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Siblings with ACTH Insensitivity Due to Lack of

ACTH Binding to the Receptor
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Abstract. We report two siblings, a 9-year-old boy and 4-year-old girl, with ACTH insensitivity. They
were referred to our hospital because of pigmentation of the skin. They had normal plasma cortisol and
urinary 17-OHCS levels despite markedly high plasma ACTH, and these did not respond to consecutive
3-day ACTH-Z administration, but plasma aldosterone responded normally to increased plasma renin
activity after a low sodium diet. We examined the characteristics of ACTH receptors in peripheral blood
mononuclear leukocytes (MNLs) obtained from the patients and their family. Adenylate cyclase genera-
tion caused by an addition of ACTH did not occur in MNLs from the patients. In studies on ACTH
binding to MNLs, a lack of high-affinity ACTH binding was observed in the patients. These results
suggest that the patients have a defect in ACTH binding to the receptors, resulting in ACTH insensitivi-
ty. The reason for this defect in ACTH binding remains unclear because no significant mutation in the

ACTH receptor DNA sequence was detected in the MNL:s of these patients.
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ACTH insensitivity, which was first described as
familial Addison’s disease by Shepard et al. [1], is
primary adrenal insufficiency characterized by nor-
mal mineralocorticoid synthesis, but a lack of
steroidogenic response to endogenous and exoge-
nous ACTH (1-24) stimulation. Smith et al. [2] have
demonstrated that peripheral blood mononuclear
lymphocytes (MNLs) possess ACTH receptors sim-
ilar to adrenocortical cells and a lack of high-affinity
ACTH binding was observed in MNLs from a pa-
tient with ACTH insensitivity syndrome. Yamaoka
et al. [3] reported hereditary cases where the defect
lies in the intracellular signaling pathway distal to
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the ACTH receptor (postreceptor defect). Recent-
ly ACTH receptor, that consists of single exon, was
cloned [4].

In this report, we describe two siblings, a 9-year-
old boy and a 4-year-old girl, with isolated
glucocorticoid deficiency due to ACTH insensitiv-
ity, and who have a defect in ACTH binding to the
receptor. We also investigated ACTH receptor gene
in this family.

Case Reports
Case 1

A 9-year-old boy was referred to our hospital
because of pigmentation of the skin. He was born
after a normal pregnancy and delivery. Birth
weight was 2700 g. He had skin pigmentation and
several episodes of vomiting soon after his birth.
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On admission, his height was 134.7 cm (+0.7 SD)
and weight, 27 kg. His bone age was 13.8 years
(TW2 method), and blood pressure was 94/40
mmHg. His skin was generally dark brown, but
his external genitalia were normal. His sexual de-
velopment was stage I (Tanner Stage).

His blood cell count was normal, serum sodium
139 mmol/L, potassium 3.5 mmol/L, chloride 102
mmol/L, and fasting blood glucose was 3.83
mmol/L. Hormonal data are shown in Table 1.
Despite greatly increased plasma ACTH, he had
normal plasma cortisol and urinary 17-hydroxy-
corticosteroids (17-OHCS), and low plasma
dehydroepiandrosterone (DHEA), and urinary 17-
ketosteroids (17-KS). However, plasma renin
activity (PRA) and aldosterone were normal on a
regular diet. An iv bolus injection of corticotropin
releasing hormone (human CRH; 100 ug, provided
by Dr. T. Tanaka of Teikyo Univ.) induced a slight
response in plasma ACTH (376—469 pmol/L at 15
min), but the plasma cortisol did not respond. Plas-
ma cortisol and urinary 17-OHCS and 17-KS did
not respond to a consecutive 3-day intramuscular
injection of 1-24 ACTH-Z (0.5 mg; Daiichi Phar-
maceutical Co., Tokyo, Japan), but the plasma
aldosterone concentration increased normally af-
ter a 3-day low sodium (3 g/day) diet. Thyroid
function was normal (Triiodothyronine 1.46 nmol/
L, Thyroxine 89 nmol/L). The response of plasma
TSH to the TRH (200 ug; TANABE SEIYAKU Co.,
Ltd, Osaka, Japan) was normal (0.47—8.3 mU/L at
60 min). The response of plasma GH observed
after the administration of regular insulin (Huma-
lin R: 2.5 U; Eli Lilly and Company, Indianapolis,
USA) was normal (0.2—13.0 ug/L at 60 min). The
responses of plasma LH and FSH to GnRH (60 ug;
TANABE SEIYAKU Co., Ltd) were reasonable for
his age (LH, <0.1-1.6 at 30 min; FSH, <0.3—3.6
IU/L at 60 min). Antibodies to adrenocortical cells
were negative (Indirect fluorescent antibody test,
BML, Tokyo, Japan).

Case 2

A 4-year-old girl (the younger sister of case 1)
was also born after a normal pregnancy and deliv-
ery. Her birth weight was 3110 g. She had skin
pigmentation soon after her birth and frequent
vomiting when she was feverish. But no hypogly-
cemia was seen on blood examination. On
admission, her height was 114.1 cm (+2.8 SD) and

Table 1. Basal hormone levels in case 1 and 2

Normal range* Casel  Case2

Plasma

ACTH (1-11 pmol/L) 262.1 1714

Cortisol (120-550 nmol /L) 209.7 234.5

DHEA (3.5-10.4 nmol /L) 1.38 1.38

Testosterone (0.06-0.4 nmol /L) <0.18 <0.18

Aldosterone (140-450 pmol /L) 257.5 193.9

Renin activity ~ (0.15-0.6 ng/L/s) 0.56 0.64
Urine

17-OHCS (2.8-15.5 umol/d) 12.1 9.1

17-KS (3.5-14 pumol/d) 1.39 0.66

*Normal range in children. DHEA, dehydroepiandrosterone;
17-OHCS, 17-hydroxycorticosteroids; 17-KS, 17-ketosteroids.

weight, 19.0 kg. Her bone age was 7.7 years (TW2
method), and blood pressure was 92/50 mmHg.
The color of her general skin was dark brown but
external genitalia were normal. Her sexual devel-
opment was stage I (Tanner Stage).

She also had normal levels of serum electrolytes
(sodium, 140; potassium, 3.6 mmol/L) and glucose
(4.27 mmol/L) in the blood. Her hormonal data
were very similar to those observed in her brother.
She had normal plasma cortisol and urinary 17-
OHCS, and low plasma DHEA and urinary 17-KS
in spite of a considerable increase in plasma ACTH.
The plasma cortisol and urinary 17-OHCS and 17-
KS did not increase following a 3-day
administration of ACTH-Z, but her plasma aldo-
sterone was normal and responded after a low
sodium diet for 3 days. Thyroid function was nor-
mal (Triiodothyronine, 1.0 nmol/L; Thyroxine, 63
nmol/L). The response of plasma TSH to TRH
(150 pg) was normal (1.1-59.5 mU/L at 60 min).
The response of plasma GH to insulin tolerance
test was normal (3.4—21.7 ug/L at 60 min). Go-
nadotropin responses to GnRH (50 ug) stimulation
were normal for her age (LH, <0.1-3.0 at 30 min;
FSH, 0.8—9.9 IU/L at 60 min). She also did not
have antibodies to cells.

Methods

Cyclic AMP (cAMP) generation in MNLs

MNLs were isolated from peripheral blood with
a lymphocyte separation medium (Litton Bionet-
ics, Kensington, MD, USA), sedimentation at 1600
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rpm for 30 min at room temperature as described
by us [5]. The cells were washed three times with
phosphate buffer saline (PBS) and were resuspend-
ed in a RPMI 1640 medium (Nissui Pharmaceutical
Co., Tokyo, Japan) containing 10% fetal calf serum
(FBS: Hyclone Laboratories, Inc., Logan, UT, USA).
1 x 10° cells of the medium in a microfuge tube
(Eppendorf, Hamburg, Germany) were incubated
with 10 uM of forskolin (Sigma, St Louis, MO, USA)
and 1 and 10 ng/mL of ACTH (Sigma) for 15 min
at 37 °C. The cells were then washed three times
with PBS and lysed by freezing and thawing sev-
eral times. After centrifugation at 3000 rpm for 15
min at 4 °C, cAMP content in the supernatant was
measured with a RIA kit (Yamasa Co., Chiba,
Japan) and corrected for the protein content deter-
mined with a protein assay kit (Bio Rad, Richmond,
CA, USA).

Binding assay of 1°I-ACTH

MNLs were isolated from the peripheral blood
of the patients, a healthy sister, parents and a
healthy volunteer by the above method. The pe-
ripheral blood of the patients was obtained 3 days
after withdrawal of the steroid regimen. We ob-
tained informed consent from their parents. A

binding assay was performed by a modified meth-
od, which was described previously by us [6]. The
cells were washed several times with ice-cold
Krebs-Riger carbonate buffer containing 0.5% hu-
man albumin and 0.2% glucose and adjusted to 1 x
108 cells/ 0.1 ml buffer. Different doses of 125]-
ACTH (SA:—2000 Ci/mol; Amershan, Bucking-
hampshire, England) were added to the cell
suspension in Eppendorf microfuge tubes. After
incubation at 4 °C for 20 min, a 300 ul of mixture
20% olive oil and 80% Di-N-butyl phthalate was
added and then centrifuged for 1 min in an Ep-
pendorf centrifuge. The radioactivity bound to the
cells and in the supernatants was counted with a
gamma counter. The nonspecific binding of ACTH
was estimated in the presence of 100-fold excess of
cold ACTH. The results (specific binding) were
expressed as the mean for duplicate samples from
which nonspecific binding was subtracted.

Sequencing of ACTH-receptor

Leukocyte genomic DNA was prepared from
whole blood and analyzed by polymerase chain
reaction (PCR) with the following primer pairs:
683S (5'-CAAGGATCCGTGAATTCAAGTCCAAG-
TAA-3) 1597AS (5'-ATTCTCGAGAATTCTAA-

Table 2. Hormone levels after an ACTH-Z stimulation and a low sodium diet

i) 3-day ACTH-Z (0.5 mg) stimulation

Case 1 Case 2
Normal range* Day 0 Day 4 Day 0 Day 4
Plasma
Cortisol (120-550 nmol /L) 209.7 226.2 234.5 248.3
Urine
17-OHCS (2.8-15.5 umol/day) 12.1 14.9 9.1 6.4
17-KS (3.5-14 umol/day) 1.38 2.01 0.66 0.42
ii)PRA and plasma aldosterone levels on a 3-day low sodium (3 g) diet
Case 1 Case 2
Day 0 Day 4 Day 0 Day 4
Plasma
Renin activity (0.15-0.6 ng/L/s) 0.69 1.30 0.72 1.36
Aldosterone (140-450 pmol /L) 446.0 2147.1 336.4 1092.7
Urine
Na (<70 mmol/day) 45.6 2.6 34.2 7.6

* Normal range in children. Abbereviations, see Table 1.
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AACGAGGG-3), which amplify a whole. cDNA
region ACTH-receptor. Because recently Mount-
joy et al. [4] reported ACTH receptor gene, that
consists of single exon. PCR was 30 cycles at 94 °C
for 30 sec, 47 °C for 1 min, and 72 °C for 1 min in a
50 uL volume with Tag polymerase (WAKO, Osa-
ka, Japan). The PCR products were analyzed by
agarose gel electrophoresis, and subcloned in vec-
tor pCR1000 (Invitrogen, San Diego, CA, USA).
After analysis of transformants, appropriate plas-
mids were prepared. Six clones were sequenced
by the dideoxy chain termination technique with
AmpliTag™ DNA polymerase (Applied Biochesys-
tems, Foster City, CA, USA), with a autosequencer
373A (Applied Biochesystems). All sequence data
were checked by the INHERIT™ system (Applied
Biochesystems) to detect point mutation.

Results

cAMP generation by ACTH in mononuclear
leukocyte (MNLs)

To elucidate ACTH insensitivity in the patients,
we measured the cAMP concentration in cultured
MNLs obtained from the patients and their family.
Forskolin (10 uM) stimulated an increase in the
intracellular level of cAMP in MNLs from the pa-
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Fig.1. Cyclic AMP (cAMP) generation to ACTH. Basal

cAMP accumulation and its generation to forskolin
(10 uM) and ACTH (1, 10 ng/mL) in mononuclear
lymphocytes (MNLs) from the patients (case 1 H,
case 2 @), a healthy sister (A), parents (father [],
mother O), and five normal volunteers. Results
obtained from normal volunteers represent the
mean * SD.

tients, a healthy sister, their parents and normal
controls and there was no difference among them
(Fig. 1). ACTH (1 and 10 ng/mL) dose-depen-
dently stimulated cAMP accumulation in MNLs
from the healthy sister and parents to the range
for normal volunteers (Fig. 1). However, cAMP
generation in MNLs from the patients was not in-
creased by the addition of ACTH at a concentration
of either 1 ng/mL or 10 ng/mL.

Binding assay of 1°I-ACTH to MNLs

Only 2-3% of '?’I-labelled ACTH analogue was
bound to lymphocytes from normal controls, and
20-30% of the bound radioactivity displaced a 10-
fold excess of cold ACTH (1-24). The results of
Scatchard analysis of 1%I-ACTH binding to MNLs
from the patients, their family and a normal vol-
unteer are shown in Fig. 2. There were two binding
sites, a high-affinity binding site (Kd, 0.31-0.34 nM;
number of receptors, 693-754/cell) and a low-af-
finity binding site (Kd, 2.47-2.68 nM; number of
receptors, 4100-5065/cell) in MNLs from the nor-
mal volunteers, healthy sister and parents.
However MNLs from patients lacked a high-affin-
ity ACTH binding site (Fig. 2) and had only a
low-affinity binding site (Kd: case 1, 2.05 nM; case
2, 2.10 nM; number of receptors: 2653/ cell, 2533/
cell, respectively).

B (fmol/10 Sells)

Scatchard analysis of '®I-ACTH binding to MNLs.
MNLs were isolated from peripheral blood from
the patients (case 1 l, case 2 @), a healthy sister (&),
parents (father >, mother O), and a healthy
volunteer ((J). In the healthy sister, parents, and
healthy volunteer, there were two binding sites, a
high-affinity and a low-affinity (dashed line). The
patients had only a low-affinity binding site (line).

Fig. 2.
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Gene analysis

We investigated the ACTH-receptor DNA se-
quence in our patients, their parents, and healthy
sister by polymerase chain reaction amplification
of DNA with pairs of primers that span the ACTH-
receptor domain, but we did not find any
significant mutation in them.

Discussion

Physical findings and hormonal studies indicat-
ed that our cases had isolated glucocorticoid
deficiency due to ACTH insensitivity. There are
several cases in which height growth and bone age
were accelerated and it was suggested that exces-
sive adrenal-androgen is a factor in these symptoms
[7-11]. The bone age of our patients also acceler-
ated, but the adrenal-androgen concentration was
low and the responses to LH-RH were normal for
age. We cannot explain why the bone age acceler-
ated.

Lefkowitz et al. [12] first reported that there are
two binding sites to ACTH in mouse adrenal tu-
mor cells. Two ACTH binding sites were also
observed in isolated rat adrenocortical cells [13,
14]. On the other hand, Buckley and Ramachan-
dran [15] indicated that there is only one ACTH
binding site in rat adrenocortical cells. It is un-
clear whether ACTH receptor has one or two
binding sites on adrenocortical cells. Smith et al.
[2] reported that two binding sites, a high-affinity
and a low-affinity site, exist on human MNLs, and
suggested a correlation between the structure or
expression of ACTH receptors on MNLs and
adrenocortical cells. They also studied ACTH bind-
ing to MNLs obtained from a patient with ACTH
insensitivity syndrome and found that there were
no high-affinity ACTH binding sites on the MNLs,
suggesting the abnormalities in the receptor se-
quence, receptor synthesis or receptor expression.
In our analysis of ACTH binding to MNLs, our
patients lacked the high-affinity ACTH binding site,
that existed in MNLs from a healthy sister, their
parents and a normal control. It is therefore cer-
tain that our patients have a defect in ACTH
binding to the receptors.

Moore et al. [16] reported that ACTH does not
increase adenylate cyclase activity even in MNLs

from normal subjects, and suggested that true
ACTH receptors are not expressed on peripheral
lymphocytes. Leukocytes might express one of the
MSH receptors, which will also respond to ACTH.
But results of studies on ACTH-binding and cAMP
generation in MNLS from our patients were quite
different from those for their parents, the normal
sibling and control. Our patients have remarkable
skin pigmentation, suggesting that their MSH re-
ceptor is not abnormal. These findings suggest
that the defect of ACTH binding in MNLs from
the patients is due to a defect of binding to “ACTH”
receptor, and ACTH insensitivity in our patients is
caused by a defect in ACTH binding to adrenocor-
tical cells. Yamaoka et al. [3] reported two patients
with ACTH insensitivity syndrome whose ACTH
receptors on MNLs were similar to normal con-
trols in the results of Scatchard analysis of ACTH
binding and ACTH stimulated cAMP generation.
Furthermore, the in vivo infusion of dibutyryl cAMP
did not cause normal steroidogenic responses in
the two patients. They therefore concluded that
the defect appears to be distal to cAMP formation.

A previous study demonstrated that at physio-
logical concentrations (1078, 10~ M) ACTH induced
a positive trophic effect on both ACTH binding
and cAMP response in adrenocortical cells, as com-
pared with no addition of ACTH [17]. MNLs used
in our in vitro studies were obtained after the with-
drawal of hydrocortisone administration, but their
ACTH levels were normal (case 1: ACTH, 26.4
pmol/L; cortisol, 126 nmol/L; case 2: ACTH, 36.8
pmol/L; cortisol 1, 115 mmol/L). It appears that
the results of our in vitro studies are not based on
the desensitization of ACTH receptors caused by
endogenous ACTH.

In studies on MSH-receptor, Mountjoy et al. [4]
revealed that there are four subtypes for melano-
cortine receptor (MC-R). They also suggest that
among MC-Rs, MC2-R is an ACTH-receptor, re-
sulting from localization in which MC2-R mRNA
is expressed in adrenal tissue, primarily across the
zona fasciculata. ACTH receptor, which consists
of single exon and contains no intron in the cod-
ing, was cloned. Clark et al. [18] reported a patient
with ACTH insensitivity who had a single base
mutation of ACTH receptor gene, resulting in a
change in codon 74 from serine to isoleucine, in
the sequence coding for the second transmembrane
domain of ACTH receptor. But no further expres-
sion study has been done. On the other hand,
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Naville et al. [19] reported five different families
with ACTH insensitivity who did not have any
mutation in the ACTH receptor gene. Takayanagi
et al. [20] also reported that no mutation was de-
tected in ACTH-receptor DNA sequence of five
Japanese patients. They concluded that a defect in
the intracellular signaling pathway distal to ACTH-
receptor may be involved in these cases. In our
analysis of the ACTH-receptor DNA sequence, we
did not find any significant mutation. But the re-
sults of our in vitro studies indicate that no post
receptor defect is present in our patients. An
ACTH-receptor other than MR-2 may therefore ex-
ist. ACTH binds to the receptor that couples to
guanine-nucleotide-binding-proteins (G-proteins)

and activates adenylate cyclase [17, 21, 22]. A de-
fect in this protein is reported in patients with
pseudohypoparathyroidism (PHP), which is char-
acterized by reduced expression or function of the
o subunit of the stimulatory G-protein (Gsa) in
the action of parathyroid and other hormones that
use cyclic AMP as an intracellular second messen-
ger. A defect in the G-protein could cause multiple
hormone resistance in patients with PHP [23-28].
Because of the hormonal data and cAMP response
in our patients, it seems that they do not have a
defect in the G-proteins. Further studies will be
necessary to elucidate the exact pathogenesis of
ACTH insensitivity in our cases.
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