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Familial glucocorticoid deficiency type 1 (FGD1) is an autosomal recessive disorder caused by mutations in the melanocortin 2 receptor (MC2R) gene, characterized by a low or undetectable serum cortisol level and a high adrenocorticotropic hormone (ACTH) level. Clinical manifestations include hypoglycemia, seizure, skin hyperpigmentation, hyperbilirubinemia, cholestasis, and a tall stature. Some dysmorphic features such as, a prominent forehead, hypertelorism, a broad nasal bridge, and small tapering fingers, have been reported. Children with FGD1 may have other isolated endocrine abnormalities. To date, no patient with FGD1 has been reported in mainland China. Here we report on a Chinese patient with FGD1 having a novel MC2R gene variant, a mild transverse palm crease, hypertelorism, and subtle/transient endocrine abnormalities relating to all three zones of the adrenal cortex and thyroid gland. We also reviewed cases with dysmorphic features or additional endocrine abnormalities.
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INTRODUCTION

Familial glucocorticoid deficiency type 1 (FGD1) (OMIM #202200) is an autosomal recessive disorder caused by mutations in the melanocortin 2 receptor (MC2R) gene (OMIM *607397), characterized by a low or undetectable serum cortisol level and high adrenocorticotropic hormone (ACTH) level. Clinical manifestations include hypoglycemia, seizure, skin hyperpigmentation, hyperbilirubinemia, cholestasis, and a tall stature (1–6). Other dysmorphic features, such as a prominent forehead with hypertelorism (7), and a broad nasal bridge with small tapering fingers (8), have been reported. Children with FGD1 may have other isolated endocrine abnormalities (4, 6–17). Here we report on the first FGD1 patient from China with a novel MC2R gene variant, a mild transverse palm crease, hypertelorism, and subtle/transient endocrine abnormalities relating to all three zones of the adrenal cortex and thyroid gland.

CASE PRESENTATION

The female infant was born to healthy non-consanguineous parents (25-year-old father, and 22-year-old mother) after an uncomplicated first pregnancy and 40 weeks of gestation. A Cesarean section was performed due to a failed vaginal delivery, but the Apgar score until 15 min after birth and birth weight was normal (3,300 g). The patient was intubated after developing progressive tachypnea, moaning, and severe hypoglycemia (0.9 mmol/L). The patient developed hyperbilirubinemia that was unresponsive to phototherapy, but the parents took the baby home, for home care at the age of 9 days.

At the age of 1.4 months, the patient was admitted to a provincial hospital for jaundice, vomiting, afebrile seizures, and pneumonia. The lowest blood glucose level during the hospital stay was 1.4 mmol/L. The serum cortisol levels were extremely low (13.8–29.3 nmol/L, normal range 138–690 nmol/L) while adrenocorticotropic hormone levels were slightly lower or normal (6.0–18.5 pg/ml, normal range 6.4–40 pg/ml). A cortisol deficiency was diagnosed, but parents refused hormone replacement therapy. The patient was discharged after the pneumonia was resolved and blood glucose levels were stabilized.

At the age of 3.2 months, the patient was presented to our hospital for cholestasis without obvious symptoms of hypoglycemia, infection, alacrima, or achalasia. Repeated morning serum cortisol levels were extremely low (8.8–10.6 nmol/L, normal range 138–690 nmol/L), while ACTH was extremely elevated (1656.9–1911.8 pg/ml, normal range 6.4–40 pg/ml). Upon physical examination, significant jaundice, skin hyperpigmentation and slight hepatosplenomegaly (liver 2–2.5 cm below the right costal margin, and 2.5 cm below the xiphoid process; spleen 1.5–2.0 cm below the left costal margin) were observed. Slight dysmorphic features such as a transverse palmar crease in the right hand, a prominent forehead, hypertelorism (inner canthal distance greater than the palpebral fissure length) were noted. The palmar crease, and the changes in skin pigmentation are presented in Figure 1. Written informed consent was obtained from the parents for the publication of this case report and related images. Changes in body weight/length, complete blood count, procalcitonin, serum biochemistry, blood coagulation, and endocrine profiles throughout the disease course are provided in Table 1.
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FIGURE 1. Skin pigmentation and palmar creases. Higher skin pigmentation of the hand compared to parents at 3.5 months (A,B), a slight transverse palmar crease on the right hand (C) but not on the left hand (D). Changes in skin pigmentation at 0.7 months (E), 1.6 months (F), 3 months (F), and 4.9 months (H, 1.5 months after hydrocortisone therapy and resolution of cholestasis). Written informed consent was obtained from the parents for the publication of personal images.




Table 1. Changes in body weight/length, complete blood count, procalcitonin, serum biochemistry, blood coagulation, and endocrine profiles.

[image: image]



Genetic screening for abnormalities related to congenital adrenal hyperplasia (list of 44 genes are provided in Table 3), and multiplex ligation-dependent probe amplification (MLPA) analysis of the CYP21A2 gene were performed by a commercial genetic testing company (Customized target capture sequencing, http://www.mygenostics.com/ServiceTechnology.aspx?nid=263&pid=268). The result showed compound heterozygous variants in the melanocortin 2 receptor (MC2R) gene, but the result of the CYP21A2 gene MLPA analysis was negative for hot-spot mutations and copy number variants (Supplementary Figure 1). We conducted protein modeling with SWISS-model (https://www.swissmodel.expasy.org) using the most similar structure (5jtb.1.A, Adenosine receptor A2a), and polar contacts of wild-type and mutated amino acid residues were compared with Pymol software (https://pymol.org/2/). The c.433C>T/p.R145C was reported in the dbSNP152 (http://www.ncbi.nlm.nih.gov/snp/rs139218324), and gnomAD (http://gnomad-old.broadinstitute.org/variant/18-13885085-G-A), but not in the 1000 Genome Database (http://www.1000genomes.org/) and Exome Variant Server (http://evs.gs.washington.edu/EVS/). The c.712C>T/p.H238Y variant was not reported in the dbSNP152, gnomAD, 1000 Genome Database, and Exome Variant Server. The c.433C>T/p.R145C variant of maternal origin caused the change of arginine (polar, basic) at the amino acid position of 145 to cysteine (non-polar, neutral). R145 is a relatively conserved amino acid residue, and five out of eight in-silico prediction tools (Table 2) predicted this variant as pathogenic. This is a known disease-causing variant (HGMD CM116421, rs139218324), and reported to be associated with FGD1 in an adopted Chinese girl (18). Protein modeling showed no effect of R145C residue change on polar contact with V149. The c.712C>T/p.H238Y variant of paternal origin caused the change of amino acid residue histidine (polar, basic) at the position of 238 to tyrosine (polar, neutral). H238 is a strictly conserved residue, and all eight in-silico prediction tools predicted this variant as pathogenic (Table 2). Protein modeling showed that the H238Y mutation changed polar contact of the amino acid residue in the position of 238 with adjacent residues, and polar contact with N261 in the transmembrane domain (TMD) 7 was lost. Confirmation with Sanger sequencing, conservation status of amino acid residue that have been affected, protein modeling results, and in-silico pathogenicity prediction results for both MC2R variants are provided in Figure 2 and Table 2.


Table 2. Carrier frequency and in-silico pathogenicity prediction results of MC2R gene variants.
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Table 3. Diagnostic evaluation.

[image: image]




[image: image]

FIGURE 2. Sanger sequencing results with conservation status of amino acid residues (A), and protein modulation (B,C).



Extensive etiologic evaluations from birth until the last follow-up (4.9 months) are provided in Table 3. After ruling out other causes of hypoglycemia, cholestasis, and adrenal deficiency, a diagnosis of FGD1 was made. Oral hydrocortisone was started at a dose of 30 mg/m2 body surface area (divided into three doses) at the age of 3.4 months. Cholestasis was resolved at 4.9 months, skin hyperpigmentation was improved, and no further episodes of hypoglycemia occurred. Morning serum cortisol levels 1 h after hydrocortisone intake was normal, while ACTH levels returned to near normal levels. However, parents decided to stop the medication at the age of 7.4-months, and serum cortisol/ACTH levels returned to extreme levels at the age of 8.1-months (Table 1).

DISCUSSION

ACTH unresponsiveness was first described by Shepard et al. (19) in 1959, melanocortin receptors were cloned in 1992 (20), and the first FGD1 caused by the MC2R gene mutation was reported by Clark et al. (2).

Hypothyroidism had been reported in an FGD1 patient with compound heterozygous L46fs/V49M mutation. The TSH level of 13.9 mIU/L at 3-months of age was normalized after a week of L-thyroxine therapy and remained normal when the medicine was stopped after 3 months (6). Our patient had hypothyroidism (TSH 10.61 mIU/L) during the neonatal period, but the repeated TSH levels without hormone replacement therapy at the age of 1.4 months was normal. Partial or complete deficiency of sex hormones such as 17-alpha hydroxyprogesterone, androstenediol, dehydroisoandrosterone, testosterone, progesterone, and dehydroepiandrosterone sulfate (DHES) had been reported in several FGD1 patients (4, 7, 9, 10, 13–15, 17). Besides low levels of androstenediol, DHES, and 17-alpha-hydroxyprogesterone, our patient also had lower levels of dehydroisoandrosterone and progesterone, as well as higher levels of testosterone. Although FGD1 patients may experience delayed development of pubic hair, other sexual characteristics did not seem to be affected. Slight abnormalities in renin or aldosterone levels have been reported (7, 8, 11, 13, 14), but angiotensin II levels have never been reported to be elevated in FGD1 patients. Renin, aldosterone, and angiotensin II levels were slightly elevated in our patient without any abnormalities in serum electrolytes, blood pressure, and kidney function. Patients with severe or homozygous truncating mutations in the MC2R gene, mild disturbances in renin–angiotensin–aldosterone axis may need temporary replacement of mineralocorticoid but did not cause long-term mineralocorticoid deficiency after stopping the intervention (11, 12).

A tall stature in the presence of normal growth hormone levels is one of the features of FGD1 (7, 8, 10, 14, 15, 17) accompanied by some dysmorphic features (such as hypertelorism, relative frontal prominence, epicanthic folds, large head circumference, and small tapering fingers) (7, 8). In vitro studies indicated that excess levels of ACTH increases chondrocyte precursors leading to chondrogenic phenotypes (21), and low levels of cortisol may fail to inhibit the synthesis of insulin-like growth factor-binding protein-5 (22). A single transverse palmar crease was associated with 107 genes and 172 disease entities (http://www.geneontology.org/formats/oboInOwl#id: HP:0007598), but not with the MC2R gene or FGD1. Since none of the transverse palmar associated genes were screened in this patient, we cannot rule out the possibility that variants in other genes may have caused this phenotype. Our patient had a normal body weight and length percentiles until hydrocortisone treatment, but both weight and length percentiles exceeded the 95th percentile 1.5 months post-treatment. This might be due to inadequate suppression and a prolonged effect of elevated ACTH. A tall stature is believed to return to normal after continuous treatment with hydrocortisone. However, growth parameters should be monitored in patients with FGD1, and growth hormone levels together with bone maturity should be evaluated when necessary. We also observed slight dysmorphic features, such as a prominent forehead, and hypertelorism, but no epicanthic folds were observed in our patient. Other endocrine abnormalities, and dysmorphic features in previously reported cases are summarized in Table 4.


Table 4. Other endocrine abnormalities and dysmorphic features in published cases.
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The underlying mechanism of the MC2R gene mutations causing FGD1 is ACTH resistance, either due to the trafficking failure of the receptor from the endoplasmic reticulum to the cell surface, or due to ineffective binding to ACTH (5). according to the last published review in 2018 (23), a total of 28 missense mutations, three non-sense mutations, and eight small insertion/deletions in the MC2R gene were reported in the literature. Most naturally occurring or site-directed mutants cause defective trafficking of the MC2R protein toward the cell membrane while others may lead to defective binding with ACTH (Figure 3). R145C found in our patient was previously reported in an adopted Chinese FGD1 child (18) and a known disease-causing variant in HGMD (CM116421), but no functional study was conducted to evaluate its effect in protein function. Located in the transmembrane domain 4 (TMD4), R145C is adjacent to R146H, which is also a naturally occurring disease causing mutant that causes decreased binding to ACTH and defective membrane trafficking. Site directed mutagenesis of another adjacent residue (T147D) resulted in a trafficking defect, but T147A did not affect protein trafficking toward the cell membrane (24). TMD4 plays a critical role in the activation of the rainbow trout melanocortin-2 receptor (25). R145C may have caused abnormal MC2R protein function by affecting receptor localization in the cell membrane, or activation of the receptor itself. H238Y (located in the TMD6) in our patient is a novel variant in a highly conserved residue not only among different species, but also among other melanocortin receptors. An in vitro study of site directed mutagenesis at the same amino acid residue (H238A) caused a 1.4-fold decrease in membrane trafficking of the MC2R protein from Golgi apparatus toward the cell membrane. H238 residue is also a component of the proposed ACTH binding site consisting of E80, D104, D107, F168, F178, F235, H238, and F258 (26). These findings suggest that the H238Y variant may affect cortisol production by affecting the MC2R localization and ACTH binding. Further functional studies are needed to prove variants found in our patient affect the MC2R protein function.
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FIGURE 3. Naturally occurring and site-directed MC2R gene mutants their effect on protein function. This snake diagram of MC2R protein was obtained from G protein-coupled receptors database (GPCRdb, http://gpcrdb.org/family/001_002_014_002/).



In conclusion, we reported on the first child with FGD1 from mainland China, carrying a novel MC2R variant, and reviewed previously reported cases with additional features.
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Investigations performed (normal unless otherwise indicated)

Complete blood count; Blood culture for bacteria and fungus; Serology for human Legionella, hepatitis B, hepatitis C, HIV, syphilis,
Epstein-Barr virus (EBV), cytomegalovirus (CMV), herpes simplex viruses (HSV) 1, toxoplasmosis, rubella virus, mycoplasma, chlamydia,
tuberculosis, and respiratory syncytial virus; Complete blood count (slightly increased reficulocyte percentage) (Table 1).

PCR for serum DNA detection for EBY, CMV, and HSV /; Elevated procalcitonin levels; Routine urine and fecal analyses.
Echocardiography (atrial septal defect, 3.7 mm), electroencephalography, electrocardiography, brain MR, contrast MRI scan of the
pituitary gland, chest X-ray (pneumonia), computed tomography scan of the brain.

Bllateral hip ultrasound (possible hip dysplasia at when 5-days old, normal at 1.5 months);

Abdorminal ultrasound: slight hepatomegaly with decreased echogenicity (2-2.5 cm below the right costal margin, and 2.5 cm below the
xiphoid process), slight splenomegaly (1.5-2.0cm below the left costal margin); normal looking portal vein, pancreas, kidneys, and
adrenal glands.

Coomb's test at 5 days; Glucose-6-phosphate dehydrogenase (G6PD) activity at 5 days;

INR and prothrombin time: slight elevation uring newborn period, but normal afterwards); D-dimer (0.7-2.64 mg/L, normal range 0-0.3
mg/L); Activated partial thromboplastin time (46.1-51s, normal range, 28.0-44.5); Fibrinogen (1.44-1.89 g/L, normal range, 2-4 g/L);
Fibrinogen degradation products; Thrombin time.

Liver function test (hyperbilirubinemia during newborn period, cholestasis), serum electrolytes, creatinine, uric acid, urea nitrogen,
cholesterol, triglyceride (slightly elevated at 3.8 months) (Table 1)

Serum creatine kinase (significantly elevated when 2 days old, normal afterwards), creatine kinase-MB, lactate dehycrogenase (slight
elevation).

Serum ceruloplasmin level at 1.5 months; Slightly elevated lactic acid and ammonia levels;

Blood mass spectrometry at 1.6 months: elevated levels of oxalic acid (15.66 uM, normal range 0-0.1 uM), sebacic acid (24.38 uM,
normal range 0.4-7 uM), 3-hydroxyglutaric acid (16.76, normal range 0-0.5 uM), palmitic acid (96.22 uM, normal range 0-13.8 uM)

Low levels of 25-hydroxy vitamin D3 (10.41 ng/ml, normal range 15-35 ng/ml), and elevated levels of alphafetoprotein (7,575 ng/ml,
normal range <77.1ng/mi) at 3.5 months.

Serum amino acid and acyl-canitine profiles at 3.5 months were normal except for slightly elevated threonine (126.35 uM, normal range
17-90 uM), and CO (54.28, normal range 10-50 uM).

Urine organic acid analysis (qualitative) at 3.5 months: significant elevation of citric acid, and slight elevation of 2-oxoglutaric acid and
lactic acid.

Glucose profiing (hypoglycemia); Low to normal levels of Insulin and C-peptide; Slightly elevated Serum lactate (Tables 1, 2); Hemoglobin
Al (2.2%, normal range 3.8-5.8%).

Extremely low levels of serum cortisol, extremely high levels of serum ACTH; Lower level of 17-alpha hydroxyprogesterone,
androstenediol, dehydroisoandrosterone; Higher levels of renin, aldosterone, angiotensin Il, and dehydroepiandrosterone sulfate; Normal
to higher levels of testosterone; Transient hypothyroidism (Table 2).

Genetic panel for screening for congenital adrenal hyperplasia including NROB1, PRKACA, DHCRY, GK2, PDESB, LHX4, ARMCS, MC2R,
GK, HBPD, CDKN1G, CYP11B1, ABCD1, SOX3, GNAS, MRAR POMC, HSD1181, MKS1, CYP21A2, NNT, TBX19, MEN1, MCM4, REN,
NR5AT, AIRE, CYP17A1, NRSC1, PCSK1, TXNRD2, CYP11A1, RXRA, PRKAR1A, HESX1, HSD3B2, GLCC11, TP53, CYP118B2, POR,
RXRB, PDE114, PROP1, and STAR gene (compound heterozygous variants in MC2R gene, Table 2, Figure 2)

Multiplex ligation-dependent probe amplification (MLPA) analysis of CYP21A2 gene.
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