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Abstract

Corticosteroid-binding globulin (CBG) is the main transport protein for cortisol, binding
up to 90% in a 1:1 ratio. CBG provides transport of cortisol within the circulation and tar-
geted cortisol tissue delivery.

Here, we describe the clinically novel “CBG Montevideo” a SERPINA6 pathogenic
variant that results in a 50% reduction in plasma CBG levels. This was associated
with low serum total cortisol and clinical features of hypoglycemia, exercise intoler-
ance, chronic fatigue, and hypotension in the proband, a 7-year-old boy, and his
affected mother.

Previous reports of 9 human CBG genetic variants affecting either CBG concentrations
or reduced CBG-cortisol binding properties have outlined symptoms consistent with at-
tenuated features of hypocortisolism, fatigue, and hypotension. Here, however, the pres-
ence of hypoglycemia, despite normal circulating free cortisol, suggests a specific role
for CBG in effecting glucocorticoid function, perhaps involving cortisol-mediated hepatic
glucose homeostasis and cortisol-brain communication.
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Corticosteroid-binding globulin (CBG) is the principal cir-
culating cortisol transport protein [1, 2]. CBG is a serine
protease inhibitor (serpin) and is encoded by a single gene,
SERPINAG6, a member of a group of highly conserved
SERPIN genes at 14q; SERPINA6 comprising 5 coding
exons over 19 kilobases at 14q32.13 [3, 4]. CBG is a 383-
amino acid glycoprotein with a molecular size of 52 kDa
[5, 6], is synthesized chiefly by hepatocytes [7, 8], and circu-
lates in concentrations of 450 to 650 nmol/L [9-12].
Several heritable SERPINAG pathogenic gene muta-
tions have been identified following clinical inquiry into
patients presenting with hypocortisolemia in association
with a variety of clinical features including chronic fa-
tigue, chronic pain, exercise intolerance, depression, hypo-
tension, and obesity. Two such SERPINAG6 variants result
in a reduction in plasma CBG levels (CBG Null/Adelaide
[13, 14] and CBG Santiago [15]) and 4 variants result in
a reduction in cortisol-binding affinity and/or capacity
(CBG Leuven [16-18], CBG Lyon [13, 14, 19-22], CBG
G237V [23], and CBG Athens [22]). Additional mutations
have been identified through population screening, CBG
A51V and CBG E102G within a Han Chinese popula-
tion resulting in reduced plasma CBG levels and reduced
cortisol-binding capacity, respectively [24]. A poly-
morphism, CBG A224S was overrepresented in a chronic
fatigue cohort [17, 25]. Markers in the CBG gene, but not
in other key hypothalamic-pituitary-adrenal axis regula-
tory genes, are associated with chronic widespread pain
syndrome [25]. The CBG gene is expressed in brain re-
gions that are involved in the stress response [26]. The
CBG locus is important in the regulation of cortisol con-
centrations as evidenced in large community studies [27].
Next-generation sequencing techniques have improved
diagnosis and discoveries of new pathogenic mutations
in several different medical specialities, especially in rare
diseases [28-30]. Here we present a novel SERPINAG6
null mutation, identified via next-generation sequencing
performed to evaluate a fatigue syndrome, with hypogly-
cemia in 1 participant. The mutation results in a hetero-
zygous complete loss of function; this is the fourth CBG
mutation to be described to have a significant effect on
circulating CBG levels and provides further evidence of a
phenotype whose pathophysiology is not yet understood
but may represent a selective tissue deficiency of cortisol.

Case Report

The index case was a 7-year-old boy. He has no family
history other than arterial hypotension considered to con-
tribute to presyncopal episodes affecting his mother. He has
a healthy older brother.

The boy was the result of a nonconsanguineous union,
with a normal pregnancy and birth. At day 2 of age, he

experienced a seizure and was hypoglycemic; a further epi-
sode at day 8 was associated with hypocortisolemia (Table
1). He was treated with hydrocortisone (20 mg/m*/d, div-
ided in 3 doses) with improvement. Later in childhood this
was later changed to hydrocortisone 7 mg mane (morning)
and 3 mg mid-afternoon. Episodes of hypoglycemia con-
tinued in early childhood, occurring typically in the
morning associated with presyncopal symptoms and was
observed to be pale. At age 4 years, he experienced a second
seizure; no further episodes occurred when regular frequent
meals and avoidance of prolonged fasting were instituted.

Physical examination was normal. He had normal
growth, within the first 2 years of life height and weight was
between 3rd and 15th percentile, and head circumference at
the 50th percentile. Measurements later in childhood were
not available. Neurological and milestone development was
also normal. His parents reported that he would exhibit
a certain intolerance to intensive exercise, describing that
when playing vigorously with other children he would often
need to “pause to recharge,” after which he would continue
to play. Laboratory results during critical episodes (Table 1)
showed hypoglycemia, with appropriately low insulin and
elevated ketones levels, and inappropriately low serum cor-
tisol. In the early neonatal period, plasma acylcarnitines and
amino acids were normal, as were IGF-1 levels, clonidine-
growth hormone stimulation (Table 2), and electrocardio-
gram. Magnetic resonance imaging of both the pituitary
and adrenal glands was unremarkable.

Methods
DNA sequencing and bioinformatics analysis

We performed exome sequencing of germline DNA from
the patient on a Hiseq 4500 Illumina sequencer (Agilent

Table 1. Laboratory results during critical episodes

Age 48 h 8d 2y
Blood glucose level mg/dL 17 (0.9) 34 (1.9) 15(0.8)
(70-110) (mmol/L) (4-6)
Serum sodium level - - 135
(mEq/L) (134-150)
Ketones - - Elevated +++
TSH mIU/mL (0.7-4.8) 0.78 4.45 -
FT4 ng/dL (0.7-1.48) - 1.33 -
Cortisol pg/dL (1.8-30.3) - 7.7 -
Insulin mIU/L (1.3-13) - 2 -
Growth hormone ng/mL - 7.39 18.2
(<13.6)
Plasma renin activity ng/ - 6.85 -
mL/h (1.1-22)
Aldosterone ng/dL (3-65.8) - 31 -

“In hypoglycemia, serum cortisol should be >18 pg/dL and insulin <2 mIU/L.
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Table 2. Clonidine-GH stimulation test

GH ng/mL
Basal 18.2
30 min poststimulation 2.9
60 min poststimulation 9.13
90 min poststimulation 6.13
120 min poststimulation 3.29

Clonidine-GH stimulation test, a growth hormone of >6 ng/mL is consistent
with an appropriate GH response.

SureSelect V6 kit, 100x, 150PE). Quality of reads was ana-
lyzed using FastQC [31] and were mapped to the human
reference genome (GRCh37) using the Burrows-Wheeler
Alignment Tool [32]. Only unique reads mapping in proper
pairs were further considered. Variant calling was per-
formed using GATK (best practices) [33] and ANNOVAR
[34] was used for the annotation process. Different sets of
filters were used to detect potentially causative mutations:

1. Homozygous variants in coding/splicing regions with a
population frequency lower than 1%; and

2. Heterozygous variants in coding/splicing regions with at
least two variants in the same gene and a population fre-
quency lower than 1% (compound heterozygous); and

3. Heterozygous variants in coding/splicing regions with a
population frequency less than 0.5%.

Sanger sequencing was used to validate causative variants.

CBG immunoassay

Plasma levels of CBG were measured via ELISA as pre-
viously described [35]
active polyclonal rabbit antibody and a monoclonal
antibody, 12G2 (RRID:AB_2632404) (https:/
scicrunch.org/resources/Antibodies/source/nif-0000-
07730-1/search?q="&l=&facet% 5B % S5D=Target %20
Antigen:human%20corticosteroid-binding%20
globulin&sort=desc&column=Target% 20
Antigen&sort=desc).

using an in-house human re-

mouse

Results

The pedigree, plasma CBG levels, and DNA sequencing
data are represented in Fig. 1. We obtained a total of
55 495 070 reads, a total of 124,246 variants and me-
dium exome coverage of 53x. A variant in SERPINA6 was
found in heterozygous state: NM_001756.3, c.164_165del
(p.V55fs, chr14: 94.780.821) [36]. The gene had 100%
of its bases covered with at least 20 reads and a mean
coverage of 177x. The frameshift is situated at 13% of
the protein (exon 2). A premature stop codon is generated

A B
516 208 —
- -
CAAGGCCACTAGGTG
535 216 B A V L H
c [}

AAGGCCACTAGGTG AAGGCCACTAGGTG

oy st o

AAGGCCACT AGEST G AABGGCCWCT GTGCG

Figure 1. The CBG Montevideo kindred. (A) Pedigree showing the pro-
band (arrow) and his immediate family members. Mutation status is
indicated in the top right-hand corner: +, positive for SERPINA6 2-bp
deletion: -, negative for SERPINAG6 2-bp deletion. Red shading indicates
the presence of symptoms consistent with hypocortisolism. Serum
CBG levels (nmol/L) represented under individuals. (B) The familial
SERPINAG6 2-bp deletion identified by next-generation sequencing in
the proband as seen in Integrated Genomics Viewer. The top bar illus-
trates an approximately 50% decrease in coverage at the position of the
variant, consistent with the heterozygous state of the deletion. (C,D)
Electrophoretograms from SERPINA6 bidirectional Sanger sequencing
validation studies showing the wild-type sequence in panel C in the
father and brother and confirming the 2-bp deletion in panel D in the
proband and mother. The yellow bar highlights the location of the
variant, with downstream frameshift shown to the right-hand side of
the sequence in the top forward-reading sequence and to the left-hand-
side in the bottom reverse reading sequence of panel D.

after 43 amino acids. Therefore, it should be considered a
loss of function variant, whether by generating a truncated
protein or via nonsense mediated decay, which is predicted
to occur. Allelic frequency in controls is 0.000003977
(European non-Finnish) in gnomAD v2.1.1 and no homo-
zygotes have been reported. No other variants in this gene
nor other variants in other genes potentially involved in
the phenotype were found. Those explored included:
genes associated with familial glucocorticoid deficiency:
melanocortin 2 receptor (MC2R), melanocortin 2 receptor
accessory protein (MRAP); congenital adrenal hypoplasia
(DAX1), steroidogenic factor 1 (NR5A1), those coding for
steroidogenic enzymes (CYP21A2, CYP11B1, CYP17Al,
HSD3B2, STAR, POR, CYP11A1), pituitary transcription
factors (PROP1, PIT1, LHX3, LHX4, HESX1), signalling
molecules (KAL), and pituitary hormones and receptors
(GH1, GHRH, KISS1R). The proband and his mother
were heterozygous for the SERPINAG variant, whereas his
unaffected father and brother were homozygous for the
wild-type allele. Plasma CBG levels were reduced approxi-
mately 50% in the proband and mother (202-209 nmol/L


https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
https://scicrunch.org/resources/Antibodies/source/nif-0000-07730-1/search?q=*&l=&facet%5B%5D=Target%20Antigen:human%20corticosteroid-binding%20globulin&sort=desc&column=Target%20Antigen&sort=desc
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[reference range 450-650 nmol/L]), consistent with an
inactivating mutation in heterozygous state in SERPINAG.
Morning total serum cortisol levels were significantly re-
duced in the proband during critical episodes (Table 1) and
mother (1.96 pg/dL, normal 10-20 pg/dL), whereas % free
cortisol remained normal at 15% and 14%, respectively.

Using the American College of Medical Genetics and
Genomics variant classification criteria, the SERPINA6
variant detected in the proband and mother was classified
as pathogenic (class 5) as it fulfils PVS1, PS3, PM2, and
PP1 [37].

Discussion

We report a newly described CBG gene (SERPINAG6)
pathological variant, CBG Montevideo: a 2 base-pair de-
letion leading to a frameshift and a premature stop codon
with a 50% reduction in plasma CBG levels in hetero-
zygotes. The pathogenic variant, predicted to produce
a complete loss of function of the allele, was found in
heterozygous state in a child (proband) with associated
hypocortisolism manifesting with episodes of hypogly-
cemia and exercise intolerance. The CBG Montevideo
variant was subsequently identified in the mother, who
also has hypocortisolism with chronic fatigue, hypoten-
sion, and presyncope. No phenotype has been reported
in association with the mutation responsible for CBG
Montevideo because it appears to be very rare in gene
databases. The association with fatigue and hypotension
has been seen with other loss of function mutations; how-
ever, hypoglycemia has not been reported.

CBG binds cortisol in a 1:1 molar ratio within a single
binding pocket [1, 38] and undergoes a permanent con-
formational change upon proteolysis by neutrophil elas-
tase, liberating bound cortisol [39-41]. CBG binding
affinity for cortisol is also reduced with increases in tem-
perature [42, 43] and in acidosis [43] demonstrating the
modifiable binding and delivery characteristics of cortisol
to alleviate inflammation.

CBG is important in glucocorticoid delivery to the brain,
with fast nongenomic action on neurones modulating stress-
induced behavior, learning, and memory recall [44]. CBG
has been isolated from cerebrospinal fluid, hypothalamus,
and pituitary [45-47], and CBG mRNA from neurons [48]
suggesting local expression and supporting a role for CBG
in the regulation of the hypothalamic-pituitary-adrenal
axis in response to stress [46]. Human studies have shown
a relation between CBG haplotypes and chronic pain and
chronic fatigue syndromes [25, 49]. Furthermore behav-
ioral studies in CBG-knockout mice demonstrate learned
helplessness and despair-like behavior after prolonged un-
controllable stress, a model for depression [50-52].

Phenotypic effects for SERPINAG haploinsufficiency and
other genetic variants have been reported in homozygotes
and heterozygotes [13, 21]. In the present study, CBG con-
centration was reduced by approximately 50% in heterozy-
gous family members, similar to that previously observed for
other null SERPINAG pathogenic genetic variants (Table 3).
A novel phenotypic observation in CBG Montevideo was the
associated morning fasting hypoglycemia. Cortisol promotes
gluconeogenesis and hepatic glucose output, along with hep-
atic glycogen synthesis, thus is crucial for glucose homeo-
stasis particularly in the fasting state [53]. Furthermore,
CBG may play an important role in facilitating the hepatic
regulation of glucose homeostasis with loss of targeted hep-
atic glucocorticoid delivery, compounding morning fasting
hypoglycemia as observed in this case.

The discovery of several human SERPINAG6 pathogenic
variants detected through clinical enquiry have revealed un-
expected phenotypic implications. Nine SERPINA6 patho-
genic variants have been described in humans, of which 7
result in either reduced synthesis or cortisol-binding func-
tion. CBG Null/Adelaide (c0.32G > A, p.Trp11X) results
in a premature stop codon and complete loss of synthesis,
with CBG levels reduced by 50% in heterozygotes and com-
pletely devoid in the rare CBG null homozygotes [13]. CBG
Adelaide cosegregated with CBG Lyon in a large Italian-
Australian family, where chronic idiopathic fatigue, chronic
pain (25% of participants) and hypotension was described
before sequencing family members—the presence of these
clinical features corresponded to the presence of either CBG
mutation, whether inherited in heterozygous, compound
heterozygous, or homozygous form [13]. A blinded study of
495 individuals living in the Calabrian village from where
the CBG Adelaide family originated revealed the presence of
chronic pain having precedence over fatigue in the 18 parti-
cipants with 1 of the Adelaide or Lyon mutations, suggesting
an environmental influence on the expression of pain or fa-
tigue, both considered related symptoms in the spectrum of
chronic fatigue syndrome-fibromyalgia symptomatology,
as is disturbances in blood pressure regulation [16]. CBG
Santiago (c0.13delC, p.Leu5CysfsX26) [15] and CBG A51V
[24] affect hepatic synthesis with up to 50% reduction in
plasma CBG concentrations in heterozygotes. Five muta-
tions affect CBG:cortisol binding affinity, the most severe
seen in CBG Athens (c0.1282G > C, p.Trp393Ser) [22] and
CBG G237V with a complete loss of binding affinity. CBG
Leuven (c0.344T > A, p.Leul15His) [18] and CBG Lyon
(c0.1165G > A, p.Asp389Asn) [13, 19, 20] result in a 3- and
4-fold reduction in binding affinity, respectively, with a par-
tial loss seen in CBG E102G [24]. A phenotypic spectrum
has been observed in individuals harboring SERPINA6 mu-
tations, with chronic fatigue, chronic pain, hypotension, and
perhaps obesity being features [54].
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Clinical features
Obesity

NA
NA

30%-50% reduction in CBG in
Higher female-to-male live birth

heterozygotes
Normal CBG levels

Low TC
Normal 24-h UFC

Normal FC
Increased %FC

Biochemical findings
rate

L]
L]
NA
L]
L]
L]
L]

secretion of CBG in vitro
in CHO cells

binding capacity in vitro
in CHO cells

cortisol binding affinity

Decreased synthesis and/or
Complete loss of CBG-

Reduced CBG-cortisol

CBG effect

heterozygous for CBG Lyon D367N and

Chinese, prevalence 1:35 frequency
CBG A224S

CBG polymorphism screening study in Han
Chinese

CBG polymorphism screening study in Han
Isolated from a single Greek kindred, also

Discovery

SERPINAG nucleotide
change

c0.218C>T

c0.371A >G
c0.1282G > C

p-Glu123Gly
p-Trp393Ser [22]

[24]
CBG Athens

56

Abbreviations: CBG, corticosteroid-binding globulin; CHO, Chinese hamster ovary; FC, free cortisol; NA, not available; TC, total cortisol; UFC, urinary free cortisol.

Adapted and reprinted with permission from [55].

Table 3. Continued
CBG p.Ala73Val [24],

CBG protein
CBG E102G

The most commonly reported clinical features of
SERPINAG pathogenic variants include hypotension, chronic
fatigue, and exercise intolerance, all of which were present in
the proband and his mother (Table 3). Interestingly, the pro-
band experienced morning hypocortisolemia with associated
hypoglycemia, not previously described in known SERPINA6
pathogenic variants. Hydrocortisone treatment and regular
frequent meals in the proband were effective in this case.

In the CBG Lyon variant, where a functional loss of
CBG is observed because of a 4-fold reduction in cortisol-
binding affinity while CBG levels remain unaffected, total
cortisol levels within the first hour after awaking was re-
duced by 50% [13, 21]. A hyperreactivity response to psy-
chological stress is also seen with CBG Lyon, with elevated
ACTH, salivary cortisol, epinephrine, and norepinephrine
levels that associated with transient muscle weakness [21].

CBG-knockout mice display learned helplessness and
despair-like behavior in response to enduring psychological
stressors [50-52]. Taken together, this suggests CBG has an
antinociceptive function in response to stress, perhaps at
the level of the central nervous system, which may relate
to the clinical features of depression, exercise intolerance,
chronic fatigue, and chronic pain observed in SERPINAG6
pathologic variants (Table 3).

In summary, we describe the clinically novel CBG
Montevideo a SERPINAG pathogenic variant that resulted
in a 50% reduction in plasma CBG levels, low serum total
cortisol, and associated clinical features of hypoglycemia,
exercise intolerance, chronic fatigue, and hypotension in
the proband. The identification of increasing numbers of
individuals with SERPINAG6 variants affecting CBG func-
tion (concentration or cortisol binding reducing) and symp-
toms consistent with attenuated features of hypocortisolism
(chiefly fatigue and hypotension, but here with hypogly-
cemia) despite normal circulating free cortisol, suggests a
specific role for CBG in glucocorticoid function, perhaps
involving cortisol regulation of hepatic glucose homeo-
stasis and cortisol-brain communication.

Acknowledgments

Financial Support: The work was supported by the Royal Adel-
aide Hospital Research Commitee; Clinical Project Grant 2016
(7528) and Near Miss Grant 2018 (10164). EJM was supported
by the Royal Adelaide Hospital Research Committee Dawes 2017
(7528) and AR Clarkson 2019 (10905) stipends. SMCD was sup-
ported by the Royal Australasian College of Physicians Servier Staff
‘Barry Young’ Research Establishment Fellowship.

Additional Information

Correspondence: Emily Meyer, Endocrine and Metabolic Unit,
Royal Adelaide Hospital, Adelaide, SA 5000, Australia. Email:
Emily.meyer@sa.gov.au.


mailto:Emily.meyer@sa.gov.au?subject=

Journal of the Endocrine Society, 2021, Vol. 5, No. 9

7

Disclosures: The authors have no conflicts of interest.

Data Availability: Some or all data generated or analyzed during

this study are included in this published article or in the data reposi-

tories listed in References.

References

1.

10.

11.

12.

13.

14.

Daughaday WH. Binding of corticosteroids by plasma proteins.
IV. The electrophoretic demonstration of corticosteroid binding
globulin. | Clin Invest. 1958;37(4):519-523.

Mickelson KE, Forsthoefel J, Westphal U. Steroid-protein
interactions. Human  corticosteroid  binding  globulin:
some physicochemical properties and binding specificity.
Biochemistry. 1981;20(21):6211-6218.

Underhill DA, Hammond GL. Organization of the human cor-
ticosteroid binding globulin gene and analysis of its 5’-flanking
region. Mol Endocrinol. 1989;3(9):1448-1454.

Seralini GE, Bérubé D, Gagné R, Hammond GL. The human
corticosteroid binding globulin gene is located on chromosome
14q31-q32.1 near two other serine protease inhibitor genes.
Hum Genet. 1990;86(1):73-75.

Hammond GL, Smith CL, Goping IS, et al. Primary struc-
ture of human corticosteroid binding globulin, deduced
from hepatic and pulmonary ¢cDNAs, exhibits homology
with serine protease inhibitors. Proc Natl Acad Sci U S A.
1987;84(15):5153-5157.

Kato EA, Hsu BR, Kuhn RW. Comparative structural ana-
lyses of corticosteroid binding globulin. | Steroid Biochem.
1988;29(2):213-220.

Khan MS, Aden D, Rosner W. Human corticosteroid binding
globulin is secreted by a hepatoma-derived cell line. | Steroid
Biochem. 1984;20(2):677-678.

Hammond GL, Smith CL, Underhill DA. Molecular studies of
corticosteroid binding globulin structure, biosynthesis and func-
tion. J Steroid Biochem Mol Biol. 1991;40(4-6):755-762.
Emptoz-Bonneton A, Crave JC, LeJeune H, Brébant C,
Pugeat M. Corticosteroid-binding globulin synthesis regulation
by cytokines and glucocorticoids in human hepatoblastoma-
derived  (HepG2) «cells. | Clin Metab.
1997;82(11):3758-3762.

Ho JT, Lewis JG, O’Loughlin P, et al. Reduced ma-
ternal corticosteroid-binding globulin and cortisol levels

Endocrinol

in pre-eclampsia and gamete recipient pregnancies. Clin
Endocrinol. 2007;66(6):869-877.

Fernandez-Real JM, Pugeat M, Grasa M, et al. Serum
corticosteroid-binding globulin concentration and insulin resist-
ance syndrome: a population study. | Clin Endocrinol Metab.
2002;87(10):4686-4690.

Schifer HH, de Villiers JD, Sivukhina E, et al. Altered homeo-
stasis of systemic glucocorticoids as related to obesity, glucose
tolerance, and smoking. Horm Metab Res. 2013;45(3):245-251.
Torpy DJ, Bachmann AW/, Grice JE, et al. Familial corticosteroid-
binding globulin deficiency due to a novel null mutation: asso-
ciation with fatigue and relative hypotension. | Clin Endocrinol
Metab. 2001;86(8):3692-3700.

Cizza G, Bernardi L, Smirne N, et al. Clinical manifestations
of highly prevalent corticosteroid-binding globulin muta-
tions in a village in southern Italy. | Clin Endocrinol Metab.
2011;96(10):E1684-E1693.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2S.

26.

27.

28.

29.

30.

Torpy DJ, Lundgren BA, Ho JT, Lewis JG, Scott HS, Mericq V.
CBG Santiago: a novel CBG mutation. | Clin Endocrinol Metab.
2012;97(1):E151-E155S.

Van Baelen H, Brepoels R, De Moor P. Transcortin Leuven: a
variant of human corticosteroid-binding globulin with decreased
cortisol-binding affinity. | Biol Chem. 1982;257(7):3397-3400.
Smith CL, Power SG, Hammond GL. A Leu-His substitution
at residue 93 in human corticosteroid binding globulin results
in reduced affinity for cortisol. | Steroid Biochem Mol Biol.
1992;42(7):671-676.

Van Baelen H, Power SG, Hammond GL. Decreased cortisol-
binding affinity of transcortin Leuven is associated with an amino
acid substitution at residue-93. Steroids. 1993;58(6):275-277.
Emptoz-Bonneton A, Cousin P, Seguchi K, et al. Novel human
corticosteroid-binding globulin variant with low cortisol-
binding affinity. ] Clin Endocrinol Metab. 2000;85(1):361-367.
Brunner E, Baima J, Vieira TC, Vieira JG, Abucham J. Hereditary
corticosteroid-binding globulin deficiency due to a missense
mutation (Asp367Asn, CBG Lyon) in a Brazilian kindred. Clin
Endocrinol. 2003;58(6):756-762.

Buss C, Schuelter U, Hesse ], et al. Haploinsufficiency of the
SERPINAG6 gene is associated with severe muscle fatigue: a de
novo mutation in corticosteroid-binding globulin deficiency. |
Neural Transm. 2007;114(5):563-569.

Hill LA, Vassiliadi DA, Simard M, et al. Two different corticosteroid-
binding globulin variants that lack cortisol-binding activity in a
greek woman. | Clin Endocrinol Metab. 2012;97(11):4260-4267.
Perogamvros I, Underhill C, Henley DE, et al. Novel
corticosteroid-binding globulin variant that lacks steroid
binding activity. | Clin Endocrinol Metab. 2010;95(10):E142
-E150.

Lin HY, Underhill C, Lei JH, et al. High frequency of SERPINA6
polymorphisms that reduce plasma corticosteroid-binding
globulin activity in Chinese subjects. ] Clin Endocrinol Metab.
2012;97(4):E678-E686.

Holliday KL, Nicholl BI, Macfarlane GJ, Thomson W,
Davies KA, McBeth J. Genetic variation in the hypothalamic-
pituitary-adrenal stress axis influences susceptibility to muscu-
loskeletal pain: results from the EPIFUND study. Ann Rheum
Dis. 2010;69(3):556-560.

Mopert B, Herbert Z, Caldwell JD, Jirikowski GF. Expression of
corticosterone-binding globulin in the rat hypothalamus. Horm
Metab Res. 2006;38(4):246-252.

Bolton JL, Hayward C, Direk N, et al.; CORtisol NETwork
(CORNET) Consortium. Genome wide association identi-
fies common variants at the SERPINA6/SERPINA1 locus
influencing plasma cortisol and corticosteroid binding globulin.
Plos Genet. 2014;10(7):e1004474.

Liu HY, Zhou L, Zheng MY, et al. Diagnostic and clinical
utility of whole genome sequencing in a cohort of undiagnosed
Chinese families with rare diseases. Sci Rep. 2019;9(1):19365.
Della Mina E, Ciccone R, Brustia F, et al. Improving molecular
diagnosis in epilepsy by a dedicated high-throughput sequencing
platform. Eur | Hum Genet. 2015;23(3):354-362.
Mercimek-Mahmutoglu S, Patel J, Cordeiro D, et al. Diagnostic
yield of genetic testing in epileptic encephalopathy in childhood.
Epilepsia. 2015;56(5):707-716.

. Andrews S. FastQC: A Quality Control Tool for High

Throughput Sequence Data [Online]. 2010. http://www.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Journal of the Endocrine Society, 2021, Vol. 5, No. 9

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

bioinformatics.babraham.ac.uk/projects/fastqc/. Accessed April
22,2021.

Li H, Durbin R. Fast and accurate short read align-
ment with Burrows-Wheeler transform. Bioinformatics.
2009;25(14):1754-1760.

McKenna A, Hanna M, Banks E, et al. The genome analysis
toolkit: a mapreduce framework for analyzing next-generation
DNA sequencing data. Genome Res. 2010;20(9):1297-1303.
Wang K, Li M, Hakonarson H. ANNOVAR: functional annota-
tion of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010;38(16):e164.

Meyer EJ, Nenke MA, Rankin W, et al. Total and high-affinity
corticosteroid-binding globulin depletion in septic shock is as-
sociated with mortality. Clin Endocrinol. 2019;90(1):232-240.
National Center for Biotechnology Information. ClinVar;
[VCV001077111.1]. https://www.ncbi.nlm.nih.gov/clinvar/
variation/VCV001077111.1 Accessed May 11, 2021.

Richards S, Aziz N, Bale S, et al.; ACMG Laboratory Quality
Assurance Committee. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommenda-
tion of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med.
2015;17(5):405-424.
WR Jr,
corticosteroid-binding protein of plasma. | Clin Invest.
1959;38(2):384-391.

Pemberton PA, Stein PE, Pepys MB, Potter JM, Carrell RW.
Hormone binding globulins undergo serpin conformational
change in inflammation. Nature. 1988;336(6196):257-258.
Chan WL, Carrell RW, Zhou A, Read R]. How changes
in affinity of

Slaunwhite Sandberg AA. Transcortin: a

corticosteroid-binding  globulin  modu-
late free cortisol concentration. | Clin Endocrinol Metab.
2013;98(8):3315-3322.

Nguyen PT, Lewis JG, Sneyd ], Lee RS, Torpy DJ, Shorten PR.
Development of a formula for estimating plasma free cortisol
concentration from a measured total cortisol concentration
when elastase-cleaved and intact corticosteroid binding globulin
coexist. | Steroid Biochem Mol Biol. 2014;141:16-25.
Cameron A, Henley D, Carrell R, Zhou A, Clarke A, Lightman S.
Temperature-responsive release of cortisol from its binding
globulin: a protein thermocouple. | Clin Endocrinol Metab.
2010;95(10):4689-4695S.

Meyer EJ, Torpy DJ, Chernykh A, et al. Pyrexia and acidosis

act independently of neutrophil elastase reactive center loop

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

cleavage to effect cortisol release from corticosteroid-binding
globulin. Protein Sci. 2020;29(12):2495-2509.

Moisan MP, Minni AM, Dominguez G, et al. Role of cortico-
steroid binding globulin in the fast actions of glucocorticoids on
the brain. Steroids. 2014;81:109-115.

Sivukhina EV, Jirikowski GE Bernstein HG, Lewis ]G,
Herbert Z. Expression of corticosteroid-binding protein in the
human hypothalamus, co-localization with oxytocin and vaso-
pressin. Horm Metab Res. 2006;38(4):253-259.

Henley DE, Lightman SL. New insights into corticosteroid-
binding globulin and glucocorticoid delivery. Neuroscience.
2011;180:1-8.

Perrot-Applanat M, Racadot O, Milgrom E. Specific lo-
calization of plasma corticosteroid-binding  globulin
immunoreactivity in pituitary corticotrophs. Endocrinology.
1984;115(2):559-569.

Sivukhina EHJ, Minni AM, SchAaofer HH, Pallet V,
Jirikowski GE, Moisan MP. Intrinsic expression of transcortin in
neural cells of the mouse brain: a histochemical and molecular
study. ] Exp Biol. 2013;216(Pt 2):245-252.

Mitchell
corticosteroid-binding globulin: high resolution separation of
glycan isoforms. Horm Metab Res. 2004;36(6):357-359.
Minni AM, Dorey R, Piérard C, et al. Critical role of plasma

E, Torpy DJ, Bagley CJ. Pregnancy-associated

corticosteroid-binding-globulin during stress to promote gluco-
corticoid delivery to the brain: impact on memory retrieval.
Endocrinology. 2012;153(10):4766-4774.

Minni AM, de Medeiros GF, Helbling JC, et al. Role of
corticosteroid binding globulin in emotional reactivity
sex differences in mice. Psychoneuroendocrinology.
2014;50:252-263.

Mattos GE, Heinzmann JM, Norkowski S, et al. Corticosteroid-
binding globulin contributes to the neuroendocrine phenotype
of mice selected for extremes in stress reactivity. | Endocrinol.
2013;219(3):217-229.

Kuo T, McQueen A, Chen TC, Wang JC. Regulation of glu-
cose homeostasis by glucocorticoids. Adv Exp Med Biol.
2015;872:99-126.

Meyer EJ, Nenke MA, Lewis JG, Torpy DJ. Corticosteroid-
binding globulin: acute and chronic inflammation. Expert Rev
Endocrinol Metab. 2017;12(4):241-251.

Meyer EJ, Nenke MA, Rankin W, Lewis JG, Torpy DJ.
Corticosteroid-binding globulin: a review of basic and clinical
advances. Horm Metab Res. 2016;48(6):359-371.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001077111.1
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV001077111.1

