prevent ACs and
hypoglycemia.

Key words: adrenal crisis, stress doses of glucocorticoids, hypoglycemia, electrolyte disturbance,
young children

Introduction

In patients with primary or secondary
adrenal insufficiency, adrenal crises (ACs) may
- develop when they are subjected to stress, such

Received: April 27, 2008

Accepted: November 10, 2008

Correspondence: Dr. Keiko Aso, First Department of
Pediatrics, Toho University Medical Center, Omori
Hospital, 7-5-3 Omori-Nishi, Ota-ku, Tokyo 143-8541,
Japan

E-mail: keias@proof.ocn.ne.jp

_39_

as infection. Therefore, these patients require
stress doses of glucocorticoids (SDGs).

As ACs can be fatal (1-3), it is pivotal that
they be prevented and managed at home.
Understanding the clinical features of severe
ACs is helpful in their prevention. However, a
search of Pubmed revealed no studies available
in regard to clinical features in which a large
number of cases of severe ACs were analyzed.
In addition, there were also no studies that
investigated the usefulness of SDGs, except for
case reports asserting that SDGs failed to prevent
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hypoglycemia (4, 5).

Therefore, the aims of the present study
were 1) to reveal whether SDGs can prevent
progression of severe ACs and 2) to suggest a
method of prevention, through analysis of their
clinical features.

Subjects

This retrospective study was conducted
using patients experiencing severe ACs after
diagnosis of adrenal insufficiency (explained
below).

The original cohort was eleven patients with
primary or secondary adrenal insufficiency who
were treated due to ACs at our hospital from
January 1985 to June 2005. The total number
of ACs was 49. Glucocorticoid replacement
therapy using hydrocortisone (cortisol) was used
for all patients. Mineralocorticoid replacement
was also prescribed to patients with primary
adrenal insufficiency. The daily doses of
hydrocortisone were 13.1-18.8 and 1.6-15 mg/
m?/day in primary and secondary adrenal
insufficiency, respectively.

The inclusion criteria of the present study
were as follows; 1) patients and their parents
were already instructed on how to take SDG
(hydrocortisone orally at 80—100 mg/m?/day
divided into four doses per day, and a 2025 mg/
m?dose sc injection); 2) the crises occurred
outside of the hospital; and 3) the symptoms
satisfied the following definition of severe AC on
arrival, so that patients who needed treatment
for severe ACs could be selected. They must have
experienced at least one of the following
symptoms, unconsciousness, convulsion or
hypotension (blood pressure was under 60 mmHg
or pulse could not be palpated), or at least one
symptoms indicating circulatory failure (pale
facial color, weak pulsation or cold extremities)
with definitive causes of adrenal crises (traffic
accident, infection with CRP above 10 mg/dl or
torsion of an ovarian cyst).

Consequently, 24 crises in nine patients

Vol.18/No.1

were evaluated in the present study (Table 1).
The median age at crisis was 4 yr and 0 mo of
age (7 mo to 24 yr of age). As severe ACs in
association with hypoglycemia were examined
inthe present study, patients with hypopituitarism
who did not start GH therapy were excluded.

Methods

The following information were analyzed:
1) whether SDGs were given orally and/or sc
before arrival to the hospital; 2) ‘duration before
arrival’, which was the duration from the time
some symptoms started that could be related to
AC (for example, vomiting or fever) to the time
when the patient came to hospital; and 3)
presence of hypoglycemia and electrolyte
disturbance (hyponatremia and hyperkalemia).
In the present study, a serum glucose
concentration of less than 40 mg/dl was defined
as hypoglycemia, a serum Na concentration of
lessthan 130 mEqg/Lwas defined as hyponatremia
and a serum K concentration of over 5.5 mEq/L
was defined as hyperkalemia.

Results

SDGs at home

Eleven severe ACs (four patients; 7 mo to
21 yr of age) occurred even though SDGs were
given at home (orally and/or sc; Table 1). Among
these eleven crises, SDGs were given orally in
seven crises and were given sc in six crises.
Another eleven crises occurred in patients (seven
patients; 1 to 24 yr of age) who came to the
hospital without administration of glucocorticoid.
In atleast two of the latter eleven crises, the ACs
progressed so rapidly that the patients had no
time to take SDGs. No information was available
for the remaining two crises.

Duration before arrival

Ten (five patients; 8 mo to 24 yr of age) of
the 24 crises progressed rapidly within 3 h (Table
1). Six (four patients; 8 mo to 21 yr of age) of
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Table 1 Details of the severe ACs
. . . Duration Glucose Na K
Patient Diagnosis Ageat AC SDGs beforearrival (ng/d) (mEqL)  (mEqL)
Primary adrenal insufficiency
1 CYP21A2 deficiency 11 mo Orally C 109 118 5.8
4yr (& B 78 147 3.7
2 CYP21A2 deficiency lyr Orally C 45 134 4.8
3 CYP21A2 deficiency lyr - A 4 139 4.7
4 StAR mutation 16 yr Orally C 99 137 3.7
18 yr - B 92 141 3.5
19yr - A 91 141 3.4
21 yr Orally and sc A 67 144 3.6
21 yr Sc A 76 140 3.8
Secondary adrenal insufficiency
5 Septo-optic dysplasia 7 mo Orally B 80 146 4.9
8mo  Orally and sc A 100 149 4.8
lyr Sc A 26 138 3.6
2yr Sec A 35 140 3.9
2yr Se C 20 139 4.3
6 Septo-optic dysplasia 3yr ) A 93 137 3.5
3yr Orally A 96 141 4.1
7  Hypopituitarism* 3yr - B 67 133 4.5
4yr &) B 8 141 3.4
8yr &) B <5 136 5.1
8  Hypopituitarism* 18 yr «) C 125 135 3.4
9 Hypopituitarism* 18yr N.A. C 83 137 3.9
18 yr N.A. C 75 130 3.8
20 yr -) B 105 131 3.4
24 yr - A 105 142 2.9

Hypopituitarism*: Hypopituitarism with invisible pituitary stalk on MRI. N.A.: not available. Duration
before arrival: A, <3 h; B, 3-24 h; C, 24-72 h. Severe ACs did not always occur repeatedly in the same
patients. However, when there were specific causes of the crisis (for example, an ovarian cyst in patient 4

and usual appetite loss in patient 5), severe ACs could occur repeatedly.

these ten crises progressed to severe ACs within
3 h, even though SDGs were administered (Table
2). Duration before arrival was from 3 to 24 h
in seven ACs (five patients) and was from 24 to
72 h in another seven crises (six patients; Table
1.

Hypoglycemia and electrolyte disturbances

Hypoglycemia: Six crises (three patients)
in association with hypoglycemia (<5-35 mg/dl)
were observed in the morning after overnight
fast (Table 1). Unconsciousness was observed

....41....

in one crisis, and convulsions were observed in
the other five. Five of these six crises were
observed in patients with secondary adrenal
insufficiency, and the other one was observed in
a patient with primary adrenal insufficiency.
In the above six crises with hypoglycemia,
five crises (three patients) occurred in patients
under 5 yr of age (1 to 4 yr of age; 13 of the 24
crises occurred in patients under 5 yr of age).
The remaining crisis occurred in an 8-yr-old
maltreated boy with hypopituitarism (Patient 7
in Tablel). This patient died due to this crisis.
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Table 2 Stress doses of glucocorticoids (SDGs)

SDGs
e Total
(+) -)
Duration before arrival < 3 h*! 6 4 10
Hypoglycemia*? 3 3 6
Hypoglycemia + duration before arrival < 3 h* 2 1 3

#1 Ten crises progressed rapidly within 3 h. Six out of these ten crises
progressed within 3 h despite SDGs. *2Six crises with hypoglycemia were
observed. Hypoglycemia was observed in three patients despite SDGs.
* Duration before arrival was within 3 h in three of the six crises with
hypoglycemia. Two of the three crises progressed to severe status within 3 h

Vol.18/No.1

despite SDGs.

He had severe mental retardation due to frequent
episodes of hypoglycemia.

Hypoglycemia was observed in three crises
(one patient) even though the patient came to
the hospital after sc injections of SDGs (Table
2). Duration before arrival was within 3 h in
three of the six crises with hypoglycemia (Table
1). Two of the three crises progressed to severe
status within 3 h despite SDGs (Table 2).

Electrolyte disturbance: In secondary
adrenal insufficiency, no abnormalities in the
serum Na or K concentrations were observed.
Even in primary adrenal insufficiency, ACs
progressed to severe states without electrolyte
disturbance, with the exception of one crisis. This
crisis occurred in an 11-mo-old girl with CYP21A2
deficiency (Na 118 mEq/L, K 5.8 mEq/L) despite
SDGs (Patient 1 in Table 1).

Discussion

SDGs could not prevent progression of all
severe ACs. Rapid progression and infantile
hypoglycemia (under 5 yr of age) were observed
despite SDGs. One possible reason why the
SDGs could not prevent progression of all ACs
is that the dose of glucocorticoids may be
insufficient. This should be studied in the near
future.

In regard to prevention of severe ACs, it is
important 1) to take SDGs (the earlier, the

better), 2) to come to the hospital if noimprovement
is seen after taking SDGs, and 3) to control
hypoglycemia in young children. To make these
possible, we first need to instruct patients and/
or their patients on when to take SDGs (orally
and sc) on an ongoing basis. To enable sc
administration as early as possible, we should
ensure that the patients most likely to have
severe ACs, such as young children less than 5
yr of age, or their parents have a syringe of
hydrocortisone. Furthermore, the patients
should come to the hospital quickly, if they do
not improve after taking SDGs. Finally, control
of hypoglycemia is necessary to prevent severe
ACsin young children less than 5 yr of age. There
have been several reports of children with
primary or secondary adrenal insufficiency
presenting severe ACs with hypoglycemia (4-12),
and some of these crises resulted in death (6,
10-12). We recommend measurement of the
patient’s glucose level at home, especially in the
morning (12), in the same manner as is now
widely performed in patients with typel diabetes
mellitus. In patients under stress, it is advisable
to supply them with sugar-rich foods or drinks
with SDGs, especially young children. This
importance of prevention of hypoglycemia in AC
has previously been indicated in case reports
concerning congenital adrenal hyperplasia in
the 1970s and 1980s (4, 5).

In conclusion, SDGs cannot prevent



January 2009 All Adrenal Crises Cannot be Prevented 27

progression of all ACs. Progression can be
associated with hypoglycemia, particularly in
patients under 5 yr of age. Patients should be
given guidance on an ongoing basis on how to
prevent ACs and hypoglycemia.
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Cytochrome P450 Oxidoreductase Deficiency:
Identification and Characterization of Biallelic
Mutations and Genotype-Phenotype Correlations in
35 Japanese Patients
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Ayumi Uematsu, Tomohiro Ishii, Chikahiko Numakura, Hirotake Sawada, Mariko Nakacho,
Takanori Kowase, Katsuaki Motomura, Hidenori Haruna, Mihoko Nakamura, Akira Ohishi,
Masanori Adachi, Toshihiro Tajima, Yukihiro Hasegawa, Tomonobu Hasegawa,

Reiko Horikawa, Kenji Fujieda, and Tsutomu Ogata*

Context: Cytochrome P450 oxidoreductase (POR) deficiency is a rare autosomal recessive disorder
characterized by skeletal dysplasia, adrenal dysfunction, disorders of sex development (DSD), and
maternal virilization during pregnancy. Although multiple studies have been performed for this
condition, several matters remain to be clarified, including the presence of manifesting heterozy-
gosity and the underlying factors for clinical variability.

Objective: The objective of the study was to examine such unresolved matters by detailed molec-
ular studies and genotype-phenotype correlations.

Patients: Thirty-five Japanese patients with POR deficiency participated in the study.

Results: Mutation analysis revealed homozygosity for R457H in cases 1-14 (group A), compound
heterozygosity for R457H and one apparently null mutation in cases 15-28 (group B), and other
combinations of mutations in cases 29-35 (group C). In particular, FISH and RT-PCR sequencing
analyses revealed an intragenic microdeletion in one apparent R457H homozygote, transcription
failure of apparently normal alleles in three R457H heterozygotes, and nonsense mediated mRNA
decay in two frameshift mutation-positive cases examined. Genotype-phenotype correlations in-
dicated that skeletal features were definitely more severe, and adrenal dysfunction, 46,XY DSD,
and pubertal failure were somewhat more severe in group B than group A, whereas 46, XX DSD and
maternal virilization during pregnancy were similar between two groups. Notable findings also
included the contrast between infrequent occurrence of 46,XY DSD and invariable occurrence of
46,XX DSD and pubertal growth pattern in group A mimicking that of aromatase deficiency.

Conclusions: The results argue against the heterozygjote manifestation and suggest that the re-
sidual POR activity reflected by the R457H dosage constitutes the underlying factor for clinical
variability in some features but not other features, probably due to the simplicity and complexity
of POR-dependent metabolic pathways relevant to each phenotype. (J Clin Endocrinol Metab 94:
1723-1731, 2009) :

ytochrome P450 oxidoreductase (POR) deficiency (PORD)
C is a rare autosomal recessive disorder caused by muta-
tions in the gene encoding an electron donor for all microso-
mal P450 enzymes and several non-P450 enzymes (1-4). Sa-
lient clinical features of PORD include skeletal dysplasia
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referred to as Antley-Bixler syndrome (ABS), adrenal dysfunc-
tion, 46,XY and 46,XX disorders of sex development (DSD),
and maternal virilization during pregnancy (3, 4). Such fea-
tures are primarily ascribed to impaired activities of POR-
dependent CYPS5S1A1 (lanosterol 14a-demethylase) and SQLE

Abbreviations: ABS, Antley-Bixler syndrome; CHX, cycloheximide; DSD, disorders of sex
development; E,, estradiol; FISH, fluorescent in situ hybridization; hCG, human cho-
rionic gonadotropin; M, metabolite; NMD, nonsense-mediated mRNA decay; PCO,
polycystic ovary; POR, cytochrome P450 oxidoreductase; PORD, POR deficiency; 17-
OHP, 17a-hydroxyprogesterone; T, testosterone.

jcem.endojournals.org 1723
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(squalene monooxigenase) involved in cholesterologenesis
and CYP17A1 (17a-hydroxylase and 17,20 lyase), CYP21A2
(21-hydroxylase), and CYP19A1 (aromatase) involved in ste-
roidogenesis (3, 4).

PORD has been identified in multiple patients (4). Mutations
are diverse, including missense, nonsense, frameshift, and splice
site mutations (4). Notably, however, A287P is the most com-
mon mutation in Caucasian patients, and R457H is the most
prevalent founder mutation in Japanese patients (1-8). In addi-
tion, there is no patient with two apparently null mutations,
suggesting that absence of a residual POR activity is incompat-
ible with life (4-6). Clinical features are also variable, with a
wide range of expressivity and penetrance. Indeed, ABS-com-
patible skeletal features and DSD are, severely manifested by
some patients and apparently absent in other patients (4-6). In
addition, adrenal crisis remains relatively rare (4, 6), and ma-
ternal virilization is not a consistent feature (5, 6, 9).

To date, however, several critical matters remain to be clar-
ified. First, although about 12% of patients have one apparently
normal POR allele (4), it is uncertain whether such patients rep-
resent manifesting heterozygotes or have hidden aberrations in
nonexamined region(s) (4, 10). Second, the underlying factors
for the clinical diversity remain to be determined, although vari-
able supporting activities of different POR mutants for target
enzymes would have a certain role (5, 11, 12). Third, pubertal
development and longitudinal growth have poorly been
investigated.

To examine these matters, we analyzed the POR gene in af-
fected patients and performed genotype-phenotype correlations
in terms of the dosage effect of the R457H mutant.

Patients and Methods

Patients .

This study consisted of 35 Japanese patients aged 0.1-23.8 yr (16
patients with 46,XY and 19 patients with 46,XX), including previously
reported 23 cases (6, 8, 9) (Table 1). Of the 35 patients, 25 were sporadic
cases and the rémaining 10 were familial cases from families A-D. Twenty-
three sporadic cases and four probands (cases 10, 15, 30, and 35) were
ascertained by skeletal features and/or DSD, two sporadic cases (cases 1
and 5) by newborn mass screening for 21-hydroxylase deficiency, and the
remaining six cases by familial studies.

Molecular analysis )

This study was approved by the Institutional Review Board Com-
mittee at National Center for Child Health and Development. The
primers used in this study are shown in supplementary Table 1, pub-
lished as supplemental data on The Endocrine Society’s Journals On-

J Clin Endocrinol Metab, May 2009, 94(5):1723-1731

line Web site at http://jcem.endojournals.org. After taking written
informed consent, peripheral blood samples were obtained from all
the patients and the parents of 19 sporadic cases and two familial cases
(families A and C). Subsequently, genomic DNA samples were sub-
jected to direct sequencing for the POR exons 1-16, together with
their flanking splice sites. To confirm a heterozygous mutation, the
corresponding PCR products were subcloned with a TOPO TA clon-
ing kit (Invitrogen, Carlsbad, CA), and the two alleles were sequenced
separately.

When lymphoblastoid cell lines were available, fluorescent in situ
hybridization (FISH) analysis was performed with two long PCR prod-
ucts spanning exons 4—7 (probe 1) and exons 8-12 (probe 2). The two
probes were labeled with digoxigenin and detected by rhodamine anti-
digoxigenin. A spectrum green-labeled probe for D7Z1 (CEP7) (Abbott,
Abbott Park, IL) was used as an internal control. For a case with a
probable microdeletion, RT-PCR was performed with a variety of prim-
ers, to determine the deletion size. Furthermore, to examine the occur-
rence of transcription failure in cases with apparent heterozygosity and
that of the nonsense-mediated mRNA decay (NMD) in cases with pre-
mature truncation mutations, the lymphoblastoid cell lines available
were incubated for 8 h with and without an NMD inhibitor cyclohexi-
mide (CHX; 100 pg/ml; Sigma, St. Louis, MO), and direct sequencing
was performed for RT-PCR products (13, 14).

In addition to disease-causing mutations, we also examined the pres-
ence or absence of acommon A503V variant that has been shown to have
a mildly decreased supporting activity at least for CYP17A1 (~60%)
(15), to investigate whether the AS03V variant can function as a modifier
of the clinical phenotype. To examine whether the A503V variant resides
on the same allele carrying R457H, PCR products encompassing both
the 457th and 503rd codons were subcloned and subjected to direct
sequencing.

Clinical assessment

Skeletal features were assessed by bone survey. Adrenal function
was evaluated by basal and ACTH-stimulated blood hormone values
[250 pg/m? (maximum 250 ug) bolus iv; blood sampling at 0 and 60
min] and by urine steroid profiles determined by the gas chromatog-
raphy/mass spectrometry using first morning urine samples in cases
aged older than 6 months (16) (several urine steroid metabolites can-
not be measured precisely during the first 6 months of age due to
interference of unknown steroids derived from the fetal adrenocor-
tex). DSD was clinically evaluated, as was pubertal development in
boys aged older than 14.3 yr (mean +2 sD age for pubic stage 2) and
in girls aged older than 12.8 yr (mean +2 sD age for breast stage 2)
(17). When possible, basal blood pituitary-gonadal hormone values
were also obtained as well as human chorionic gonadotropin (hCG)-
stimulated testosterone (T) values (3000 TU/m® per dose im for 3
consecutive days; blood sampling on d 1 and 4). In addition, clinical
records were surveyed for the data of 17-hydroxyprogesterone (17-
OHP) values at the newborn mass screening, adrenal crisis, maternal
virilization during pregnancy, polycystic ovary (PCO) in female cases,
and body measurement.

Penile length, clitoral size, Tanner stage, testis size, age of menarche,
and statural growth were assessed by age- and sex-matched Japanese
reference data (17-20), as were hormone values (21-23). Because urine
steroid metabolites (Ms) expressed in a logarithm scale grossly followed
the normal distribution and showed marked change with age in control
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TABLE 1. Summary of molecular analyses

Patients POR mutations
Case Karyotype Age (yr) Inheritance Nucleotide changes? Aminoacid changes
Group A: homozygotes for R457H
1 46, XY 5.0 Sporadic 1370G>A/1370G>A R457H/R457H
2 46,XY 23.8 Familial-A 1370G>A/1370G>A R457H/RA57H
3 46,XY 22.6 Familial-A 1370G>A/1370G>A R457H/RA57H
4 46,XY 6.7 Sporadic 1370G>A/1370G>A R457H/R457H
5 46,XY 0.4 Sporadic 1370G>A/1370G>A R457H/RA57H
6 46,XX 0.4 Sporadic 1370G>A/1370G>A R457H/R457H
7 46,XX 0.4 Sporadic 1370G>A/1370G>A R457H/R457H
8 46,XX 2.0 Sporadic 1370G>A/1370G>A R457H/R457H
9 46,XX 14.1 Sporadic 1370G>A/1370G>A R457H/RA57H
10 46,XX 15.0 Familial-A (P) 1370G>A/1370G>A R457H/RA57H
11 46,XX 3.0 Sporadic 1370G>A/1370G>A R457H/RA57H
12 46,XX 0.2 Sporadic 1370G>A/1370G>A R457H/R457H
13 46,XX 0.1 Sporadic 1370G>A/1370G>A R457H/R457H
14 46,XX 18.0 Sporadic 1370G>A/1370G>A R457H/R4A57H
Group B: compound heterozygotes for R457H and an apparently null mutation
15 46,XY 16.8 Familial-B (P) 1370G>A/601C>T R457H/Q201X
16 46,XY 15.7 Familial-B 1370G>A/B601C>T R457H/Q201X
17 46,XY 14.8 Sporadic 1370G>A/1329-1330insC RA57H/N444fsX449
18 46,XY 17.5 Sporadic 1370G>A/(15A>G) R457H/Non-transcribed (G5G)?
19 46,XY 2.1 Sporadic 1370G>A/143delG R457H/R48fsX63
20 46, XY 0.2 Sporadic 1370G>A/1665delG R457H/Q555fsX612
21 46,XY 13.1 Sporadic 1370G>A/(—)° R457H/DeltaExons 2-137
22 46,XX 9.0 Sporadic 1370G>AIVST+1G>A R457H/IVST+1G>A
23 46,XX 14.8 Sporadic 1370G>A/1698-1699%insC RA57H/Y567fsX574
24 46,XX 13.2 Sporadic 1370G>A/1329-1330insC R457H/1444fsX449
25 46,XX 12.9 Familial-B 1370G>A/601C>T R457H/Q201X
26 46,XX 6.6 Sporadic 1370G>A/(—)° R457H/Non-transcribed?
27 46,XX 4.2 Sporadic 1370G>A/(—)° R457H/Non-transcribed?
28 46,XX 17.0 Sporadic 1370G>A/1329-1330insC R457H/1444fsX449
Group C: other compound heterozygotes
29 46,XY 0.4 Sporadic 1370G>A/1386-1387insATCGCC RA57H/A462-S463insIA
30 46,XY 235 Familial-C (P) 1370G>A/1835-1858del® R457H/L612-W620delinsR
31 46, XY 18.0 Familial-C 1370G>A/1835-1858del® R457H/L612-W620delinsR
32 46,XY 17.9 Familial-D 1733A>G/1329-1330insC Y578C/1444fsX449
33 46,XX 0.8 Sporadic 1370G>A/1738G>C R457H/E580Q
34 46,XX 0.7 Sporadic 1370G>A/1042-1044delGTC R457H/348delV
35 46,XX 0.5 Familial-D (P) 1733A>G/1329-1330insC Y578C/1444fsX449

The genomic position corresponding to each mutation based on NC_000007.12 sequence at the National Center for Biotechnology Information database (Bethesda,
MD) is as follows: R457H, 75452433G>A; Q201X, 75448386C>T; 1444fsX449, 75452391-2insC; G5G, 75421261A>G; R48fsX63, 75421389delG; Q555fsX612,

75453099delG; IVS7 + 1G>A, 75448861G>A; Y567fsX574, 75453205-6insC; A462-5463insIA, 75452349-50insATCGCC; L612-W620delinsR, 75453432-
55delTAAAGCAAGACCGAGAGCACCTGT; Y578C, 75453237A>G; E580Q, 75453245G>C; and 348delV, 75451086-88delGTC. Cases 1-3, 6-10, 15-18, 22-26,

29-33, and 35 have been reported previously (6, 8, 9), and the remaining 12 cases were first examined in this study. P, Proband.
2 The A of the ATG encoding the initiator methionine residue of the predicted translation product is denoted position +1.

5 The allele with G5G and the apparently normal alleles are not trasncribed into mRNA.

€ The (—) symbol indicates the absence of a recognizable mutation on the exonic sequences.

9 An intragenic microdeletion involving exons 2-13.
€ 1835-1858delTAAAGCAAGACCGAGAGCACCTGT.

subjects of both sexes (854 males and 909 females), the M data of the
patients were expressed as the sD score to allow for the comparison
among patients of different sexes and ages.

Statistical analysis

Statistical significance of the frequency of clinical features was ana-
lyzed by the Fisher’s exact probability test, and that of the median of
nonpaired and paired variables was examined by the Mann-Whitney’s U
test and the Wilcoxon signed-rank test, respectively. P < 0.05 was con-
sidered significant.

Results

POR mutations

The results are summarized in Table 1. Direct sequencing
revealed 12 types of mutations and one silent substitution (G5G)
(Fig. 1A), with R457H being identified in 40 of the 58 alleles
(~70%) in 25 sporadic cases and four probands of families A-D.
Of the 12 mutations, R48fsX63, Q555fsX612, and 348delV
were first identified in this study. These mutations were absent in
100 control subjects.

_46_
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FIG. 1. Mutation analysis of POR. A, Schematic representation of the POR gene and the
positions of identified mutations. The Japanese founder mutation R457H is shown in red, other
disease-causing mutations in black, and the common A503V variant in blue. Upper diagram, The
genomic structure comprising 16 exons. The black and white boxes denote the coding and the
untranslated regions, respectively. Lower diagram, The protein structure consisting of the
cofactor binding domains (FMN: flavin mononucleotide; FAD: flavin-adenine dinucleotide; and
NADPH: nicotinamide-adenine dinucleotide phosphate, reduced) and the connecting domain
(stippled area). B, FISH and RT-PCR sequencing analyses in case 21. Left diagram, The positions
of the two FISH probes and those of the primers for RT-PCR. Middle diagram, FISH findings
showing two signals for D7Z71 (arrowheads) and a single signal for POR (arrow) delineated by the
FISH probe 2. Right diagram, RT-PCR sequencing indicating the fusion between exons 1 and 14
(the deletion of exons 2-13). C, Transcription failure in cases 18, 26, and 27. Although
heterozygosity for R457H is delineated for the genomic DNA, RT-PCR sequencing indicates
absent expression of the wild-type (WT) alleles in the three cases. Similarly, although
heterozygosity for G5G is shown for the genomic DNA of case 18, RT-PCR sequencing reveals no
expression of the G5G allele. Such lack of transcripts is not recovered by CHX. D, Nonsense-
mediated mRNA decay in cases 20 and 24 but not case 29. Although heterozygosity for the
mutations is shown for the genomic DNA, RT-PCR sequencing delineates the WT alleles only
before CHX treatment and the heterozygosity after CHX treatment in cases 20 and 24. The NMD
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E580Q, 348delV, A462-S463insIA, and L612-
W620delinsR) were unknown for residual activities.
Indeed, RT-PCR sequencing analysis performed be-
fore and after CHX treatment in three cases with avail-
able lymphoblastoid cell linés demonstrated that the
alleles carrying Q555fsX612 and 1444fsX449 under-
went NMD, whereas the allele harboring A462-
S463insIA escaped NMD (Fig. 1D).

The common AS503V variant was absent from
cases of group A and was identified in four cases of
group B (cases 22,23, 26, and 27) and four cases of
group C (cases 29-31, and 34). The eight cases with
AS03V were all compound heterozygotes with
R457H and another mutation, and direct sequenc-
ing for subcloned PCR products encompassing both
457th and 503rd codons revealed lack of coexist-
ence of R457H and A503V. Thus, it was indicated
that the AS03V variant was absent from all of the 47
alleles carrying R457H and was present on alleles
carrying IVS7+1G>A, Y567{sX574, A462-
S463insIA, L612-W620delinsR, and 348delV and
on the two nontranscribed alleles.

Classification of the patients

On the basis of the above results, the 35 cases
were classified into three groups: group A, homozy-
gotes for R457H (cases 1-14); group B, compound
heterozygotes for R457H and one apparently null
mutation (cases 15-28); and group C, other types of
compound heterozygotes (cases 29-35) (Table 1).
The residual POR activity was predicted to be higher
in group A than group B, although it was unknown
for group C. In addition, group B was subclassified

is not observed in case 29.

Fifteen cases were apparently homozygous for R457H, and
hemizygosity was excluded in 14 of the 15 cases by parental
analysis indicating heterozygosity for R457H in both parents
(cases 1-3, 611, and 13) and by FISH analysis with two FISH
probes (cases 4, 5,12, and 14). Notably, however, FISH analysis
delineated a heterozygous microdeletionin case 21,and RT-PCR
sequencing analysis revealed loss of exons 2-13 in this case (Fig.
1B). The mother was heterozygous for R457H, and the father
was heterozygous for the intragenic microdeletion.

Three cases were apparently heterozygous for R457H (cases
18,26, and 27), although case 18 also had G5G. However, RT-
PCR sequencing analysis using lymphoblastoid cell lines showed
nearly complete absence of mRNA derived from the apparently
normal alleles in the three cases (Fig. 1C). The mRNA remained
undetected after CHX treatment, indicating transcription
failure.

Ofthe 11 other types of mutations, the nonsense and four frame-
shift mutations (Q201X, R48fsX63, [444fsX449, Q555£sX612,
and Y567fsX574) leading to premature termination and the con-
served splice donor site mutation (IVS7+1G>A) appeared to be
null mutations, whereas the remaining five mutations (Y578C,

into AS03V-positive cases (cases 22,23,26,and 27)
and negative cases (cases 15-21, 24, 25, and 28).

Clinical features

The prevalence of each clinical feature in groups A-C is sum-
marized in Table 2, together with its comparison between groups
A and B. The sex ratio was similar between groups A and B, as
was the median age.

ABS-compatible skeletal features were definitely more prev-
alent in group B than group A (Table 2 and supplementary Fig.
1, published as supplemental data on The Endocrine Society’s
Journals Online Web site at http://jcem.endojournals.org). In
particular, severe brachycephaly, elbow joint synostosis, and
choanal stenosis were exclusively identified in group B.

Adrenal steroidogenic dysfunction was biochemically iden-
tified in all cases, with some difference between groups A and B.
Blood ACTH was normal or elevated at the baseline, 17-OHP
was normal or elevated at the baseline and above the normal
range after ACTH stimulation, and cortisol was normal at the
baseline but barely responded to ACTH stimulation (Fig. 2A).
Significant difference between groups A and B was identified for
basal 17-OHP value (P = 0.044) and basal and ACTH-stimu-
lated cortisol values (P = 0.018 and P = 0.022). Urine Ms of
progesterone and 17-OHP were elevated, whereas those of an-
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TABLE 2. The prevalence of each clinical feature in groups A-C and its comparison between groups A and B

Group A Group B Group C Groups A vs. B
(n = 14) (n = 14) (n=7) (P value)
Sex (male:female) i 5:9 7.7 4:3 0.35
Age (median, range, yr) 4.0 (0.1-23.8) 13.1(0.2-17.5) 0.8(0.4-23.5) 0.19
Skeletal features
Any skeletal feature 7/14 14/14 777 0.0029
Brachycephaly (overt) 014 14/14 6/7° 0.000000025
Elbow joint synostosis? 014 7/14 4/7 0.0029
Arachnodactyly (overt) 5/14 14/14 777 0.048
Choanal stenosis 0/14 5/14 117 0.020
Joint contracture 714 14/14 717 0.0029
Adrenal dysfunction
Adrenal crisis 0/14 414 17 0.049
Detection by mass screening? 5/8 3/8 2/4 0.31
46,XY DSD
Any genital feature at birth 1/5¢ 3/7f 3/4 0.42
Hypospadias 0/5 2/7 1/4 0.32
Cryptorchidism 0/5 3/7 _ 2/4 0.16
Micropenis 1/5 277 3/4 0.64
46,XX DSD
Any genital feature at birth 9/9° 7177 3/3 1.0°
Clitoromegaly 8/9 5/7 3/3 0.40
Labial fusion 8/9 5/7 2/3 0.40
Common urogenital sinus 2/9 2/7 0/3 0.61
Maternal virilization 8/14 5/14 477 0.22
Pubertal failure, 46,XY
Delayed (>2 sp) or no pubertal sign 0729 3/4" 2/3 0.20
Small testis (<2 sp) 0/2 2/4 1/3 0.40
Primary hypogonadism’ 0/2 2/2 3/3 0.17
Pubertal failure, 46,XX
Delayed (>2 sp) or no pubertal sign 3/39 4/4h 1.0
Delayed (>2 sb) or no menses 072 2/2 0.17
Primary hypogonadism’ 3/3 3/3 1.0
Polycystic ovary ) 4/9 3/6 173 0.62

The denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number of patients
assessed to be positive for that feature; thus, the differences between the denominators and numerators denote the number of patients evaluated to be negative for

that feature.

@ Severe craniosynostosis is absent in case 33 with two missense mutations.
b Humeroradial, humeroulnar, or radioulnar synostosis.

€ Adrenal crisis has been manifested by case 35 with Y578C and 1444fsX449.

9 The measurement of 17-OHP in the mass screening for 21-hydroxylase deficiency has been performed since 1988 in Japan.
& DSD is more frequent in 46,XX cases than 46,XY cases in groups A (P = 0.0050) and B (P = 0.035).

9" The Pvalues between 46,XY and 46,XX cases are 0.19 for group A and 0.50 for group B.

" Elevated gonadotropins (LH and/or FSH) and/or decreased T or E,, as compared with age- and sex-matched reference data.

/ Only a few vaginal spottings.

drostenedione, 11-deoxycortisol, cortisol, and aldosterone
grossly remained within the normal range (Fig. 2B). The M ratio
indicating 17a-hydroxylase activity remained almost normal, con-
sistent with the elevation of both substrates and products, whereas
the M ratios indicating 17,20 lyase and 21-hydroxylase activities
were grossly decreased. Significant difference between groups A and
B was identified for Ms of progesterone (P = 0.044), those of 17-OHP
(P = 0.022), those of aldosterone (P = 0.0084), and M ratio indi-
cating 17,20 lyase activity (P = 0.011). Adrenal crisis was observed
only in group B with a significant difference between groups A and
B, whereas the detection frequency of elevated 17-OHP in mass
screening was similar between groups A and B (Table 2).

DSD was more prevalent in 46,XX cases than 46,XY cases in
both groups A and B (Table 2, footnote, and supplementary Fig.

2).46,XY DSD in group A was micropenis in one case, and that
in group B included more severe phenotypes. By contrast, 46,XX
DSD was invariably identified in both groups A and B. Maternal
virilization during pregnancy was often found in groups A and B
with a similar prevalence. Serum T of case 20, aged 0.2 yr in
group B, was 6.5 and 7.6 nmol/liter (1.9 and 2.2 ng/ml) before
and after hCG stimulation, respectively.

Pubertal development was apparently normal in two 46,XY
cases of group A and one of four 46,XY cases in group B and was
invariably affected in 46,XX cases in both groups A and B (Table
2). In family A of group A, cases 2 and 3 exhibited full pubertal
development with testis volume of 20 ml, whereas case 10 had
obvious pubertal failure with Tanner B2 stage. T value of case 18,
aged 17.5 yr in group B, was low at the baseline (0.7 nmol/liter,
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FIG. 2. Adrenal steroidogenic dysfunctions in groups A-C. Light blue areas
represent the normal ranges. Red asterisks indicate the presence of significant
differences between groups A and B. A, Basal and ACTH-stimulated blood
hormone values. B, Basal urine steroid M values. Prog, Progesterone; A4A,
androstenedione; 11DOF, 11-deoxycortisol; Aldo, aldosterone.

0.2 ng/ml) and poorly responded to hCG stimulation (1.0 nmol/
liter, 0.3 ng/ml). PCO was observed in infantile or pubertal cases
with a similar frequency between groups A and B, and cases 22
and 24 had ovarian torsion. Notably, bilateral ovarian cysts of
case 10 markedly reduced in size after treatment with estradiol
(E,) (supplementary Fig. 3).

Long-term growth patterns were obtained in eight cases (Fig.
3). Whereas childhood heights tended to be high in both groups
A and B, pubertal growth was different between the two groups.
Cases in group A lacked obvious pubertal growth spurt but con-
tinued to grow for a long term, attaining tall adult heights,
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whereas those in group B showed rather compromised pubertal
growth with worsening of scoliosis (supplementary Fig. 1).

There was no phenotypic difference between A503V-positive
and -negative cases of group B (supplementary Table 2). In ad-
dition, the phenotypes in group C were grossly similar to those
in group B (Table 2). In particular, craniosynostosis was iden-
tified in all cases except for case 33 with R457H and ES80Q), and
adrenal crisis was manifested by case 35 with Y578C and
1444£sX449.

Discussion

Molecular studies

Detailed molecular studies were performed in this study, pro-
viding two notable findings. First, all 35 cases were found to be
homozygotes or compound heterozygotes for POR mutations
including intragenic microdeletion and transcription failure. Be-
cause the microdeletion was found in case 21 with apparent
R457H homozygosity, such a microdeletion might be hidden in
the previously reported patients with apparent homozygosity (1,
5). Similarly, because transcription failure was invariably iden-
tifiedin cases 18,26, and 27 with apparent heterozygosity, it may
also underlie in the previously reported patients with apparent
heterozygosity (4, 5, 10). In this regard, it is likely that the three
cases carry a mutation in a hitherto unidentified cis-regulatory
sequence(s) for the transcription of POR, as has been reported
for several genes (24).

Second, RT-PCR sequence analysis indicated the occurrence
of NMD in the two frameshift mutations (1444fsX449 and
Q555£sX612). In this context, all the premature termination
codons caused by the nonsense and the four frameshift mutations
satisfy the positional conditions for the occurrence of NMD that
functions as an mRNA surveillance mechanism to prevent the
formation of aberrant proteins (13, 14). Thus,
it is likely that the remaining three mutations
(Q201X, R48fsX63, and Y567{sX574) are
also null mutations subject to NMD i vivo.

Genotype-phenotype correlations
Genotype-phenotype correlations also pro-

vide several informative findings. Skeletal fea-

tures were clearly different between groups A

Saw,‘

and B. Because cholesterol production in skel-
etal tissues is carried out in a simple one way
manner (Fig. 4), this would explain why the
skeletal phenotype is obviously dependent on
the R457H dosage, reflecting the residual ac-
tivity. Itis likely that the threshold level for the
development of severe skeletal phenotypes re-
sides between a single copy and two copies of
the R457H residual activity.

Adrenal steroidogenic dysfunction was
grossly similar between groups A and B, al-

Age (
C . B .
ase 25 though it was somewhat milder in group A

FIG. 3. Growth charts of eight cases plotted on the sex-matched longitudinal growth curves for the
normal Japanese children (+2 sp, +1 sb, the mean, —1 sp, and —2 sp). The triangles in cases 2, 3, and 10
represent the target heights. Cases 10 and 24 are placed on E, replacement therapy. Hv, Height velocity.
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than group B. Such a relatively minor role of
R457H dosage in adrenal steroidogenesis



