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Abstract (230/250)

Objective. Adrenal cortisol production occurs through a biosynthetic pathway which depend
on NADH and NADPH for energy supply. The mitochondrial respiratory chain and the
reactive oxygen species (ROS) detoxification system are therefore important for
steroidogenesis. Mitochondrial dysfunction leading to oxidative stress has been implicated in
the pathogenesis of several adrenal conditions. Nonetheless, only very few patients with
variants in one gene of the ROS detoxification system, Thioredoxin Reductase 2 (TXNRD2),
have been described with variable phenotypes.

Design. Clinical, genetic, structural and functional characterization of a novel; bi-allelic
TXNRD?2 splice variant.

Methods. On human biomaterial, we performed whole exome sequencing to identify and
RNA analysis to characterize the specific TXNRD2 splice variant. Aminoe-acid conservation
analysis and protein structure modeling were performed in silico. Using patient’s fibroblast-
derived human induced pluripotent stem cells, we generated adrenal-like cells (IALC) to
study the impact of wild-type (WT) and mutant TXNRD2 on adrenal steroidogenesis and
ROS production.

Results. The patient had a complex phenotype of primary adrenal insufficiency (PAI),
combined with genital, ophthalmological and neurological features. He carried a homozygous
splice variant ¢.1348-1G>T in TXNRD2 which leads to a shorter protein lacking the C-
terminus and thereby affecting homodimerization and FAD binding. Patient-derived iALC
showed loss of cortisol production with overall diminished adrenal steroidogenesis, while
ROS production was significantly increased.

Conclusion. Lack of TXNRD2 activity for mitochondrial ROS detoxification affects adrenal
steroidogenesis .and predominantly cortisol production.

Significance Statement (113/120)

Mitochondrial dysfunction leading to oxidative stress has been implicated in the pathogenesis
of several adrenal conditions and also in numerous inherited neurodegenerative disorders.
Only.three families with TXNRD?2 biallelic variants and primary adrenal insufficiency have
been published. We report on a patient with primary adrenal insufficiency, hypovirilization,

optic neuropathy and spasticity. He harbors a homozygous variant ¢.1348-1G>T in TXNRD?2.

Its impact on protein structure and function is documented. We show an increased ROS
production, loss of cortisol production with decreased adrenal steroidogenesis explaining the
combined adrenal and gonadal phenotype of the patient.

This report illustrates the importance of the mitochondrial ROS detoxification system for

steroidogenesis along with the phenotypic variability typical of mitochondrial dysfunction.
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Introduction

Genetic forms of primary adrenal insufficiency (PAI) may manifest with an isolated steroid
disorder phenotype or may be part of more complex syndromes. Pathogenic variants in
several genes cause PAI and can be grouped into steroid biosynthesis, cholesterol
synthesis, and peroxisomal defects, mitochondrial diseases (due to mitochondrial DNA loss-
of function variants or mitochondrial reactive oxygen species [ROS] detoxification defects),
DNA-repair defects, autoimmune diseases, ACTH resistance syndromes, adrenal
dysgenesis, and others. (1-4) Common to all is the typical biochemical finding of cortisol
deficiency with elevated adrenocorticotropic hormone (ACTH). When cortisoldeficiency is
the leading steroid hormone deficiency, conditions are also called ACTH resistance
syndromes or familial glucocorticoid deficiency (FGD).

Oxidative stress has been implicated in the pathogenesis of numerous-adrenal conditions
including adrenoleukodystrophy, (5) Triple A syndrome (6), nicotinamide nucleotide
transhydrogenase (NNT), (7) thioredoxin reductase 2 (TXNRD2), (8) and sphingosine-1-
phosphate lyase (SGPL1) (9) defects, and rarely mitochondriopathies. (10)

The mitochondrial ROS detoxification system includes the thioredoxin-peroxiredoxin and
glutathione systems. Peroxiredoxin 3 (PRDX3), a peroxidase, is one of the major

H20:2 scavenging enzymes in the mitochondria. (11-13) Both the thioredoxin-peroxiredoxin
and the glutathione systems require high.concentrations of NADPH which are provided by
NNT, located in the inner mitochondrial membrane (Figure 1).

Since 2012, several patients‘and families with biallelic variants in NNT and FGD have been
reported. (14,15) By contrast; only.-few patients with variants in other genes of this
mitochondrial ROS balancing system (e.g. TXNRD2, TXN2, PRDX3) have been reported,
among which only three index cases with TXNRD?2 variants had an adrenal phenotype
(Table 1).

The first time that patients with TXNRD2 monoallelic variants were described was in 2011
when Sibbing et al. reported two novel variants (p.Ala59Thr and p.Gly375Arg) in three
heterozygous carriers identified in a cohort of 227 patients with dilated cardiomyopathy
(DCM): These patients had no adrenal phenotype. Their reduced ROS scavenging was
explained by a dominant-negative effect exerted by mutant TXNRD2 proteins. (16) Similarly,
a heterozygous TXNRD?2 variant (p.Pro352Thr) was found in a mother and child where the
mother showed severe preeclampsia and was later found to have DCM, while the baby boy
was born premature, showed DCM at birth, and died from complications at 5 months of age.
(17) Again, no adrenal phenotype was described in these patients. Interestingly, cardiac-
specific Txnrd2 knockout mice also show dilated cardiomyopathy and a thinner ventricular

cell wall.
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In 2014, Prasad et al. reported seven members of a consanguineous family homozygous for
the p.Tyr447* TXNRD2 variant with FGD and a wide variability in age at diagnosis (one of
them (still) not showing FGD at the age of 7.4 years). None presented cardiomyopathy, but
one presented with a common truncus arteriosus (Table 1) and no other organ dysfunctions
were reported. (8) Meanwhile, two additional, unrelated patients with homozygous TXNRD2
variants have been reported. A biallelic p.(Arg418*) variant was identified in a male patient
who manifested at birth with dysmorphic features, omphalocele and hypoglycemia,and was
later diagnosed with neurocognitive impairment and glucocorticoid deficiency. (18). More
recently, a homozygous p.Val361Met variant was found in a boy manifesting-with. PAl'at 10
years of age who was diagnosed at birth with a micropenis and undescended testis. (19)
Thus, many questions remain unsolved concerning the broad variability of phenotypes
observed with human variants in genes involved in the mitochondrial ROS detoxification
system. While NNT variants seem to affect adrenal function predominantly, (15) variants in
TXN2 (20) and PRDX3 (21,22) are reported in patients with cerebellar ataxia without adrenal
dysfunction. Of note, studies have shown that mouse and human differ in tolerance to the
loss of selenoprotein function such as thioredoxin reductases or glutathione peroxidases,
(23) suggesting that (some) results from mice models'might not translate to humans. For

instance, loss of Txnrd2 in mice is embryonically lethal, but may be tolerated in humans.

The aim of this study was to describe the clinical and genetic findings of a patient with a
novel TXNRD2 splice variant, and to study its specific impact on adrenal steroidogenesis by
modeling adrenal function using patient-derived, induced pluripotent stem cells (iPSC) that
were differentiated into adrenal-like cells (IALC).

Materials and Methods

Written informed consent was obtained from the patient and his parents for DNA analysis,
skin biopsy, fibroblast culture and case report publication. Clinical data were extracted from
the hospital file retrospectively and pseudoanonymized. The study was approved by the
independent ethics committee of Ghent University (ref 2008/098 BC-5963) and conducted in
compliance with the Declaration of Helsinki.

Genetic workup

Chromosome analysis revealed a normal male karyotype without any visible numerical or
structural aberrations. Mosaicism was excluded by fluorescence in situ hybridization (FISH).
Whole exome sequencing (WES) and analysis revealed a homozygous splice site variant in
the TXNRD2 gene (NM_006440.3): ¢.1348-1G>T (Suppl Material). Segregation analysis in
the parents and unaffected sister was performed with Sanger sequencing.
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cDNA analysis

For cDNA analysis, total RNA was extracted from short-term cultured lymphocytes treated
with or without puromycin using MagCore according to the manufacturer’s guidelines. cDNA
was synthesized with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). PCR
amplification was performed using primers F-CACGCCCATTATAAACCACTGG and R-
ATGGCGCTTACCCTCAGC. PCR products were assessed by direct sequencing.

Structural analysis

Amino acid sequences from the NCBI database were used for amino acid conservation
analysis (Suppl Material). A three-dimensional structural model was made by homology
modeling using the structures of mouse thioredoxin reductase type 2 (PDB# 3DGZ) and rat
thioredoxin reductase type 1 (PDB# 4KPR) X-ray crystal structures which were selected
based on a Phi-BLAST search of the amino acid sequences derived from the PDB structure
database. Then a secondary structure prediction was performed to aid in alignment
correction and loop modeling by running a PSI-BLAST to create a target sequence profile
and feeding it to PSI-PRED secondary structure prediction program. Models were then
generated as a homodimer based on alignments to templates. The best parts of models were
combined to create a final hybrid model that-covered the maximum sequence of the human
TXNRD2 protein. The model was refined by molecular dynamics simulations using AMBER
force field under YASARA. The model of the mutant protein was constructed in a similar way,

starting from scratch to simulate the natural protein production and folding.

Fibroblast culturing
The patient’s fibroblasts were cultured from a skin biopsy. Established cell cultures were
stored indiquid nitrogen until further use.

Patient-derived iPSC generation and differentiation into iALC

Patient<derived iPSCs were generated from the patient’s fibroblasts and cultured as
previously described (24). Healthy control iPSC were available from other projects. (25) (26)
Differentiation of iPSC into IALC was performed for both healthy controls and TXNRD2
variant cells according to the protocol of Li et al. (27) In brief, after about 6 weeks, expression
of essential genes of steroidogenesis was confirmed by RT-PCR. For each reprogrammed
iIPSC line, differentiation into IALC was performed in parallel lineages, 5-times. The genetic
background of the WT and variant TXNRD2 was confirmed by Sanger sequencing

(Microsynth).
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RNA analysis for assessment of splicing of TXNRD2

RNA was extracted from WT TXNRD2 and ¢.1348-1G>T variant iIALC. Reverse transcription
and PCR amplification was performed using primers F-tctatcacgcccattataaaccact and
R-accctcagcagcctgtcaccgt. PCR products were assessed by direct sequencing.

Steroid profiling

For steroid profiling, final IALC cultures received fresh medium for 24 hours before steroid
metabolites secreted into the supernatants were collected and stored at -20°C. Steroid
analysis was performed by an in-house liquid chromatography-high reselution mass
spectrometry (LC-MS) method as previously described. (28) Data from the mass
spectrometer was processed using TraceFinder 4.0.

MitoSOX-Based Flow Cytometry
On day 26 of IALC differentiation, production of ROSwas measured by a MitoSOX Red-
based fluorescence assay (Invitrogen) on a flow.cytometer (Suppl Material).

Statistics

All experiments were repeated at least three times with a minimum of two biological
replicates. Student t-test or two-way ANOVA was used to compare groups, with significance
at p < 0.05. Data are expressed as mean and SEM. For calculations and graphs GraphPad
Prism 9 was used (GraphPad ware Inc., San Diego, CA).

Results

The index case is the third child of highly consanguineous parents of Moroccan origin:
grandmothers are'sisters and grandfathers are brothers (Figure 2A). By history, four siblings
of the-mother died in early infancy in Morocco (no investigations). She also had herself two
early and one late stillbirth at 28 weeks gestation (normal male fetus, no investigations). The
index case was born at term after an uneventful spontaneous pregnancy with a birth weight
of 3170 g, a birth length of 48 cm and head circumference of 34.5 cm. Micropenis (SPL 1cm)
with bilateral scrotal testes, without hypospadias were noted at birth. He presented a mild
hypoglycemia during the first 24 hours of life and a mild jaundice. Karyotype was 46,XY, no
evidence for testicular dysgenesis was found (normal AMH, no Mullerian remnants),
testosterone was low, including after hCG stimulation test (Table 2).

At 21 months, he presented with seizures during a viral infection and was found to be

hyperpigmented. He was diagnosed with PAI (Table 2) and started on replacement therapy
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with hydrocortisone and 9-alpha-fludrocortisone (12 mg/m?/d and 50 pg/d, respectively). In
retrospect, ACTH was already elevated at 4 months. Other causes of PAI were excluded.
Concerning psychomotor development and neurology, the child developed normally until the
age of 6-12 months, when gradual spastic diplegia was noted. He could walk independently
at 3 years and talk in phrases at 4 years of age. His spastic diplegia required physiotherapy,
splints wearing, wheelchair even for short journeys. His language and cognitive capabilities
were spared compared to his motor skills and he could write and read with a computer (given
his low vision, see below). Brain MRI at 2 years of age showed a white matter signal
abnormality especially marked in the corpus callosum and the heads of the.caudate nuclei
and anterior side of the putamen associated with a lactate peak on spectroscopy;-suggesting
a metabolic cause. In addition, the choroidal plexuses was reported to have aglobular
appearance with a cystic component. The spectroscopic signal abnormalities were stable
over time at a follow-up MRI at 14 years of age.

Ophthalmological examination showed low vision from the age of 5 years with optic
neuropathy confirmed by OCT (optical coherence tomography) at the age of 11 years (visual
acuity 1/02 and 1/10, photophobia and low color vision). Formal hearing assessment was
normal at 12 years of age (including Brainstem Auditory Evoked Potentials).

With respect to postnatal sexual development, he underwent a left scrotal surgical
exploration for an acute scrotum at 13 months of age. The left testis was slightly high in the
scrotum, but of normal appearance. At 12 years of age, he entered spontaneous puberty with
an increase in testicular volume and testosterone showing pubertal serum levels at 13 years
of age. However, at 16 yearsof age, with a pubertal Tanner stage G4, P4 and testes
volumes of 12 mL/12'mL, penile length of 6.5 cm, a relative testicular insufficiency was
observed with elevated gonadotropins, but testosterone still within normal range. No other
endocrinopathies. were noted. Cardiac ultrasound was normal at 13 years of age.
Heterozygous parents were healthy without any cardiac, endocrine, or neurological

phenotype.

WES revealed a homozygous TXNRD2 splice acceptor variant, c.1348-1G>T, both parents
and the unaffected sister were heterozygous carriers (Figure 2). The variant is not present in
the population database gnomAD v4.0.0 and several prediction tools (SpliceAl, ADA,
MaxEntScan) predicted a loss of the acceptor splice site. To assess the effect on splicing,
cDNA analysis on patient fibroblasts was performed. This showed that the TXNRD2 ¢.1348-
1G>T variant caused a splicing error and resulted in exon 16 skipping which is predicted to
result in a frameshift p.(Met450Valfs*20). The new stop codon is located within the last 50

base pairs of the penultimate exon; the truncated transcript is predicted to escape nonsense-
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mediated decay leading to a shorter protein product. The latter could be confirmed as

samples treated with or without puromycin led to the same result (Figure 2B).

We made a three-dimensional structural model of the WT and p.(Met450Valfs*20) versions
of the proteins to analyze the effect of the mutant protein on structure and function. A
multiple sequence alignment of TXNRD2 homologues across species showed a highly
conserved C-terminus (Figure 3A and Suppl Figure 1). Analysis of the monomeric-forms of
the WT (Figure 3B) and mutant structures (Figure 3C) showed that the mutant protein can
still form a partial structure but has several missing residues at the C-terminus (Figure 3D).
The WT TXNRD2 exists as a homodimer with C-terminus residues of both subunits of the
dimer contributing towards dimer formation (Figure 3E and Suppl Figure 2). Dimerisation
has been shown essential for the enzymatic activity of TXNRD2. An.active site
selenocysteine located at the dimer interface, is encoded by a TGA/UGA codon and is
present in the human WT protein (Figure 3F) but may be missing in many automated
computer derived annotations due to being falsely assigned as a stop codon (Suppl Figure
1). In addition, His 461 (Histidine 497 in the full length protein) residues of each monomer are
involved in the binding of FAD from the other monomer of the dimeric structure (Suppl
Figure 3). Based on the effect of missing C-terminus residues involved in dimer formation

and FAD binding we conclude the mutant to-be devoid of enzyme activity.

To study the impact of the TXNRD2 ¢.1348-1G>T variant on steroidogenesis specifically, we
used patient-derived iPSC (reprogrammed from skin fibroblasts) and differentiated them into
IALC. (27) These cells were confirmed to show the genetic background of our patient,
compared to the WT-derived control iIALC (Figure 2C). Reverse transcription analysis of
RNA extracted from these IALC showed that the TXNRD2 ¢.1348-1G>T variant caused a
splicing error and resulted in exon 16 skipping leading to a shorter protein product of 469

instead of 541 amino acids (Figure 2D).

Steroid profiles of the WT and variant iALC lines were then assessed by high-resolution
mass spectrometry (28) and revealed that the TXNRD2 variant lines produced significantly
less steroids comprised in all three steroid pathways (Figure 4). It affected the glucocorticoid
(GC) path most, followed by the mineralocorticoid (MC) path, and the adrenal androgens
(Figure 4A). Thus, compared to control IALC, the variant iIALC revealed no cortisol
production, and less aldosterone, DHEA and testosterone production (Figure 4B).
Pregnenolone, the first and rate-limiting steroid metabolite produced from cholesterol in

mitochondria that is needed as precursor for all steroid paths, was also grossly reduced.
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As TXNRD?2 is involved in the network for maintaining mitochondrial ROS balance, we also
tested the WT and variant IALC for ROS/superoxide production using MitoSOX Red-based
flow cytometry. (29)This experiment showed that the TXNRD2 ¢.1348-1G>T iALC lines
produced significantly higher levels of ROS/superoxide compared to control cell lines
indicating disrupted ROS detoxification (Figure 5A, B). Quantification of H202 production
using the MitoSOX probe showed a 20-fold increase for WT iIALC compared to a 52-fold
increase for variant iIALC (Figure 5C).

Discussion

We report on a patient with PAI, micropenis, white matter brain disease, and-optic
neuropathy who was found to carry a novel homozygous splice acceptor variant, c.1348-
1G>T, in the TXNRD2 gene leading to exon 16 skipping and p.(Met450Valfs*20). Both PAI
and optic neuropathy appeared over time with PAI manifesting at age 21 months triggered by
an infection. His parents were healthy carriers. Our reportis the first to provide insight into
the functional impact of TXNRD2 on adrenal steroidogenesis specifically. Table 1
summarizes characteristics of three previously reported families with biallelic TXNRD2
variants. The first reported on seven members of a consanguineous family homozygous for
the p.Tyr447* TXNRD2 with an almost exclusively adrenal phenotype and exhibiting FGD
with wide variability in age at diagnosis. (8) The second report was about a child
homozygous for the p.Arg418* variant with developmental delay, syndromic features,
neurocognitive impairment, and cortisol deficiency. (18) In the third report, a boy with
micropenis and cryptorchidism at birth and isolated GC deficiency at 10 years of age was
described who was found to carry homozygous TXNRD2 p.Val361Met. (19) This boy also
carried a heterozygous variant of uncertain significance of CYP11B1
(c.1182C>G/p.Asn394Lys). By contrast, the patients from four unrelated families reported
with monoallelic, heterozygous missense TXNRD2 variants (p.Ala59Thr, p.Gly375Arg, and
p.Pro352Thr) were affected by dilated cardiomyopathy only but no FGD. (16,17)

Mammalian thioredoxin reductases (TrxRs) are homodimers, comprised of three domains,
including a FAD-binding domain (mTrxR2 residues 35-190, 322-392), an NADPH-binding
domain (mTrxR2 residues191-321), and a redox-active interface domain (mTxrR2 residues
393-524). (30) For the catalytic reaction with TXNRDZ2, the reducing equivalents from
NADPH (e.g. oxidized TXN2) are first transferred to FAD, then passed on to the N-terminal
redox-reactive center and finally to the Sec-containing C-terminal catalytic site of the second
monomer. The reported homozygous TXNRD2 variants p.Tyr447* and p.Arg418* affect the
redox-active interface domain and FAD binding, while the missense variants p.Ala59Thr,
p.Gly375Arg and p.Pro352Thr (reported in heterozygous state in patients with

10
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cardiomyopathy) are located in the FAD-binding domain. Residues G375 and A59 in FAD
domain are highly conserved across a wide range of species. (16) Functional studies of
these two identified missense mutants reconstructed in murine fibroblasts showed that both
are unable to rescue Txnrd2 -/- cells from cell death induced by glutathione (GSH) depletion
and that they exert a dominant-negative effect when expressed in Txnrd2+/+ cells. (16)
Based on our structural analysis, a dominant negative effect is expected, since even one
copy of the protein with missing C-terminus residues will lack the active site that is_formed. by
contributions of both subunits of the dimer. This will affect overall enzyme function.which
requires homodimer formation, by competing with the functional copy of the-protein and
making a non-functional dimeric protein. The conserved C-terminal possesses an-essential
seleno-cysteine (SeCys/Sec) residue, whichis crucial for the catalytic activity.of TXNRD2, as
its removal leads to complete loss of activity. (Zhong et al. 1998; Zhong,-Arnér, and
Holmgren 2000; Sandalova et al. 2001) In both p.Tyr447* and p.Arg418* variants reported in
homozygous state, the C-terminal end of the protein is lost, explaining the loss of TXNRD2
activity. Similarly, the newly reported p.Met450Valfs*20 severely disrupts dimer formation
and FAD binding.

In 2014, Prasad et al. have reported an affected mitochondrial redox homeostasis in
TXNRD2 knockdown of human adrenocortical H295R cells. This was documented by a 3-fold
increase in levels of mitochondrial ROS, a decrease in the GSH to GSSH ratio and lower
levels of reduced mitochondrial PRDX3. (8) We performed similar experiments in patient-
derived iPSC that were differentiated into IALC and confirm the negative impact of the
€.1348-1G>T variant'in TXNRD2 on adrenal ROS production. In addition, our study shows
for the first time the direct effect of a human TXNRD2 mutation on adrenal steroidogenesis.
Interestingly,“we found that cortisol production of the steroid biosynthesis was most severely
affected, corresponding to the reported FGD phenotype. However, in our iIALC we also
observed an impact on pregnenolone production, which informs on an additional — though
less severe - effect on the first steps of steroidogenesis (e.g. STAR and CYP11A1 activities)
essential for overall steroidogenesis. This might explain the lower aldosterone and DHEA
production that we observed in TXNDR2 mutant IALC (as well as in the patient). Effect of
TXNRD2 deficiency on overall steroidogenesis (not only on the adrenal cortex) might explain
the genital phenotype observed in our patient (and the recently reported patient by
Patjamontri (19)) at birth and the impending testosterone deficiency evidenced by increased
LH and FSH at age 17 years (Table 2). Testicular disorders have also been reported in
patients with biallelic NNT mutations. (31) (32) As TXNRD?2 is widely expressed in various
tissues, individuals with TXNRD2 deficiency are at risk of developing extra-adrenal disorders.
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Although there is convincing evidence from bioinformatics tools and functional studies for the
pathogenicity of the TXNRD2 variants reported in the literature and in the current study, the
broad spectrum of phenotypes remains unexplained. We do not understand why the seven
members of the consanguineous family with the TXNRD2 p.Tyr447* variant have an almost
exclusively adrenal phenotype, whereas the other patients show additional features including
genital anomalies and neurological manifestations (Table 1). It also remains unexplained
why they have no cardiac manifestations, while individuals with heterozygous TXNRD2
variants have been described with an isolated cardiac phenotype (DCM). While a dominant
negative effect of some TXNRD2 variants (p.Ala59Thr, p.Gly375Arg) has been reported, (16)
variable gene expressivity and oligogenicity have been proposed as possible ‘genetic
explanations. Potential contribution by other genetic factors might be considered, especially
in patients with a consanguineous background. In addition, tolerance to.loess of selenoprotein
function such as thioredoxin reductases or glutathione peroxidases might not only be species
specific, (23) but also tissue specific and even different between individuals. TXNRD2
deficiency might be variably compensated by the glutathione system, which can keep
PRDX3 reduced. This hypothesis might be worth addressing in future studies.

The ROS detoxification system does not only depend on TXNRD2 but consists of two
parallel cascades: the thioredoxin and glutathione systems which both reduce PRDX3
(Figure 1). This cascade requires high concentrations of NADPH from NNT. NADPH
molecules are also essential-for supporting the catalytic activities of CYP11A1 and
CYP11B1/2 enzymes in.steroidogenesis. (33) However, the electron transfer from NADPH to
CYP11A1 (for the production of pregnenolone) has been shown to be more efficient than to
CYP11BL1 (for cortisol production). (34) This probably explains our findings of a predominant
inhibition of CYP11B1 activity on the adrenal steroid profile of mutant TXNRD2 iALC.

With the exception of homozygous NNT variants found in about 5-10% of FGD patients (15)
and extremely rare TXNRD?2 variants, (8,18,19) no other variants in genes involved in the
mitochondrial ROS balancing system have so far been reported with an adrenal phenotype.
Rare variants in TXN2 and PRDX3 have been described in patients with rather severe
neurological phenotypes. In 2016, Holzerova reported a patient with a homozygous TXN2
variant. (20) In mitochondria, TXN2 is reduced by TXNRD2 and NAPDH. H20: is sensed by
PRDX3 and oxidation of PRDX3 is reduced by TXN2. The reported patient with a biallelic
stop-gain TXN2 variant (p.Trp24*) presented with an infantile-onset neurodegenerative
disorder with severe microcephaly and fast progressive cerebellar atrophy, drug resistant
epilepsy, dystonia, optic atrophy, and peripheral neuropathy. (20) The cerebellum appeared
to be specifically vulnerable, which was also observed in Txnrd1 nervous system-specific null
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mice, while Txnrd2 nervous system-specific null mice developed normally. (35) Similarly,
biallelic variants in PRDX3 (the mitochondria specific antioxidant enzyme) were found to
cause progressive cerebellar ataxia with concomitant movement disorders, due to severe
early-onset cerebellar atrophy, and olivary and brainstem degeneration in six independent
individuals. (21,22)

In conclusion, we here show the direct impact of a very rare homozygous TXNRD2variant
on mitochondrial ROS detoxification and adrenal steroidogenesis. Steroid profiling.of patient-
derived IPSC differentiated into iIALC suggests severe disruption of cortisol production
(CYP11B1 activity), but also an impact on pregnenolone production (CYP11A1 activity) and
thus overall steroidogenesis. This likely explains the combined adrenal and.gonadal
phenotype of the patient. In addition, the patient has severe optic neuropathy and spastic
diplegia due to white matter disease, both classical features of mitochondrial
neurodegenerative conditions. The phenotypic variability among reported patients with bi-
allelic TXNRD2 variants, monoallelic variants and variants.in other genes of the ROS
detoxification system remains a conundrum. Additional genetic factors and tissue-specific
tolerance to selenoprotein dysfunction may play arole:
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Figure Legends

Figure 1. Schematic picture of the ROS defence system in mitochondria. Two parallel
cascades are established, the thioredoxin and glutathione systems, to reduce PRDXS.
Different proteins and complexes of the oxidative phosphorylation system (OXPHOS)
produce ROS in the form of superoxide (O2), which spontaneously, or with the help of
manganese superoxide dismutase (MnSOD), converts to hydrogen peroxide (H202). In‘'the
thioredoxin pathway, H20:2 is sensed by PRDX3 and oxidation of PRDX3 is reduced by
TXN2. TXN2 is reduced by TXNRD2 and NAPDH. In the glutathione pathway, glutathione
peroxidase (GPx) reduces H20: and is reduced by GSH molecules, which form dimers
(GSSG) or by glutaredoxin 2 (GLRX2). GSSH dimers are reduced by glutathione-reductase
(GR) and NADPH.

Figure 2. Genetic findings. A. Family tree. B. TXNRD2 gene analysis from patient’s
leukocytes. C, D. Genetic characterization of patient-derived iPSC differentiated into induced
adrenal cells (IALC) in comparison to a wild-type (WT) control cells. Direct sequencing of
genomic DNA extracted of WT and mutant iALC (C). RNA analysis (RT-PCR) of IALC
showing the aberrant splicing effect of TXNRD2 ¢.:1348-1G>T (D).

Figure 3. Structural analysis of wild-type (WT) TXNRD2 and mutant p.(Met450Valfs*20). A.
Multiple sequence alignment of TXNRD2 homologues across species showed a highly
conserved C-terminus. B,C.Analysis of the monomeric forms of WT (B) and mutant structure
of TXNRD2 (C). D. Partial structure of p.(Met450Valfs*20) showing several missing residues
at the C-terminus of the protein. E. WT TXNRD2 homodimer. F. Visualization of an active
site selenocysteine located at the dimer interface of human WT TXNRD2 proteins.

Figure 4:-Steroid profiling of patient-derived induced adrenal-like cells (IALC) carrying the
TXNRD2 ¢.1348-1G>T variant and showing inhibited steroidogenesis. Steroid metabolites
secreted.into the cell supernatants were measured by LC-MS. A. Pathway view showing
concentrations of metabolites comprised in the mineralocorticoid, glucocorticoid, and adrenal
androgen paths, respectively. B. Net production of precursor pregnenolone and end products

aldosterone, cortisol, and DHEA, Testosterone.

Figure 5: MitoSOX-based flow cytometry assessing mitochondrial ROS/superoxide production
of wild-type (WT) control and TXNRD2 ¢.1348-1G>T iALC (TXNRD2mut). Representative
blots without and with MitoSOX (left and right panel) for WT (A) and mutant TXNRDZ2 iALC (B).
C. Quantification of H202 production (ROS balancing) activity expressed as % of WT without
MitoSOX.
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Table 1. Reported patients withTXNRD?2 variants and-their phenotype
Pat TXNRD2 Variant Zygocity | Sex Age at Age at last Phenotype Reference
diagnosis visit
G- p. years years Adrenal Cardiac Neurologic Other
1.1 c.1341T>G p.Y447X homo f 10.8 FGD normal nr nr Prasad 2014
1.2 c.13417>G p.Y447X homo f 4.5 FGD MR, TR nr nr Prasad 2014
1.3 c.1341T>G p.Y447X homo m 2.9 FGD normal nr nr Prasad 2014
1.4 c.13417>G p.Y447X homo f 6.9 FGD normal nr nr Prasad 2014
1.5 c.13417>G p.Y447X homo f 0.1 FGD normal nr nr Prasad 2014
1.6 c.13417>G p-Y447X homo f Normal normal nr nr Prasad 2014
1.7 c.1341T>G p:Y447X homo m 0.1 FGD TA, VSD nr nr Prasad 2014
2 c.1252C>T p.R418X homo m 12 FGD TA, PS Epilepsy, Dysmorphic Maddirevula
intellectual facies, 2018
disability omphalocele
3 c.1081G>A p.V361M homo m 10 FGD normal nr Micropenis, Patjamontri
cryptorchidism 2023
4 [ c.1348-1G>T | p.V450fsX20 homo m 1.75 17 FGD normal PMD, Micropenis This report
spasticity,
optic
neuropathy
5 c.175G>A p.Ala59Thr het m nr Died at age nr DCM nr nr Sibbing 2011
68
6 c.175G>A p.Ala59Thr het m nr Died at age nr DCM nr nr Sibbing 2011
65
7 c.1124G>A p.Gly375Arg het m nr Died at age nr DCM nr nr Sibbing 2011
83
8.1 c.1054C>A p.Pro352Thr het f 40 42 nr DCM nr Preeclampsia Rajapreyar
2020
8.2 c.1054C>A p.Pro352Thr het m 0.1 Died at 0.5 nr DCM nr Multiorgan Rajapreyar
failure 2020
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8.3 c.1054C>A

p.Pro352Thr

het

Middle
aged adult

nr

normal

nr

Healthy

Rajapreyar
2020

Abbreviations:

DCM, dilated cardiomyopathy
FGD, familial glucocorticoid deficiency
GC def, glucocorticoid deficiency
het, heterozygote

homo, homozygote

MR, mitral regurgitation

nr, not reported

PS, pulmonary stenosis

TA, truncus arteriosus

TR, tricuspid regurgitation
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Table 2. Laboratory findings of the index case at different ages

Referencerange

Age at laboratory investigation

1 day 6 weeks 4 months 21 months 16 years?
ACTH (pg/ml) 7.2-63.3 - 113 437 2656 -
Cortisol, basal 8 am (nM) 166-507 270 414 485 <0,3 -
Androstenedione (nM) 0.18-0.98* 1 0.2 <0.1 -
DHEAS (nM) 30-723* <30 - <30 <30 -
Cortisol, ACTH-stimulated (nM) >450 - - 742 <0.3 -
DHEA, ACTH-stimulated (nM) - - <0.5 <0.5 -
170HP, ACTH-stimulated (nM) <30 - - 1.81 <0.2 -
Androstenedione, ACTH-stimulated (nM) - - 2.4 <0.1 -
Aldosterone (ng/dl) 5-30 - - 42.5 - -
Plasma Renin Activity'/(mu/l) 4.4-46 - - - 77 -
Testosterone (nNM) 0.69-7.6 * - 0 0.2 0 13
Testosterone, hCG-=stimulated (nM) >10 * - 0.5 - - -
LH (Ul 0.6-4 * - 0.7 0.3 0.7 16
FSH (UI/) 0.4-3 * - 1.1 1.7 1.9 39
Serum Na (mM) 135-145 136
Serum-K (mM). 3.4-4.7 4
Serum Glucose (mg/dl) 70-100 93
HbAlc (%) 4-6.5 5.4
Creatine Kinase (Ul/I) 29-308 41
Lactate (mM/I) 0.7-2 2.5

Notes:

1 under hydrocortisone and fludrocortisone supplementation therapy since age 21 months
Values in bold are outside the reference range for age.
hCG-stimulation protocol: 1500 Units, 6 injections

*Reference range during mini puberty
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4 siblings died in early infancy
Ll é TXNRD2
w1 w2 V3 wa Vs c.1348-1G>T’c.1348K
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