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Abstract

Objective Glucocorticoid resistance is a rare endocrine disease caused by variants of
the NR3C1 gene encoding the Glucocorticoid Receptor (GR). We identified a novel
heterozygous variant (GRrssoq) in a patient with uncommon reversible glucocorticoid
resistance syndrome.

Methods We performed ex vivo functional characterization of the variant in patient
fibroblasts and in vitro through transient transfection in undifferentiated HEK 293T cells
to assess transcriptional activity, affinity, and nuclear translocation. We studied the
impact of the variant on tertiary structure of the Ligand Binding Domain (LBD) through
3D modeling.

Results The patient presented initially with an adrenal adenoma with mild autonomous
cortisol secretion and undetectable ACTH levels. Six months after surgery, biological
investigations showed elevated cortisol and ACTH (UFC 114 ug/24h, ACTH 10.9
pmol/L) without clinical symptoms, evoking glucocorticoid resistance syndrome.
Functional characterization of the GRrsssa showed decreased expression of target
genes (in response to 100 nM cortisol: SGK1 control +97% vs. patient +20%, P <
0.0001) and impaired nuclear translocation in patient fibroblasts compared to control.
Similar observations were made in transiently transfected cells, but higher cortisol
concentrations overcame glucocorticoid resistance. GRrsssa showed lower ligand
affinity (Kd GRwr: 1.73 nM vs. GRrsssa: 4.61 nM). Tertiary structure modeling
suggested a loss of hydrogen bonds between H3 and the H1-H3 loop.

Conclusion This is the first description of a reversible glucocorticoid resistance
syndrome with effective negative feedback on corticotroph cells regarding increased
plasma cortisol concentrations due to the development of mild autonomous cortisol

secretion.
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Significance Statement:

We described the original case of a patient with reversible glucocorticoid resistance
syndrome, initially masked by adrenal adenoma with mild autonomous cortisol
secretion. We characterized a novel heterozygous variant (GRrsssa) of the NR3C1
gene, located within the Ligand Binding Domain of the Glucocorticoid Receptor (GR),
responsible for a decrease in GR affinity and transactivation activity. The negative
feedback of GR on the pituitary gland was restored with high cortisol concentrations
despite the absence of clinical symptoms of hypercortisolism, reinforcing knowledge of
the tissue specificity of glucocorticoid actions. Furthermore, our results suggest that
glucocorticoid resistance syndrome should be considered in patients with adrenal

incidentalomas, particularly in cases of rapid post-surgical recovery of the HPA axis.
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Introduction

Glucocorticoids are steroid hormones secreted according to a circadian rhythm and in
response to acute stress factors to maintain homeostasis (1,2). Glucocorticoid
secretion is controlled by the Hypothalamic-Pituitary-Adrenal axis (HPA axis). The HPA
axis is composed of Corticotropin-Releasing Hormone (CRH)-secreting neurons in the
hypothalamus and corticotroph cells in the pituitary gland, secreting the
Adrenocorticotropin Hormone (ACTH), which stimulates the synthesis of
glucocorticoids in the adrenal glands. Glucocorticoids exert their functions through
activation of the Glucocorticoid Receptor (GR). The GR, encoded by the NR3C1 gene
(3,4), is a nuclear receptor composed of three functional domains: the N-terminal
domain (NTD), the DNA-Binding Domain (DBD), and the Ligand-Binding Domain
(LBD). The glucocorticoid-bound GR is released from a multi-protein complex of heat
shock proteins (Hsp90, Hsp70) and immunophilins (FKBP51, FKBP52) and
translocated to the nucleus (3,5). Dimeric GR binds DNA to regulate the expression of
target genes, such as SGK1 or TSC22D3. The GR also acts as a monomer without
binding directly to DNA but through interaction with other transcription factors such as

NFKB (6).

Glucocorticoid resistance syndrome (7) is characterized by biological hypercortisolism
without clinical symptoms of Cushing syndrome and the absence of negative feedback
on the HPA axis (8). Chronic ACTH excess increases adrenal steroid secretion,
producing androgenic and/or mineralocorticoid effects (9,10). Phenotypes of patients
with glucocorticoid resistance may vary from asymptomatic to clinical manifestations
of excess mineralocorticoids (hypertension, hypokalemia) or androgens (hirsutism,

hypo fertility) (7,11). For example, systolic hypertension and hypokalemia due to
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mineralocorticoid receptor activation in excess and elevated serum ACTH due to a lack
of negative feedback on corticotroph cells were described for the first time in 1976 (10).
This syndrome is generally caused by heterozygous loss-of-function variants of the
NR3C1 gene. To date, more than 30 different variants responsible for glucocorticoid
resistance have been reported (7,12). The resulting receptors presented a decreased
affinity for ligands (13-16) or exerted a dominant negative effect on the wild-type
receptor (17). In addition, abnormalities in nuclear translocation or reduced DNA
binding have also been described (18,19). Here, we present the case of a man with
glucocorticoid resistance syndrome, initially masked by an adrenal incidentaloma with
mild autonomous cortisol secretion that efficiently repressed ACTH secretion (20).
Genetic explorations revealed a heterozygous variant of the NR3C71 gene located in

the LBD.
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Materials and Methods

Ethics

The patient gave written informed consent for all genetic analyses, skin biopsy,

fibroblast cultures, characterization of the mutation, and publication of the results.

Clinical and biochemical parameters

Clinical features, including CT-scan, MRI, clinical examination, biochemical
parameters, and hormonal explorations, were collected from the patient's medical
records during his hospital stays. Hormonal assessments (Cortisol and ACTH) were

performed using immunochemiluminescence (Roche Cobas).

DNA analysis

Genomic DNA was extracted from the patient's whole blood using standard methods
(QlAsymphony, QIAGEN, Hilden city, Germany). The coding regions of hGRa and

hGRp genes were amplified and sequenced as previously described (18).

Cell Culture

Human HEK 293T cells were cultured at 37°C with 5% CO2 in DMEM (Life
Technologies, Villebon-sur-Yvette, France) with 20 mM HEPES (Life Technologies),
100 Ul/ml penicillin (Life Technologies), 100 pg/ml streptomycin (Life Technologies)

and 10% of fetal bovine serum (Biowest, Nuaillé, France).

Fibroblasts were cultured at 37°C with 5% CO2 in DMEM with high glucose

concentration (4.5 g/L), and the addition of 20 mM HEPES, 100 Ul/ml penicillin,
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100 pg/ml streptomycin, and plasmocin (5 mg/L) (InvivoGen, Toulouse, France) and

15% of fetal bovine serum.

Site-directed mutagenesis

Plasmids pcDNA3-hGRa-R569Q (c.1706G>A, p.R569Q), pcDNA3-hGRa-R569K
(c.1705_1706delCGinsAA, p.R569K) were obtained using the QuickChange Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA) with pcDNA3-hGRa

(NM_000176.2) as a template.

Transactivation assay

HEK 293T cells were transfected with plasmids expressing wild-type (WT,;
pcDNA3hGRa) or mutated GR (pcDNA3hGRaR569Q; 40 ng/well of 96-well plates), a
reporter MMTV-luciferase plasmid (40 ng/well) and pMIRB-galactosidase (B-gal)
encoding the B-gal used to normalize luciferase activity (35 ng/well), using
Lipofectamine 2000 (Life Technologies) as previously described (21). Six hours after
transfection, the medium was replaced by a steroid-free medium. Twenty-four hours
post-transfection, cells were treated with vehicle or increasing cortisol concentrations
(0.1 to 100 nM). As previously described, Luciferase and B-gal activities were
measured from cell lysates (18). Transactivation activity is expressed relative to the
maximum transactivation activity obtained for GRwr with 100 nM agonist concentration,
arbitrarily set at 100%. ECso is obtained using nonlinear regression from 6 independent
experiments performed in 8 replicates. Results are expressed as median [Q1; Q2] of
at least 8 replicates from 6 independent experiments. Dominant negative effect is

expressed relative to the maximum transactivation activity obtained for GRwr (30 ng)
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with 100 nM agonist concentration, arbitrarily set at 100%. Results are expressed as

median [Q1; Q2] of at least 8 replicates from 2 independent experiments.

RNA extraction and RT-qPCR

Human fibroblasts were treated with vehicle or cortisol (100 nM) for 8 h. Total RNA
was extracted with the TRI Reagent® (Euromedex, Souffelweyersheim, France),
according to the manufacturer’'s recommendations. Reverse transcription and real-time
quantitative PCR (RT-gPCR) were performed as previously described (18). cDNA
samples were amplified by RT-gPCR using the Quant-Studio 6 flex system (Life
Technologies, Carlsbad, CA, USA). Relative expression in each sample was
normalized to the internal reference 36B4 mRNA values, with control condition values
arbitrarily set at 1. Results are expressed as mean+SEM (after confirming normal
distribution with the d’Agostino-Pearson normality test) of at least 6 independent
samples from 2 independent experiments performed in duplicates. Primers used for

RT-gPCR are listed in Supplemental Data 4.

Western blot analysis

As previously described, total protein extracts were prepared from cells lysed at 4°C
(22). Immunoblots were incubated overnight at 4°C with an anti-GR antibody (sc-
393232, Santa Cruz, Heidelberg, Germany dilution 1/1000) with the loading control ([3-
actin; #A2066-.2ML, Sigma, St Quentin-Falavier, France, dilution 1/5000). Membranes
were incubated at room temperature for 45 min with secondary antibodies (Pierce;
Dyelight 680 #35518 or 800 #35571, Life Technologies). Bands were visualized and
quantified using Odyssey®Fc, Dual-Mode Western Imagin (Li-Cor, Lincoln, NE).
Results are expressed as median [Q1; Q3] of 3 to 6 independent samples from 3

independent experiments.
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Hydrocortisone Binding and Scatchard plot diagram

In vitro-translated GRwt and GRRrsssa Were prepared using the rabbit reticulocyte lysate
method with the TnT-T7 Quick Coupled Transcription/Translation kit (Promega,
Charbonnieres-les-Bains, France) as previously described (23). Lysates were diluted
4-fold in TEGW buffer (20 mM Tris—HCI, 1 mM EDTA, 10% glycerol (v/v), 20 mM
sodium tungstate pH 7.4) and incubated with increasing concentrations of [3H]-
Hydrocortisone (2590 GBg/mmol; Perkin Elmer, Villebon-sur-Yvette) for 4h at 4°C.
Bound and unbound hydrocortisone were separated using the dextran-charcoal
method (24). For an accurate calculation of the Kd values, non-specific binding (NS)
was calculated using the binding-saturation model of non-linear regression with one
specific site and nonspecific binding of Prism (version 10.0.2, GraphPad) and removed
from each point using the formula: B = Bmax*X/(Kd+X) + NS*X, where X is the ligand
concentration and Bmax the number of binding sites. The Kd and Bmax were then
calculated using the Lineweaver-Burk representation of the change in Bspecific/Unbound
as a function of Bspecific. Results are expressed as individual values representative

of 2 independent experiments.

Immunohistochemistry, High-Throughput Microscopy (HTM) and 3D

deconvolution Microscopy.

Cells were fixed with 4% paraformaldehyde for 30 min at room temperature and
permeabilized for 30 min with a 0.5% solution of PBS-Triton X100. Cells were then
washed 3 times with PBS and incubated for 1 h at room temperature in PBS-Tween 20
0.1% (v/v) buffer containing 5% nonfat dry milk and consecutively incubated with a
mouse anti-GR antibody overnight at 4 °C (sc-393232, Santa Cruz), followed by

incubation with an Alexa Fluor 555 anti-mouse secondary antibody for 30 min at room

9
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temperature (#A32727, Life Technologies). After antibody labeling, cells were
postfixed for 10 min with 4% paraformaldehyde, washed 3 times with PBS, and a
nuclear counterstaining was performed with 0.5 pg/ml DAPI. HTM Images were
acquired (20x/0.4 NA), analyzed, and quantified by the ArrayScan VTI imaging
platform (Thermo Fisher Scientific, Asniéres-sur-Seine, France) as previously
described (30). Briefly, DAPI and GR fluorescence were captured using sequential
acquisition to give separate image files for each. The Molecular Translocation V4
Bioapplication algorithm (vVHCS Scan, version 6.3.1, Build 6586) was used to quantify
the average value ratio of the nuclear intensity to the cytoplasmic intensity calculated

for each selected cell per well (n > 1000 cells).

Fluorescence deconvolution microscopy was performed with Image Pro Plus AMS
software (Media Cybernetics Inc, Marlow, UK) using a Mono Q Imaging Retiga 2000R
Fast 1394 camera (Q Imaging Inc., Surrey, British Columbia, Canada). Cells were
observed and acquired with an automated upright BX61 microscope (Olympus,
Rungis, France) at 40X or 60X objective lens (1.4 NA). A z-series of focal planes were
digitally imaged and deconvolved with the 3D blind iterative algorithm (Image Pro Plus
AMS) to generate high-resolution images. The 3D datasets were flattened in 2D

images by applying a Maximum Intensity Projection Method.

Statistical Analyses

Data are expressed as mean + SEM when normal distribution was validated using the
d’Agostino-Pearson test. Data are described as median and interquartile [Q1; Q3] if
they do not follow a normal distribution. All experiments have been performed at least
two times independently. We used a non-parametric Mann-Whitney test to compare

two variables and a Kruskal-Wallis test to compare more than two variables. For

10
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grouped analysis, we used multiple Mann-Whitney tests or Two-Way ANOVA test, with
a Bonferroni correction, when the distribution of the variable was normal (GraphPad
Prism 10.0.1, San Diego, CA). P values less than 0.05 were considered statistically
significant. When independent experiments were pooled, the P value was adjusted

using the Bonferroni correction.

Results

Clinical Presentation

A 45-year-old man was seen in the Endocrinology Department for diagnosis of an
adrenal incidentaloma, measuring 4 cm and with low density (<10 HU) on the CT scan,
as shown in Figure 1A. The CT scan was performed for the exploration of prolonged
cough in the context of chronic tobacco use. The patient had been diagnosed with type
1 diabetes for 13 years; he displayed no complications despite a slightly elevated
HbA1c of around 8.5%. He had no arterial hypertension, his weight was stable, and he
did not display any other clinical features of Cushing syndrome. Hormonal
investigations revealed cortisol-secreting adenoma: 24 h urinary free cortisol (UFC)
was increased at 111 [106;116] pg/24 h (median of 2 independent assessments, N <
50 ug/24 h, Figure 1B) and ACTH was < 2.6 pmol/L (equivalent to undetectable by the
assay, Figure 1C). Plasma cortisol remained elevated after the 1 mg Dexamethasone
Suppression Test (DST) at 96 nmol/L (N < 50 nmol/L, (25)). We did not find evidence
for differential diagnosis (24 h urinary metanephrines were below normal ranges, and
plasma potassium concentration was within the normal range). Given the discrepancy
between clinical and biochemical parameters, they were controlled after four months.
At this point, UFC was further increased (286.5 [265;308] pg/24 h), and cortisol

nychthemeral rhythm was altered with elevated midnight plasma cortisol (158 nmol/L,

11
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N < 50 nmol/L, Figure 1D); however, the patient still presented no clinical symptoms of
Cushing syndrome. He was diagnosed with mild autonomous cortisol secretion
(8,20,26) and, due to elevated cardiovascular risk, underwent laparoscopic surgery for
unilateral adrenalectomy one month later (27). Pathological analysis was consistent
with an adrenocortical adenoma measuring 40 x 27 mm with a Weiss score of 0. On
the first day after surgery, plasma cortisol levels were low (49.6 nmol/L). The patient
was supplemented with hydrocortisone at 20 mg/day (8). The supplementation was
discontinued one month after, following a positive response to the Standard Synacthen
Test (plasma cortisol rose from TO: 485 nmol/L to T60: 662 nmol/L). Approximately six
months later, the patient described asthenia, anxiety, and sleep disorders. Clinical
examination retrieved no symptoms of Cushing syndrome, and the abdominal CT scan
found no contralateral adrenal mass. Diabetes equilibrium was stable (HbA1c 8%).
New biochemical explorations revealed an elevation in the 24 h UFC (114
[101;167] ug/24 h), with no negative feedback on ACTH (10.9 [8.6;15.8] pmol/L). The
post-dexamethasone (1 mg) cortisol was unsuppressed (130 nmol/L), evoking an
ACTH-dependent hypercortisolism. MRI of the pituitary gland revealed no adenoma,
and there was no evidence of ectopic ACTH secretion (positive response to CRH and
desmopressin tests). Considering these results, we investigated glucocorticoid
resistance syndrome and found a novel NR3C1 loss-of-function heterozygous variant
(Figure 2A). As the patient was asymptomatic, regular monitoring was decided.
However, there was no monitoring for two years due to lost follow-up. Four years after
surgery, in the context of persistent asthenia, a new hormonal assessment revealed
an elevated UFC (57 [38;76] pg/24 h) with unsuppressed ACTH (17.8 [11.6;24]
pmol/L). Circadian rhythm secretion of cortisol and ACTH was preserved, although with

elevated values (midnight cortisol 88 nmol/L). Interestingly, 100 mg hydrocortisone

12
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injection efficiently repressed ACTH secretion (Supplemental Data 1). These results
demonstrated effective negative feedback in response to high plasma cortisol levels
(2000 nmol/L after 100 mg IV hydrocortisone), explaining the patient's initial
presentation of high cortisol levels associated with repressed ACTH levels. Thus, these

observations suggested reversible glucocorticoid resistance in corticotroph cells.

Genetic Analysis

Sanger sequencing of the NR3C1 gene revealed a heterozygous variant ¢c.1706 G>A
in exon 5 of NR3C1 transcript NM_000176.3 (28) (Figure 2A, 2B). This yet unreported
variation results in the substitution of Arg569 to glutamine (p.Arg569Gin) in the LBD.

Unfortunately, exploration of the propositus family was not possible.

Decreased GR function in patient fibroblasts

We performed a cutaneous biopsy to obtain cultured patient fibroblasts to assess
glucocorticoid sensitivity ex vivo. In the patient fibroblasts, both GR transcripts were
expressed (Figure 2C), and total GR protein expression was not lower than in control
fibroblasts (Figure 2D, E), showing that this variant does not undergo proteasomal
degradation. We first studied the expression of GR target genes in response to cortisol.
As the patient reversible phenotype was observed with endogenous cortisol secretion,
we used cortisol in our experiments rather than the potent glucocorticoid agonist
dexamethasone. Hormone-induced SGK7 mRNA expression in response to 100 nM
cortisol was lower in the patient fibroblasts compared to controls (Figure 3A, Control
1.88 + 0.06 attomoles vs. Patient 1.08 £ 0.03 attomoles, P < 0.0001). Similarly,
expression of TSC22D3 mRNA in response to 100 nM cortisol was lower in the patient

fibroblasts compared to control (Figure 3B, Control 15.02 + 1.11 attomoles vs. Patient
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11.59 £ 0.85 attomoles, P = 0.0025). As negative feedback on corticotroph cells is
based on transrepression, we studied /L6 mRNA expression, which is negatively
regulated by GR through NFkB tethering (29). In basal condition, IL6 mMRNA expression
is repressed only in control fibroblasts (Figure 3C, Control 1.00 + 0.06 vs. Patient 3.24
+0.43, P <0.0001). In response to 100 nM cortisol, IL6 mMRNA expression is decreased
similarly in patient and control fibroblasts (Figure 3C, Control 0.20 £ 0.02 vs. Patient
0.40 + 0.02, NS), suggesting a rescue of transrepression activity under high cortisol
concentrations. Further, as the GR LBD also contains a Nuclear Localization Signal
(NLS), we investigated the nuclear translocation of GR in fibroblasts. It is worth noting
that both the wild-type (GRwrt) and the variant receptor (GRRrsegq) are expressed in the
patient fibroblasts and detected by the same antibody (Figure 2C). Cells were
stimulated for one hour with increasing cortisol concentrations (from 0 to 100 nM).
Nuclear translocation was quantified using automated high-throughput microscopy by
measuring the nuclear-to-cytoplasmic ratio as previously described (30). As shown in
Figure 3D, GRwr is exclusively nuclear when cells are stimulated with 10 nM cortisol.
In contrast, it was both nuclear and cytoplasmic in the patient fibroblasts (Figure 3E, at
10 nM Cortisol nuclear/cytoplasmic ratio Control 3.92 + 0.07 vs. Patient 2.87 + 0.16, P
< 0.0001). These data are consistent with a gene-specific decreased GR activity in
patient cells. These data confirmed that GRrsesa activity is reduced in response to

cortisol, consecutively to a defect in nuclear translocation.

The GRRrsesa is associated with a reduced affinity for cortisol.

To assess the specific transcriptional activity of GRrsssa compared to GRwr, we
designed expression vectors comprising either GRrsssa or GRwr that we transiently

transfected in HEK 293T cells. We used HEK 293T cells because endogenous GR

14
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expression is almost null. We first showed that GRrsega transactivated the MMTV-Luc
reporter gene in a dose-dependent manner, but with a higher half-maximal effective
concentration (ECso) compared to the GRwr (Figure 4A, ECso for GRwr: 0.87
[0.30;0.95] nM vs. ECso0 for GRrsesa: 1.91 [1.73;5.07], P = 0.0011). When we
transfected equal amount of GRwr and GRRrsseq, we observed a dominant negative
effect on transcriptional activity in the presence of 10 nM cortisol (Figure 4B, GRwr
70.50 [67.25;84.50] vs GRwr/rseea 45.50 [40;55.50], P < 0.001) that was rescued with
100 nM cortisol (Figure 4B, GRwr 104.5 [92.75;109.75] vs GRwrrssea 113.5
[100.75;131], P = 0.196). In transfected HEK 293T cells, GRrss9a is localized in the
cytoplasm even at 10 nM cortisol compared to cells transfected with the GRwr, where
GR is mainly nuclear. These results were confirmed by automated high-throughput
microscopy (Figure 4D, N/C at 10 nM cortisol for GRwr 3.04 + 0.04 vs N/C at 10 nM
cortisol for GRrsssa 1.76 * 0.04, P < 0.0001). At 100 nM cortisol, the
nuclear/cytoplasmic ratio appeared to be less different (Figure 4D, N/C at 100 nM
cortisol for GRwr 3.98 £ 0.07 vs N/C at 100 nM cortisol for GRrsssa 3.64 + 0.07,
P < 0.0001). These results are consistent with reversible glucocorticoid resistance in
presence of high concentrations of cortisol. As the genetic variation is located within
the LBD, we hypothesized that a decreased affinity for cortisol may be responsible for
the phenotype. GR-expressing lysates were incubated with increasing concentrations
of [*H]-hydrocortisone, and the dissociation constants were measured at equilibrium.
As expected, GRrssgsa showed a reduced affinity for cortisol (Figure 4E, GRwr 1.73 nM

(IC95 0.69;0.46) vs. GRrssea 4.61 nM (1C95 0.28;0.14), P < 0.0001).
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Three-dimensional model of the GR-LBD

Arg569 is located within the helix H3 of the LBD, which is a determinant that allows
ligand binding (Figure 5A) (29). The crystal structure of the GR-LBD bound to
dexamethasone and chaperone proteins revealed that Arg569 establishes two strong
hydrogen bonds with the main carbonyl chain of Tyr545 and Ala546 located within the
loop connecting the Helix H1 to Helix H3 (PDB 7KRJ, Figure 5B) (5). As shown in
Figure 5C, substituting Arg569 with a shorter glutamine may result in the loss of these
hydrogen bonds that may destabilize the LBD structure even without a direct
interaction with the ligand. In the co-chaperones complex of the unliganded structure
of the GR-LBD, Arg569 also connects the H1-H3 loop at Ser551 and Val552 through
hydrogen bonds, whereas GIn569 is unable to maintain such bonds (Supplemental
Data 2). Interestingly, those amino acids are implicated in physiological glucocorticoid
resistance in Guinea Pig (32) through decreased GR ligand-binding activity via
interaction with FKBP51 and FKBP52 co-chaperone proteins. To determine whether
these modifications are responsible for the elevated ECso observed with GRrssoq, we
mutated Arg569 to a lysine (GRRrssok). This basic amino acid is closer to arginine and
may reestablish the hydrogen bonds. Our results showed that the reverse variant,
GRRrssok exhibited an improved transactivation capacity (Supplemental Data 3A and
3B, ECso GRwr 0.93 [0.89;1.00], GRrse9a 2.10 [1.76;4.83], GRrssok 1.60 [1.29;1.69],
P=0.015) but without complete reversion, suggesting a more complex function for

Arg569.

16



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

Discussion

We identified a novel missense variant within the GR LBD associated with reversible
glucocorticoid resistance. Primary glucocorticoid resistance syndrome is characterized
by hypercortisolemia with normal or elevated ACTH without corresponding clinical
signs of Cushing syndrome (7). In this case, the patient presented with an adrenal
adenoma with mild autonomous cortisol secretion. The association between adrenal
hyperplasia or adenoma and glucocorticoid resistance has already been described but
is usually associated with normal or elevated ACTH levels (18,22,31). HPA axis
stimulation, due to impaired negative feedback, can lead to adrenal hyperplasia, as
suggested in mice with GR haploinsufficiency (33). Further, the Muta-GR study
estimated NR3C1 loss-of-function variants in 5 of 100 patients with adrenal hyperplasia
associated with either biological hypercortisolism and/or hypertension without clinical
symptoms of Cushing syndrome (34). The five patients presented with variants in the
DBD (GRra4sox and GRRra77s) and the LBD (GRra491s, GRaso1H, and GRLe72r). Among
these, four presented with biological evidence of glucocorticoid resistance. Some of
the variants were extensively described in different studies (18,22), showing either the
absence of DNA binding (GRRra4sox and GRRr477s) or increased proteasomal degradation
(GRwe72r). The authors concluded that NR3C17 variants should be investigated in
patients presenting with adrenal hyperplasia associated with low aldosterone and
potassium levels and biological hypercortisolism. Although our results reinforce the
hypothesis of elevated prevalence of NR3C1 variants in adrenal hyperplasia, utilization
of those criteria would not have permitted to diagnose the patient as aldosterone levels

and kaliemia were both normal.
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Other cases of glucocorticoid resistance have been described in association with
adrenal incidentaloma. The first case, published by Zhu et al., was a 56-year-old
patient with a right adrenal incidentaloma with elevated ACTH and UFC levels
persisting after surgery (35). The patient displayed a heterozygous variant (GRrssei)
within the fifth exon of the NR3C1 gene. Nicolaides et al. showed a decreased affinity
(50%), transcriptional activity (50%), and nuclear translocation of the variant, but no
evidence for a dominant negative effect (31). The variant GRrss61 exhibited a defective
interaction of its AF-2 domain with GRIP1 and an increased transrepressive activity.
The second patient with left adrenal incidentaloma and glucocorticoid resistance was
described by our team and displayed a heterozygous variant corresponding to a
tyrosine-to-cysteine substitution at amino acid 478 (GRvarsc) within the DBD.
Functional characterization of this variant revealed a decreased transactivation,
decreased nuclear translocation, and DNA binding without any dominant negative
effect or decreased affinity (22). None of these patients presented effective negative
feedback, as ACTH levels were within the normal range at diagnosis. In these cases,
glucocorticoid resistance-related HPA axis activation may have been responsible for
adrenal incidentaloma. In our patient's case, glucocorticoid resistance related to HPA
axis activation may have led to autonomous cortisol secretion. Subsequently, high
plasma cortisol levels may have led to effective negative feedback on the HPA axis,
which might explain why glucocorticoid resistance was not initially diagnosed.
Hypothesis of two unrelated events is possible but seemed unlikely as plasma ACTH
levels were repressed after 100 mg hydrocortisone injection, showing effective
negative feedback on the corticotroph cells (Supplemental Data 1). Symptomatic
glucocorticoid resistance syndrome treatment is based on mineralocorticoid-sparing

synthetic glucocorticoids, such as dexamethasone. The aim is to suppress the HPA
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axis activity and reduce ACTH secretion and adrenal stimulation (36), suggesting that
a high concentration of glucocorticoid agonists may restore glucocorticoid negative
feedback. Decreased sensitivity of the receptor, which can be overcome with high
concentrations of agonists, is commonly observed in variations within the LBD of
nuclear receptors such as androgen receptor (AR), mineralocorticoid receptor (MR),
or vitamin D receptor (37). Interestingly, urinary-free cortisol levels evolved as a mirror
image of plasma ACTH levels in the case described herein. Currently, UFC above 150
Mg/24h is associated with a decrease in plasma ACTH levels, suggesting that

endogenous hypercortisolism is sufficient to achieve effective negative feedback.

In vitro characterization of the NR3C1 heterozygous variant GRrssesa showed a lower
transactivation activity with an increased ECso. Transactivation activity results from
several steps that the variant may have impaired. First, GRrssoa's affinity for
hydrocortisone was 1.5 times lower than GRwr (Figure 4E). The mutated arginine is
localized within the LBD on helix H3 (Figure 5A). While helix H3 is a Ligand Binding
Pocket (LBP) component, there is no direct interaction between Arg569 and the ligand
as it is orientated outside the LBP (34,35). Modeling of the GR-LBD bound to
dexamethasone (PDB 7KRJ, Figure 5) showed that Arg569 makes hydrogen bonds
with Tyr545 and Ala546 on the H1-H3 loop. The hydrogen bond with Tyr545 is
conserved in antagonist and agonistic conformation of the LBD (5,38—40) but not in
unliganded conformation. In the latter, Arg569 makes hydrogen bonds with Ser551 and
Val552 in H1-H3 loop, suggesting a role for Arg569 in the conformational change of
the unliganded-LBD to the liganded-LBD. These amino acids are involved in
glucocorticoid resistance observed in guinea pigs (41). Guinea pig exhibits
physiological glucocorticoid resistance with elevated cortisol levels due to changes in

amino acids within the LBD (42) and, more precisely, within the H1-H3 loop.
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Modification of the H1-H3 loop results in altered interactions with chaperone proteins
FKBPS51 and FKBPS52 through a particular 3D-conformation of the LBD, conferring
glucocorticoid resistance (32). FKBP51 and FKBP52 regulate GR and other steroid
receptors affinity for agonists and nuclear translocation (43,44). Consistent with these
data, we showed decreased nuclear translocation in patient fibroblasts and transiently
transfected cells (Figure 3D, E, Figure 4B, C). Therefore, it would be interesting to

study interactions of GRrsesa with FKBP52 and FKBP51.

Further, we observed a dominant-negative effect of GRrsssa on GRwr transactivation
capacity (Figure 4B). Indeed, transfection of both GRs in equal amounts led to a
decreased transcriptional activity compared to GRwr alone, consistent with the results
obtained in the patient’s fibroblasts. However, glucocorticoid resistance was not
reversible with high cortisol levels depending on the gene, suggesting gene-specific
cortisol sensitivity associated with this variant. The gene-specific impact of GR variants
has been described concerning other well-known variants, such as N363S
polymorphism (45) and MR resistance syndrome (46). Furthermore, mice GRdm/dm
with a reduced capacity of GR dimerization exhibited gene- and tissue-specific
alteration in glucocorticoid signaling pathways (47,48). Tissue-specific GR regulation
may explain why the patient did not present clinical symptoms of hypercortisolism,
even when HPA axis negative feedback was efficient, and plasma ACTH levels were
low, mirroring high cortisol levels. Further this discrepancy may be explained by the
different mechanisms of GR signaling. The differential impact of NR3C1 loss-of-
function variants on transactivation and transrepression activity has already been
described, but the molecular mechanism remains unclear (31,51). At the pituitary level,
glucocorticoid-dependent transrepression of the ACTH precursor, the Pro-

opiomelanocortin (POMC) gene, depends in part on inhibition of Nur77 transactivation
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activity through tethering (49,50). Unfortunately, we were not able to study GRRrsssa
impact in corticotroph cells, nor did we characterize the variant in vivo in a mice model.
Nevertheless, we showed that transrepression of the NFkB target gene, IL6, is rescued
in the patient fibroblasts in response to 100 nM cortisol. This suggests that
transrepression of GR target-genes through tethering mechanisms may be restored at
plasma cortisol concentrations lower than those necessary to regain full GR

transactivation through direct DNA-binding.

In conclusion, we described a novel heterozygous variant of the NR3C171 gene
associated with glucocorticoid resistance. To our knowledge, this is the first description
of a patient with constitutive glucocorticoid resistance initially masked by adrenocortical
adenoma with autonomous cortisol secretion. Thus, it emphasizes the question,
previously addressed in the Muta-GR study, of the prevalence of GR variants in
patients with adrenal incidentaloma and mild autonomous cortisol secretion,
particularly in the case of rapid post-surgical recovery of the HPA axis (34). Our
functional studies support the critical role of H3 and the H1-H3 loop in the ligand
binding. Finally, this is the first demonstration of a reversible glucocorticoid resistance
with effective negative feedback on corticotroph cells secondary to mild autonomous
cortisol secretion, which brings new insight into tissue-specific glucocorticoid regulation

of target genes.
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Data Availability

The data supporting this study's findings are available upon request from the
corresponding author. The data are not publicly available due to privacy or ethical

restrictions.

Acknowledgments

The authors are grateful to A. Blin and P. Tandabany for technical assistance.

Funding Statement

This research program was supported by Inserm (Institut national de la santé et de la
recherche) and Université Paris-Saclay. Margaux Laulhé was the recipient of an
SFEDP (Société Francaise d’Endocrinologie et de Diabétologie Pédiatrique) price
during her Master 2 Degree. During her PhD program, she benefits from financial
support from ITMO Cancer of Aviesan (Institut Thématique Multi-Organisme Cancer
de I'Alliance nationale pour les sciences de la vie et de la santé) within the framework

of 2021-2030 Cancer Control Strategy, on funds administered by Inserm.

Author contribution

Conceptualization: Margaux Laulhé, Emmanuelle Kuhn, Jérbme Bouligand, Larbi
Amazit, Julie Perrot, Peter Kamenicky, Jérébme Fagart, Marc Lombes, Say

Viengchareun and Laetitia Martinerie

Formal analysis: Margaux Laulhé, Larbi Amazit, Jérbme Fagart, Say Viengchareun

and Laetitia Martinerie

Funding acquisition: Say Viengchareun and Laetitia Martinerie

22



513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

Investigation: Margaux Laulhé, Emmanuelle Kuhn, Julie Perrot, Jerome Bouligand,

Elise Lebigot, Jérobme Fagart, Say Viengchareun and Laetitia Martinerie

Methodology: Margaux Laulhé, Emmanuelle Kuhn, Julie Perrot, Jéréme Fagart, Larbi

Amazit, Say Viengchareun and Laetitia Martinerie

Project administration: Say Viengchareun and Laetitia Martinerie

Resources: Elise Lebigot, Jérdbme Bouligand; Jéréme Fagart

Validation: Margaux Laulhé, Emmanuelle Kuhn, Jérdme Bouligand, Larbi Amazit, Julie
Perrot, Peter Kamenicky, Marc Lombes, Jérbme Fagart, Say Viengchareun and

Laetitia Martinerie

Writing-original draft: Margaux Laulhé, Larbi Amazit, Jérbme Fagart, Say

Viengchareun, and Laetitia Martinerie

Writing-review & editing: Margaux Laulhé, Emmanuelle Kuhn, Jéréme Bouligand, Larbi
Amazit, Julie Perrot, Elise Lebigot, Peter Kamenicky, Marc Lombés, Jérébme Fagart,

Say Viengchareun and Laetitia Martinerie

Ethic Declaration

Written consent for genetic testing and additional written consent for the publication

were obtained from the patient.

Conflict of Interest

The authors declare no conflict of interest.

23



533 Figures Legend

534 Figure 1. Clinical and biological phenotype

535A) CT-scan figuring a right adrenal incidentaloma of 44x27 mm with low attenuation (3
536  UH) (White Arrow).

537B) Graphic representation of ACTH (pmol/L, solid line) throughout the years. Data are
538 expressed as median [Q1;Q3] from at least two values whenever possible. The normal
539 range is figured in grey. HC: Hydrocortisone supplementation.

540C) Graphic representation of 24 h Urinary Free-Cortisol (ug/24h, dashed line) throughout
541 the years. Data are expressed as median [Q1;Q3] from at least two values whenever
542  possible. The normal range is figured in grey. HC: Hydrocortisone supplementation.
543D) Graphic representation of midnight plasma cortisol (nmol/L, dashed line) throughout
544  the years. Data are expressed as median [Q1;Q3] from at least two values whenever

545  possible. The normal range is figured in grey. HC: Hydrocortisone supplementation.

546  Figure 2. A novel heterozygous missense variant located in the LBD

547A) Schematic representation of the Glucocorticoid Receptor with the localization of the
548 missense variation from gene to protein (NTD: N-Terminal Domain, DBD: DNA Binding
549  Domain, LBD: Ligand Binding Domain).

550B) Chromatograph of the genomic DNA extracted from patient fibroblasts. The
551 heterozygous variation is figured with a black arrow.

552C) Chromatograph of the complementary DNA extracted from patient fibroblasts.
553  Expression of both alleles is figured by the double-peak shown by a black arrow.
554D) Protein expression of GR in patient fibroblasts (90 kDa). The lysate and protein extract

555  of the transfected cells were analyzed by SDS-PAGE. GR proteins were detected by
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Western Blot analyses using mouse antibody targeting hGRa N-terminal domain. 3-
actin was used as a loading control. Representative image of 3 independent
experiments is shown.

Quantification of protein level. Specific bands were quantified by Odyssey FC, Dual
Mode Western Imaging. Results are expressed as median [Q1; Q2] and normalized to
B-actin loading, with control condition values arbitrarily set at 1. Data are expressed
from individual samples from 3 independent experiments. Statistical analysis was

performed using Mann Whitney t-test with Bonferroni correction, **** P < 0.0001.

Figure 3. Expression of the GRrseoq is associated with impaired transactivation

and delayed nuclear translocation but effective transrepression.

Relative mRNA expression of GR target gene, SGK1, measured by RT-qPCR. Control
and patient fibroblasts were incubated with 0 or 100 nM concentration of cortisol for
8 h. SGK1 mRNA expression, expressed in attomoles, was normalized with 3684
mMRNA, and expressed relative to the minimum expression obtained for GRwr with no
agonist, arbitrarily set at 1. Data are expressed as mean + SEM from 6 replicates of 2
independent experiments. Statistical significance was calculated with 2-way ANOVA
test with Bonferroni correction, ****P < 0.0001.

Relative mRNA expression of GR target gene, TSC22D3, measured by RT-qPCR.
Control and patient fibroblasts were incubated with 0 or 100 nM concentration of
cortisol for 8 h. TSC22D3 mRNA expression, expressed in attomoles, was normalized
with 36B4 mRNA, expressed relative to the minimum expression obtained for GRwr
with no agonist, arbitrarily set at 1. Data are expressed as mean + SEM from 6
replicates of 2 independent experiments. Statistical significance was calculated with 2-

way ANOVA test with Bonferroni correction, ** P = 0.0025.
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580C) Relative mRNA expression of GR target gene /L6 measured by RT-qPCR. Control and

581

582

583
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586

patient fibroblasts were incubated with 0 or 100 nM concentration of cortisol for 8 hours.
IL6 mRNA expression expressed in attomoles was normalized with 36B4 mRNA, and
expressed relative to the minimum expression obtained for GRwr with no agonist,
arbitrarily set at 1. Data expressed as mean+SEM from 6 replicates of 2 independent
experiments. Statistical significance was calculated with 2-way ANOVA test with

Bonferroni correction, ****P < 0.0001.

587D) Control and patient fibroblasts were incubated with 0 to 100 nM cortisol for 1 h. Cells
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were fixed and processed for immunochemistry as described in the Materials and
Methods section—representative images of the subcellular localization of GR (red). A
z-series of focal planes was digitally imaged and deconvolved using
ImageProPlusAMS iterative algorithm to generate high-resolution images. DAPI
staining delineates the nuclei (blue). GR nuclear localization is figured in the Merged

panel (pink); scale bar represents 100 uM.

D) Automated high-throughput microscopy quantification of the molecular translocation
of GRwr and GRRrsessa. Cells were treated as described in C), and fluorescence
acquisition was performed with the Array Scan VTI fluorescent microscope. The
translocation index (nucleo-cytoplasmic ratio) represents the average ratio of the
nuclear fluorescence intensity to the cytoplasmic fluorescence intensity calculated for
each transfected cell (n>1000). Data expressed as mean + SEM from each field (n =
50) of 2 independent experiments. Statistical significance was calculated with the 2-

way ANOVA test with Bonferroni correction, * P = 0.001, ****P < 0.0001.

Figure 4. Decreased transcription activity of the GRrsesa can be overcome with

high concentrations of cortisol
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HEK 293T cells were transiently transfected with GRwt or GRrsssa encoding plasmids
(40 ng), a reporter luciferase plasmid pMMTV-Luc (40 ng) and pMIR gal (35 ng). Cells
were treated 24 h with increasing cortisol concentrations (0.1 to 100 nM).
Transactivation activity is expressed relatively to the maximum transactivational
activity obtained for GRwr with 100 nM agonist concentration, arbitrarily set at 100%.
ECso is obtained using nonlinear regression from 6 independent experiments
performed in 8 replicates. Statistical significance was calculated with the Mann-
Whitney t-test, ** P = 0,0011.

HEK 293T cells were transiently transfected with either 30 ng of GRwr or GRRrsesoa
encoding plasmid alone, or 30 ng of both, associated with a reporter luciferase plasmid
pMMTV-Luc (40 ng) and pMIR gal (35 ng). Cells were treated for 24 h with increasing
cortisol concentrations (0, 10 or 100 nM). Transactivation activity was expressed
relatively to the maximum transactivational activity obtained for 30 ng GRwrat 100 nM
cortisol, arbitrarily set at 100%). Data expressed as median[Q1; Q3] from 8 replicates
of 2 independent experiments. Statistical significance was calculated with the Multiple

Mann-Whitney test with Bonferroni correction, **** P < 0.0001.

620C) COS-7 cells were transiently transfected with GRwrt or GRrsesa encoding plasmids

621

622

623

624

625

626

627

(400 ng). Transfected cells were incubated with 0 to 100 nM cortisol for 1 h and 24 h
after transfection. Cells were fixed and processed for immunochemistry as described
in the Materials and Methods section—representative images of the subcellular
localization of GR (red). A z-series of focal planes was digitally imaged and
deconvolved using ImageProPlusAMS iterative algorithm to generate high-resolution
images. DAPI staining delineates the nuclei (blue). GR nuclear localization is figured

in the Merged panel (pink); scale bar represents 50 yM.
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628D) Automated high-throughput microscopy quantification of the molecular translocation of
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GRwrand GRrsssa. Cells were treated as described in C), and fluorescence acquisition
was performed with the Array Scan VTI fluorescent microscope. The translocation
index (nucleo-cytoplasmic ratio) represents the average ratio of the nuclear
fluorescence intensity to the cytoplasmic fluorescence intensity calculated for each
transfected cell (n>1000). Nuclear cytoplasmic ratio was expressed as fold change
from GRwr without cortisol, arbitrarily set at 1. Data expressed as mean + SEM from
each field (n = 50) from 2 independent experiments. Statistical significance was

calculated with the 2-way ANOVA test with Bonferroni correction, ****P < 0.0001.

637E) Scatchard analysis of hydrocortisone binding to GRwt and GRRrssesa. In vitro expressed
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GRwrt or GRrsesa were incubated with increasing concentrations of [*H]-hydrocortisone
(0.5 to 70 nM) for 4h at 4°C. Bound and unbound ligands were separated by the
dextran-charcoal method; after removing the nonspecific component, the evolution of
the bound/unbound as a function of the amount bound was plotted, and the
dissociation constant at equilibrium (Kd) was calculated from the slope obtained with
linear regression. Statistical analysis of the slopes showed that the difference between

the slopes is significant (P<0.0001) representative data of 2 independent experiments.

Figure 5. Three-dimensional model of the ligand-bound GR-LBD.

A) Picture showing the overall organization of the agonist-bound GR-LBD (PDB 7KRJ).
The a-helices and beta-sheets are depicted as ribbons and arrows, respectively.
Selected residues are shown with their carbon, oxygen, and nitrogen atoms colored in
white, red, and blue, respectively. Dexamethasone is shown with its carbon, oxygen,

and fluoride atoms colored in violet, red, and pale blue, respectively.
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B) Focus on the hydrogen-bound network involving Arg569 from helix H3 and Tyr545

and Ala546 from Loops 1-3.

C) Focus showing the loss of hydrogen bonds after substitution of Arg569 to GIn569.

Supplemental Data 1. Restoration of an effective negative feedback on ACTH

secretion.

A) Graphical representation of ACTH (pmol/L, solid line) secretion in response to
100 mg hydrocortisone injection four years post-adrenalectomy. Normal range

is figured in light grey.

Supplemental Data 2. Three-dimensional model of the unliganded GR-LBD.

A) Picture showing the overall organization of the apo GR-LBD (PDB 7KW7). The o-
helices and beta-sheets are depicted as ribbons and arrows, respectively. Selected
residues are shown with their carbon, oxygen, and nitrogen atoms colored in white,

red, and blue, respectively.

B) Focus on the hydrogen bound network involving Arg569 from helix H3 and Ser551

and Val552 from Loop 1-3.

C) Focus showing the loss of hydrogen bonds after substitution of Arg569 to GIn569.

Supplemental Data 3. Transactivation activity of the GRrsesk

HEK 293T cells were transiently transfected with GRwt or GRrsssq or GRRrssok encoding
plasmids (40 ng), a reporter luciferase plasmid pMMTV-Luc (40 ng) and pMIRp gal (35
ng). Cells were treated 24 h with increasing cortisol concentrations (0 to 100 nM).

Transactivation activity was expressed relatively to the maximum transactivational
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activity obtained for GRwr at 100 nM, arbitrarily set at 100%. Data are representative
of 3 experiments performed in 8 replicates. Statistical significance was calculated with
2-way ANOVA test with Bonferroni correction, ****P < 0,0001.

HEK 293T cells were transiently transfected with GRwr or GRrsssa or GRRrseok
encoding plasmids, a reporter luciferase plasmid pMMTV-Luc and pMIRB gal. Cells
were treated 24h with increasing cortisol concentrations (0.1 to 100 nM).
Transactivation activity is expressed relatively to the maximum transactivational
activity obtained for GRwr with 100 nM agonist concentration, arbitrarily set at 100%.
ECso is obtained using nonlinear regression from 3 independent experiments
performed in 8 replicates. Statistical significance was calculated with the Kruskal Wallis

test, *P =0,015.

Supplemental Data 4. Target genes primers

All primer sequences are shown from 5’ to 3'.
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Figure 1. Clinical and biological phenotype
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Figure 5. Three-dimensional model of the ligand-bound GR-LBD
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Supplemental Data 1. Restoration of an effective negative feedback on ACTH secretion



Supplemental Data 2. Three-dimensional model of the unliganded
GR-LBD
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GENE Primer sequence

h36B4 _F CCC-ATT-CTA-TCA-TCA-ACG-GGT-ACA-A

h36B4 _R CAG-CAA-GTG-GGA-AGG-TGT-AAT-CC

hTSC22D3_F|TCC-TGA-AGG-AGC-AGA-TCC-GA

hTSC22D3_R|TCT-TCA-GGG-CTC-AGA-CAG-GA

hSGK1_F GTC-GCA-ATT-CTC-ATC-GCT-TTC

hSGK1_F CTT-CAG-GGT-GTT-TGC-ATG-CAT

hiL6 _F AGG-GCT-CTT-CGG-CAA-ATG-TA

hiL6 _R TGC-CCA-GTG-GAC-AGG-TTT-CT

Supplemental Data 4. Target genes primers
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										GENE		Primer sequence

										h36B4_F		CCC-ATT-CTA-TCA-TCA-ACG-GGT-ACA-A

										h36B4_R		CAG-CAA-GTG-GGA-AGG-TGT-AAT-CC

										hTSC22D3_F		TCC-TGA-AGG-AGC-AGA-TCC-GA

										hTSC22D3_R		TCT-TCA-GGG-CTC-AGA-CAG-GA

										hSGK1_F		GTC-GCA-ATT-CTC-ATC-GCT-TTC

										hSGK1_F		CTT-CAG-GGT-GTT-TGC-ATG-CAT

										hIL6_F		AGG-GCT-CTT-CGG-CAA-ATG-TA

										hIL6_R		TGC-CCA-GTG-GAC-AGG-TTT-CT
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