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Context: The cholesterol side-chain cleavage enzyme catalyzes the
conversion of cholesterol to pregnanalone in the first step of steroi-
dogenic pathways. Defective enzyme activity leads to the deficiency
of all steroid hormones, including progesterone, which is essential to
sustain term pregnancy.

Results: We report a homozygous point mutation in the CYP11A1
gene in a 46, XY phenotypic female born at term to healthy heterozy-
gous parents, presenting relatively late at the age of 1 yr 9 months
with life-threatening adrenal insufficiency and complete sex reversal.
She was found to have complete agenesis of corpus callosum. The
mutation resulted in a single amino acid substitution: valine for
alanine at position 359. The functional analysis of the mutant enzyme
revealed markedly reduced enzyme activity, but about 11% residual
activity was demonstrated. We explained the completion of pregnancy

to term and the late presentation by a possible difference in the
mutant enzyme activity in vivo and in vitro or by the residual mutant
activity, which would have been enough to maintain pregnancy and
viability of the patient. The clinical findings of nearly undetectable
levels of steroid hormones at presentation are explained by the total
disruption of steroidogenic cells later on, with recurrent ACTH stim-
ulation leading to intramitochondrial cholesterol accumulation and
cell death (a two-hit mechanism).

Conclusion: This report of a homozygous mutation in CYP11A1 gene
in a child with agenesis of corpus callosum shows that homozygous
mutations in CYP11A1 gene can be compatible with term pregnancy
and delayed presentation. (J Clin Endocrinol Metab 91:
2821-2826, 2006)

TEROID HORMONES ARE essential for normal sexual
development, accommodation of stresses, and fluid
electrolyte balance. They are synthesized mainly in adrenal
glands, gonads, and fetoplacental unit. Animal studies have
shown de novo steroid synthesis in the central nervous sys-
tem; moreover, it was established recently that key steroi-
dogenic enzymes cholesterol side-chain cleavage enzyme
(P450scc), aromatase, 5a-reductase, 3a-hydroxysteroid de-
hydrogenase, and 17B-hydroxysteroid dehydrogenase are in
human brains, providing evidence that neurosteroids can be
produced in human brains. However, pathophysiological
significance remains to be elucidated (1).

Although steroid hormones have diverse physiological
action, the biosynthesis of all steroids begins with the con-
version of cholesterol to pregnanalone, which is the first and
rate-limiting step in steroidogenic pathway. The cytochrome
P450scc system catalyzes the conversion of cholesterol to
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pregnanalone. It is located in the matrix side of inner mito-
chondrial membrane and cooperates with two coenzymes,
ferredoxin and ferredoxin reductase, to carry out three suc-
cessive oxidative reduction reactions of cholesterol through
an electron transport chain using reduced nicotinamide ad-
enine dinucleotide phosphate as an electron donor, and it is
encoded in humans by a single gene on chromosome 15, the
CYP11A1 gene (2, 3), expression of which is under stringent
control (4-8). Disruption of this early step in the steroido-
genic pathway causes impaired production of gonadal and
adrenal steroids in utero and postnatally leading to accumu-
lation of cholesterol in the adrenal cortex and resulting in the
most severe genetic disorder of steroid synthesis, congenital
lipoid adrenal hyperplasia (CLAH). CLAH is due to im-
paired conversion of cholesterol to pregnanolone resulting in
deficiency of all steroids, including mineralocorticoid, glu-
cocorticoid, and sex steroids; affected individuals are phe-
notypic females with a severe salt-losing syndrome. It is
believed to result from a two-hit event, the initial genetic loss
of steroidogenesis, and the subsequent loss due to cellular
damage from accumulation of cholesterol and cholesterol
esters (9). CLAH was formerly named 20,22 desmolase de-
ficiency and was thought to be caused by mutations in
P450scc (10-12), but the gene for P450scc was found to be
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normal in these patients (13, 14). Recently, it was reported
that CLAH is because of defects in the steroidogenic acute
regulatory protein (StAR), which is a protein required for the
rapid flux of cholesterol from the outer mitochondrial mem-
brane to the inner mitochondrial membrane that is needed to
induce acute response of steroid synthesis (9, 15-18). Nev-
ertheless, the description of Yang et al. (19) that rabbits that
are homozygous for P450scc gene deletion have a phenotype
that closely corresponds with CLAH together with the recent
reports of CLAH resulting from deficient P450scc activity in
animals (20, 21) and in humans (22-24) have provided the
evidence that some of these patients may harbor P450scc
mutations.

P450scc is essential for progesterone synthesis, which is
important to sustain pregnancy in mammals. The origin of
progesterone during pregnancy can be the ovarian corpus
luteum, the placenta, and the fetal adrenal. The mechanisms
by which progesterone synthesis is maintained vary between
species (25, 26). In rabbits, the role of placental progesterone
production is less obvious because luteal progesterone syn-
thesis is indispensable throughout term. Thus, a homozy-
gous P450scc mutation in the fetus will not disrupt proges-
terone production by the maternal corpus luteum, and the
pregnancy will be carried to term (19). In contrast, in humans,
the corpus luteum is active during the first trimester, and the
placenta assumes the steroidogenic role of the ovary at 8 wk
gestation (luteoplacental shift) (27-30). It was thought that
deficiency of cytochrome P450scc is incompatible with term
pregnancy, and spontaneous abortion is expected at about
6-7 wk, when production of progesterone from maternal
corpus luteum wanes, and the mutant placental system is
unable to take over (31), but recent reports of three cases
(22-24) gave evidence that deficiency of cytochrome P450scc
can be compatible with term pregnancy if the in vivo enzyme
level is sufficient to sustain the pregnancy.

The corpus callosum is the largest interhemispheric com-
missure. It forms between the 8th and 20th wk of gestation.
Agenesis of corpus callosum can occur in isolation or in
association with the central nervous system or systemic mal-
formation (32). We report the first patient with a homozy-
gous point mutation in CYP11A1 leading to single amino
acid substitution, which was inherited in an autosomal-
recessive fashion from healthy parents. The 46, XY patient
was born at term and presented with severe adrenal insuf-
ficiency at the age of 1 yr 9 months and had complete sex
reversal. Furthermore, she was found to have complete agen-
esis of corpus callosum by computed tomography of the
brain. Thus, severe P450scc deficiency can be compatible
with term gestation and with survival for a considerable time
without replacement.

Kandari et al. ® Homozygous Mutation of CYP11A1

Patient and Methods

Case report

The proband was the third child for a healthy first-degree consan-
guineous couple from Syria. She has two full siblings and 15 stepbrothers
and stepsisters; eight of them are married and have children, and all are
healthy. The mother had a history of two early miscarriages. The patient
was born by spontaneous vaginal delivery after an uneventful 40-wk
gestation. Birth weight was 3 kg. She had normal developmental mile-
stones with no past history of major illness but a minor episode of upper
respiratory tract infection associated with vomiting at the age of 10
months, which was treated with iv rehydration for a few hours in a
primary health care center; no investigation was done. She presented for
the first time to the emergency department at the age of 1 yr 9 months
with a history of vomiting, reduced oral intake, and an attack of tonic
clonic convulsion. She was drowsy and moderately dehydrated with
generalized tanning of skin and markedly increased pigmentation of lips
and gums, nape of the neck, and abdomen. Her weight was 8 kg (below
the 5th centile for age). She had normal female external genitalia with
separate vaginal and urethral openings. Small bilateral inguinal masses
were felt. She had metabolic acidosis (pH 7.2 and bicarbonate level of
13 mmol/liter) with hypoglycemia (0.6 mmol/liter), hyponatremia (113
mmol/liter), and hyperkalemia (6.6 mmol/liter). She had extremely
elevated ACTH (>1250 pg/liter; normal range, 10—84) and high plasma
renin activity (1900 mIU/liter; normal range, 5-75), with a very low or
undetectable level of aldosterone (<30 pmol/liter; normal range, 50—
850). The diagnosis of glucocorticoid and mineralocorticoid deficiency
was made; treatment with hydrocortisone and fludrocortisone was com-
menced, after which the child improved dramatically. Her karyotype
result was 46, XY. The child was then admitted for ACTH stimulation
test after 24-h discontinuation of medication under medical supervision.
A short synacthen test showed that levels of steroid hormones were
undetectable and failed to show any rise after stimulation with 0.25 mg
of synacthen [ACTH-(1-24)] (Table 1). The serum levels of FSH and LH
were elevated (10.4 IU/liter, normal range, 0.7-3.39; 0.78 IU/liter, nor-
mal range, 0.33-0.55, respectively). Human chorionic gonadotropin
(hCG) stimulation failed to raise serum testosterone (0.295 and 0.24
nmol/liter pre- and poststimulation, respectively). Ultrasound and mag-
netic resonance imaging of the abdomen identified bilateral small go-
nads, 0.4 cm, in inguinal regions with testis-like echo texture, and nor-
mal-sized adrenal glands (right, 6.4 X 5.3 X 9 mm; left, 5.8 X 4.6 X 8.6
mm; normal range, 5.6 = 0.8 X 4.6 = 0.7 X 8.3 * 0.6 mm) with complete
lack of Miillerian structures. A genitogram showed a short, blunt-end
vagina. Computed tomography of the brain revealed complete agenesis
of corpus callosum.

Histopathology of the gonads revealed normal testicular tissue for
age; normal seminiferous tubule and Sertoli cells. However, Leydig cells
and germ cells were not visualized, which could be normal for age. The
epididymis was abnormally wrapped around the testis but with normal
histology. Seminal vesicles and vas deference were not identified. The
direct sequencing of analysis of the candidate genes of the patient in-
cluding StAR, dosage-sensitive sex adrenal hypoplasia congenita critical
region on X, and steroidogenic factor (SF)-1 revealed normal DNA
sequences (data not shown).

PCR amplification and direct sequencing of the
CYPI11A1 gene

DNA was extracted from peripheral white blood cells of the patient
and her parents after informed consent for genetic analyses was ob-

TABLE 1. Baseline steroid levels and steroid responses to 0.25 mg ACTH

Poststimulation Normal age range (basal)

Prestimulation
Cortisol 16.53 nmol/liter
Pregnanalone <0.5 nmol/liter

170H-Pregnanalone
170H-Progesterone
Dehydroepiandrosterone
Aldosterone

<0.3 nmol/liter
<0.8 pmol/liter
<30 pmol/liter

16.99 nmol/liter
<0.5 nmol/liter
<10 ng/100 ml/liter
<0.3 nmol/liter
<0.8 umol/liter
<30 pmol/liter

(88-331) nmol/liter
(0.8-2.2) nmol/liter
(15-235) ng/100 ml
(0.16-2.27) nmol/liter
0.3-1.6 pmol/liter
166—-940 pmol/liter

Normal age ranges according to Ref. 33. Poststimulation X 5-10 the initial values for all.
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tained. Exons of the CYPI11A1 gene were amplified and directly se-
quenced as reported previously (23).

Restriction enzyme analysis

The A359V mutation found in the patient and her parents, which
destroys a recognition site for a restriction enzyme Hhal (New England
Biolabs, Inc., Beverly, MA), was confirmed by digestion of PCR products
with the restriction enzyme followed by electrophoresis on a 2%
NuSieve GTG agarose gel (FMC Bioproducts, Rockland, ME).

Functional expression of the mutant P450scc

The wild-type and R353W mutant P450scc cDNAs were prepared as
previously described (23). The bovine adrenodoxin and bovine adreno-
doxin reductase expression plasmids and the human StAR expression
plasmid were obtained as previously described (23). The A359V amino
acid substitution was introduced into the wild-type P450scc cDNA by
the recombinant PCR method (34). The primer sequences for introduc-
tion of the mutation were as follows: a sense primer 359VF, 5'-CTTG-
GCTGTGCGGCACCAGGCCCAGGGAGA-3'; and an antisense primer
359VR, 5'-GGGCCTGGTGCCGCACAGCCAAGACCTCTG-3' (the mu-
tated nucleotides are underlined). The wild-type or mutant P450scc cD-
NAs were ligated to a mammalian expression plasmid, pRK 5, and
expressed transiently as previously reported (23). In brief, COS-1 cells
were transfected with 1 ug each of bovine adrenodoxin, bovine adreno-
doxin reductase, and human StAR expression plasmids, and 1 ug of
either the wild-type or the mutant P450scc expression plasmid by the
electroporation method using Gene Pulsor II (Bio-Rad Laboratories,
Richmond, CA). The P450scc activity was determined by measuring the
amount of pregnenolone using RIA, which was synthesized from cho-
lesterol in the media during 48 h of incubation. In addition, pRK-GH1,
a human GH expression plasmid, was included in the transfection mix-
ture and used as an internal control for transfection efficiency. The
experiments, each performed in quadruplicate, were done four times,
and the results were presented as the means * sem (n = 4). Statistical
analysis was performed using unpaired Student’s # test.

Western blot analyses of mitochondrial fractions isolated from trans-
fected cells were carried out with a polyclonal antibody raised against
a recombinant human P450scc protein, which was provided by Dr.
Bon-chu Chung (Institute of Molecular Biology, Academia Sinica, Taipei,
Taiwan) (35).

Results
Sequencing analysis of the CYP11A1

We directly sequenced the CYP11A1 gene from the patient
and found a homozygous mutation (Fig. 1). The mutation
was a C to T transition in the second nucleotide of codon 359
in exon 6, which resulted in a substitution of Val for Ala and
was designated A359V. No other mutation was found in the
remainder of the coding region or the splice sites of the
CYP11A gene. The parents were heterozygous for the A359V
mutation.

Restriction enzyme analysis

The A359V mutation destroys an Hhal recognition site in
the wild-type CYP11A sequence. Thus, amplification of a
287-bp fragment from exon 6 of the wild-type CYP11A fol-
lowed by digestion with Hhal should yield 157- and 130-bp
fragments, whereas the PCR products containing the muta-
tion should remain uncut. As shown in Fig. 2, restriction
analysis of the patient gave only the undigested 287-bp frag-
ment, indicating that the patient does not carry the wild-type
sequence. The analysis of the parents gave a mixed digestion
pattern, confirming their heterozygosity.
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Fic. 1. Partial nucleotide sequences of exon 6 in the CYPI1AI gene
from the patient and her parents. The patient had a homozygous C
to T transition in the second nucleotide of codon 359, which resulted
in a substitution of Val for Ala, designated A359V. In the parents, both
T and C were present in the second nucleotide of codon 359, indicating
heterozygosity.

P450scc activity of replacement mutants

To examine the functional consequences of the amino acid
substitutions, we transiently expressed the mutants along
with adrenodoxin, adrenodoxin reductase, and StAR in
COS-1 cells. Western blot analyses detected similar amounts
of the wild-type P450scc and the mutants (data not shown).
The COS-1 cells expressing the wild-type P450scc success-
fully converted cholesterol to pregnenolone, whereas those
transfected with the empty pRKS plasmid produced virtually
no pregnenolone (Table 2). The A359V replacement resulted
in marked reduction in pregnenolone production, so did the
R353W, but the A359V mutant had significantly higher ac-
tivity than the R353W mutant (Table 2).

Discussion

We report the first homozygous point mutation in the
CYP11A1 gene with a single amino acid substitution, valine

D
L]

L]

287 bp

157 bp
130 bp

Fic. 2. Electrophoretic pattern of the digested PCR product from the
patient (black circle), her parents (black semisquare and black semi-
circle), and a normal male control (white square). The patient had only
the undigested 287-bp fragment, indicating that the patient does not
carry the wild-type sequence. The parents had the 157- and 130-bp
fragments as well as the undigested 287-bp fragment, indicating their
heterozygosity. ¢X, Haelll-digested ¢X174 RF DNA, which was used
as a size marker.
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TABLE 2. Enzyme activities of wild-type and mutant P450scc

Pregnanalone (ng/ml)

pRK5 <0.1¢
pRK-SCC 493+ 7.0
pRK-R353W 14 +0.2°
pRK-A359V 5.8 + 1.6%¢

pRK5, Empty plasmid; pRK-SCC, wild-type P450scc; pRK-R353W,
R353W replacement P450scc; pRK-A359V, A359V replacement
P450scc. The values represent the pregnanalone concentrations in the
culture media obtained from four independent experiments, each
performed in quadruplicate, and are shown as the mean = SEM (n = 4).

¢ Lower than detection limit of the assay.

® P < 0.01 vs. pRK-SCC.

¢P < 0.01 vs. pRK-R353W.

for alanine, leading to a severe functional defect in cyto-
chrome P450scc enzyme activity in vitro, which was consis-
tent with a severe functional defect in vivo. All steroidogenic
pathways were proven severely defective in our patient, and
the steroid hormone levels were below the lowest levels
measurable by our laboratory both pre- and post-ACTH
stimulation done at the age of presentation. However, this
severe loss of function does not explain the continuation of
pregnancy to term or the ability of the patient to survive for
approximately 1.5 yr without replacement before presenting
with life-threatening adrenal insufficiency. We postulate that
the residual enzyme activity of the mutant allowed some
progesterone synthesis to sustain full-term gestation and
some adrenal cortisol synthesis, which has been enough for
the patient to survive until the presentation. The severe loss
of function that occurred later can be the result of the two-hit
mechanism that accounts for the pathophysiology of CLAH
caused by StAR mutations (9), in which the disease
progresses from mutation-induced impairment of steroido-
genesis (the first hit) to the loss of steroidogenesis from cell
death due accumulation of cholesterol esters (the second hit).
If we had had the chance to investigate the patient when she
had her minor illness at the age of 10 months, we could
perhaps have demonstrated a compensated state of low lev-
els of steroid hormones in the presence of very high ACTH
and plasma rennin activities before the patient progressed to
the complete loss of function (the second hit) at presentation.
However, there can be a difference in the second-hit mech-
anism between pathophysiology caused by StAR mutations
and that by the CYP11A1 mutations as discussed later.

Two patients reported to have CYP11A1 mutation were
born at term and presented with adrenal insufficiency rela-
tively late. One 46, XX patient presenting in late infancy was
found to have compound heterozygous for two point mu-
tations (23), and the other was 46, XY, presenting at 4 yr of
age, and was found to have a heterozygous point mutation
(22). Like our child, these subjects had partial inactivating
mutations of CYP11A1, which allowed them to retain some
enzymatic ability to produce enough progesterone to com-
plete term pregnancy and to maintain adrenal function to
some extent before presentation.

Hiort et al. (24) were the first to report homozygous de-
letion in CYP11A1, presenting with adrenal insufficiency and
sex reversal. However, their patient was born preterm and
developed symptoms of adrenal insufficiency in the first day
of life. The mutation was inherited from heterozygous par-
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ents. Similarly, our patient inherited the CYP11A1 point mu-
tation from heterozygous, healthy, fertile parents. Investi-
gation of the father revealed normal levels of serum
electrolytes, cortisol, and ACTH; we did not have the chance
to investigate the mother. This proves that heterozygous
carriers of this disruptive mutation have normal adrenal
function, normal sexual differentiation and fertility. More-
over, the mother reported a history with two early miscar-
riages, in the Hiort et al. (24) case report, which supports the
suggestion made by the author that disrupted mutation in
CYP11A1 might be a cause of recurrent abortion.

The gonads of our child were confirmed to be testes with
testicular tissue normal for age by histopathological exam-
ination of the gonadal biopsy, but they were atrophied and
unable to produce testosterone even after hCG stimulation.
The high levels of FSH and LH also suggested this gonadal
failure. However, because of the absence of any miillerian
structures and the presence of epididymis, it is most likely
that the testes differentiated normally in the early fetal life
and produced anti-Miillerian hormone to cause regression of
Miillerian structures and produced some testosterone to al-
low epididymis formation. The low P450scc enzyme activity
allowed some production of testosterone by the Leydig cells
that was enough to support Wolffian duct differentiation into
epididymis but did not last long enough to allow any vir-
ilization of the external genitalia. We suppose that the Leydig
cells failed completely to produce testosterone before 9 wk
of fetal life (the time the male external genital formation
commences). In the absence of testosterone after this time, the
bipotential fetal external genitalia developed into normal
female external genitalia. We suggest that this early complete
failure of testosterone production by the Leydig cells was
secondary to the recurrent trophic stimulation by placental
hCG, which led to intramitochondrial cholesterol accumu-
lation and cell death (the two-hit mechanism).

We demonstrated by magnetic resonance imaging that our
patient had normal-sized adrenal glands, and this finding is
consistent in the three patients reported to date with dis-
ruption of CYP11A1 (22-24). This might be a point of dif-
ferentiation from the classic CLAH due to the StAR mutation,
which is usually but not always associated with enlarged
adrenal glands, and it was used as a tool for early detection
of the disease (36). We propose that there are differences in
the second hit between StAR and SCC deficiency. In case of
P450scc deficiency, cholesterol would be accumulated not
only in the cytoplasm but also in the mitochondria because
the StAR activity is normal. This intramitochondrial accu-
mulation of cholesterol would lead to the release of apoptotic
signals such as cytochrome C and consequently leads to
apoptosis of the steroidogenic cells before the accumulation
of cholesterol in the cytoplasm causes adrenal lipoid
hyperplasia.

Other causes of male pseudohermaphrodite and adrenal
insufficiency were excluded for our patient. CLAH due to
StAR mutation was ruled out because no mutation was de-
tected in the StAR gene. SF-1 mutation is another possible
differential diagnosis, but these patients usually have nor-
mally developed Miillerian structures, which are not present
in our patient, and no mutation was detected in the SF-1 gene.
The dosage-sensitive sex adrenal hypoplasia congenita crit-
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ical region on X-1 mutation was also considered, although
usually it causes adrenal insufficiency but does not cause
male pseudohermaphroditism; it was also reported to be
negative.

We consider our case to be different from the previously
reported cases of P450scc enzyme deficiency, in that our child
was born with a structural brain defect in the form of com-
plete agenesis of corpus callosum not associated with any
other central nervous system abnormality. The child was
totally asymptomatic until the date of writing this report and
had normal development. Callosal agenesis may be an iso-
lated anomaly or may be syndromic as part of more extensive
malformations, metabolic and genetic disorder, and is re-
ported to have a higher incidence with consanguinity, which
is present in our patient. It was found that isolated agenesis
of corpus callosum has a favorable outcome (37, 38), although
it can be a coincidental finding in our patient. As we men-
tioned earlier, brain steroid synthesis de novo has been re-
ported in animals; furthermore, CYP11A1 mRNA is ex-
pressed in the cerebral cortex and the subcortical white
matter of the human brain, together with other key enzymes
of steroidogenesis, which provides evidence that steroids can
be produced in human brain (1). It is not known how or even
whether the steroidogenic enzymes are involved in the
pathophysiology of the central nervous system. The signif-
icance of this association may be revealed with future ex-
pansion of our knowledge about the role of neurosteroids
and neuroactive steroids in the development and function of
the human brain and with reporting of more cases of P450scc
mutations.
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