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Recent advances in genetic analysis technologies such as next-generation sequencing (NGS) have con-
siderably increased the incidental discovery of genetic abnormalities. Six heterozygous missense mu-
tations of the human glucocorticoid receptor (GR; encoded by theNR3C1 gene) have been identified in the
context of genetic screening of endocrine pathologies. GR, a nuclear receptor, hormone-induced tran-
scription factor, is involved in many physiological processes. Nevertheless, the pathogenic significance of
incidentally discovered mutations remains obscure. The aim of this work was to characterize these
variants by evaluating their functional impact onGRsignaling. Six original GRvariants, located in exon 2,
led to amino acid substitutions of theN-terminal domain of GR (F65V,M86V, A229T, A304E, N374S, and
R386Q), excluding mainly the activation function tau core 1 domain, the potential site of functional
interaction with transcriptional coregulators. Transient cotransfection in HEK293T cells of mutated GR-
expressing vectors and a luciferase reporter established dose-response curves for dexamethasone. This
excluded anymajor transactivation abnormality of themutated GRs (ligand concentration leading to 50%
maximal transactivation capacity � 0.2 nM), with maximal transactivation capacity identical to that of
the wild-type (WT) GR and without modification of the potentiation of transcriptional coactivator steroid
receptor coactivator 2 except in N374S. Moreover, protein expression of mutated GRs and their cyto-
nuclear translocation studied by immunocytochemistry were almost unchanged compared with WT GR.
These results underline the silent nature of these missense GR variants and call for cautious in-
terpretation of the discovery of genetic incidentalomas by NGS in the absence of detailed characterization
in order to appropriately assess their functional impact on a particular signaling pathway.
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Since the early 2000s, improvement in genetic technologies have allowed easier and faster
sequencing with high fidelity. Next-generation sequencing (NGS), also referred to as high-
throughput sequencing, has drastically changed classic genetic screening compared with
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to 50% maximal transactivation capacity; GC, glucocorticoids; GR, glucocorticoid receptor; hGR, human glucocorticoid receptor;
N/C, nuclear/cytoplasmic ratio; NGS, next-generation sequencing;NR3C1, nuclear receptor subfamily 3 group C member 1; NTD,
N-terminal domain; SRC, steroid receptor coactivator; WT, wild-type.
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earlier techniques, notably the time-consuming process of Sanger-based sequencing [1].
However, NGS technologies (e.g., Illumina®, Ion Torrent®) produce massive data that should
be stocked and analyzed [2]. Clinical use of NGS has shortened the delay between blood
sampling and results but has increased the number of both analyzable genes and patients,
yet allowing earlier genetic diagnosis of patients [3, 4]. Thus, NGS has considerably changed
genetic testing as a diagnostic tool—from select targeted genes to the association of known
genes implicated in the pathogenicity of the disease [5, 6]. Some variants are of unknown
significance according to the classifications proposed by the American College of Medical
Genetics and Genomics in 2015 [7], and it is often difficult to appreciate whether they are
pathogenic variants. Despite the use of predictive software examining the impact of genetic
variants on protein functionality (i.e., PANTHER, MutationTaster, Human Splicing Finder,
PhyloP, VarSome) [7] and because three-dimensional models may not be available for some
proteins, it is clear that only detailed functional characterization of the protein variants can
predict the deleterious impact of genetic variation.

Recently, using an NGS gene panel composed of 84 protein-coding genes to search for
genetic alterations potentially associated with specific clinical endocrine phenotypes, we
incidentally discovered six heterozygous missense variants of the nuclear receptor subfamily
3 group Cmember 1 (NR3C1) gene encoding the human glucocorticoid receptor (hGR) isoform
a. This ligand-dependent transcription factor belongs to the nuclear receptor superfamily [8]
andmediatesmost glucocorticoid (GC) actions in a large variety of tissues. hGRa is amodular
777‒amino acid protein of 97 kDa molecular weight composed of three distinct domains: the
N-terminal domain (NTD), the DNA-binding domain, and the ligand-binding domain. The
hinge region articulates the last two domains (Fig. 1). Fewer than 30 private loss-of-function
mutations of hGRa have been reported to date, leading to GC resistance syndrome [9–12]. Up
to now, two gain-of-function mutations located at the end of the NTD (D401H) and at the end
of the 30-UTR of the NR3C1 gene (G3134T), associated with GC hypersensitivity syndrome,
have been described [13, 14]. No deleterious mutation has ever been reported in the NTD of
the GR. Interestingly, all six heterozygous missense variants incidentally discovered by NGS
are located in the NTD of hGRa.

Figure 1. Schematic representation of NR3C1 gene organization and localization of the six
missense variants in the NTD of the GRa protein. The NR3C1 gene is located in chromosome
5 in humans and contains at least 10 exons (exon 9b is not illustrated). The first one is an
untranslated exon. Exon 2, the first translated exon, encodes the entire NTD (aa 1–420)
composed of the activation function 1 (AF1) domain (aa 77–262), which encompasses the tau
core 1 (t1) domain (aa 187–244). Exons 3 and 4 encode the two zinc fingers of the DNA-
binding domain (DBD; aa 421–487), whereas exons 5 to 9 encode the hinge region (HR; aa
488–526) and the ligand-binding domain (LBD; aa 527–777) of the GRa protein. All six
missense genetic variants (arrows) discovered by NGS are located in the NTD.
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The NTD, composed of 420 amino acids, is the longest domain of hGRa and is entirely
encoded by exon 2. NTD is the target for many posttranslational modifications (e.g., phos-
phorylation, ubiquitination, sumoylation), essential for optimal and efficient signal trans-
duction. The tridimensional structure of the NTD is presently unsolved because of its
intrinsic disorder state [15–18]. Amino acids 77 to 262 harbor a ligand-independent acti-
vation function of the hGR named activation function 1 [19–21], which contains a major
activation domain also referred to asTau1 core, a short 58-aa residue domain located between
amino acids 187 and 244 (Fig. 1), essential for the activation function of hGRa. The tau core 1
is mostly composed of three a-helical prestructured motifs surrounded by repressive regions
[16, 18, 19, 22]. The NTD is a privileged site for interaction and binding with regulatory
molecules, namely transcriptional coregulators [steroid receptor coactivator (SRC) 2 or TIF2
and SRC1] [23–25].

The purpose of this study was to perform a functional characterization of the six het-
erozygous missense variants of hGRa, referred to as genetic incidentalomas, to clarify the
potential pathogenic impact of these genetic variations and to improve our understanding of
some aspects of GR-mediated signaling.

1. Methods

A. Genetic Studies

Two hundred patients in the Genetic Department of Bicêtre Hospital underwent genetic
screening for gonadic diseases and steroidogenesis abnormalities. None of the patients
presented with overt GC resistance syndrome. All patients gave their written consent for
these genetic analyses. Genomic DNA was extracted from peripheral lymphocytes, and the
entire coding exons and exon-intron junctions of the following genes were sequenced with the
NGS technology Illumina®, as previously described [26]. All 84 genes are described in Table 1.

The NR3C1 gene was compared with National Center for Biotechnology Information
references (NG 016367.1 RefSeqGene, NM 000176.2 Transcript, and NP 000167.1 Protein).
Of 200 individuals, six patients were found to carry an NR3C1 variation corresponding to a
heterozygous missense mutation of a single nucleotide. All variants were located in the NTD
of the hGR. These patients had no other genetic variations in any of the 84 genes of the
NGS panel.

B. Site-Directed Mutagenesis

pcDNA3hGRa (c.193T.G:p.F65V), pcDNA3hGRa (c.256A.G:p.M86V), pcDNA3hGRa (c.685G.
A:p.A229T), pcDNA3hGRa (c.911C.A:p.A304E), pcDNA3hGRa (c.1121A.G:p.N374S),
pcDNA3hGRa (c.1120A.G-1122C.A:p.N374E), and pcDNA3hGRa (c.1157G.A:p.R386Q)
were obtained using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La

Table 1. List of the 84 Genes Included in the NGS Panel

Genes

AKR1C2 CYP11A1 ESR1 GALT LATS1 MSH5 NR3C2 RSPO1 WNT4
AKR1C4 CYP17A1 ESR2 GATA4 LHB NBN NR5A1 SOHLH2 WT1
AMH CYP21A2 FIGLA GDF9 LHCGR NCOA1 PAX6 SOX3 WWOX
AMHR2 DHH FMR1 GJA4 LHX8 NCOA2 PGR SOX9 XPNPEP2
AR DIAPH2 FOXA1 GPR3 LHX9 NCOA3 PGRMC1 SRD5A1
ATM DMC1 FOXA3 HFM1 MAMLD1 NCOR1 PITX2 SRD5A2
ATRX DMRT1 FOXC1 HSD17B3 MAP3K1 NCOR2 POF1B SRY
BHLHB9 DMRT2 FOXL2 HSD3B2 MCM8 NOBOX POR STAG3
BMP15 EIF2S2 FSHB INHA MCM9 NR0B1 RICTOR STAR
CBX2 EMX2 FSHR INHBB MID1 NR3C1 RPTOR TSPYL1
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Jolla, CA), with pcDNA3hGRa (NM 000176.2) as a template. Primers used are presented in
Table 2.

C. Cell Culture

Embryonic human kidney HEK293T and African green monkey kidney COS-7 cells were
grown inDMEM (Life Technologies, Saint-Aubin, France) with 10% fetal calf serum (Biowest,
Nuaille´, France) and penicillin/streptomycin (GE Healthcare, Vélizy-Villacoublay, France)
and were incubated at 37°C in a humidified atmosphere containing 5% CO2 [27].

D. Transactivation Assays

GR-deficient HEK293T cells were transfected with wild-type (WT) ormutated GR-expressing
plasmids (40 ng/well in 96-well plates), reporter luciferase plasmid pMMTV-luc (40 ng/well),
and pMIR-b-gal encoding b-galactosidase as a normalizing vector (35 ng/well) using Lip-
ofectamine 2000 (Thermo Fisher Scientific, Saint-Aubin, France). In addition, SRC2 or TIF2
or pcDNA3 (empty plasmid) (40 ng/well) was added in some transactivation assays together
with the same amount of the three previously described plasmids. Six hours later, trans-
fection medium was replaced with steroid-free DMEM medium. Twenty-four hours post-
transfection, ethanol or increasing concentrations of dexamethasone (DXM) (0.1 to 1000 nM
or 5 nM DXM for the cotransfection with SRC2) were added to the medium. Luciferase and
b-galactosidase activities were measured in cell lysates as previously described [27, 28].

E. Western Blot Analysis

Twenty-four hours after transfection with the corresponding plasmids, HEK293T cells were
lysed and 20 mg of the protein extracts were submitted to electrophoresis. After electro-
blotting onto C nitrocellulose membranes and incubation with blocking solution [5% fat-free
dry milk in Tris-buffered saline containing 1% Tween 20], immunoblotting was performed
overnight at 4°C using a mouse monoclonal anti-hGRa antibody directed against the NTD of
the protein (SC393232, Santa Cruz Biotechnology ®) [29] at a final concentration of 1 mg/mL
and with the anti‒b-actin antibody (Sigma, St Quentin-Falavier, France) [30] used as a
loading control. Membranes were incubated with secondary fluorescent antibodies (Pierce;
Dyelight 680 or 800) [31, 32]. Bands were visualized and quantified using Odyssey® Fc, Dual-
Mode Western Imaging (Li-Cor, Lincoln, NE) [27].

F. Immunocytochemistry and Fluorescence Deconvolution Microscopy

GR-deficient COS-7 cells were transiently transfected with the corresponding plasmids and
treated or not with 100 nM DXM for 1 hour and then processed for immunocytochemistry as
previously described [33]. Briefly, cells were fixed, permeabilized, and incubated overnight at
4°C with a mouse anti-GR antibody [29], followed by 30 minutes of incubation with an anti-
mouse Alexa 555‒coupled secondary antibody [34]. After 10 minutes of postfixation, nuclear
counterstaining was performed with 0.5 mg/mL 40,6-diamidino-2-phenylindole for 1 minute.

Table 2. PrimerSequencesUsed forSite-DirectedMutagenesis toGenerate theSixGeneticGRVariants

Variants Primer Sequence

F65V 50-CGACGCAAGACTTTTGGTTGATGTTCCAAAAGGCTCA-30

M86V 50-TCTGTCAAAGCAGTTCCACTCTCAGTGGGACTGTATAT-30

A229T 50-TTTGCTTTCTCCTCTGACGGGAGAAGACGATTCA-30

A304E 50-CACAGTTTACTGTCAGGAAAGCTTTCCTGGAGCAA-30

N374S 50-GGATCTGGAGATGACAGCTTGACTCTCTGGGG-30

R386Q 50-CTCTGAACTTCCCTGGTCAAACAGTTTTTTCTAATGGC-30

N374E 50-GAGTCCCCAGAGAAGTCAATTCGTCATCTCCAGATCCTTGG-30

The base in bold indicates the point mutation.
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Chambers were mounted using ProLong Gold mounting medium (Thermo Fisher Scien-
tific). Fluorescence deconvolution microscopy was performed using Image Pro Plus AMS
software (Media Cybernetics Inc., Marlow, UK) on a Mono Q Imaging Retiga 2000R Fast
1394 camera (Q Imaging Inc., Surrey, BC, Canada). Images were acquired with an auto-
mated upright BX61 microscope (Olympus, Rungis, France) equipped with an X60 objective
(1.4 NA). A z-series of focal planes was digitally imaged and deconvolved with the three-
dimensional blind iterative algorithm (Image Pro Plus AMS) to generate high-resolution
images [27].

G. Automated High-Throughput Microscopy

Sequential images were acquired (203/0.4 NA), analyzed, and quantified by the ArrayScan
VTI imaging platform (Thermo Fisher Scientific). 40,6-Diamidino-2-phenylindole and GR
fluorescence was captured using sequential acquisition. The Molecular Translocation V4
Bioapplication algorithm (vHCS Scan, version 6.3.1, Build 6586) was used to quantify the
relative subcellular distribution of immunodetected GR, essentially as described by [33,
35]. The translocation index measurement represents the average value ratio of the
nuclear intensity of GR to the cytoplasmic intensity of GR calculated for each selected cell
per well [27]. The higher this value, themoreGR is translocated into the nuclear compartment.

H. Statistical Analysis

Results were expressed as mean 6 SEM in the tables and figures. Statistical analyses were
performed with Prism 7.0a software (Graph Pad Software, La Jolla, CA). Comparison of
continuous variables among different groups was performed using ANOVA or nonparametric
Kruskal-Wallis tests with Dunn posttests. When appropriate, nonparametric Mann-Whitney
U tests were also performed. P values ,0.05 were considered significant.

2. Results

A. Identification of the NR3C1 Genetic Variants

Among the six heterozygous genetic variants identified (Fig. 1; Table 3), three were private
variants (A304E, N374S, and R386Q), indicating that they have been rarely if ever described
in any databases (ExAC and 1000G), whereas the other three variants (F65V, M86V, and
A229T) have already been reported. M86V has been described in nine patients, whereas the
allelic frequency of A229T was at 0.0014 (165/120812) and that of F65V was at 0.0013 (153/
121406) in the general population, although the latter variant is more frequently associated
with the African population (0.014) (http://exac.broadinstitute.org/). All these variants except
M86V were classified as having unknown significance according to Varsome, whereas the
M86V variant was classified as likely pathogenic by Varsome. None of these variants has ever
been functionally characterized. With respect to interspecies conservation, the University of
California Santa Cruz Genome Browser website (https://genome.ucsc.edu/) indicates that all
these amino acids except N374 were strictly conserved in mammals (humankind, Rhesus
monkey, mouse, dog, and elephant) and in the chicken. Amino acid M86 and R386 residues
were also conserved in the zebrafish, whereas M86 was also recovered in the Xenope Nr3c1
sequence. Although there is a potential pathogenicity of these variants and that no functional
characterization has been performed, the MutationTaster website (www.mutationtaster.org/)
predicted that all would be disease-causingmutations except for one hGR variant (i.e.,N374S),
which was predicted to be an NR3C1 polymorphism (Table 3). However, the association be-
tween genetic variation and disease is generally difficult to determine for rare variants in the
absence of functional characterization.
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B. Functional Characterization of hGR Variants

Global functionality of the entire GR signaling pathway is well evaluated by reporter gene
assays [36]. Indeed, transactivation studies indirectly reflect all GR-dependent steps, in-
cluding ligand binding, transconformation, nuclear translocation of the GR-ligand complex,
functional association with transcriptional coregulators, and finally induction of target gene
expression. For this purpose, dose-response curves (from 0.1 to 1000 nM) of DXM, a GC
agonist, were established by transiently transfecting the GRE-Luc reporter gene and the WT
humanGR expression vector or its genetic variants (F65V,M86V, A229T, A304E, N374S, and
R386Q) into GR-deficient HEK293T cells.

As illustrated in Fig. 2A, the transactivation capacity of WT reaches a plateau at 100 nM
DXM concentration, with a calculated ligand concentration leading to 50% maximal
transactivation activity, or Bmax (EC50) at 0.604 6 0.160 nM DXM (mean 6 SEM, n 5 30
replicates from three independent experiments) (Fig. 2B). The Bmax ofWTwas arbitrarily set
at 1.0. All genetic variants were able to transactivate the GRE-Luc reporter gene to the same
extent as that driven by the WT (Fig. 2A). No difference in luciferase activity was observed
between the WT and the F65V, M86V, and R386Q variants at any DXM concentration.
Likewise, transcriptional activities of the A229T andN374S variants did not differ from that
of the WT, except at the lower 0.1 nM DXM concentration, with a relative transactivation
measured at 0.41 6 0.02 (P , 0.01; Kruskal-Wallis) for A229T and 0.51 6 0.03 (P , 0.001)
for N374S, compared with 0.29 6 0.02 for the WT. Lastly and unexpectedly, only the A304E
variant had a higher transactivation capacity at any concentration of DXM tested except
1 nM (nonparametric statistical analysis of Kruskal-Wallis on 30 replicates from four in-
dependent experiences). However, the EC50 was not different from that of the WT,
suggesting a conserved affinity of the ligand. In any case, no altered transcriptional activity
was observed with all tested variants, excluding any major deleterious functional conse-
quences of the substitutions.

Figure 2B summarizes the main parameters (EC50 and Bmax) of all genetic GR variants.
The EC50 (mean 6 SEM) calculated from at least three independent experiments for each
variant was in the nanomolar range, whereas the Bmax did not differ from that of the WT
except for the A304E variant, as mentioned previously.

Owing to the heterozygous nature of the identified genetic variants, which supports
biallelic expression, and given that some GR mutations have reportedly exerted a dominant
negative effect [27], we next evaluated whether these variants exert adverse effects on WT
GR signaling. Despite the normality of the intrinsic transactivating properties of the GR
variants, dose-responses curves of DXM that were performed after cotransfection of equi-
molar amounts of WT and GR variant expression vector excluded any dominant negative
effect of GR variants (Fig. 2C).

C. Protein Expression of the Receptor

To examine whether slight modifications of GR variant transactivation capacity may be
explained by different protein expression levels, western blot analyses were performed with
whole cell extracts after transient transfections in HEK293T cells. As anticipated, WT and
GR variants were detectedwith an anti-NTDGRantibody andwere recovered as an;100-kDa
band (Fig. 3A). Relative expression levels were identical for each GR variant and the WT
as quantified by the hGR/b-actin ratio. Statistical analysis showed no significant difference
between the GR WT and the six variants (P 5 0.46 by Kruskal-Wallis test) (Fig. 3B). Given
that western blot analyses gave only an overall estimation of the total GR cellular protein
content (without exploring potential discrete modifications of their subcellular localization)
and to further exclude subtle protein expression alterations, automated high-throughput
microscopy—a more sensitive and quantitative approach—was used to evaluate the DXM-
induced GR nuclear transfer, a major and critical step of transactivation.

doi: 10.1210/js.2019-00028 | Journal of the Endocrine Society | 871

http://dx.doi.org/10.1210/js.2019-00028


Figure 2. Dose-response curves of transcriptional activation of the GR variants compared
with that of the WT receptor. (A) HEK293T cells plated in 96-well plates were cotransfected
with 40 ng of plasmid encoding GR WT or GR variants (F65V, M86V, A229T, A304E, N374S,
and R386Q), together with the reporter luciferase plasmid pMMTV-Luc, in which luciferase
activity is under the control of GR response elements, and pMIR-b-gal encoding b-galactosidase.
After 24-h stimulation by ethanol or increasing concentrations of DXM (10210 to 1026 M),
enzymatic activities were measured. Transcriptional activities are expressed relative to the
maximum transactivation of the WT (arbitrary set at 1). Each point represents the mean 6
SEM of at least 30 replicates performed from at least three independent experiments.
Representation was fitted with the “log(agonist) vs response three parameters” function of
GraphPad software. (B) Comparison of EC50 (DXM concentration inducing half-maximum
transactivation) and of maximum transcriptional activity (Bmax) of the six GR variants
compared with the WT. Values are mean 6 SEM, obtained from four independent experiments
(nonparametric ANOVA Kruskal-Wallis tests followed by Dunn posttests). (C) The absence of
dominant negative effects of the variants on the WT is shown. HEK293T cells plated in 96-
well plates were cotransfected with 40 ng of plasmid encoding GR WT or 20 ng of plasmid
encoding WT plus 20 ng encoding GR variants (F65V, A304E, and N374S), together with the
reporter luciferase plasmid pMMTV-Luc, in which luciferase expression is under the control
of GR response elements, and pMIR-b-gal coding b-galactosidase. After 24-h stimulation by
ethanol or increasing concentrations of DXM (10210 to 1026 M), enzymatic activities were
measured. Transcriptional activities are expressed relative to the maximum transactivation of
the WT (arbitrary set at 1). Each point represents the mean 6 SEM of at least 30 replicates
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D. Ligand-Induced Nuclear Translocation of GR WT and Its Variants

Concomitant analysis of the fluorescence from both cytoplasmic and nuclear compartments
facilitated assessment of the hormone-induced nuclear translocation for each GR variant
(F65V, M86V, A229T, A304E, N374S, and R386Q) after transient transfection into GR-
deficient COS-7 cells. Figure 4A shows representative images of DXM-induced nuclear
transfer for the WT and F65V GR variant. In the absence of ligand, most WT and F65V GR is
in the cytoplasmic compartment, whereas with 1-hour DXM stimulation, a clear-cut transfer
to the nucleus was observed for both receptors. All other variants behaved similarly.

High-throughput microscopy analysis on .1500 transfected cells gave a precise quanti-
fication of subcellular GR shuttling (Fig. 4B). Under basal conditions (i.e., in the absence of
DXM), the WT and all variants displayed identical cytoplasmic localization with similar
intensities, as revealed by the nuclear/cytoplasmic (N/C) fluorescence ratio. After 100 nM
DXM exposure for 1 hour, a strong increase in the N/C ratio was measured for these variants,
indicating an unaltered DXM-induced translocation of GR, even though the N/C ratio values
were slightly lower for F65V (2.14 6 0.03), M86V (1.71 6 0.02), A229T (1.90 6 0.02), A304E
(1.96 6 0.02), and N374S (1.74 6 0.02) than for WT (2.37 6 0.03) and R386Q (2.38 6 0.09).

E. Transactivation Capacity in Association With a Coactivator SRC2 (or TIF2)

To more precisely explore the functional characteristics of GR variants, notably those
exhibiting moderately higher transactivation capacity than the WT (i.e., F65V, A229T,
A304E, and N374S; see Fig. 2), we addressed the question of their potential increased in-
teraction with the coactivator (SRC2 or TIF2), which is known to interact with the NTD of GR
[37]. Transient transactivation assays in the presence or absence of SRC2-expressing vector
(Fig. 5A) were performed. The basal transcriptional activity of each variant was arbitrarily
set at 1, similar to that of WT as previously demonstrated (see Fig. 2A). Upon DXM stim-
ulation with a 5-nM concentration, which induced approximately half-maximum trans-
activation potency, the presence of SRC2 significantly increased luciferase activity driven by
theWT and the F65V, A229T, and A304E variants, consistent with the coactivating property
of SRC2. Surprisingly, this SRC2-induced stimulation was not observed with the N374S
variant (Fig. 5A), suggesting a pivotal role of aa N374 residue for molecular interaction with
SRC2. Because phosphorylations are important posttranslational modifications, occurring
mostly in the NTD and known to greatly affect hGR transactivity [38, 39], we postulated that
the serine 374 residue may constitute a new phosphorylation site impairing recruitment of
the coactivator SRC2. To support this hypothesis, the phospho-mimetic variant N374E hGR
was generated; interestingly, it was also shown to be insensitive to SRC2 coactivation
(Fig. 5B).

3. Discussion

With the aim of characterizing genomic variation, we demonstrated that the six heterozygous
genetic missense GR variants (F65V, M86V, A229T, A304E, N374S, and R386Q) incidentally
discovered after NGS analysis exert a normal transactivation capacity compared with that of
the WT, excluding any major impacts on the GC signaling pathway as well as their asso-
ciation with specific diseases.

The current study has two important facets. First, it offers improved insight into GC
signaling related to NR3C1 variations and increases our understanding of certain critical
steps of GR-mediated transcriptional activation. Second, it confidently assesses association

performed from at least three independent experiments. Representation was fitted with the
“log(agonist) vs response three parameters” function of GraphPad software. EC50, ligand
concentration leading to 50% maximal transactivation capacity.
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information between a variant and the absence of disease, questioning the clinical decisions
to be made following identification of such genetic alterations in the context of diagnostic
uncertainty, and the potential pathogenicity of GR variants.

With respect to GC signaling, we ruled out any biologically relevant modifications in GR-
mediated transcriptional activation of GR variants. Minor alterations were observed for some
GR variants (F65V, A229T, A304E, and N374S); nevertheless, a potential cooperative ac-
tivation of transcription through enhanced N/C interaction between the NTD and ligand-
binding domain of the GR has not been explored. Although there are no absolute criteria to
ascertain overactivity of GR variants [13, 40], higher endogenous GR-target gene expression

Figure 3. Protein expression of the WT and the six GR variants. (A) HEK293T cells were
transiently transfected or not with a plasmid encoding the WT or the six GR variants.
Twenty-four hours posttransfection, protein extracts (20 mg) were analyzed by western blot
followed by immunostaining with an antibody recognizing the NTD of GR (29; dilution 1/500)
and an anti‒b-actin antibody (30; dilution 1/1000). GRa protein expression was similar
between the WT and the six variants but was below the detectable threshold in the untransfected
cells used as control (i.e., C). Representative image of three independent experiments is shown.
The molecular weight marker used was PageRulerTM (Thermo Fisher Scientific). (B) Quantification
of the protein signal did not reveal any statistically significant difference between the WT and the
GR variants. Results are expressed as means 6 SEM.
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Figure 4. DXM-induced nuclear translocation of the WT and the six GR variants. COS-7
cells (grown in F6 or 100-mm petri dish flasks) were transiently transfected with 400 ng of
plasmid encoding the WT or the six GR variants (F65V, M86V, A229T, A304E, N374S, and
R386Q). After overnight recovery, cells were stimulated by ethanol (2) or 100 nM DXM (1)
for 1 h and fixed and processed for immunofluorescence studies, followed by quantification
analysis with high-throughput microscopy (see Methods section). (A) Representative images
of cyto-nuclear translocation of the WT and F65V GR variant with ethanol (control) or with
DXM for 1 h. Images obtained by deconvolution microscopy at 603 magnification and
nuclear staining by 40,6-diamidino-2-phenylindole (blue) and GR (red) using antibody [29]
from Santa Cruz Biotechnology. White bar, 20 mm. (B) Comparison of the cyto-nuclear
shuttling of the six variants compared with that of the WT after quantification by high-
throughput microscopy on .1500 transfected cells per condition. Results are expressed as
mean 6 SEM. Nuclear-cytoplasmic ratios for each construction were normalized to the mean
value arbitrarily set at 1 under basal conditions (i.e., in the absence of DXM stimulation).
Statistical analysis was performed by an ANOVA test followed by Bonferroni posttests.
***P , 0.001. ns, not significant.
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Figure 5. Effect of the coactivator SRC2 on GR transactivation. (A) HEK293T cells were
plated on 96-well plates and cotransfected with 40 ng of plasmid encoding GR WT or the
variants (F65V, M86V, A229T, A304E, and N374S), together with a plasmid encoding the
coactivator SRC2 (40 ng/well) (1) as in the legend of Fig. 2. Cells were treated (1) or not (2)
with 5 nM of DXM for 24 hours. Transcriptional activities were measured as in Fig. 2 and
were expressed as mean 6 SEM of 12 replicates from three independent experiments,
normalized for each construct to the transactivation value obtained after stimulation by DXM
in the absence of SRC2, arbitrarily set at 1. There was no difference between the induction of
transactivation by SRC2 for the WT and all the variants, except for N374S, which showed no
increase in transactivation following SRC2 cotransfection. ***P , 0.001, nonparametric
ANOVA Kruskal-Wallis test followed by Dunn posttests. (B) HEK293T cells were plated on 96-
well plates and cotransfected with 40 ng of plasmid encoding GR WT or the variants (M86V,
N374E, and R386Q), together with a plasmid encoding the coactivator SRC2 (40 ng/well) (1) as
in the legend of Fig. 2A. Cells were treated (1) or not (2) with 5 nM of DXM for 24 hours.
Transcriptional activities were measured as in Fig. 2A and were expressed as mean 6 SEM of
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in appropriate cell models, as well as stronger sensitivity of DXM suppression tests in pa-
tients, may be clearly indicative of higher GR activity for a given genetic variant.

Nonetheless, apart from few examples of genetic modifications that can positively impact
the human GR pathway [i.e., the polymorphisms N363S, localized in the NTD (rs6195), and
BclI (rs41423247), localized in the first intron of the NR3C1 gene] [8], the unique gain-of-
function D401H mutation of the NTD [13] and a double mutant of the 30-UTR of exon 9b,
coupled with a polymorphism (A3669G/G3134T and BclI) alleviating the dominant negative
effect of GRb over GRa [14], we were able to unambiguously exclude any deleterious impacts
of the GR variation identified in the current study.

Of note, our characterization of GR variants led us to an unexpected result that improved
our understanding of GR-mediated signaling. Surprisingly, although residue 374 was located
in the NTD, it did not directly reside in the activation function 1 domain, known to constitute
the interacting site with SRC2 [37]. It was proposed that this binding structurally modifies
the NTD structure from intrinsic disorder to an a helical structure, leading to an activating
state of the GR [37]. We hypothesized that the asparagine to serine substitution at position
374 would alter the SRC2 binding site on the GR, as it was previously demonstrated that
the 201 to 360 aa deletion of hGR led to a loss of SRC2 binding to hGR [40]. To test whether the
novel serine 374 residuemight constitute a phosphorylation site impairing recruitment of the
coactivator SRC2, the phospho-mimetic variant N374E hGR was shown to be insensitive to
SRC2 coactivation. This is reminiscent of the creation of the serine 363 phosphorylation site
of the N363S polymorphism (rs6195), which created an environment leading to increased
coactivating capacity of the coactivator SRC2 [41, 42], as opposed to the mirror image of the
serine 374, which potentially reduced SRC2 interaction (present study). Further studies are
required to validate this hypothesis.

Another important feature of this study is the clinical, biological, and bioethical issue of
incidentally discovered genetic GR variants. The American College of Medical Genetics and
Genomics published recommendations for managing incidental findings [5] as a function of
high likelihood of pathogenicity with the use of standard terminology: pathogenic, likely
pathogenic, uncertain significance, likely benign, and benign according to the classification
[7]. Two categories of genomic variation were established: One is referred to as an actionable
gene responsible for irreversible diseases potentially prevented by specific therapeutics upon
patient informed consent; the second class belongs to incidental findings, subsequently
termed secondary findings [43], in which established and appropriate or future interventions
may prevent or reduce mortality or morbidity of genetic disorders. Guidance on reporting
secondary findings [44] as well as the need for functional characterization of such genetic
variations remains very controversial. In this context, management of NGS data and of the
discovery of multiple variants of unknown significance remains quite difficult [7, 45], es-
pecially after a recent study revealed that one-fourth of healthy volunteers carried a
monogenic disease risk with uncertain clinical usefulness, as revealed by genome sequence
analysis [46].

It is often necessary to avoid false variants and exclude false-positive and false-negative
results [1]. The pathogenic potential of new variants, notably missense mutations, requires
the careful use of shared international databases [6], examination of interspecies nucleotide
conservation, and determination of variation frequency, as well as familial segregation of the
variants [47]. Predicting the functionality of the translated peptide from the genetic variant
may be possible through in silico analysis according to the localization of the mutated nu-
cleotide, the nature of amino acid substitution in a specific domain, and the predicted
modification of the secondary protein structure. In vitro and/or ex vivo analysis may help

eight to 12 replicates from three independent experiments, normalized for each construct
to the transactivation value obtained after stimulation by DXM in the absence of SRC2,
arbitrarily set at 1. SRC2 cotransfection stimulated transactivation of the WT as well as
that of the M86V and R386Q variants but not that of N374S and N374E variants.
***P , 0.001, nonparametric Mann-Whitney U tests. ns, not significant.
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characterize the genetic variants [48]. However, some genes or a part of genes and their
translated proteins may not be structured, and their modification cannot be predicted be-
cause of an intrinsic disorder state [16], as is the case for the NTD of GR.

In the current study, all predictions from MutationTaster and Varsome were somehow
incorrect, pointing to the need for functional characterization to assess the pathogenicity or
benignity of new variants. Thus, in vitro and/or ex vivo analysis of the newly identified
variants may exclusively help to clarify their characterization. Although some variants may
change classification [7, 47, 49–52], many authors nowadays strongly recommend functional
characterization of new variants.

In sum, NGS has considerably improved genetic tests and access to an important number
of genes in a large number of patients. However, a large amount of new data is generated, and
identification of secondary findings requires functional characterization to adjust modeling
and predict pathogenicity. Thus, this latter classification often leads to new concepts and
novel mechanistic issues of well-known signaling pathways, as exemplified here for GR-
mediated transcriptional activation.
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