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Context: The cholesterol side chain cleavage enzyme (CYP11A1) catalyzes the
conversion of cholesterol to pregnenolone, the first rate-limiting step of steroidogenesis.
CYP11A71 mutations are associated with primary adrenal insufficiency (PAIl) as well as
disorders of sex development (DSD) in 46,XY patients.

Objective: To define the pathogenicity mechanism for the p.Glu314Lys variant,
previously reported, and found in four additional patients with CYP11A1 deficiency.

Subjects and Methods: DNA of four patients presenting with delayed PAI and/or
46,XY DSD were studied by Sanger or Massively Parallel sequencing. Three CYP11A1
mutations were characterized in vitro and in silico, and one by mRNA analysis on
testicular tissue.

Results: All patients were compound heterozygous for the previously described
p.Glu314Lys variant. In silico studies predicted this mutation as benign with no effect
on splicing but MRNA analysis found that it led to incomplete exon 5 skipping. This
mechanism was confirmed by minigene experiment. The protein carrying this mutation
without exon skipping should conserve almost normal activity, according to in vitro
studies. Two other mutations found in trans, the p.Arg120GIn and p.Arg465Trp, had
similar activity compared to negative control, consistent with the in silico studies.

Conclusions: We provide biological proof that the p. Glu314Lys variant is pathogenic
due to its impact on splicing and seems responsible for the moderate phenotype of the
four patients reported herein. The present study highlights the importance of considering
the potential effect of a missense variant on splicing when it is not predicted to be disease
causing.

Keywords: CYP11A1, alternative splicing, adrenal insufficiency, disorders of sex development, congenital lipoid
adrenal hyperplasia
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INTRODUCTION

Steroidogenesis is initiated by two proteins, both expressed
in adrenal and gonadal cells. First, the steroidogenic acute
regulatory protein (StAR; encoded by the STAR gene) allows
rapid cholesterol import into the inner mitochondrial membrane
(IMM). Then, the cholesterol side chain cleavage enzyme
(P450scc) also called CYP11A1l (encoded by the CYPIIAI
gene), converts, in the IMM, cholesterol to pregnenolone, the
precursor for all steroid hormones. CYP11A1l catalyzes three
reactions: 22-hydroxylation of cholesterol, 20-hydroxylation of
22R-hydroxycholesterol, and scission of the C20-22 carbon bond
of 20,22R-dihydroxycholesterol. These reactions are only possible
in cooperation with two cofactors, an electron transfer chain
(ferrodoxin reductase) and an iron-sulfur protein (ferrodoxin)
which provide electrons from NADPH (1).

Deficiency in one of these two proteins disrupts synthesis of
all adrenal and gonadal steroids. It results in primary adrenal
insufficiency (PAI) with various symptoms such as hypoglycemia,
dehydration, weight loss or vomiting, as well as disorders
of sex development (DSD) in 46,XY patients (2). The two
defects are often grouped under the term of “Congenital Lipoid
Adrenal Hyperplasia” (CLAH) (2). However, it is controversial
since enlarged adrenal glands were not reported in CYP11A1
deficiency (1). Initially only mutations in STAR gene were found
in patients presenting with CLAH (3, 4). As a defect in CYP11A1
does not allow progesterone synthesis during fetal life, leading
to absence of uterine contraction inhibition (5), it was first
considered incompatible with the maintenance of pregnancy and
life (6). However, since 2001 (7), CYP11AI gene mutations have
been found in patients presenting with a similar phenotype that
is characterized by PAI with a various degree of DSD in 46,XY
patients, ranging from normal female to normal male external
genitalia. This defect is an extremely rare genetic autosomal
recessive disorder; at the time of writing, 25 mutations of
CYPI11A1 gene have been described in 29 families (corresponding
to 37 patients) (7-21). Several families were reported with
mild forms including delayed PAI and normal male external
genitalia and were almost all homozygous for the same mutation
p.-Arg451Trp (14, 19). This milder phenotype could be explained
by a high residual activity compared to wild-type (WT) according
to functional studies (14).

Among the patients for whom we identified CYP11A1l
deficiency, four were compound heterozygous for the previously
described p.Glu314Lys (c.940G>A) variation (17, 21) in trans
with two other mutations: p.Arg120GlIn (c.359G>A) (17) and a
new one p.Argd65Trp (c.1393C>T). The p.Glu314Lys mutation
has been reported twice in a cohort of patients with PAI without
clinical details (17) and also in trans with a splicing mutation in a
patient presenting with PAI and hypospadias (21). The authors
concluded to its pathogenicity on in silico studies showing
impairment of protein secondary structure by the amino acid
(AA) change and on variant segregation with the disease (17, 21).
The objective of the present study was thus to characterize
pathogenic mechanism of this variant. In vitro studies, predicted
that the AA change was likely benign, however mRNA analysis
found for the first time that the pathogenic mechanism of the

c.940G>A (p.Glu314Lys) mutation is an aberrant splicing. The
two other mutations seemed severe based on functional studies.

SUBJECTS AND METHODS
Case Reports

Patients 1 and 2 were siblings from an Italian non-
consanguineous family. Patient 1 was born at term with
female phenotype. Ultrasonography failed to reveal uterus at 1
month, but two male gonads were found in the inguinal region.
The karyotype was 46,XY. At the age of three years, ACTH level
was highly elevated (473 pg/mL) and steroid levels were low and
did not increase after ACTH stimulation test. Adrenal glands
ultrasound was normal. Her older brother, patient 2, presented
with perineal hypospadias at birth, corrected by surgery. At the
time of CYP11A1 deficiency diagnosis, he had never had adrenal
insufficiency.

Patient 3, the child of a non-consanguineous French family
was born at term. At the age of 4 years she was admitted
to hospital with abdominal pains, vomiting, asthenia, and
melanoderma, suggestive of PAI. The diagnosis was confirmed
by elevated ACTH (7,120 pg/mL) and very low cortisol levels (8
nmol/L). Hydrocortisone and fludrocortisone replacement was
initiated. Ultrasound at the age of 9 years found a physiological
pre-pubescent uterus of small size and normal sized adrenal
glands. She developed attention deficit disorder but cerebral MRI
was normal.

Patient 4 was born at term without fetal distress, from
a non-consanguineous French family. After many episodes
of shock, at 3 years and 8 months of age she presented
with melanoderma, recurrent abdominal pains, hypoglycemia,
and hyponatremia (123 mmol/L). Diagnosis of PAI was
made with elevated ACTH (>1,900 pg/mL), and low 17-
hydroxyprogesterone and cortisol levels. Although aldosterone
was normal, initial glucocorticoid- and mineralocorticoid-
replacement was maintained because of slightly increased renin
activity. Each suspension of mineralocorticoid replacement was
associated with the increase of renin. Karyotype was 46,XX.
The adrenal CT scan performed at the age of 6 years found
neither calcification nor morphological abnormality. At 8 years
of age, an onset of puberty (S2) occurred which was treated by
GnRH analog for 2 years. Menarche occurred at 12 years of age
and was followed by regular menstrual cycles. At 16 years of
age, she presented with secondary amenorrhea due to anorexia
nervosa until the age of 23 years. At 25 years of age, she had
no contraception, regular menstrual cycles and normal hormonal
data at the beginning of her cycle (LH: 3IU/L; FSH: 6IU/L).
Pelvic ultrasonography showed normal sized ovaries with several
follicles (n = 11 and 14).

DNA Sequencing

The study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the Local Ethics
Committee of the Hospices Civils de Lyon. Written informed
consent was provided by all parents of the patients enrolled in
the study. Genomic DNA was extracted from EDTA-preserved
whole blood using Nucleon BACC3 kit (GE healthcare, Chalfont
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Saint Giles, Buckinghamshire, UK). DNA was analyzed by Sanger
sequencing or Massively Parallel sequencing (MPS).

For patients 1 and 2, as CLAH was suspected on clinical
and biological data, STAR and CYP11A1 genes were immediately
Sanger sequenced. For patients 3 and 4 who presented with
glucocorticoid deficiency, MC2R and MRAP genes were first
Sanger sequenced. DNA was further analyzed by MPS.

Sanger sequencing consisted of selective amplification of the
exons and the exon-intron boundaries of the analyzed gene by
PCR using specific primers (sequences available upon request),
followed by conventional dideoxy sequencing on an ABI-3500XL
sequencer (Thermofisher scientific, Watham, MA, USA) and
compared to the human genome (GRCh37/hg19 assembly) using
SeqScape® software v3 (Thermofisher scientific).

For MPS, a custom panel targeting 57 genes involved in
adrenal insufficiency and DSD including the CYPI1AI gene as
previously described (22) was used. Pathogenic mutations found
by MPS were verified by Sanger sequencing.

Pathogenicity Prediction

Alamut Software

Pathogenicity prediction was performed in silico using Alamut
software v2.9-0 (Interactive Biosoftware, Rouen, France), which
includes several pathogenicity prediction programs: align GVGD,
Polyphen 2, Mutation Taster, SIFT, splice site prediction methods
and ESE binding site detection. The Grantham score that ranges
from 0 to 215, was calculated to predict the effect of substitutions
between AA based on chemical properties (i.e., polarity and
molecular volume). Higher scores indicate greater differences
between two AA and may indicate a stronger (negative) effect
on protein structure and function. Frequency databases (dbSNP,
ESP, and gnomAD) were searched.

Multiple Sequence Alignment

Multiple sequence alignments were performed to analyze
structurally conserved regions and to predict putative effects of
missense mutation: human CYP11A1 alignment with orthologs
or with other human cytochromes involved in steroidogenesis.
Sequences were found in the Uniprot database (http://www.
uniprot.org/), aligned with Clustal Omega (https://www.ebi.ac.
uk/Tools/msa/clustalo/) using default parameters, displayed and
then edited using Genedoc (Free Software Foundation, Inc.,
Boston, MA, USA).

Three-Dimensional Molecular Modeling

The crystal structure of human CYP11Al in complex with
cholesterol (https://www.rcsb.org/pdb, PDB code 3N9Y) was
used to identify secondary structure sequences, and AA
involved in important structures—such as membrane interaction
domain, heme binding domain (including cysteine pocket),
active site, substrate recognition site (SRS), and redox partner
interaction domain—and analyze the impact of mutations on the
three-dimensional structure using DeepView—the PDB Viewer
(GlaxoSmithKline Research and Development, S.A., Geneva,
Switzerland).

Construction of CYP11A1 Mutant Plasmid
The three mutants p.Glu314Lys, p.Arg465Trp, and p.Argl20GIn
and a known nonsense mutant p.Argl20Stop (used as negative
control) (16) were created in the F2 plasmid (kindly provided
by Prof. W. L. Miller, Department of Pediatrics, University
of California, San Francisco, CA, USA) expressing the fusion
protein NH2-CYP11A1-Ferrodoxin-reductase-Ferrodoxin-
COOH (23). Mutations were introduced by site directed
mutagenesis using “Quick Change II XL Site-directed
mutagenesis” (Agilent Technologies, Santa Clara, CA, USA). The
methylated parental (WT) cDNA was digested with Dpn I at
37°C for 1h and transformed into ultra-competent Escherichia
coli XL10-Gold. Mutations insertion and cDNA integrity were
verified by sequencing.

Functional CYP11A1 Activity Assay

COS 1 cells seeded in six-well plate were transfected with either
the WT, the mutant F2 plasmid or an empty vector using
FugeneHD transfection reagent according to the manufacturer’s
protocol (Promega, Madison, WI, USA) at ~80% confluence.
After 48h of incubation with transfection reagent in DMEM
containing 10% fetal calf serum and antibiotics, cells were
incubated at 37°C for 24h with 22R-hydroxycholesterol, used
as substrate because it does not require StAR to enter the
mitochondria, where it is converted to pregnenolone by P450scc.
Several concentrations of substrate were used to determine
kinetic constants of each mutant: 0.5, 1, 1.5, 2, 3, and 5
pwmol/L. Pregnenolone was quantified by high performance
liquid chromatography/tandem mass spectrometry.

For total protein measurements, cells were detached from
plates by incubation with trypsin-EDTA for 10 min. Trypsin
action was then stopped by addition of complete culture medium.
After centrifugation, the cell pellet was washed with PBS
and proteins were extracted using complete Lysis-M reagent
(Roche diagnostics, Mannheim, Germany) and measured by
a bicinchoninic acid (BCA) assay using an ABX Pentra 400
analyzer (Horiba Scientific, Kyoto, Japan).

The CYPI11Al activity of each mutant was defined as a
percentage of substrate conversion, after normalization to total
protein measurements, compared to the WT activity that was
defined as 100%. Enzymatic activities of each mutant were
compared with WT and negative controls (the p.Argl20Stop
mutant or the empty vector) at a substrate concentration of
3 pwmol/L incubated for 24 h, using Anova 1 test followed by
Tukey’s multiple comparison test. Michaelis-Menten analyses
were performed using graphpad prism software v5.0 (GraphPad,
Inc., San Diego, CA, USA).

mRNA Analysis

Patient 1 had gonadectomy after diagnosis. Total RNA was
isolated from testicular tissue using the RNA Now kit (Biogentex
Laboratories, Inc., League City, TX, USA), reverse transcribed
to cDNA with random hexamers and amplified using Gene
Amp RNA PCR kit (Thermofisher scientific). Several primers
(designed from sequences of exons 3, 6, and 9, intron 6, and
overlapping exons 4 and 6) were used for PCR and sequencing
(primers sequences available on request).

Frontiers in Endocrinology | www.frontiersin.org

September 2018 | Volume 9 | Article 491


http://www.uniprot.org/
http://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.rcsb.org/pdb
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Goursaud et al.

Splicing CYP11A1 Mutation

A €.940G>A (p.Glu314Lys)

\AGATGTCCTTCRRGGACATCAAGGCCA

Aty e

\AGATGTCCTTCGRGGACATCAAGGCCA

i .
N T

B ¢.1393C>T (p.Argd65Trp)
1387 1397 14

GGCAGTGTCTGGGAWFGCGGATCGCTG!

f\/\/\’J\MAﬂN{

GGCAGTGTCTGGGALGFGCGGATCGCTG!

st Mt ¥

c ¢.359G>A (pArg120GIn)

350 6) 370

CCCCAACCCAGAACRRTTCCTCATCCC

j\ ﬂﬂf\‘ A A M. A ,'H[ f\ ]\ p i A [U\M N“\ A {\ An Heterozygous

FIGURE 1 | Partial chromatograms showing the CYP71A7 mutations in
heterozygous state detected in the four patients. DNA sequencing of a healthy
control shows the WT sequence underneath. (A) The base change ¢.940G>A
leads to the missense mutation p.Glu314Lys. (B) The base change
€.1393C>T leads to the missense mutation p.Arg465Trp. (C) The base
change ¢.359G>A leads to the missense mutation p.Arg120GIn.

Minigene Splicing Reporter Assay
CYP11A1 exon 5 with 313 flanking intronic bases in intron 4 and
241 flanking intronic bases in intron 5 was PCR amplified from

the patient genomic DNA (total product size: 714 bp). Wild-type
(WT) and mutated polymerase chain reaction (PCR) products
were inserted in the Ndel restriction site of the pTB minigene
vector as previously reported (24, 25). Transfection in HeLa cells,
reverse transcription -PCR (RT-PCR) procedures and analysis
have been previously described (24, 25). Reverse transcription-
PCR products were analyzed by agarose gel electrophoresis (2%)
and Sanger sequencing.

RESULTS
DNA Sequencing (Figure 1)

As no disease-causing mutations were found in STAR (patients
1 and 2), MC2R or MRAP genes (patients 3 and 4), CYP11A1
gene was sequenced using the Sanger method or MPS. The
p.Glu314Lys (c.940G>A) variant was found in all patients at
heterozygous state. Patients 1, 2, and 3 carried in trans the
p-Arg465Trp (c.1393C>T) variant (haplotype segregation was
confirmed by parental analysis) and patient 4 was supposed to
be compound heterozygous for p.Glu314Lys and p.Argl20Gln
(c.359G>A) mutations. The missense variant p.Glu314Lys in
exon 5, as the variant p.Argl20Gln in exon 2, were previously
reported without functional analysis (17, 21). The p.Arg465Trp
mutation in exon 8 has never been reported.

Pathogenicity Characterization (Table 1)

The variant p.Glu314Lys (c.940G>A) was predicted likely benign
by three of the four prediction software. Moreover, the residue at
this position is slightly conserved between species (Figure 2A)
and the Grantham score of the mutation was low although
the residues differ in polarity, charge, and size. This variant,
reported in dbSNP (rs6161), has a minor allele frequency (MAF)
of 0.34% in ESP and 0.26% in gnomAD (0.42% in the European
population). Splicing predictor software did not find acceptor
and donor site score modification or cryptic splice site creation.
The 3D modeling found that residue Glu314 is located at the
beginning of the I helix in the center of which is located the
active site, a SRS, and a heme binding domain. There seemed to
be no impact of residue modification on any of these domains.
This is consistent with in vitro studies as no significant difference
in activity was found between p.Glu314Lys and WT (p > 0.05;
Figures 3A, B). However, this variant was previously reported
twice in the literature in three unrelated patients who had a
phenotype concordant with CYPI1A] deficiency (17, 21). It was
associated in frans with pathogenic mutation for two out of
the three patients. Therefore, according to the standards and
guidelines of the American College of Medical Genetics and
Genomics (26) this variant should be classified as probably
pathogenic.

The new p.Arg465Trp (c.1393C>T) variant is predicted
probably damaging by three out of the four software. It is
reported with a very low frequency in ESP (0.01%) and gnomAD
(All: 0.0024%, European: 0.0045%) databases. Physicochemical
effect of this variation is important with a Grantham score
of 101. Residue Arg465 is located at the beginning of the L
helix near the cysteine pocket, which allows covalent bonding
with the heme. Amino acid Arg465 is involved in redox
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Cco

electrostatic

bounding with
redox partner

p.Arg120GIn  Loss of H-bond

Unknown 0.40%* (17)

Unknown

Disease Unknown

causing

Probably
damaging

Intermediate  Deleterious

C35

43

B-B’ loop

2

¢.359G>A

involved in heme

binding

Enzymatic activities are reported as % compared to WT activity. *Not significantly different from negative control (p > 0.05). Enzymatic activities were compared using Anova 1 and Tukey's multiple comparison tests on graphpad prism

software v5.0 (GraphPad, Inc).

A p.E314K

320 340
HUMAN ILYRLLGDSKMSFEDIKANVTEMLAGGVDTTSMTLQWHLYE
MCNKEY ILYRLLGDSKMSFEDIRKANVTEMLAGGVDTTSMTLQWHLYE
BCVIN ILYCLLKSERMLLEDVREKANITEMLAGGVNTTSMTLQWHLYE
SHEEP ILYHLLRKSERMLLEDVRANITEMLAGGVDTTSMTLQWHLYE
PIG ILYRLLGNDKLLSEDVRKANVTEMLAGGVDTTSMTLQWHLYE
HCRSE IFYRLLASNKLPFEDIQANVTEMLAGGVDTTSMSLQWHLYE
MCUSE VLYSLLGGNRLPFENIQANITEMLAGGVDTTSMTLQWNLYE
RAT VLYSLLGGNKLPFENIQANITEMLAGGVDTTSMTLQWNLYE

ZEBRAFISHVLAILLMQDKLSIEDIKASVTELMAGGVDSVTFTLLWTLYE

B p.R465W
60 VY 480
HUMAN FRNLGFGWGVRQCLGRRIAELEMTIFLINMLENFRVEIQHLSDV
MONKEY  FRNLGFGWGVRQCLGRRIAELEMTIFLINMLENFRVEIQHLSDV
BOVIN FRNLGFGWGVRQCVGRRIAELEMTLFLIHILENFKVEMQHIGDV
SHEEP FRNLGFGWGVRQCVGRRIAELEMTLFLIHILENFRVEMQQIGDV
PIG FRNLGFGWGVRQCVGRRIAELEMTLFLIHILENFKVELGHFSDV
HORSE FRNLGFGWGVRQCLGRRIAELEMTLFLIHILENFRVEIQHLNDV
MCUSE FRYLGFGWGVRQCLGRRIAELEMTILLINLLENFRIEVQNLRDV
RAT FRYLGFGWGVRQCLGRRIAELEMTIFLINVLENFRIEVQSIRDV
ZEBRAFISH FRSLGFGFGPRQCLGRRIAETEMQIFLIEMLENFRIERQKQIEV
c p.R120Q
15 140

HUMAN VIDPEDVALLFKSEGPNPERFLIPPWVAYHQYYQRPIGVLLKK
MONKEY VIDPEDVALLFKSEGPNPERFLIPPWVAYHQYYQRPIGVLLKK
BOVIN IIHPEDVAHLFKFEGSYPERYDIPPWLAYHRYYQKPIGVLFKK
SHEEP IIHPEGVAHLFKFEGSYPQRYDIPPWLAYHRYYQKPIGVLFKK
PIG IIDPEDVALLFRFEGPNPERYNIPPWVAYHQHYQKPVGVLLEKK
HORSE IVDPEDVALLFKFEGPHPERFLIPPWTAYHQYFQKPVGVLFKS
MOUSE IVDPRDASILFSCEGPNPERFLVPPWVAYHQYYQRPIGVLFKS
RAT ILDPKDAATLFSCEGPNPERYLVPPWVAYHQYYQRPIGVLFKS

ZEBRAFISH IIKPEDGAILFKAEGHHPNRINVDAWTAYRDYRNQKYGVLLKE

FIGURE 2 | Multiple alignment of human CYP11A1 with orthologs. (A) The
E314 residue shaded and marked by a triangle is slightly conserved across
species. (B) The R465 residue shaded and marked by a triangle is highly
conserved across species. (C) The R120 residue shaded and marked by a
triangle is highly conserved across species.

partner interaction and is highly conserved between species
(Figure 2B). The replacement of a basic AA by a neutral residue
should disturb electrostatic bounding with the redox partner.
In addition, among the patients with CYP11A1 deficiency that
we had identified, one was homozygous for this mutation and
had a severe phenotype (early onset of PAI and severe DSD).
Functional studies found a residual activity like negative control
(p > 0.05; Figure 3A), which is in accordance with in silico
prediction (kinetic studies were not performed owing to this very
weak activity). Therefore, this variant should be pathogenic.

The p.Arg120GIn (c.359G>A) variant is predicted deleterious
by the four pathogenicity prediction software. This variation was
not listed in any databases. Residue Argl20 is located in the B-
B’ loop, is highly conserved between species (Figure 2C), and is
in the heme binding domain and the SRS; molecular modeling
predicted that the mutation disrupts three H-bonds made with
the heme (Figure 4). This mutation was previously reported in
a patient presenting with familial glucocorticoid deficiency (17).
Functional studies found a residual activity like negative control
(p = 0.05; Figure 3A) which is in accordance with in silico
prediction (kinetic studies were not performed owing to this very
weak activity). Therefore, this variant seems to be pathogenic.
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FIGURE 3 | /n vitro functional CYP11A1 activity assays. (A) Comparison of
mutant’s residual activity to WT and negative control’s activity. Enzymatic
activities are reported as % compared to WT activity. Assays were performed
after incubation of transfected cells with 3 pmol/L of 22R-hydroxycholesterol
in three independant triplicate experiments. Pregnenolone was measured by
HPLC-MS/MS. The data are shown as mean + S.E.M. Enzymatic activities
were compared using Anova 1 and Tukey’s multiple comparison tests on
Graphpad prism software v5.0 (GraphPad, Inc). No significant difference in
activity was found between p.Glu314Lys and WT (p > 0.05). The p.Arg120GiIn
and p.Arg465Trp mutants had residual activity similar to negative controls
(p-Arg120Stop and empty vector) (p > 0.05). ns, not significantly different (o >
0.05). ***Significantly different (o < 0.0001). (B) Michaelis Menten
representation of p.Glu314Lys (in gray) and WT'’s (in black) activity. Assays
were performed after incubation of transfected cells with 0.5, 1, 1.5, 2, 3,
5pmol/L of 22R-hydroxycholesterol in three independant triplicate
experiments. Pregnenolone was measured by HPLC-MS/MS. The data are
shown as mean + S.EM.

mMRNA Analysis of Patient 1
To evaluate the discrepancy between in vitro functional studies
that found normal activity for the p.Glu314Lys variant, and
the relationship with CYP11A1 deficiency, mRNA analysis from
available testicular tissue of patient 1 was performed (Figure 5).
First exons 3-9 were amplified. Sequencing of the PCR
product found the mutation ¢.940G>A in exon 5 (responsible
for Glu314Lys) at heterozygous state. However, there was more
WT than the mutated nucleotide (Figure 5A). This was not
mosaicism, because sequencing of patient gDNA found nearly
equal WT and mutated nucleotides (Figure 1). It also found
the mutation ¢.1393 C>T in exon 8 (responsible of Arg465Trp

FIGURE 4 | Analysis of the mutation p.Arg120Gin on three-dimensional model
of CYP11A1 (PDB: 3N9Y). This amino acid replacement leads to disruption of
three H-bonds (green dotted line) with the heme in green anis. The cholesterol
is in violet, the | helix in light blue, L helix in green, cystein pocket in deep blue,
and ferrodoxin in orange.

change at protein level). In contrast, there was more mutated than
WT nucleotide (Figure 5A).

Taken together, these two results are in favor of an incomplete
degradation of allele carrying the c¢.940G>A mutation. It may
be degraded by Nonsense-Mediated mRNA Decay (NMD) due
to abnormal splicing. Therefore, primers which were designed
from sequences of exons 3 and 6, surrounding exon 5, where
the mutation is located, were used to amplify cDNA to
better appreciate the effect of the mutation and visualize low-
level aberrant splicing. For the patient cDNA, two fragments
were obtained, the smallest one was more intense, whereas
only one fragment was found for the control sample. Again,
sequencing of PCR products found more WT than the mutated
nucleotide for the patient. Above all, it found a low-level
second sequence beginning in exon 5 that matched with exon
6 reference sequence which was not detected in control sample
(Figure 5B). These results confirmed the exon 5 skipping,
leading to a frameshift and creation of a premature stop codon
(r.830_990del, p.Ala277Aspfs*11).The low level of the second
sequence (corresponding to exon 5 skipping) and the lower level
of mutated nucleotide should be explained by NMD action.

Investigation of the splicing sites of the CYPI1A1 gene found
that the donor sequence of intron 6 has nucleotides “GC” instead
of usual “GT” donor site. Moreover, this donor site is recognized
by only one splicing predictor software, which is in favor of a
weak donor site. Assuming intron 6 retention, a fragment of
cDNA was amplified using primers which were designed from
sequences of exon 3 and intron 6. This amplification found two
fragments for both the patient and control samples; the longest
fragment was less intense than the shorter fragment in the patient
sample and the converse was found in the control sample. This
amplification in patient and control using an intronic primer
highlights physiologically intron 6 retention. Sequencing PCR
product showed in the patient sample a second sequence aligned
on exon 6 of CYP11Al template and no sequence on exon
5 highlighting exon 5 skipping in a heterozygous state; and a
similar exon skipping but at a lower level in the control sample
(Figure 5C). Thus, we demonstrate that ¢.940G>A mutation
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FIGURE 5 | CYP11A1 mRNA analysis from testicular tissue of patient 1
compound heterozygous for the p.Glu314Lys and p.Arg465Trp mutations.

(A) Amplification of CYP11A1 exons 3-9 (the reference sequences of exon 5
and 8 are highlighted in blue). Sequences of patient cDNA found the
€.940G>A mutation in exon 5 and the ¢.1393C>T mutation in exon 8 at
heterozygous state. WT nucleotide is more important than mutated nucleotide
in exon 5 and in contrast, there was more mutated than WT nucleotide in exon
8. (B) Amplification of CYP11A1 exons 3-6. Sequence of patient exon 5 found
a low-level second sequence, which matches sequence of exon 6 (the
reference sequence of exon 6 is highlighted in blue). This is not the case for
the control sample (underneath). (C) Amplification of exon 3 to intron 6.
Sequence of patient cDNA is above and shows the skipping of exon 5 at
heterozygous state (the reference sequence of exon 6 is highlighted in blue).
Sequence of WT, underneath, shows this skipping at a very low level.
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FIGURE 6 | Minigene splicing assay for the p.Glu314Lys mutant.

(A) Transfection of the mutant minigene (wells 4, 5, and 6) showed a shorter
RT-PCR product in comparison with normal minigene (wells 1, 2, and 3).

(B) Sequencing of PCR products revealed normal splice product for the
normal minigene and a complete exon skipping for the mutant minigene.

favors exon 5 skipping. However, this exon skipping seems to
exist physiologically at a low level since it is present in the control
sample.

This hypothesis was verified by amplification using the same
primer in exon 3 and a primer overlapping exons 4 and 6.
Amplification was obtained for patient and control samples,
confirming exon 5 skipping in patient but also physiologically
(data not shown), probably at a very low level.

Minigene Splicing Reporter Assay

In order to prove the causal relationship between exon 5 skipping
and the ¢.940G>A mutation, a minigene assay was performed:
the 714 bp genomic fragment containing the variation (exon 5
with flanking intronic bases in introns 4 and 5) was inserted in the
pTB minigene vector (27). In addition, the wild-type sequence
was also inserted in the pTB minigene vector, used as control.
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Transfection of the mutant minigene showed two different
RT-PCR products: a first one, similar in size to the RT-PCR
product obtained with the normal minigene, and a shorter one,
which is in greater quantities than the normal one. Sequencing of
both RT-PCR products revealed indeed complete exon skipping
for the mutant minigene and a normal spliced product for the
minigene with wild-type sequence (Figure 6).

These results confirmed thus that this exon 5 skipping
phenomenon is associated with pathogenicity of the ¢.940G>A
allele.

DISCUSSION

CYP11A1 deficiency is a rare disorder; less than 40 patients have
been reported previously and the p.Glu314Lys mutation was
reported twice in three unrelated families (17, 21). To date the
pathogenic role of this mutation relies mainly on segregation and
allelic data (17, 21). Herein we report four additional patients
carrying this variant and data from mRNA studies that confirm
that aberrant splicing is the pathogenicity mechanism.

The impact on splicing should be considered when a missense
mutation is predicted likely benign but which seems related
to the disease in unrelated families. Indeed, the p.Glu314Lys
(c.940A>G) variant was misinterpreted by the majority of
prediction tools considering it as benign with no effect on
splicing and a non-null MAF in databases. Moreover, in vitro
studies went in the same way showing a similar enzymatic
activity for the mutated protein than for the WT protein.
The in silico data herein are also concordant as no impact
on protein structure was found. Taken together, these data do
not support the hypothesis proposed by Lara-Velazquez et al.
who suggest that this variant may disrupt cholesterol binding
(21). The pathogenicity was finally highlighted thanks to mRNA
analysis on testis tissue which found aberrant splicing with exon
5 skipping. The exact mechanism of exon skipping remains
unknown, even though we suspect modification of Exonic
Sequence Enhancer (ESE) which could disturb splicing as it has
already been reported for other exonic mutations (28). This exon
skipping should lead to a frameshift and create a premature stop
codon downstream (r.830_990del, p.Ala277Aspfs*11), activating
NMD responsible for degrading this allele. The skipping is
however incomplete as the c.940A>G mutation is still seen on
c¢DNA, and the resultant protein should conserve almost normal
activity.

The mRNA analysis revealed an alternative splicing occurring
with the retention of at least the beginning of intron 6, probably
protecting the transcript with exon 5 skipping from NMD.
Indeed, when selecting transcript with intron 6 retention (which
could be explained by the known unusual “GC” donor site) by
the use of an intronic primer, exon 5 skipping was observed for
both the patient and the control, but was to a greater level in
the patient. The exact mechanism of exon 5 skipping transcript
protection remains difficult to explain since this should still lead
to a premature stop codon in exon 6 before intronic retention and
thus activate the NMD system.

As exon skipping has been also found at a low level in
control sample, minigene experiment was performed to prove the

causal relationship between this phenomenon and the mutation.
Indeed, it confirmed the aberrant splicing due to the c.940G>A
mutation.

A good genotype-phenotype correlation can be established
thanks to functional studies allowing future genetic counseling.
Indeed, the two mutations p.Arg465Trp and p.Arg120Gln, found
in trans were predicted to be severe by in silico analysis, and
this was consistent with in vitro studies showing lack of activity.
Moreover, the 46,XY patient homozygous for the p.Arg465Trp
mutation has a severe typical phenotype of the disease. Therefore,
the p.Glu314Lys variant should determine the phenotype for
all carriers identified in our center. Indeed, the late onset of
PAI for these patients correlates with the moderate p.Glu314Lys
mutation. However, testosterone biosynthesis was not sufficient
during fetal life as evidenced by the severe DSD of the 46,XY
patients described herein, as was the case for the patient reported
elsewhere (21). In contrast, the impact on ovarian function
seems mild as attested by normal puberty and regular menses of
patient 4.

These dissociated forms could be explained by the differential
expression of CYP11AI gene in different tissues; the hypothesis
being tissue-dependent and a greater aberrant splicing in
testicular tissue for this mutation. To verify this hypothesis, and
because study mRNA from adrenal tissue seems to be impossible,
it could be interesting to perform minigene experiments in
different types of affected cells to compare splicing effect of this
mutation on gonadal and adrenal tissue.

In conclusion, the present study provides the biological
proof that the mutation NM_000781.2(CYP11A1):c.940G>A is
pathogenic due to its splicing impact and not the AA change
(p.Glu314Lys). When a missense mutation predicted benign
seems related to the disease, impact on splicing should be
considered. The mRNA studies, when possible, should complete
the investigation.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Local Ethics Commitee of the Hospices
Civils de Lyon. The protocol was approved by the Local Ethics
Committee of the Hospices Civils de Lyon. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki. Patients provided written informed consent for the
publication of this case report.

AUTHOR CONTRIBUTIONS

CG, DM, RM, VT-G, IP, YM, and FR-B: study design. GR, AL-R,
and CL: clinical work-up. CG and DM: mRNA analysis. CG: in
vitro studies. AJ: minigene assay. CG, DM, RM, VT-G, IP, YM,
and FR-B: data analysis and interpretation. CG, DM, YM, and
FR-B: manuscript preparation. All authors: manuscript approval.

ACKNOWLEDGMENTS

The authors thank Philip Robinson (DRCI, Hospices Civils de
Lyon) for help in manuscript preparation.

Frontiers in Endocrinology | www.frontiersin.org

September 2018 | Volume 9 | Article 491


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Goursaud et al.

Splicing CYP11A1 Mutation

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Fujieda K, Okuhara K, Abe S, Tajima T, Mukai

. Miller WL. Disorders in the initial steps of steroid hormone synthesis. J Steroid

Biochem Mol Biol. (2017) 165:18-37. doi: 10.1016/j.jsbmb.2016.03.009

T, Nakae J.
Molecular pathogenesis of lipoid adrenal hyperplasia and adrenal
hypoplasia congenita. ] Steroid Biochem Mol Biol. (2003) 85:483-9.
doi: 10.1016/50960-0760(03)00232-2

. Lin D, Gitelman SE, Saenger P, Miller WL. Normal genes for the cholesterol

side chain cleavage enzyme, P450scc, in congenital lipoid adrenal hyperplasia.
J Clin Invest. (1991) 88:1955-62. doi: 10.1172/JCI115520

. Lin D, Sugawara T, Strauss JE, Clark BJ, Stocco DM, Saenger P, et al. Role of

steroidogenic acute regulatory protein in adrenal and gonadal steroidogenesis.
Science (1995) 267:1828-31.

. Zakar T, Mesiano S. How does progesterone relax the uterus in pregnancy? N

Engl ] Med. (2011) 364:972-3. doi: 10.1056/NEJMcibr1100071

. Miller WL. Why nobody has P450scc (20,22 desmoslase) deficiency. J Clin

Endocrinol Metab. (1998) 83:1399-400. doi: 10.1210/jcem.83.4.4734-7

. Tajima T, Fujieda K, Kouda N, Nakae J, Miller WL. Heterozygous mutation

in the cholesterol side chain cleavage enzyme (p450scc) gene in a patient with
46,XY sex reversal and adrenal insufficiency. J Clin Endocrinol Metab. (2001)
86:3820-5. doi: 10.1210/jcem.86.8.7748

. Katsumata N, Ohtake M, Hojo T, Ogawa E, Hara T, Sato N, et al. Compound

heterozygous mutations in the cholesterol side-chain cleavage enzyme gene
(CYP11A) cause congenital adrenal insufficiency in humans. J Clin Endocrinol
Metab. (2002) 87:3808-13. doi: 10.1210/jcem.87.8.8763

. Hiort O, Holterhus P-M, Werner R, Marschke C, Hoppe U, Partsch C-J, et al.

Homozygous disruption of P450 side-chain cleavage (CYP11A1) is associated
with prematurity, complete 46, XY sex reversal, and severe adrenal failure. |
Clin Endocrinol Metab. (2005) 90:538-41. doi: 10.1210/jc.2004-1059

al Kandari H, Katsumata N, Alexander S, Rasoul MA. Homozygous mutation
of P450 side-chain cleavage enzyme gene (CYP11Al) in 46, XY patient with
adrenal insufficiency, complete sex reversal, and agenesis of corpus callosum.
J Clin Endocrinol Metab. (2006) 91:2821-6. doi: 10.1210/jc.2005-2230

Kim CJ, Lin L, Huang N, Quigley CA, AvRuskin TW, Achermann JC, et al.
Severe combined adrenal and gonadal deficiency caused by novel mutations in
the cholesterol side chain cleavage enzyme, P450scc. J Clin Endocrinol Metab.
(2008) 93:696-702. doi: 10.1210/jc.2007-2330

Rubtsov P, Karmanov M, Sverdlova P, Spirin P, Tiulpakov A. A novel
homozygous mutation in CYP11A1 gene is associated with late-onset adrenal
insufficiency and hypospadias in a 46,XY patient. ] Clin Endocrinol Metab.
(2009) 94:936-9. doi: 10.1210/jc.2008-1118

Sahakitrungruang T, Tee MK, Blackett PR, Miller WL. Partial defect in
the cholesterol side-chain cleavage enzyme P450scc (CYP11A1) resembling
nonclassic congenital lipoid adrenal hyperplasia. J Clin Endocrinol Metab.
(2011) 96:792-8. doi: 10.1210/jc.2010-1828

Parajes S, Kamrath C, Rose IT, Taylor AE, Mooij CE Dhir V, et al.
A novel entity of clinically isolated adrenal insufficiency caused by a
partially inactivating mutation of the gene encoding for P450 side chain
cleavage enzyme (CYP11Al). ] Clin Endocrinol Metab. (2011) 96:E1798-806.
doi: 10.1210/jc.2011-1277

Parajes S, Chan AOK, But WM, Rose IT, Taylor AE, Dhir V, et al. Delayed
diagnosis of adrenal insufficiency in a patient with severe penoscrotal
hypospadias due to two novel P450 side-change cleavage enzyme (CYP11A1)
mutations (p.R360W; p.R405X). Eur ] Endocrinol. (2012) 167:881-5.
doi: 10.1530/EJE-12-0450

Tee MK, Abramsohn M, Loewenthal N, Harris M, Siwach S, Kaplinsky
A, et al. Varied clinical presentations of seven patients with mutations in
CYP11A1 encoding the cholesterol side-chain cleavage enzyme, P450scc. J
Clin Endocrinol Metab. (2013) 98:713-20. doi: 10.1210/jc.2012-2828

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Chan LE Campbell DC, Novoselova TV, Clark AJL, Metherell LA.

Whole-exome sequencing in the
adrenal insufficiency in children.
doi: 10.3389/fendo.2015.00113

differential diagnosis of primary
Front  Endocrinol. (2015) 6:113.

. Pomahatové R, Sykora J, Zamboryova J, Paterovd P, Varvarovskd J, Subrt

I, et al. First case report of rare congenital adrenal insufficiency caused by
mutations in the CYP11A1 gene in the Czech Republic. ] Pediatr Endocrinol
Metab. (2016) 29:749-52. doi: 10.1515/jpem-2015-0255

. Guran T, Buonocore F, Saka N, Ozbek MN, Aycan Z, Bereket A, et al. Rare

causes of primary adrenal insufficiency: genetic and clinical characterization
of a large nationwide cohort. J Clin Endocrinol Metab. (2016) 101:284-92.
doi: 10.1210/jc.2015-3250

Kaur ], Rice AM, O’Connor E, Piya A, Buckler B, Bose HS. Novel SCC
mutation in a patient of Mexican descent with sex reversal, salt-losing crisis
and adrenal failure. Endocrinol Diabetes Metab Case Rep. (2016) 2016:16-0059.
doi: 10.1530/EDM-16-0059

Lara-Velazquez M, Perdomo-Pantoja A, Blackburn PR, Gass JM, Caulfield
TR, Atwal PS. A novel splice site variant in CYP11A1 in trans with the
p.E314K variant in a male patient with congenital adrenal insufficiency. Mol
Genet Genomic Med. (2017) 5:781-7. doi: 10.1002/mgg3.322

Roucher-Boulez F, Mallet-Motak D, Samara-Boustani D, Jilani H, Ladjouze
A, Souchon P-E, Simon D, et al. NNT mutations: a cause of primary adrenal
insufficiency, oxidative stress and extra-adrenal defects. Eur J Endocrinol.
(2016) 175:73-84. doi: 10.1530/EJE-16-0056

Harikrishna JA, Black SM, Szklarz GD, Miller WL. Construction and function
of fusion enzymes of the human cytochrome P450scc system. DNA Cell Biol.
(1993) 12:371-9. doi: 10.1089/dna.1993.12.371

Millat G, Lafont E, Nony S, Rouvet I, Bozon D. Functional characterization of
putative novel splicing mutations in the cardiomyopathy-causing genes. DNA
Cell Biol. (2015) 34:489-96. doi: 10.1089/dna.2015.2842

Crehalet H, Millat G, Albuisson J, Bonnet V, Rouvet I, Rousson
R, et al. Combined use of in silico and in vitro splicing assays
for interpretation of genomic variants of unknown significance in
cardiomyopathies and channelopathies. ~Cardiogenetics (2012)  2:6.
doi: 10.4081/cardiogenetics.2012.e6

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards
and guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med Off ] Am Coll Med
Genet. (2015) 17:405-24. doi: 10.1038/gim.2015.30

Baralle D, Baralle M. Splicing in action: assessing disease causing
sequence changes. ] Med Genet. (2005) 42:737-48. doi: 10.1136/jmg.2004.0
29538

Suarez-Artiles L, Perdomo-Ramirez A, Ramos-Trujillo E, Claverie-
Martin F. Splicing analysis of exonic OCRL mutations causing lowe
syndrome or dent-2 disease. Genes (2018) 9:E15. doi: 10.3390/genes90
10015

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Goursaud, Mallet, Janin, Menassa, Tardy-Guidollet, Russo,
Lienhardt-Roussie, Lecointre, Plotton, Morel and Roucher-Boulez. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

September 2018 | Volume 9 | Article 491


https://doi.org/10.1016/j.jsbmb.2016.03.009
https://doi.org/10.1016/S0960-0760(03)00232-2
https://doi.org/10.1172/JCI115520
https://doi.org/10.1056/NEJMcibr1100071
https://doi.org/10.1210/jcem.83.4.4734-7
https://doi.org/10.1210/jcem.86.8.7748
https://doi.org/10.1210/jcem.87.8.8763
https://doi.org/10.1210/jc.2004-1059
https://doi.org/10.1210/jc.2005-2230
https://doi.org/10.1210/jc.2007-2330
https://doi.org/10.1210/jc.2008-1118
https://doi.org/10.1210/jc.2010-1828
https://doi.org/10.1210/jc.2011-1277
https://doi.org/10.1530/EJE-12-0450
https://doi.org/10.1210/jc.2012-2828
https://doi.org/10.3389/fendo.2015.00113
https://doi.org/10.1515/jpem-2015-0255
https://doi.org/10.1210/jc.2015-3250
https://doi.org/10.1530/EDM-16-0059
https://doi.org/10.1002/mgg3.322
https://doi.org/10.1530/EJE-16-0056
https://doi.org/10.1089/dna.1993.12.371
https://doi.org/10.1089/dna.2015.2842
https://doi.org/10.4081/cardiogenetics.2012.e6
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1136/jmg.2004.029538
https://doi.org/10.3390/genes9010015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Aberrant Splicing Is the Pathogenicity Mechanism of the p.Glu314Lys Variant in CYP11A1 Gene
	Introduction
	Subjects and Methods
	Case Reports
	DNA Sequencing
	Pathogenicity Prediction
	Alamut Software
	Multiple Sequence Alignment
	Three-Dimensional Molecular Modeling

	Construction of CYP11A1 Mutant Plasmid
	Functional CYP11A1 Activity Assay
	mRNA Analysis
	Minigene Splicing Reporter Assay

	Results
	DNA Sequencing (Figure 1)
	Pathogenicity Characterization (Table 1)
	mRNA Analysis of Patient 1
	Minigene Splicing Reporter Assay

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


