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Abstract

Context: Mutations in the NROBT gene, also well-known as the DAX17 gene, are known to cause congenital adrenal hypoplasia associated with
hypogonadotropic hypogonadism. The abnormal NROB1 protein fails to suppress the transcription of promoters of steroidogenic enzymes,
which are also targets of NR5A1 protein, also well-known as Ad4BP/SF-1 protein. Since NRBA1 and NROB1 have antagonistic effects on
steroidogenesis, the loss of function due to NROBT mutations may be compensated by inducing loss of function of NR5A1 protein.

Patient: A middle-aged man was diagnosed with congenital adrenal hypoplasia associated with hypogonadotropic hypogonadism and genetic
analysis revealed him to have a novel NROBT mutation, ¢.1222C>T(p.GIn408Ter).

Methods: NROB1 activity was evaluated in CLK1/4 inhibitortreated 293T cells via immunoblotting and luciferase assays of the STAR promoter.

Results: TGO03 treatment suppressed NR5A1 protein function to compensate for the mutant NROB1 showing inhibited suppression of tran-
scription. Immunoblotting analyses showed that the phosphorylation status of NRbA1 at Ser203 was attenuated by the CLK1/4 inhibitor.

Conclusion: The specific reduction of NR5A1 phosphorylation by a CLK1/4 inhibitor may alleviate developmental defects in patients with NROB1
mutations.
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Abbreviations: ACTH, adrenocorticotropic hormone; DMEM, Dulbecco’s Modified Eagle Medium; FSH, follicle-stimulating hormone; LH, luteinizing hormone;
NROB1, dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1; NR5A1, Ad4-binding protein/steroidogenic factor-1; STAR,

steroidogenic acute regulatory protein.

Patients with mutations in the NROB1 gene, previously called
the dosage-sensitive sex reversal, adrenal hypoplasia critical
region on chromosome X gene 1 (DAX1) gene, have abnormal
development of the adrenal gland and gonadotropic regions of
the pituitary gland, resulting in congenital adrenal hypoplasia
and hypogonadotropic hypogonadism [1]. Targeted disrup-
tion of the N¥0b1 gene in mice results in failure of fetal zone
regression in the adrenal cortex, resembling that of patients
with a mutant NROB1 gene [2]. However, these mice show
normal adrenocortical function and no abnormalities in the
hypothalamus or pituitary, except for defects in spermatogen-
esis [3]. Further analyses of NrObl-knockout mice showed
that after aging, these mice show marked adrenal dysplasia
resembling the phenotype of patients with a mutant NROB1

gene [4]. The spectrum of NROB1 mutations shows that the
C-terminal region of the ligand-binding domain is missing in
almost all NROB1 mutations mostly caused by nonsense mu-
tations and deletions [5].

The NRSA1 protein, previously called the Ad4-binding
protein/steroidogenic ~ factor-1 ~ (Ad4BP/SF1)  protein,
transactivates genes encoding steroidogenic enzymes [6],
including the steroidogenic acute regulatory protein (STAR)
gene [7]. Targeted disruption of Nz5al in mice results in im-
paired organogenesis of the adrenal gland and defects in the
gonads [8, 9]. Mutations in the NR5SA1 gene have been re-
ported in patients with primary adrenal failure and XY sex re-
versal [10]. Heterozygous mutations observed include 46XY
partial gonadal dysgenesis with normal adrenal function [11].
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The differential phenotypes between studies are in part due
to the dose-dependent effects of NROBT and NRSAT on their
common targets. NROBI suppresses NRSA1-transactivated
steroidogenic gene promoter activity via its C-terminal do-
main [12]. Since NR5A1 and NROB1 have antagonistic effects
on steroidogenesis, we hypothesized that NRSAT loss of func-
tion may compensate for NROB1 mutations, where the tran-
scriptional repressive function of NROB1 in adrenocortical
and reproductive organogenesis is suppressed.

Posttranscriptional-modifying compounds, as well as
splicing-modifying compounds, have been studied for their
capacity to regulate defects in genetic diseases [13]. Splicing-
modifying compounds mainly represent inhibitors of kinases
that phosphorylate proteins involved in alternative splicing.
The first compound identified, TG003, has been found to in-
hibit Cdc2-like kinase 1 (CLK1) activity and concomitant
SF2/ASF-dependent splicing [14]. Later, it was found to skip
mutated exons in Duchenne-type muscular dystrophy in an
attempt to convert it to a milder phenotype [15]. More recent
studies have shown that one of the derivatives of TG003 can
be used orally in mice [16]. Though it has to be tested whether
the oral derivative of TG003 can pass through the placenta, fu-
ture studies are planned to test this in NrOb1-knockout mice.

Here, we show whether a compound that inhibits NRSA1
phosphorylation can compensate for the transcriptional de-
fects of an NROB1 mutation.

Methods

Cell Culture, Immunofluorescence, and Reagents

The COS7 (ATCC, CRL1651) and the 293T (ATCC,
CRL3216) cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum. Mutant NROB1 ¢cDNAs encoding p.V126M, p.166R,
and p.Q408X were created by gene synthesis (Eurofines
Genomics, Tokyo, Japan). COS7 cells were transfected with
pcDNA3.1-NROB1 wild-type or pcDNA3.1-NROB1 Q408X
mutant plasmid. Immunofluorescence assays were performed
by fixing the cells with 4% paraformaldehyde/PBS, which
were then permeabilized using 0.1% Triton-X100/PBS, and
then incubated with an anti-NROB1 antibody (EP13786)
raised against the N-terminal region of NROB1 (Abcam,
Japan) [17]. TG0O03 was purchased from Alfa Aesar Co., Inc.
(Haverhill, MA).

Luciferase Assay

The promoter region of human STAR (upstream of 1190 nu-
cleotides from the transcriptional start point) was amplified
via genomic polymerase chain reaction and inserted into the
pNL3.1 reporter plasmid (pNL3.1-STARprom) (Promega,
Madison, WI). pGL4.54 was also co-transfected for internal
control using Fugene HD (Promega). After transfection, 293T
cells were cultured for the indicated times. Luciferase activity
was measured using the Nono-Glo Dual-Luciferase Reporter
Assay Kit (Promega). The relative luciferase unit represents
the ratio of Nanoluc to firefly luciferase activity.

Western Blot Analysis

Western blotting was performed as previously described
[18] in duplicate and quantified, shown as representative of
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1 of 3 independent experiments using anti-phospho-NRS5A1
(Invitrogen, Waltham, MA) [19]. Antibody for Ad4BP was
provided by Prof. Kenichiro Morohashi [20].

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
software. Comparative analysis was performed by one-way
ANOVA. P value of less than 0.05 was significant.

Results

Case Presentation

A 55-year-old man was referred to our hospital complaining
of fatigue and skin hyperpigmentation. He was diagnosed
with Addison’s disease at 7 years of age and took hydro-
cortisone daily after that. Hypogonadism was diagnosed
at 18 years of age. He was examined with gonadotropin-
releasing hormone loading test and diagnosed as having
hypogonadotropic hypogonadism and has been treated with
testosterone enanthate. When he was referred to our hos-
pital, his medication was prednisolone (8 mg/morning) and
testosterone (250 mg/3 weeks). He presented pigmentation
of his face, whole body, and small testes on physical exam-
inations. Endocrinological tests showed that the morning
adrenocorticotropic hormone (ACTH) level was high (116
pg/mL). After we changed prednisolone to hydrocortisone
(20 mg/day: 10 mg/morning, 5 mg/afternoon, 5 mg/evening)
to measure the cortisol value properly, his morning serum
cortisol level was extremely low (< 0.06 pg/dL). Meanwhile,
the levels of LH and FSH were low (< 0.10 mIU/mL, 0.25
mlIU/mL, respectively). The testosterone level was also low
(0.34 ng/mL; measured 3 weeks after administration of
testosterone enanthate). These results indicated that the
hypogonadism was hypogonadotropic hypogonadism, as
he previously diagnosed. The change in treatment to dexa-
methasone (0.5 mg/morning) and hydrocortisone (5 mg/
morning) resulted in a decreased ACTH level (3.4 pg/mL)
with considerable improvement in fatigue and pigmentation.
At the time of diagnosis of Addison’s disease, the patient
seemed to have no signs of tuberculosis, no adrenal metas-
tasis of cancer, and no bleeding into the adrenal glands. The
plasma renin activity value was 3.5 ng/mL/h and the plasma
aldosterone value was 26.5 pg/mL, which indicated his al-
dosterone secretion was normal. Besides, the other pituitary
hormone secretions were normal. His pituitary was also
normal organically on magnetic resonance imaging. He did
not have any smelling symptoms and never had been evalu-
ated for genetic abnormalities such as the FGFR1, FGFS,
PROKR2,PROK2, KALI1 gene mutations that cause Kallman
syndrome. He also never had been evaluated for NRSA1
gene mutations, the cause of adrenal hypoplasia congenita
with hypogonadotropic hypogonadism. Genetic evalu-
ation revealed 3 mutations in the NROB1 gene: ¢.376G>A,
p.Val126Met; ¢.498G>A, p.166Arg; and ¢.1222C>T,
p.GIn408Ter. Concerning the ¢.376G>A, p.Vall26Met
variant (accession:VCV000225425.6), the ClinVar database
(ClinVar: last release January 28, 2021) designates this as be-
nign/likely benign by 5 times of clinical testing but without
functional evidence. The c.498G>A, p.166Arg variant (acces-
sion: VCV000256225.8) has been reported as a silent poly-
morphism [21-23] and as a possible responsible mutation in
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an infant with a double variant of ¢.192C>A and ¢c.498G>A
[24]. In that case, c.192C>A is a nonsense mutation thus
c.498G>A is a silent polymorphism in this case, too. Lastly,
a very similar NROBI triple mutation with our case was re-
ported as ¢.376G>A, p.Vall26Met; c.498G>A, p.166Arg;
and ¢.1225C>T, p.GIn409Ter [25], with the difference
underlined but not specified as the mutation responsible. It
is well-known that of the approximate 200 mutations found
in NROB1 patients, all result in alteration of the C-terminus
of the NROB1 protein [26] which is associated with the
main transcriptional suppressive activity per se [27]. Thus,
among the mutations in our case, we were prompted to test
¢.1222C>T, p.GIn408Ter (Q408X) (Fig. 1A), a nonsense mu-
tation resulting in truncation of the C-terminus of the protein
which is associated with the main transcriptional suppres-
sive activity (Fig. 1B and 1C) [27]. The termination codon
of this mutation is located downstream of the region where
the resulting mRNA is destined to nonsense-mediated decay
which is, but not always, 50 nucleotides upstream from
the last exon junction [28] and thus the resulting truncated
protein was detected (Fig. 1C). Immunofluorescence ana-
lyses showed that this mutation (Q408X) impaired nuclear
localization, as previously reported for NROB1 mutations
(Fig. 1D) [29]. Accordingly, transient expression of the
NROB1 Q408X mutant failed to suppress the NR5SA1-
induced STAR promoter activity in COS7 cells (Fig. 1E). The
results in Fig. 1 follow the characteristics of almost all other
known NROB1 mutations [30, 31].

A straightforward strategy to correct this failure in sup-
pressing NR5SA1-induced STAR promoter by NROB1 due
to its mutation would be to correct the NROBI mutation.
However, an alternative would be to suppress NR5SA1 func-
tion. During experiments of treating steroidogenic cells with
splice-modifying compounds, we found a CLK1/4 inhibitor,
TGO003, as a candidate to suppress NR5A1 function. First,
we tested whether the mock (promoter-less) construct was
influenced by TG003 treatment. As shown in Fig. 2A, the
mock construct had almost null activity, with no difference
between 0 and 10 ptM TGO003. 50 pM TGO003 showed a sig-
nificant increase but at very low level and at least there was
no suppressive activity in 293T cells. This means TG003 had
no suppressive activity on the basic transcription apparatus.
TGO003 was added to 293T cells co-transfected with the
human STAR promoter luciferase reporter, NRSA1, NROB1,
and NROB1 Q408X expression vectors. After transfection,
the culture medium was changed to DMEM containing
10% charcoal dextran-treated fetal bovine serum (FBS)
with TG003 (0, 10, or 50 uM) [15] or solvent, was added
the following day. We found that TG003 significantly alle-
viated the impaired transcriptional suppressive activity of
the NROB1 Q408X mutation at 24 hours after transfection
(Fig. 2B).

To determine whether this recovery effect of TG003 on the
inhibited transcriptional suppressive activity of the NROB1
Q408X mutation was due to the induced regulation of al-
ternative splicing by TG003, we performed immunoblotting
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Figure 1. Functional features of the novel NROB1 mutation. (A) Chromatogram of the ¢.1222C>T, p.GIn408Ter (Q408X) mutation in the case presented.
(B) Scheme of the NROBT gene structure (upper) and resulting truncated protein of the Q408X mutation. (C) Immunoblot of wild-type and Q408X-
mutant NROB1 using anti-NROB1 antibody. (D) Immunofluorescence of COS7 cells transfected with wild-type and Q408X-mutant NROB1 using
anti-NROB1 antibody and merged via DAPI staining. (E) STAR promoter analyses of 293T cells transfected with NR5AT along with wild-type and
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dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1; NR5A1, Ad4-binding protein/steroidogenic factor1; DAPI,
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using an NROB1 antibody. NROB1 Q408X was expressed at
the expected size but accompanied by a slight vague band cor-
responding to the full-length NROB1 (Fig. 3A). There was no
accessory band that corresponds to a splicing variant such as
intron retention of intron 1. We further investigated whether
NRSA1 was involved in this TG003 effect. Addition of TG003
to 293T cells transfected with NRSA1 showed a signifi-
cant dose-dependent suppressive effect on NR5A1-induced
STAR promoter activity (Fig. 3B). This was also observed for
NR5A1 + NROB1 Q408X protein, where TG003 showed a
significant dose-dependent suppressive effect on the inhibited
suppressive effect of NROB1 Q408X (Fig. 3B). However,
when we performed a western blot analysis of NR5A1 there
was no change of expression of the full-length NR5A1 or of
the short variant detected in this condition (Fig. 3C). Next,
we sought whether TG003 inhibited phosphorylation of
NRS5A1 which would mean that CLK1/4 phosphorylates
NRS5AT. Using a phospho-NRSA1 (p-NRS5A1) antibody, we
found that TG0O03 significantly suppressed phospho-NR5A1
expression at a concentration of 10 uM, whereas 50 uM had
a lower effect due to its slightly harmful effect on 293T cells
as seen in the relatively low expression of actin (ACTB) (Fig.
3C). This supported the possibility of compensating for the
defect of transcriptional suppression in NROB1 mutants via
TGOO03 treatment at 10 pM (Fig. 2B) by inhibiting the phos-
phorylation of NR5A1 at the same concentration of TG003
(Fig. 3C).

Discussion

NROB1 has been shown to suppress transcription [32], which
is deeply involved in organogenesis [3, 4] and steroidogenesis
[33] of the adrenal gland in relation to NR5A1, a master
regulator of steroidogenesis [6, 34-36]. While disruption of
NRS5AT1 leads to a complete lack of adrenal and gonadal
tissue development in both sexes [8], disruption of NROB1
in mice shows possible adrenal hyperfunction at birth for
both sexes, and impaired spermatogenesis without affecting
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female gonads [3]. This is different from human NROBI
mutations, where adrenal hypoplasia is mostly observed in
early infancy [37]. However, subsequent studies have shown
that these mice containing disrupted NROB1 show marked
adrenal dysplasia at old age, and a defect in adrenocortical
subcapsular progenitor cells is observed [4], where NR5SA1
is not expressed [38]. CRISPR/Cas9-mediated NROB1
knockout studies on monkeys show phenotypes closely re-
sembling human NROB1 abnormalities [39]. Although the
major function of NROB1 is its transcriptional repression
activity, it has been reported that NROB1 upregulated Oct4
expression in mouse embryonic stem (ES) and embryonic car-
cinoma F9 cells by interacting with liver receptor homolog 1
(LRH-1) and the steroid receptor RNA activator (SRA) [40].
Moreover, the adrenocortical function increases prior to the
adrenocortical hypofunction in NROB1 mutated patients as
well as model mice [41]. Thus, the findings of the present re-
port, before therapeutic application, should be used as a tool
to seek whether the possible transient hyperfunction prior to
adrenocortical hypofunction is due to positive regulation by
NROB1 or NR5A1 phosphorylation. An orally available com-
pound of TG003 [16] can be used in NROB1 mutant mouse
model [4] for this purpose.

We showed here that suppressing the phosphorylation of
NRS5A1 could compensate for the defect in transcriptional sup-
pressive activities of NROB1 mutations. However, this study has
a few limitations. First, among the posttranscriptional modifi-
cations of NR5A1, sumoylation is known to be involved in
synergistic [42] and antagonistic transcriptional regulation of
promoters with multiple NR5A1-binding sites (Ad4 sites) [43].
It has been reported that sumoylation is not involved in TG003
action, at least for RanBP2 [44]; however, we need to exclude
the possibility of sumoylation of NR5A1 by TG003. Second,
since NRSA1 is not expressed in adrenocortical subcapsular
progenitor cells [38], this NRSA1-targeting strategy for NROB1
mutations shown here may not be effective. However, an op-
portunity may arise when these progenitor cells differentiate
into adrenocortical cells where NRSAT is expressed. In fact, the
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Figure 2. Compensation of the transcriptional suppression defect of the NROB1 mutant via treatment with TGO03. STAR promoter analyses of
293T cells transfected with NR5AT and NROB1 wild-type or NROB1 Q408X mutant treated with TG003 (0, 1, 10, or 50 puM) for 24 hours. One-way
ANOVA, **P < 0.01, ***P < 0.001, ****P < 0.0001. Gene designations: NROB1, dosage-sensitive sex reversal, adrenal hypoplasia critical region, on
chromosome X, gene 1; NR5A1, Ad4-binding protein/steroidogenic factor1; STAR, steroidogenic acute regulatory protein.
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adrenal fetal zone fails to regress in patients with NROB1 mu-
tations [37], and in NrOb1-knockout mice [4] or monkeys [39],
and that NR5A1 and NROB1 antagonistically act on a fetal
adrenal enhancer FAdE in the NRSAT gene, possibly targeting
cells of the adrenal fetal zone [45]. Fourth, there were slight
variables between each STAR promoter analysis. The number
of cells was always constant but other reasons such as different
passages of 293T cells might have influenced the absolute but
not relative values of the promoter analyses. Moreover, the con-
centration of TG003 at 50 uM slightly influenced cell viability,
evidenced by the significant increase of STAR-luc reporter ac-
tivity at 50 ptM TGO0O03 (Fig. 2A) and drop off in ACTB signal
in Fig. 2B. However, a clear dose-dependency was shown in Fig.
2B where 1 uM TG003 was added. We did not assay the effect
of TG003 on STAR-luc reporter activity because it is known
as a specific inhibitor of splicing-related CLK1/4 activity [14]
that has no influence on the general transcriptional machinery.
To check whether TG003 has an effect on NR5A1 in the ab-
sence of NROBT Q408X is an important control but we doubt
NROB1 Q408X would have an enhancing effect on the TG003
inhibiting effect on NR5A1 phosphorylation. Furthermore, the
consequent therapeutic target is NROBT Q408X not NRSAT.
TGO003 inhibition of NRSA1 phosphorylation is a proposed
alternative to alleviate the defect of the NROBI mutation (Fig.
4A-4C).

Lastly, TG003 is a well-known splice-modifying compound
with a specific inhibitory effect on CLK1/4 [14, 46]. Here, we
report that TG003 inhibited the phosphorylation of NR5AT.
However, previous studies have not reported whether TG003
or CLK1/4 targets NR5SA1. NR5A1 is phosphorylated by
CDK?7 [47] and ERK2 [48]. It is not known whether TG003
or CLK1/4 is related to CDK7 or ERK2. Future studies should
clarify the mechanism of TG003-inhibited NR5A1 phosphor-
ylation in its signal transduction pathway. We believe the
effect of TG003 does not necessarily have to be specific to
NRS5A1 or NROB1. TG0OO3 surely might have an effect on
background activation since it was not screened for its speci-
ficity on NRSA1 phosphorylation. This can be overcome by
structure-function screening using TG003 as a leading com-
pound and NR5A1 phosphorylation as the target. We believe
we will find a more specific TG003-related compound that
will specifically inhibit NR5A1 phosphorylation. The concept
of this report is not to immediately apply TG003 to therapy.
If clinicians come across a patient with a NROBI mutation
as well as other patients with adrenal failure, adequate and
suitable steroid replacement with suppression of ACTH level
should be applied to monitor adequate replacement and re-
press skin complications, as in the present case.

In conclusion, we propose that the suppression of NRSA1
phosphorylation by TG003 can compensate for transcrip-
tional defects in NROB1 mutants by regulating steroidogenic
enzymes in adrenocortical development and steroidogenesis.
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