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Established Facts

spectively.

o Mutations in MC2R and MRAP cause familial glucocorticoid deficiency (FGD) type 1 and type 2, re-

o Skin hyperpigmentation and episodic hypoglycemia are common symptoms in FGD.
o Most patients with FGD type 1 present later and are taller compared with FGD type 2 patients.

Novel Insights

« Our patients presented with hyponatremia at birth due to variants in MRAP (c.106+1delG).

o One patient carried a novel missense mutation in MC2R and displayed milder symptoms.

o The patient with a mutation in MC2R presented with a taller stature, and her height gradually ap-
proached the midparental height by supplementation with glucocorticoids.
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Abstract

Background: Familial glucocorticoid deficiency (FGD) is a
rare autosomal recessive disease characterized by glucocor-
ticoid deficiency without mineralocorticoid deficiency. We
report 3 Chinese patients with MRAP or MC2R mutations.

Case Reports: Patient 1 presented with hyperpigmentation.
Endocrine investigations revealed low serum cortisol levels
and elevated adrenocorticotropic hormone (ACTH) levels.
Furthermore, low serum sodium was evident. She was diag-
nosed with FGD type 2 due to a homozygous mutation in
MRAP (c.106+1delG), revealed through exome sequencing
(ES). After 2-year treatment with hydrocortisone, skin hyper-
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pigmentation was improved. Patient 2 initially presented
with hyponatremia. Low cortisol levels and high levels of
ACTH were subsequently detected; he was subjected to a
hydrocortisone treatment during which he experienced re-
peated hypoglycemic attacks and pigmentation. ES revealed
the same mutation as in patient 1 in MRAP (c.106+1delG),
thus he was diagnosed with FGD type 2. After 6 years of age,
his symptoms remarkably improved, and there was no epi-
sode of hypoglycemia. Patient 3 mainly presented with hy-
perpigmentation, hypoglycemic attack, and tall stature. Lab-
oratory findings were normal except for low serum cortisol
levels and high ACTH levels. She was diagnosed with FGD
type 1 as ES revealed a novel homozygous mutation in MC2R
(c.712C>A, p.His238Tyr). After nearly 2 years of hydrocorti-
sone replacement therapy, the excessive growth was re-
duced to near normal, and the skin color returned to normal.
Conclusions: Three patients were diagnosed with FGD (one
with FGD type 1 and two with FGD type 2). They all present-
ed with hyperpigmentation and hypoglycemia; however,
compared with patient 1, the clinical manifestations of pa-
tient 2 were more complicated. Patient 3 had later onset and
taller stature than patients 1 and 2. A novel mutation in pa-
tient 3 expands the mutation spectrum of MC2R.

© 2022 S. Karger AG, Basel

Introduction

Familial glucocorticoid deficiency (FGD) is a rare au-
tosomal recessive disorder characterized by isolated glu-
cocorticoid deficiency with normal mineralocorticoid
function. This disease is caused by adrenal resistance to
adrenocorticotropic hormone (ACTH), which is charac-
terized by low or undetectable serum cortisol concentra-
tions in the presence of markedly elevated plasma ACTH
levels. Patients diagnosed with FGD typically present
with hyperpigmentation, hypoglycemic attacks, jaundice,
failure to thrive, and infections during the neonatal pe-
riod to late childhood [Cooray et al., 2008]. Mutations in
multiple genes have been reported to cause FGD, the
most common mutations occurring in melanocortin 2 re-
ceptor (MC2R). In 1993, mutations in MC2R were first
identified as the cause of FGD [Tsigos et al., 1993] and
now account for 25% of all FGD cases, designated as FGD
type 1. In 2005, mutations in the MC2R accessory protein
(MRAP) were also demonstrated to be responsible for
FGD [Metherell et al., 2005]. MRAP is a protein with a
single transmembrane domain that is essential for the
trafficking of MC2R from the endoplasmic reticulum to
the cell surface and subsequent signaling in response to
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ACTH [Metherell et al., 2005]. This form of FGD, desig-
nated FGD type 2, accounts for nearly 8% of cases [Guran
et al., 2016; Amano et al., 2017; Buonocore et al., 2021].
Mutations in the mini chromosome maintenance-defi-
cient 4 homolog (MCM4) and nicotinamide nucleotide
transhydrogenase (NNT) have been reported in patients
with FGD [Meimaridou et al., 2013], accounting for fur-
ther 10% of FGD cases.

Here, we describe 2 Chinese patients with FGD type 2,
which is associated with a mutation in MRAP
(c.106+1delG), and 1 Chinese patient with FGD type 1,
who carries a novel mutation in MC2R (c.712C>A,
p-His238Tyr). The 3 patients' clinical presentations varied.

Case Presentations

Case 1

Case 1 was a 37-week-old female patient born to nonconsan-
guineous parents. Birth weight and length were 2.7 kg and 49 cm,
respectively. Cesarean section was performed because of oligohy-
dramnios. At birth, she had an Apgar score of 10 with no signs of
asphyxia, hypoxia, or hypoxic-ischemic encephalopathy. There
was a family history of 2 previous miscarriages for which the cause
could not be identified. One of her sisters died 3 days after birth due
to dyspnea. Another 8-year-old sister was healthy. The patient was
the third child in the family. Hyperpigmentation of the skin was
observed after birth. At 10 days of age, she was admitted to the hos-
pital and was diagnosed with mild neonatal pneumonia. Endocrine
investigations revealed low cortisol levels (<1.0 pg/dL, normal
range: 5-25) with extremely elevated ACTH levels (>1,250 pg/mL,
normal range: 6.4-40). Dehydroisoandrosterone sulfate concentra-
tion was <15 pg/dL (normal range: 9.11-47.9) [de Peretti and Map-
pus, 1983], testosterone concentration was 0.72 nmol/L (normal
range: 0.21-2.7) [Kulle et al., 2010], 17a-hydroxyprogesterone con-
centration was 0.2 nmol/L (normal range:1.7-4.1), renin activity
was 3.84 pg/L/h (normal range: 4-24), and aldosterone (ALD) con-
centration was 157.49 ng/L (normal range: 20-1,100). Hyponatre-
mia was evident (119 mmol/L, normal range:135-145). Levels of
serum potassium (4.3 mmol/L, normal range:3.5-5.5) and blood
glucose (4.7 mmol/L, normal range: 3.9-5.8) were normal. Pitu-
itary and adrenal gland magnetic resonance imaging findings were
normal. The high urinary output (6.9 mL/kg/h) and low urine spe-
cific gravity (1.005) suggested that a diagnosis of SIADH was un-
likely. The presence of tears and the absence of achalasia and neu-
ropathy made triple A or Allgrove syndrome unlikely. Addition-
ally, 3p-hydroxysteroid dehydrogenase deficiency and 46,XY StAR
deficiency were ruled out due to the 46,XX karyotype and normal
female genitalia. These results led to a presumed diagnosis of FGD
or 46,XX StAR deficiency.

Because she was initially under stress due to neonatal pneumo-
nia, she was treated for preventing the development of adrenal cri-
sis with hydrocortisone (25 mg/m?/day) and 9-fludrocortisone (9-
FHC; 0.083 mg/day). The hydrocortisone dosages were reduced to
12 mg/m?/day when she was 2 months old. During the subsequent
treatment, the dose of hydrocortisone was adjusted (10.5-12 mg/
m?/day) based on clinical assessment including growth, weight
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gain, and general well-being. At 6 months, 9a-FHC treatment was
stopped because of 2 episodes of hypokalemia. At her last visit at 2
years of age, her skin had mostly returned to normal, and ACTH
level was 215 pg/mL. Her head circumference was normal; how-
ever, Gesell developmental schedules at 24 months revealed that
the developmental quotients (DQs) of 5 domains (adaption 70,
gross motor 90, fine motor 86, language function 70, and personal/
social function 86) were below normal levels (84 < DQ < 100), with
a mildly defective DQ score in the domain of language functioning
and adaption (54 < DQ < 75), indicating slight global developmen-
tal delay.

Genomic DNA was extracted from peripheral whole blood us-
ing a QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA)
following standard procedures. Exome sequencing (ES) was per-
formed as previously described [Sun et al., 2017]. The capture kit
used for the patient was the xGen Exome Research Panel (Inte-
grated DNA Technologies, Coralville, IA, USA). ES identified a
homozygous deletion of one nucleotide at the canonical 5a donor
splice site (c.106+1delG) in intron 3 of MRAP. This mutation was
confirmed by Sanger sequencing. The parents were heterozygous
carriers of the same mutation. This variant has been reported in
several FGD type 2 patients [Akin et al., 2010; Chen et al., 2016].
It could be classified as pathogenic (PVS1+PM2+PM3_Very
Strong) according to the American College of Medical Genetics
(ACMG) guidelines for variant interpretation [Richards et al.,
2015].

Case 2

Case 2 was a male patient, who was the first child born to
healthy nonconsanguineous parents after 40 weeks of gestation by
cesarean section. The birth weight was 3.1 kg. The newborn was
admitted to the hospital due to neonatal pneumonia. He received
an Apgar score of 10 and showed no signs of asphyxia, hypoxia, or
hypoxic-ischemic encephalopathy. The blood pressure was 77/48
mm Hg, and neither oliguria nor edema was observed. Endocrine
investigations revealed an ALD level of 121.13 pg/mL. Serum so-
dium levels were slightly decreased (133 mmol/L); an increased
serum potassium level (6.55 mmol/L) was observed only once,
which could not be excluded as an artefactual result of lysed sam-
ple. Hyperpigmentation of the skin was noted after birth. There-
fore, the patient was clinically diagnosed with adrenal hypoplasia
and treated with hydrocortisone (11-14 mg/m?/day) and 9a-FHC
(0.05 mg/day).

Although the patient had good compliance with a stable fre-
quency of medication, severe repeated hypoglycemic attacks (once
to twice per year), fatigue, sweating, and hypoglycemia occurred
in the morning until 6 years of age. However, after 6 years of age,
his symptoms remarkably improved, and there was no episode of
hypoglycemia. At 7 years of age, the patient was suggested to stop
9a-FHC administration due to the genetic diagnosis of mutations
in MRAP. Atthe time of his most recent visit, he did not experience
hypoglycemic attacks or hyperpigmentation, and his serum glu-
cose level was 4.97 mmol/L.

Genomic DNA was extracted from peripheral blood leukocytes
from the patient and his mother after obtaining informed consent.
PCR and Sanger sequencing for the NROBI gene were performed,
but the result was negative. ES was then performed, and a homo-
zygous deletion of one nucleotide at the canonical 5a donor splice
site (c.106+1delG) in intron 3 of MRAP was found, which was the
same as in patient 1, and his parents were heterozygous carriers for

Three Patients with Familial
Glucocorticoid Deficiency

the same mutation. This variant has been reported in several FGD
type 2 patients in the literature and could be classified as patho-
genic (PVS1+PM2+PM3_Very Strong).

Case 3

Case 3 was a female patient who was the first child of noncon-
sanguineous parents and born at full term with a birth weight of
3.1 kg and birth length of 50 cm. She was referred to our hospital
at the age of 2 years and 11 months for generalized hyperpigmen-
tation of the skin after birth. By the age of 2, she had experienced
one episode of hypoglycemia. She was tall, with a height of 100 cm
(1.32 height standard deviation score [Ht SDS]). The midparental
height was —1.17 Ht SDS based on parental heights (father 167 cm,
mother 155 cm), indicating that her actual height was obviously
greater than her target height. Physical examination revealed no
craniofacial dysmorphism. She had normal female genitalia and no
signs of alacrimia and achalasia. Serum electrolyte levels were nor-
mal, but blood glucose level was obviously low (1.54 mmol/L).
Urine tests were positive for ketones. Endocrine investigations re-
vealed low serum cortisol levels (3.21 ug/dL) with extremely ele-
vated ACTH levels (>2,000 pg/mL), suggesting ACTH resistance.
Testosterone, 17-OH progesterone, estradiol, and progesterone
levels were normal. The diagnosis was primary adrenal insufficien-
cy. The patient was then treated with hydrocortisone (16 mg/m?/
day). The bone age was 4 years and 2 months at her age of 3 years
and 9 months. Clinical follow-up of the patient showed that the
skin color was light and Ht SDS decreased. However, ACTH was
maintained at an elevated level. On her last visit at the age of 5
years, the ACTH level was 1,843 pg/mL and her height was 110.5
cm (0.07 SDS). The value of actual Ht SDS minus midparental
height Ht SDS decreased from initially 2.49 Ht SDS to 1.24 Ht SDS
at the last follow-up. The growth data (Fig. 1) indicated the reduc-
tion of excessive growth to near normal levels following the intro-
duction of glucocorticoid replacement. The heights of the 3 pa-
tients (pre-treatment, post-treatment, and midparental) are shown
in Table 1. No hypoglycemic attacks occurred after a follow-up for
5.3 years. Skin color had returned to near normal.

ESrevealedahomozygous mutation (NM_000529.2:¢.712C>A,
p.-His238Tyr) in MC2R. The parents were heterozygous for the
mutation. This mutation was not present in the 1000 Genomes
Project, gnomAD, EVS, or in-house databases and has not previ-
ously been reported in the literature. According to the ACMG
guidelines for variant interpretation [Richards et al., 2015], this
mutationcouldbeclassifiedaslikelypathogenic (PM1+PM2+PM3_
Supporting+PP3+PP4). The clinical features and identified muta-
tions observed in this case were submitted to the MC2R variant
database (https://databases.lovd.nl/shared/individuals/MC2R) in
the Leiden Open Variant Database (LOVD) [Fokkemaetal.,2011].

Discussion

FGD is a rare autosomal recessive disease. Mutations
in MC2R and MRAP account for approximately 30% of all
FGD cases. Primary adrenal insufficiency (PAI) patients,
such as FGD patients, are classified as having biochemi-
cally uncharacterized PAI if they cannot be diagnosed
based on specific biochemical findings or urine/serum
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Parental height: father 167cm, mother 155¢cm
Corrected midparental height: 154.3cm (22th)

2 years

3 years

Age (completed months and years)

Fig. 1. Growth chart of patient 3. Each black dot represents a growth measurement from an office visit at the pe-
diatrician or endocrinologist. The arrow represents treatment initiation with hydrocortisone; the triangle repre-
sents bone age at the time point. Parental heights and the corrected midparental height (MPH) are shown. MPH
is marked on the right side of the growth chart.

Table 1. Comparison of pre- and post-treatment heights of the 3 cases

Patients  Sex Height, cm Midparental Pre-treatment Post-treatment
father mother et @ () age height, cm (SDS) Aheight age height, cm (SDS) Aheight SDS®
SDs?2
Case 1 Female 172 157 157.6 (—0.56) At birth 49 (-0.41) 0.15 3y2m  92.2(-1.23) -0.67
Case 2 Male 168 158 176 (0.54) Tm 57 (1.23) 0.69 9y2m 132(-0.72) -1.26
Case 3 Female 167 155 154.3 (-1.17) 2y11m 100(1.32) 2.49 5y 110.5 (0.07) 1.24

@ Aheight SDS = height SDS - midparental height SDS. m, months; y, years.

steroid metabolites (elevated 17a-hydroxyprogesterone
[17-OHP], elevated verylong chain fatty acids, etc.) [Ama-
no et al., 2017]. In our hospital, of the 80 patients with
biochemically uncharacterized PAI, 3 were diagnosed
with FGD (1 with mutations in MC2R, 2 with mutations

in MRAP).

74
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We compared the clinical features and genetic etiology
of the 3 Chinese patients who were admitted with FGD
based on their medical records. Episodic hypoglycemia
and skin hyperpigmentation were the most common
symptoms in the 3 patients. Cortisol deficiency may re-
sult in episodic hypoglycemia; additionally, it contributes
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Table 2. FGD type 2 patients with detailed phenotypic data reported in published cases

Cases Gender Onset Clinical features Biochemical and endocrine test data Variation
age (homozygous)
cortisol, ACTH, renin, glucose, electrolytes, 17-OHP, ALD,
pg/dL  pg/mL  ng/mL mmol/L  mmol/L nmol/L  ng/dL
Patient 1 Female At birth Hyperpigmentation, fatigue <1 >1250 7 4.5 Sodium (119) 0.2 15.75 c.106+1delG
Patient 2 Male At birth Hyperpigmentation, fatigue, 1.84 1,250 4.14 4.6 Sodium (133), N 121.13  ¢.106+1delG
hypoglycemia, infection potassium (6.55)
Akin et al., Male 6 months Hyperpigmentation, 0.6 708 57 3.6 N 0.01 80.1 c.106+1delG
2010 hypoglycemic convulsions
Chenetal, Female Atbirth Hyperpigmentation <1 1,250 - N N N N c.106+1delG
2016
Modan-Moses Male 19 months Neurological disability <0.1 >1,250 3.4 - N - - c.17-23del
etal, 2006 p.L31X
Rumiéetal,  Male 9 hours Hypoglycemia, hypotension, <10.18 >730 4 0.74 N - - c.130delG
2007 sepsis, jaundice, p.v44Xx
hyperpigmentation, eczema
Habebetal.,  Male 4.5years Hypoglycemia, hypotension, <0.9 1,050 2.1 2.8 N - - c.175T>G
2013 hyperpigmentation p.Y59D
Hughesetal., Male 4 years Hypoglycemia, hypotension, <9.09 1,050 2.1 - N 6.1 - c.175T>G
2010 hyperpigmentation p.Y59D
Hughesetal, Male 18years  Fatigue, weight loss, depression, 125 1,000 1.32 - N 3.4 8.88 c.76T>C
2010 hyperpigmentation p.V26A
Selva etal., Male Atbirth  Hyperpigmentation, 0.22 170 572 1.4 N N 9.79 c.106+
2004 hypoglycemic seizures 2-3dupTA
N, normal.

to diminished steroidal feedback on the anterior pituitary
and hypothalamus and promotes ACTH secretion, which
overstimulates MCI1R in melanocytes and causes hyper-
pigmentation [Fliick etal., 2002]. As a result, all 3 patients
were born with hyperpigmentation. This has also been
reported in other cases, revealing that fetal corticotropes
can produce excessive ACTH in response to low fetal cor-
tisol levels, which then acts on melanocytes to promote
eumelanin synthesis before birth [Ramachandran et al.,
2003; Jain et al., 2011; Chen et al,, 2016]. The skin hyper-
pigmentation in these patients faded with hydrocortisone
replacement therapy; however, they demonstrated differ-
ent ACTH levels. The suppression of plasma ACTH levels
with physiological glucocorticoid replacement is difficult
to achieve [Metherell et al., 2006]. Suppressing the ACTH
levels to the normal range easily results in overtreatment,
giving rise to iatrogenic Cushing’s syndrome and growth
failure [Metherell et al., 2006; Kirkgoz and Guran, 2018].

Almost all MRAP mutations are homozygous non-
sense or splice site mutations that result in severe trunca-
tion or ablation of the protein [Berruien and Smith, 2020].
We analyzed 8 cases from the literature with detailed clin-
ical information regarding mutations in MRAP (Table 2).

Three Patients with Familial
Glucocorticoid Deficiency

Hyperpigmentation and hypoglycemia symptoms were
the most common clinical manifestations. As shown in
Table 2, two patients with frameshift mutations and three
with splice site mutations had earlier onset. The clinical
manifestations of one patient with a frameshift mutation
were more severe, including global developmental delay
and microcephaly. Our patient 1 presented with mild
global developmental delay and one sibling died in infan-
cy. In contrast, patients with a missense mutation had a
later onset. A homozygous deletion of one nucleotide at
the canonical 5a donor splice site (c.106+1delG) in intron
3 was found in 4 of these patients, including the 2 patients
in this study. A recent study described 24 cases with this
mutation, accounting for 30% of the 78 reported cases
with MRAP mutation [Heshmatzad et al., 2020]. Mether-
ell et al. [2005] highlighted that several of these mutations
disrupt or substitute essential residues at the intron 3 do-
nor splice site and are likely to result in a transcript with a
foreshortened open reading frame encoding a premature-
ly terminated translation product. This mutation leads to
the skipping of exon 3 (no protein or lack of a transmem-
brane domain) [Jain et al., 2011], resulting in MC2R re-
maining within the endoplasmic reticulum and failing to
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Fig. 2. Mutations in MC2R (c.712C>A, p.His238Tyr). a Family pedigree of patient 3. b Sanger sequencing of pa-
tient 3 and her parents. ¢ Multiple sequence alignment of selected MC2R orthologues. Changes of the amino acid
sequences due to MC2R mutation are framed.

reach the cell surface. Our patients, like the majority of
splicing variant patients, had an early onset, with hyper-
pigmentation and hypoglycemia symptoms at birth. In-
terestingly, laboratory findings at birth revealed hypona-
tremia and/or hyperkalemia in patients 1 and 2, which
differ from the currently accepted opinion that FGD pa-
tients have a normal mineralocorticoid function. Never-
theless, minor impairment of the renin-angiotensin-aldo-
sterone axis is sometimes seen at the time of initial presen-
tation [Clark and Weber, 1998]. It has been suggested that
a partial mineralocorticoid-deficient state exists in pa-
tients with “severe genotypes” [Lin et al., 2007; Chan et al.,
2008]. Re-evaluation would be beneficial for patients with
minor changes in renin/aldosterone levels, as this would
have a significant impact on their long-term management
and genetic counseling. The 2 patients with MRAP splic-
ing mutations described here were treated with 9a-FHC
due to transient hyponatremia. The administration of
9a-FHC was stopped as mineralocorticoid function was
found to be normal after re-evaluation. Guran et al. [2016]
have also reported that fewer children with NNT (2 out of
75 28%), MRAP (2 of 95 22%), and MC2R (2 of 25; 8%) de-
fects required mineralocorticoid replacement because of
hyponatremia. Although children with FGD do not typi-
cally have a salt loss, transient hyponatremia has been re-
ported in several children, sometimes leading to a misdi-
agnosis of adrenal hypoplasia. Transient hyponatremia
complicates the diagnosis of FGD patients and empha-
sizes the importance of genetic testing.

76 Mol Syndromol 2023;14:71-79
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Patients diagnosed with FGD type 1 typically present
with prolonged jaundice, hyperpigmentation, hypoglyce-
mia or hypoglycemic convulsion, failure to thrive, and
sepsis. More than 100 patients with MC2R mutations
have been reported so far. Missense mutations, nonsense
mutations, frameshift mutations, and regulatory variants
were among the 59 variants reported [Heshmatzad et al.,
2020]. The clinical manifestations of nonsense mutations
and insertion mutations were more severe in heterozy-
gous mutations, including repeated hypoglycemic con-
vulsions, infections, and hepatitis. Nonsense or splice site
mutations result in the abolition of functional proteins
(with a severe phenotype), whereas missense mutations
give rise to proteins with some residual function (with a
milder phenotype) [Chung et al., 2010]. Patient 3 was re-
ferred to the hospital at 3 years of age because she had a
homozygous missense mutation with a milder pheno-
type. In vitro studies have revealed that missense muta-
tions in MC2R cause varying degrees of impaired traffick-
ing in reduced receptor expression. The missense variant
¢.712C>A (p.His238Tyr) in MC2R of our patient 3 resides
in residues that are highly conserved, indicating its func-
tional importance (Fig. 2). This was identified as a novel
missense variant. The same amino acid change was seen
inapatientwith c.712C>T (p.H238Y) in MC2R [Abuduxi-
kuer et al., 2019]. H238 is located in transmembrane do-
main 6, which is one of 7 sites binding with ACTH. A
mutation at the same amino acid residue (H238A) result-
ed in a 1.4-fold decrease in MC2R membrane expression
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and significantly reduced ACTH binding affinity and sig-
naling in an in vitro functional study. According to the
findings, the H238Y variant may influence cortisol pro-
duction by affecting MC2R localization and ACTH bind-
ing [Chen et al,, 2007]. These findings also suggest that
the H238Y mutation in patient 3 might have the same ef-
fect on MC2R localization and ACTH binding, leading to
cortisol deficiency.

A study on a series of patients with FGD resulting from
various MC2R mutations found that the longitudinal
height of these patients was approximately two standard
deviations greater than normal [Elias et al., 2000]. Tall
stature was observed in 8 of 22 cases with MC2R muta-
tions [Abuduxikuer et al., 2019]. Patient 3 was taller than
her target height at the time of diagnosis. Because the re-
lationship between the length of exposure to high ACTH
or low glucocorticoid levels and tall stature has not been
statistically confirmed, the cause of this inappropriate
height is unknown [Chung et al., 2010]. Several studies
have described some reasonable possible causes of tall
stature. An in vitro study reported those high levels of
ACTH promoted chondrogenesis in multipotential pro-
genitor cells and matrix production in chondrocytes [Ev-
ans et al., 2004]. Another study showed that the synthesis
ofinsulin-like growth factor-binding protein-5 (IGFBP-5)
is blocked by cortisol in bone cell cultures [Gabbitas et al.,
1996]. Therefore, cortisol deficiency may fail to inhibit
the growth of IGFBP-5, resulting in a tall stature. Elias et
al. [2000] did not find elevated levels of growth hormone
and insulin-like growth factor-1 among patients with
MC2R mutations, implying that there are no abnormali-
ties in the growth hormone/insulin-like growth factor-1
axis in these patients. Although growth hormone testing
was not performed in our study, no manifestations of ac-
romegaly were observed. This observation may, to some
extent, suggest that MC2R does not affect height through
the activation of growth hormone/insulin-like growth
factor-1 axis. A mouse model of MC2R-deficient
(MC2R") mice displayed abnormal bone metabolism,
but no growth abnormality was observed [Sato et al,
2020]. B6N5 generations of MC2R ™/~ mice showed nor-
mal development and function of reproductive organs
but did not grow abnormally [Chida et al., 2009]. Because
mouse models are unable to fully simulate complex phe-
notypes in humans, they are unable to explain changes in
human growth. To date, no clear mechanism has been
identified as the cause of FGD type 1 patients’ tall stature.

In FGD type 2 patients, tall stature has not been re-
ported. We observed that the growth and development of
patients 1 and 2 were normal (Table 1). It is conceivable

Three Patients with Familial
Glucocorticoid Deficiency

that MC2R may restrain height via an unknown pathway.
Mutations in MC2R eliminate inhibition of growth and
result in growth acceleration. This pathway may be dif-
ferent from androgen-stimulated growth due to normal
bone age of patient 3, and her height can return to the
normal hereditary levels after glucocorticoid supplemen-
tation (16 mg/m?/day). During hydrocortisone treat-
ment, patient 3 had a normal BMI and did not show signs
of Cushing’s syndrome. Meanwhile, she did not exhibit
delayed bone age, so we tend to believe that the normal-
ization of height was related to adequate replacement of
hydrocortisone rather than the overtreatment. However,
since we did not assess bone age prior to treatment, it is
difficult to determine whether the pretreatment bone age
of children is normal or delayed. As a result, further fol-
low-up is required.

We observed significant distinctions between FGD
type 1 and FGD type 2 concerning the age of presentation
and height. Most patients with FGD type 1 are prone to
present later and are taller compared with FGD type 2
patients [Chung et al., 2010]. Similarly, patients 1 and 2,
who were diagnosed with FGD type 2, had earlier onset
than patient 3. Patient 3 was taller than both patients 1
and 2.

In conclusion, we report 3 patients, two of whom har-
bored the same variation in MRAP. The clinical features
of the 2 FGD type 2 patients were different. One of them
suffered from repeated hypoglycemic attacks. All 3 pa-
tients had hyperpigmentation and hypoglycemia, both of
which were linked to insufficient cortisol secretion. Of
note, 2 patients presented with hyponatremia and/or hy-
perkalemia at birth due to severe MRAP genotypes of
c.106+1delG. One patient (patient 3), who carried a nov-
el missense mutation in MC2R, displayed milder symp-
toms. She initially presented with a taller stature. Her
height gradually approached the midparental height by
supplementation with glucocorticoids. Although the pa-
tients’ clinical manifestations were different, hydrocorti-
sone treatment was effective. Accurate diagnosis and ap-
propriate therapy enable patients diagnosed with FGD to
thrive normally. The mechanism underlying tall stature
in some FGD type 1 patients needs to be investigated fur-
ther.
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