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Abstract

Isolated glucocorticoid deficiency (IGD) is an autosomal reces-
sive disorder characterized by progressive primary adrenal in-
sufficiency, without mineralocorticoid deficiency. The cDNA
and gene of the human ACTHreceptor were recently cloned.
The gene encodes a 297-amino acid protein that belongs to the
Gprotein-coupled superfamily of membrane receptors. Wehy-
pothesized that the ACIH receptor gene might be defective in
IGD. To examine this, we studied its genomic structure by PCR
and direct sequencing in a 5-yr-old proband with the disease,
his parents, and grandparents. The proband was a compound
heterozygote for two different point mutations, one in each al-
lele: (a) a substitution (C -- T), also found in one allele of the
mother and maternal grandmother, which introduced a prema-
ture stop codon (TGA) at position 201 of the protein; this mu-
tant receptor lacks its entire carboxy-terminal third and, if ex-
pressed, should be unable to transduce the signal; and (b) a
substitution (C - G), also found in one of the paternal alleles,
which changed neutral serine " in the apolar third transmem-
brane domain of the receptor to a positively charged arginine,
probably disrupting the ligand-binding site. Standard ovine cor-
ticotropin releasing hormone (oCRH) test in the heterozygote
parents and maternal grandmother revealed exaggerated and
prolonged ACTH responses, suggestive of subclinical resis-
tance to ACTH. Weconclude that IGD in this family appears
to be due to defects of the ACTHreceptor gene. The oCRHtest
appears to be useful in ascertaining heterozygosity in this syn-
drome. (J. Clin. Invest. 1993.92:2458-2461.) Key words: adre-
nal insufficiency * ACTHreceptor * CRHtest * Gprotein-cou-
pled receptors

Introduction

Hereditary isolated glucocorticoid deficiency is a rare autoso-
mal recessive disorder characterized by primary adrenal insuf-
ficiency without mineralocorticoid deficiency (1-3). Affected
children usually have recurrent hypoglycemia, convulsions, or
coma, which may result in death within the first 2 yr of life.
Unless recognized and treated early, this condition may lead to
chronic asthenia and failure to thrive. The disorder is occasion-
ally associated with alacrima and achalasia of the esophagus,
suggesting potential heterogeneity in its etiology (4, 5). Af-
fected individuals have no cortisol or aldosterone responses to
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exogenous ACTHbut retain a normal aldosterone response to
activation of the renin-angiotensin axis by salt restriction, or-
thostasis, and furosemide-induced diuresis (6-8). In keeping
with the biochemical studies, in these patients the angiotensin
II-dependent zonae fasciculata and reticularis are extremely
atrophic, reduced to a narrow band of fibrous tissue, while the
zona glomerulosa is relatively well preserved ( 1, 2, 6). The
generalized adrenal unresponsiveness to ACTHthat underlies
the pathogenesis of isolated glucocorticoid deficiency suggests
that the defect responsible could be anywhere in the signaling
cascade, from the membrane-bound G protein-coupled
ACTHreceptor to the kinases stimulating steroidogenesis. A
defect in the Gprotein or adenylyl cyclase, both of which are
ubiquitous molecules whose dysfunction would be expected to
affect multiple organs, would be a rather unlikely explanation
for the syndrome of ACTHresistance, which is limited to the
adrenal cortex.

Recently, the human ACTHreceptor gene was cloned and
its sequence determined (9). It encodes a 297-amino acid pro-
tein, which together with the melanocyte-stimulating hormone
receptors, constitute a class of G protein-coupled receptors
whose genes are intronless. To test the hypothesis that abnor-
malities of the ACTHreceptor gene might lead to hereditary
isolated glucocorticoid deficiency, we examined this gene in a
boy with this condition, his parents, and grandparents. We
used standard ovine corticotropin releasing factor (oCRH)'
stimulation testing to ascertain subclinical ACTHresistance in
asymptomatic members of the family found to be heterozy-
gotes for defects of the ACTHreceptor gene.

Methods

Patients. The pedigree studied is summarized in Fig. 1 A. The proband,
a 5-yr-old black boy, was born at full-term by vaginal delivery to
healthy 21-yr-old nonconsanguineous parents. Generalized hyperpig-
mentation was present from birth. He was in good health until 9 moof
age, when he was found in the morning to be unconscious and unre-
sponsive to stimuli. He was taken to an emergency room and his blood
glucose was 20 mg/dl. He had a good response to intravenous glucose
but no definitive diagnosis was made. The patient had another docu-
mented hypoglycemic episode at 12 moof age. He was seen by one of
us (W. Hung) at 14 moof age because of unresponsiveness and blood
glucose of 25 mg/dl. At this time, his serum cortisol was < 1 ug/dl and
plasma ACTHwas 426 pg/ml (normal, 9-52 pg/ml). Further work-
up revealed normal plasma renin activity and aldosterone concentra-
tion. There was no increase in serum cortisol levels after intravenous
injection of ACTH 1-24. A diagnosis of isolated glucocorticoid defi-
ciency was made and the patient has since been maintained on hydro-
cortisone replacement, on which he has had normal growth and intel-
lectual development. The patient has no siblings, and his parents and
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1. Abbreviation used in this paper: oCRH, ovine corticotropin releasing
hormone.
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grandparents have been healthy and have not had any symptoms or
signs suggestive of adrenal dysfunction.

DNApreparation and analysis. Genomic DNAwas prepared from
whole blood from the proband, his parents, and three grandparents,
and used as a template for amplification of the intronless ACTHrecep-
tor gene by the PCR. The following pair of flanking primers were used:
sense 5'-GTCCAAGTAACATCCCCGCCTTAACCAC-3'and anti-
sense 5'-GGATTCTAAAACCAGGGATCAGCCATTC-3'.Amplifi-
cation was allowed for 30 cycles in a Gene AmpPCRsystem (9600;
Perkin Elmer Cetus, Norwalk, CT). Except for the first and last, all
cycles were 30 s at 980C, 30 s at 550C, and 3 min at 730C, in a 100-Ml
volume with Pyrococcus furiosus DNApolymerase (Stratagene, La
Jolla, CA). In the first cycle, all temperature steps were 5 min, while in
the last cycle the extension step at 730C was 15 min. The PCRproduct
was used to produce single-stranded DNAby asymmetric PCR, using
either primer alone. This was carried out for 20 cycles in a I00-,u1
volume, as described above. The amplified single-stranded DNAwas
purified by filtration through a millipore membrane and was directly
sequenced by the dideoxy nucleotide chain termination method, as
modified by Kadowaki et al. (10), using modified T7-DNA polymer-
ase (Sequenase; United States Biochem. Corp., Cleveland, OH) in the
presence of "S-dATP. Inner primers that span the ACTH receptor
domain were used for sequencing and the reaction products were run
on 6%acrylamide gel.

oCRHstimulation testing. Weperformed a standard 3-h oCRH
stimulation test in the obligate heterozygote parents of the proband and
his carrier maternal grandmother in an attempt to detect any subclini-
cal abnormalities of the hypothalamic-pituitary-adrenal axis that
might be associated with their heterozygote status for the mutations
identified. An intravenous catheter was inserted 1 h before the test in an
antecubital vein. oCRH(1 ,g/kg) was given at 1900 h as an intrave-
nous bolus injection and blood was drawn at -15, 0, 5, 15, 30, 60, 90,
120, 150, and 180 min, as previously described ( 1). Plasma ACTH
and cortisol were measured by previously described radioimmunoas-
says (11).

Results

Two different point mutations were identified in the genomic
DNAof the ACTHreceptor of the proband (Fig. 1). The first
mutation was a substitution of cytosine by thymidine at the
first position of codon 201, normally encoding arginine, intro-
ducing the stop codon TGA(Fig. 1 B). The site of this muta-
tion corresponds to the beginning of the third intracellular loop
of the ACTHreceptor protein. Thus, the mutant receptor lacks
the entire carboxy-terminal third and retains only 3 of the 20
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Figure 1. DNAsequencing of the ACTHreceptor gene in the proband and his family. (A) Family pedigree. The proband (small arrow) is a mixed
heterozygote for a stop codon at position 201 (solid) and a nonconservative amino acid substitution from Ser to Arg at position 120 (hatched).
The stop codon mutation is also carried by his mother and maternal grandmother, and the nonconservative substitution by his father. (B) DNA
sequencing of the area of the gene carrying the stop codon within the third cytosolic loop, which results in the truncated ACTHreceptor, is
shown on the right. (C) DNAsequencing of the area of the gene carrying the nonconservative substitution within transmembrane domain III,

which results in an ACTHreceptor carrying a basic Arg in this domain, is shown on the right. N.T., not tested.
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amino acids of the third intracellular loop. The second muta-
tion was a substitution of cytocine by guanine at the third posi-
tion of codon 120 causing a nonconservative amino acid sub-
stitution from serine to arginine (Fig. 1 C). This mutation is in
transmembrane domain III of the receptor.

Each of the mutations found in the proband were also pres-
ent in his mother and father, who were, respectively, heterozy-
gotes for the stop codon mutation and the nonconservative
amino acid substitution (Fig. 1). The maternal grandmother
was also a heterozygote for the stop codon mutation.

The oCRHstimulation test revealed abnormalities in all
three heterozygote carriers determined by gene sequencing,
with all of them having exaggerated and prolonged plasma
ACTHresponses to oCRH(Fig. 2). Plasma cortisol responses
ranged between normal and slightly elevated.

Discussion

It appears that the combination of the two point mutations
identified in each of the alleles of the ACTHreceptor gene of
the proband is the cause of his isolated glucocorticoid defi-
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Figure 2. Plasma ACTH(top) and cortisol (bottom) responses to
oCRH(1 ug/kg i.v.) in the carrier parents and maternal grandmother
of the proband. All carriers had exaggerated and prolonged ACTH
responses but normal or slightly elevated cortisol responses. Shaded
areas represent the mean±2 SDof normal controls. To convert values
of ACTHto picomoles per liter and of cortisol to nanomoles per liter,
multiply by 0.22 and 27.6, respectively.

ciency. The premature termination introduced by one of these
mutations would eliminate a large part of the receptor mole-
cule that interacts with the G protein. The protein product of
this mutant allele, if expressed, should be truncated and unable
to transduce a signal. Recently, similar mutations, introducing
stop codons in the third cytosolic loop of the vasopressin V2
receptor, were associated with vasopressin resistance and
nephrogenic diabetes insipidus ( 12-14). Null mutations in the
rhodopsin gene were also associated with rod photoreceptor
dysfunction and autosomal recessive retinitis pigmentosa ( 15).

The nonconservative amino acid substitution introduced
by the other mutation in transmembrane domain III of the
ACTHreceptor would also be expected to result in a dysfunc-
tional receptor protein. Gprotein-coupled receptors have sev-
eral highly conserved, negatively charged aspartate residues
within the apolar transmembrane domains II and III, which are
apparently crucial in the formation of the ligand binding site of
the receptor ( 16, 17). Substitution of such a highly conserved
aspartate at the beginning of transmembrane domain III with
asparagine caused a reduction in the affinity of mutant musca-
rinic and a2- and f2-adrenoreceptors in the order of 10,000-
fold ( 18, 19). Even a conservative change of this aspartate resi-
due to glutamate caused a 1,000-fold reduction in the binding
affinity of the f-adrenoreceptor ( 19). The clinical importance
of this region in receptor function is underscored by two recent
reports of nephrogenic diabetes insipidus, in which the gene
abnormality responsible for the disease was a point mutation in
transmembrane domain III of the vasopressin V2 receptor ( 12,
13). Thus, we believe that the substitution of the neutrally
charged serine 120 in the overall apolar transmembrane domain
III by arginine might interfere with the formation of the
ACTH-binding pocket, rendering the mutant receptor dys-
functional. By virtue of its position, this mutation might also
interfere with the conformation of the second cytosolic loop of
the receptor, which contributes to the Gprotein binding site (20).

The inappropriately exaggerated and prolonged plasma
ACTH responses to oCRHin the heterozygote parents and
maternal grandmother of our patient suggest that heterozygo-
sity for the mutations identified represents a carrier state char-
acterized by subclinical resistance to ACTH. These findings
provide in vivo evidence in support of a cause-effect relation-
ship between the mutations identified and the isolated gluco-
corticoid deficiency in this family, and indicate that the oCRH
test might be appropriate for ascertaining heterozygosity in
other families with this syndrome. Interestingly, similar hetero-
zygosity in kindrends with nephrogenic diabetes insipidus and
retinitis pigmentosa results in subtle but detectable abnormali-
ties in osmoregulation and retinal electrical activity, respec-
tively ( 14, 15 ).

So far, there has been a single report of a different point
mutation of the ACTHreceptor gene in another kindred with
hereditary isolated glucocorticoid deficiency (21 ). It is of note
that the proband in this family was homozygotic for a conserva-
tive substitution of a seine by isoleucine in transmembrane
domain II. No biochemical ascertainment of heterozygosity
was attempted.
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