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ABSTRACT

The selenocysteine (Sec) tRNA (tRNASe1Sec) governs
Sec insertion into selenoproteins by the recoding
of a UGA codon, typically used as a stop codon.
A homozygous point mutation (C65G) in the human
tRNA[SerISec acceptor arm has been reported by two
independent groups and was associated with symp-
toms such as thyroid dysfunction and low blood
selenium levels; however, the extent of altered se-
lenoprotein synthesis resulting from this mutation
has yet to be comprehensively investigated. In this
study, we used CRISPR/Cas9 technology to engi-
neer homozygous and heterozygous mutant human
cells, which we then compared with the parental cell
lines. This C65G mutation affected many aspects of
tRNAISerISec jntegrity and activity. Firstly, the expres-
sion level of tRNAISe"ISec was significantly reduced
due to an altered recruitment of RNA polymerase Il
at the promoter. Secondly, selenoprotein expression
was strongly altered, but, more surprisingly, it was no
longer sensitive to selenium supplementation. Mass
spectrometry analyses revealed a tRNA isoform with
unmodified wobble nucleotide U34 in mutant cells
that correlated with reduced UGA recoding activi-
ties. Overall, this study demonstrates the pleiotropic
effect of a single C65G mutation on both tRNA phe-
notype and selenoproteome expression.
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INTRODUCTION

Selenium is an essential trace element in mammals that
is involved in redox biology. The association of selenium
deficiencies with the increased risks of developing several
pathologies including cancers, neurodegenerative diseases,
cardiovascular disorders and infectious diseases is now well
reported (1-7). Most of the role of selenium in living or-
ganisms is related to its presence as selenocysteine (Sec) in
selenoproteins. Sec is the 215 amino acid from the genetic
code and it stands out from other proteinogenic amino acids
in that it is synthesized from a peculiar and unique tRNA
and is encoded by a UGA stop codon. Therefore, a set of
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dedicated factors, components of the Sec insertion machin-
ery, is employed to perform what is known as UGA-Sec
translational recoding (8-14). These factors include a cis-
acting stem-loop-stem—loop RNA structure, named the se-
lenocysteine insertion sequence (SECIS), present in the 3'-
untranslated region (UTR) of all selenoprotein mRNAs,
and the SECIS-binding protein 2 (SECISBP2) which plays
the role of a platform to recruit the complex composed of
the tRNADBSe and the dedicated elongation factor EF-
Sec. Recently, data obtained with cryo-electron microscopy
(cryo-EM) have allowed the visualization of all these con-
stituents within the 80S ribosomes, thereby unveiling fresh
structural insights into the interplay amongst the various
partners (15). These findings furnish significant structural
information about the selenosome and the mechanisms that
enable ribosomal decoding of the UGA codon into the Sec
amino acid. Nonetheless, we have yet to fathom out the
entire molecular mechanism and comprehend how the or-
chestration of all these elements competes with the transla-
tion termination complex. The translational UGA recoding
event is a rate-limiting step of selenoprotein expression and
its efficiency controls both the steady-state levels of seleno-
proteins and their expression in response to various stimuli
(9). The regulation of selenoprotein synthesis by selenium
bioavailability has been studied in many reports (16-24),
but other exogenous stimuli such as oxidative stress, replica-
tive senescence and potentially pathophysiological condi-
tions are also key players to modulate the UGA-Sec recod-
ing event (9,10,25-29).

tRNA is an adapter molecule that physically links a
codon on the mRNA with a defined proteinogenic amino
acid during protein synthesis. The tRNA repertoire of an
organism specifies its genetic code. In eukaryotes, the UGA
codon is primarily read by the translation termination fac-
tor eRF1 as a stop signal for protein synthesis for the vast
majority of cellular mRNAs. However, in many organisms,
it can also be decoded as a Sec codon by tRNABeISec and
this occurs in mRNAs coding for selenoproteins (30-34).
This leads to a competition between translation termina-
tion and Sec insertion at the UGA codons. tRNASerISec
displays several features that make it unique compared
with other cellular tRNAs (31,34). In fact, tRNAISerSec
plays a crucial role in regulating the expression of a clus-
ter of genes, specifically the 25 selenoproteins that consti-
tute the selenoproteome. In Homo sapiens, there is only one
gene coding for tRNABSe¢ and it is located on chromo-
some 19 (TRNAUI or TRU-TCAI-1) (35). There is also
a pseudogene that carries an inactive acceptor arm which
is present on chromosome 22 (TRNAU2 or TRU-TCA2-
1), but this gene does not seem to be transcriptionally ac-
tive (35). In mice, gene inactivation of tRNASIS® Jeads
to early embryonic lethality, indicating the importance of
selenoproteins in development (36). tRNABISe presents
unique structural and functional features such as its size,
structure, transcription, modification, aminoacylation and
transport. It is by far the largest tRNA in eukaryotes (96
nucleotides in length), mostly due to a particularly large
variable arm that folds in a 16 nucleotides stem-loop (see
Figure 1). tRNABISe adopts a 9/4 secondary structure
in contrast to the canonical 7/5 structure found in other
tRNAs. These structural differences prevent it from inter-

acting with the elongation factor EF-1A, but they are also
used for recognition by the dedicated elongation factor EF-
Sec. The transcription of the TRNAUI gene by RNA poly-
merase III (POLR3) is also original as it uses both intra-
genic and upstream promoters. This tRNA is called [Ser]Sec
because it is first loaded with the amino acid serine which is
transformed into Sec by a cascade of enzymatic reactions
involving seryl-tRNA synthetase (SARS), phosphoseryl-
tRNA kinase (PSTK), selenocysteine synthase (SEPSECS)
and selenophosphate 2 synthetase (SEPHS2) (8-10,30).
Note that SEPHS2 is a selenoprotein itself and consti-
tutes a regulatory loop for tRNA aminoacylation (37). In
addition, tRNASeISe exhibits fewer post-transcriptional
modifications than most tRNAs. As reviewed in (38,39),
methyladenosine (m'A) and pseudouridine () are both
present, at positions 58 and 55, respectively, to ensure
proper tRNA folding. The other modifications are found
in the anticodon loop and are expected to be critical for
anticodon folding and UGA recoding. For instance, the
NS-isopentenyladenosine (i°A) is at position 37 which is
3’-adjacent to the anticodon and prevents illicit hydrogen
bonding between U33 and A37 in order to preserve the anti-
codon loop. i®A37 stabilizes the anticodon—codon Watson—
Crick base pairing by base stacking (40). The modifica-
tion of the U34 wobble position in tRNAPSIS< j5 also
of particular interest since it is sensitive to the selenium
status. As such, the U34 position is in the form of 5-
methoxycarbonylmethyluridine (mem?®U) which can be fur-
ther methylated to 5-methoxycarbonylmethyluridine-2'-O-
methylribose (mcm>Um) (41,42). In mouse models, the ex-
pression of a mutant transgene of tRNABTISe (A37G)
that lacked two base modifications, iA37 and Um34, re-
sulted in a severe lack of expression of several selenopro-
teins including GPX1, GPX3, SELENOT, SELENOW and
MSRBI1. However, several other selenoproteins including
TXNRDI, TXNRD2, GPX2, GPX4, SELENOP and SE-
LENOF were, at least, partially expressed in comparison
with mice expressing the wild-type (WT) transgene (43). It
has been suggested that the hierarchical response of seleno-
proteins to variations in selenium levels involves the equilib-
rium between two distinct isoforms of tRNA carrying either
the mem®U34 or mem?®Um34 modification (30,31), but the
molecular basis of this mechanism remains unknown.
Multiple mutations in mitochondrial- and nuclear-
encoded tRNA genes have been linked to human diseases
(44). While ~370 mutations in all 22 mitochondrial tR-
NAs genes have been reported in humans and associated
with multiple diseases (45,46), only three clinical cases have
been related to mutations of nuclear-encoded tRNA genes.
The first example concerns the isodecoder tRNAA™ (an-
ticodon TCT) 4-1 which is specifically expressed in the
central nervous system (47). This C50T mutation located
in the T-loop interfered with pre-tRNA maturation and
aminoacylation levels and led to widespread neurodegen-
eration. The other two case reports concerned a homozy-
gous single mutation (C65QG) in the acceptor arm of the
tRNABeISe gene (48,49). In the first report, the 8-year-
old male patient had thyroid dysfunction and a low plasma
selenium level as well as symptoms such as abdominal
pain, fatigue and muscle weakness (48). The authors ob-
served a decrease in the expression of several selenoproteins
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(e.g. TXNRDI1, GPX4, SELENON, SELENOP and SE-
LENOT) while others were not detected (e.g. GPX1, GPX3,
SELENOH and SELENOS). Although the ratio of the
methylated (mecm’Um) versus the unmethylated (mcm?U)
form of tRNAPee wag slightly lower in the patient,
the mechanism for this differential expression was not ad-
dressed. In the second case, a 13-year-old male patient was
medically followed for 6 years and had thyroid dysfunction,
sometimes but not always low selenium levels, and no fur-
ther clinical outcomes (49). Only few biochemical analyses
were performed and the blood level of GPX3 was found to
be in the low-normal range. Unlike the first case where both
parents were carriers of the mutation, for the second pa-
tient only his father was a carrier, his mother being free of
the C65G variant. The second patient was found to have a
paternal uniparental disomy. In the first patient, the clini-
cal management was limited to alleviating symptoms, but
the authors proposed a selenium supplementation to com-
pensate for specific selenoprotein deficiencies as a rational
therapeutic approach (50,51).

Interestingly, despite having a central role in the syn-
thesis of the entire selenoproteome, the C65G mutation
in tRNABeISe Jeads to a relatively mild clinical outcome
compared with mutations in other components of the Sec
insertion machinery (50-52). In this study, we have em-
ployed a CRISPR/Cas9 [clustered regularly interspaced
palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9] strategy to generate the C65G mutation in HAP1
human cell lines, resulting in a significant reduction of
tRNABeISe production caused by a decrease of POLR3
recruitment on the TRNAUI gene promoter. Our findings
indicate that the mutant tRNA was less functional than
its WT counterpart and acted as an inhibitory competitor
when overexpressed. This reduction in efficiency was ac-
companied by a hypomodification of the wobble U34 nu-
cleotide. Furthermore, expression of the selenoproteome in
C65G cell lines was no longer sensitive to selenium.

MATERIALS AND METHODS

This manuscript adopts the systematic nomenclature of
selenoprotein names (53). Experiments were replicated at
least three times, unless otherwise stated. Statistical analy-
ses and graphical illustrations were performed with Graph-
Pad Prism, version 9.1.2. Error bars represent the standard
deviation (SD). Mean values were tested for statistical sig-
nificance by unpaired Student’s 7-tests.

Cell culture

HAPI1 (Horizon Discovery, Cambridge, UK, Cat.# C631)
and HEK293T (Life Technologies, Carlsbad, CA, USA,
Cat.# R75007) cells were grown and maintained in Dul-
becco’s modified Eagle’s medium (DMEM; ThermoFisher
Scientific) supplemented with 10% fetal bovine serum (FBS;
Merck), 100 pg/ml streptomycin, 100 U/ml penicillin and 2
mM L-glutamine (ThermoFisher Scientific). Selenium con-
centration in the control (Ctrl) medium was 19.4 nM. For
selenium dose-response experiments, cells were grown in
DMEM supplemented with 2% FBS; the selenium concen-
tration was then ~3.9 nM. Cells were cultivated at 37°Cin a
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humidified atmosphere containing 5% CO,. Selenium sup-
plementation was achieved by adding a defined volume of a
concentrated 0.1 mM sodium selenite solution (Merck) to
the culture medium. For the assessment of tRNA stability,
transcription was blocked by actinomycin D (Merck) used
at 10 pg/ml, and cells were harvested at the indicated time
points. For phenotypic analysis, cells were grown for 48 h in
medium supplemented or not with 100 nM sodium selen-
ite before protein and RNA extractions. For luciferase as-
says and rescue experiments, cells were transfected with the
indicated plasmids using JetOptimus Transfection Reagent
(Ozyme) according to the manufacturer’s instructions.

Generation of HAP1 cell lines carrying the C65G mutation
using CRISPR/Cas9 technology

We used CRISPR /Cas9 technology coupled with a cell en-
dogenous repair pathway to introduce the C65G muta-
tion in the TRNAUI gene in HAPI cells. CRISPR /Cas9-
induced DNA double-strand breaks (DSBs) can be resolved
by homology-directed repair (HDR) using a donor single-
stranded DNA (ssDNA) repair template. In order to effi-
ciently edit HAP1 cells and limit off-target effects, we used
viral-like particles (VLPs) named nanoblades, as previously
described (54,55). The variable part of the single guide RNA
(sgRNA) that targets the tRNABSeS¢¢ gene (CTTAGTTAC-
TACCGCCCGAA) was cloned into pBLADE and this
plasmid was used to produce nanoblade VLPs. HEK293
cells were plated at 3.5 x 10° cells/10 cm diameter plate
24 h before transfection with JetPrime reagent (Ozyme).
Plasmids encoding sgRNA (4.5 pg), Gag-PoIMLV (3.3 pg),
GagMLV-Cas9 fusion (2.0 ng), baboon endogenous retro-
virus Rless glycoprotein (BaEVRIess) (0.7 pg) and vesicu-
lar stomatitis virus glycoprotein (VSV-G) (0.5 p.g) were co-
transfected. Two days post-tranfection, the culture medium
was collected, filtered at 0.45 pm and concentrated by ul-
tracentrifugation at 4°C (1 h 30 min, 69 000 g). After re-
moval of the supernatant, the concentrated particles from
one 10 cm plate were resuspended in 100 w1 of phosphate-
buffered saline (PBS), aliquoted and stored at —80°C for sev-
eral months or at +4°C for several weeks.

HAP1 cells were electroporated with ssDNA repair
template 5-CATTCTAAATTCCGCGAATCAATGAT
GGCGGGCTTTGCACCTTAACTTGGTGAGACAG
CGATCTGTCGATGTCCAAAC-3" at 50 pmol oligonu-
cleotide per 100 000 cells according to the manufacturer’s
instructions (Neon transfection system, ThermoFisher
Scientific). A total of 5 x 10° cells were electroporated and
plated in a minimal volume and, after 4 h, a volume of VLP
corresponding to 20 pg of Cas9 was added to the medium.
Seven days later, cellular clones were isolated in 96-well
plates by limiting dilution. After clonal expansion, the
genotype of each clone was determined. Genomic DNAs
were collected using the Nucleospin gDNA extraction kit
(Macherey-Nagel) and 150 ng was then used for polymerase
chain reaction (PCR) amplification with the forward (5'-
CAGGGCTGTCACCCACCGCTGCGTCCTC-3") and
reverse (5-GTCAACCATCTCACACCTTTCCAAAGG-
3’) primers. The PCR products were verified on 2% agarose
gels, sequenced and tested for the presence of a Maell
(HpyCH4I1V) restriction site that is created by the C65G

€202 8unp 0z UO J8sn 8ulDaPa\ UoNoaS - Inajsed SN0 N dOS Aq 266981 2/287PexB/ieu/c60 1 01 /10p/a[0Iie-a0uBApe/Ieu/wod dno olwapeoe//:sdiy Wwolj papeojumoq



4 Nucleic Acids Research, 2023

mutation. We obtained 11/96 heterozygotes clones con-
taining the C65G mutation (11.5%). As the introduction of
C65G mutation induces the destruction of the protospacer
adjacent motif (PAM) sequence, we used a WT/C65G
clone to perform another round of CRISPR/Cas9/HDR.
After clonal selection, we obtain 7/48 homozygous clones
(14.6%).

HAP1 proliferation assay

HAPI cells were labeled using the CellTrace™ Violet (CTV)
Cell Proliferation Kit (Invitrogen) according to the manu-
facturer’s instructions. A 2 pl aliquot of CTV was incubated
with 2 x 10® HAP1 cells in 2 ml of PBS for 20 min at 37°C.
To neutralize the unbound CTV, 8§ ml of DMEM was added.
After two washes with PBS, every cellular clone was plated
in a 6-well plate at 3 x 10° cells per well and grown with or
without selenium supplementation. Cells were harvested at
the indicated time points and analyzed by flow cytometry all
at once at the end of the kinetics. Flow cytometry was per-
formed on a MACSQuant®) VYB Flow cytometer (Mil-
tenyi Biotec) and the analysis was done with FlowJo soft-
ware (Treestar, Ashland, OR, USA). The mean fluorescence
intensity (MFI) of each condition was plotted as a func-
tion of time. Kinetic curves were fitted with y = a.exp(—k.?),
where the doubling time 7 » = [In(2)/k], and the represented
time necessary for a 50% decrease in the MFI signal.

Total RNA extraction and analysis by northern blot and RT—
qPCR

As previously described (55), total RNAs were purified
with Tri Reagent™ (Molecular Research Center) according
to the manufacturer’s instructions and resuspended in wa-
ter. A 15 pgaliquot of purified RNAs was size-fractionated
on a 1x TBE, urea (8 M), polyacrylamide (15%) gel and
electroblotted onto a Hybond-N nylon membrane (GE
Healthcare). The blots were hybridized overnight at 58°C
with 5'-terminally IR dye-labeled sequence-specific oligonu-
cleotides (IDT: Integrated DNA Technologies): tRNA-Sec
5-(IRD800)CCACTGAGGATCATCCGGGC-3’ and
tRNA-Ser 5'-(SIRD700)CGTAGTCGGCAGGATTCGAA-
3’ in PerfectHyb™ Plus Hybridization Buffer (Sigma-
Aldrich). Membranes were washed with 1 x standard saline
citrate (SSC)/0.1% sodium dodecylsulfate (SDS) buffer
twice at 37°C, and then once at room temperature. The
infrared signal from the membrane was detected with an
Odyssey imaging system CLx (LI-COR Biosciences). An
initial scan at a low resolution (337 pwm) was performed
to locate and verify the quality of the signal. This re-
gion was then scanned at a higher resolution (42 pm).
Quantifications were performed using ImageStudioLite
software.

To assess the levels of selenoprotein mRNAs, we
performed quantitative reverse transcription-PCR (RT-
gPCR) experiments as described previously (23,25,55). To-
tal RNAs were reverse transcribed using the qScript cDNA
Synthesis kit (Quanta Bio) according to the manufacturer’s
instructions. Real-time PCR was performed in triplicate us-
ing FastStart Universal SYBR®) Green master mix (Roche
Applied Science) on a StepOne Real-Time PCR System

(Applied Biosystems). Primers used are listed in Supple-
mentary Table S1. Serial dilutions of a cDNA mixture were
used to create a standard curve and determine the efficiency
of the amplification for each pair of primers. The quantifi-
cation of selenoprotein mRNAs was performed using a set
of four reference genes.

Isolation and LC/MSMS analysis of tRNASerlSec

To analyze the post-transcriptional modifications of
tRNAISerSee by mags spectrometry (MS), we harvested
cells from twenty 15 cm diameter plates, which repre-
sented ~4 x 10% cells. A 12 mg aliquot of total RNA
purified with Tri Reagent was separated by anion ex-
change chromatography with DEAE Sepharose Fast Flow
(GE Healthcare) to remove polysaccharides and rRNA
according to (56). The RNA samples were applied to 1
ml of DEAE-Sepharose FF (GE Healthcare) in 5 ml
disposable columns (Bio-Rad) equilibrated with 5 ml of
buffer A [10 mM HEPES-KOH (pH 7.5), 200 mM NacCl
and 2 mM dithiothreitol (DTT)]. The RNA samples on
DEAE-Sepharose were washed with buffer A and then
eluted with buffer B (10 mM HEPES-KOH pH 7.5, 1 M
NaCl and 2 mM DTT) in order to obtain ~1 mg of crude
tRNAs. As described in (57), tRNABIS« was further
purified using a 3'-biotinylated DNA oligonucleotide (5'-
CGCCCGAAAGGTGGAATTGAACCACTCTGTCG

CTA-3’) immobilized on streptavidin-conjugated M-280
magnetic Dynabeads according to the manufacturer’s
instructions (Life Technologies). For the mutant tRNA,
another 3'-biotinylated DNA oligonucleotide was used
(5-CGCCCGAAACGTGGAATTGAACCACTCTGT

CGCTA-3'). Purified tRNABS¢ was jsolated on a de-
naturing 10% polyacrylamide gel containing § M urea,
and liquid chromatography/tandem MS (LC/MSMS)
analysis was performed as previously described (58). Gel
pieces containing tRNABTIS were digested by 20 wl of 0.1
U/l RNase T1 (ThermoFisher Scientific) for 4 h at 50°C.
Using ZipTip C18 (Milllipore), samples were desalted by
several washes with 200 mM ammonium acetate, eluted
with 50% acetonitrile in milliQ water and dried under
vacuum. The pellet containing RNase digestion products
was resuspended in 3 wl of milliQ water and separated on
an Acquity peptide BEH CI18 column (130 A, 1.7 pm,
75 pm x 200 mm) using a nanoAcquity system (Waters).
The column was equilibrated in buffer A containing 7.5
mM TEAA (triethylammonium acetate), 7.0 mM TEA
(triethyammonium) and 200 mM HFIP (texafluoroiso-
propanol) at a flow rate of 300 nl/min. Oligonucleotides
were eluted using a gradient from 15% to 35% of buffer
B (100% methanol) for 2 min followed by elution with an
increase of buffer B to 50% in 20 min. MS and MS/MS
analyses were performed using a SYNAPT G2-S from
Waters. All experiments were performed in negative mode
with the capillary voltage set at 2.6 kV and the sample cone
voltage set at 30 V. The source was heated at 130°C. The
samples were analyzed over an m/z range from 500 to 1500
for the full scan, followed by fast data direct acquisition
scan (Fast DDA). Collision-induced dissociation (CID)
spectra were deconvoluted using MassLynx software from

€202 8unp 0z UO J8sn 8ulDaPa\ UoNoaS - Inajsed SN0 N dOS Aq 266981 2/287PexB/ieu/c60 1 01 /10p/a[0Iie-a0uBApe/Ieu/wod dno olwapeoe//:sdiy Wwolj papeojumoq



Waters and manually sequenced by following the y and/or
C series.

ChIP-qPCR experiments

A total of 107 HAPI cells were cross-linked with 1%
formaldehyde for 10 min at room temperature directly in 15
cm plates. As described in (59), cross-linking was quenched
by addition of 0.125 M glycine, and cells were harvested
and centrifuged at 800 g. Cells were lysed for 30 min in Ly-
sis Buffer (1% Triton X-100, 0.1% SDS, 140 mM NacCl, 50
mM HEPES-KOH pH 7.5, 1 mM EDTA complemented
with protease inhibitor cocktail and phosphatase inhibitor).
Nuclei were pelleted and resuspended in 1 ml of shearing
buffer (10 mM Tris—-HCI pH 8.0, I mM EDTA, 0.1% SDS).
Chromatin was sheared in order to obtain fragments rang-
ing from 200 to 800 bp using Covaris S220 (20 min, Peak
Power: 140; Duty Factor: 5; Cycles/burst: 200) and debris
were eliminated by a 10 min centrifugation at 13 200 rpm
at 4°C. A 25 pg aliquot of chromatin was pre-cleared us-
ing 30 .l of Dynabeads(®) Protein A/G (ThermoFisher) for
30 min. Then 1 ml of Dilution Buffer (1% Triton X-100,
0.01% SDS, 150 mM NacCl, 10 mM Tris—HCI pH 8, | mM
EDTA) was added to the chromatin and immunoprecipi-
tation was performed overnight at 4°C with 5 pg of anti-
bodies, either rabbit anti-POLR3A antibody (D5Y2D, Cell
Signaling Technology) or control rabbit IgG (Cell Signaling
Technologies). Complexes were recoreved by addition of 30
pl of Dynabeads@®) Protein A/G (ThermoFisher) and incu-
bated for 2 h. Complexes were washed with 1 ml of each of
the following buffers: Wash 1 [1% Trition, 0.1% sodium de-
oxycholate (NaDOC), 150 mM NacCl, 10 mM Tris—-HCI pH
8], Wash 2 (1% NP-40, 1% NaDOC, 150 mM KCI, 10 mM
Tris—HCI pH 8), Wash 3 (0.5% Triton, 0.1% NaDOC, 500
mM NaCl, 10 mM Tris—HCI pH 8§), Wash 4 (0.5% NP-40,
0.5% NaDOC, 250 mM LiCl, 20 mM Tris-HCl pH 8, 1 mM
EDTA) and Wash 5 (0.1% NP-40, 150 mM NaCl, 20 mM
Tris—=HCI pH §, 1 mM EDTA). Immunoprecipitated com-
plexes were released with 500 wl of elution buffer (1% SDS,
200 mM NaCl, 100 mM NaHCOj3) and de-cross-linked by
a 16 h incubation at 65°C. The immunoprecipitated chro-
matin was then purified by phenol-chloroform extraction,
and qPCR was performed as described above. We used the
tRNALU gene as a reference to normalize the occupancy of
POLR3 at the TRNAUI gene. Primers used for chromatin
immunoprecipitation (ChIP) experiments are listed in Sup-
plementary Table S1.

Protein extraction and analysis by western blot

Cellular protein extracts were harvested in a lysis buffer
(25 mM Tris-HCI, pH 7.8, 2 mM DTT, 2 mM EDTA,
1% Triton X-100 and 10% glycerol). Then, protein con-
centrations were measured using the DC kit protein assay
kit (Biorad) in microplate assays. Equal protein amounts
(30 pg) were separated on 4-12% Bis-Tris NuPAGE
Novex Midi Gels and transferred onto nitrocellulose
membranes using the iBlot@®) DRy blotting System (Ther-
moFisher Scientific). Membranes were probed with the
indicated primary antibodies and horseradish peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse secondary an-
tibodies. Antibodies were purchased from Abcam (GPXI1,
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#ab108427; GPX4, #ab125066; TXNRDI, #ab124954;
TXNRD2, #ab180493; SELENOH, #ab151023; SE-
LENOO, #abl172957, SELENOT, #abl176192) and
Sigma (SELENOS, #HPA010025; Actin, #A1978, HRP-
conjugated goat anti-rabbit IgG, #A6154, HRP-conjugated
goat anti-mouse IgG, #A9044). The chemiluminescence
signal was detected using an ECL Select detection kit
(GE Healthcare) in the Chemidoc Imager (Biorad). Data
quantifications were performed with ImagelLab Software
(Biorad, Version 6.0.1). The top part of the membranes
were reblotted with anti-actin antibodies following the
same procedure. Values were expressed relative to the
signal obtained for actin.

GPX and TXNRD enzymatic assays

GPX and TXNRD activities were measured in an enzy-
matic coupled assay as described (27). For GPX activity, the
reaction mixture was composed of 50 g of protein extract,
0.25 mM NADPH (Merck), 2 mM reduced L-glutathione
and 1.5 TU of glutathione reductase (Merck) adjusted to a
total volume of 2501 with 50 mM potassium phosphate
buffer (pH 7.5). The reaction was started by the addition
of 300 nM tert-butyl hydroperoxide (-BHP, Merck), and
consumption of NAPDH was followed at 340 nm with the
FLUOSTAR OPTIMA microplate reader (BMG Labtech).
GPX enzymatic activities (U/mg of protein extracts) were
expressed as nmol of glutathione/min/mg of protein ex-
tracts. For TXNRD enzymatic activity, the enzymatic re-
duction of 5,5'-dithiobis(2-nitrobenzoic) acid (DTNB) with
NADPH into 5-thio-2-nitrobenzoic acid (TNB>~) gener-
ated a strong yellow color at 412 nm. In this assay, the re-
action mixture was composed of 50 pg of protein extract,
0.2 mM NADPH, 10 mM EDTA (Merck) and 0.2 mg/ml
bovine serum albumin (BSA), adjusted to a total volume
of 250 wl with 50 mM potassium phosphate buffer (pH
7.5). The reaction was started by the addition of 25 mM
DTNB, and the production of TNB acid was followed at
410 nm with the FLUOSTAR OPTIMA microplate reader.
TXNRD enzymatic activities (U/mg) were expressed as
nmol of NADPH /min/mg (milliunits per milligram of pro-
tein extracts). The enzymatic assays were performed in du-
plicate for three independent experiments and the back-
ground values were subtracted.

Evaluation of selenocysteine insertion efficiency

To analyze Sec insertion efficiency in the different HAP1
cellular clones, we used luciferase-based reporter con-
structs that were validated for UGA-Sec recoding in trans-
fected cells (25,27,60). The minimal SECIS elements from
MSRBI, GPX1, GPX4, TXNRDI1 and TXNRD2 were
cloned downstream of a luciferase-coding sequence, which
was modified to contain an in-frame UGA codon at po-
sition 258 (Luc UGA/SECIS). Other luciferase constructs
were also generated with the codon UAA or UGU at posi-
tion 258 from Luc UGA/SECIS MSRBI (60). In all con-
structs, UAA is the stop codon of the luciferase-coding se-
quence. Transfections were performed in 6-well plates with
a mix of 0.25 pg of the indicated luciferase construct, 0.25
wg of the GFP (green fluorescent protein) plasmids and
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Figure 1. In silico prediction of C65G mutation-induced changes in tRNAISeISec strycture. (A) Schematic representation of the 2D structure of
the human tRNAISeTISec; the position of the mutated nucleotide is shown in red (C65). The post-transcriptionally modified nucleotides are also
indicated: methyladenosine (m'A58), pseudouridine (555), N-isopentenyladenosine (i°A37), 5-methoxycarbonylmethyluridine (mem®U34) and 5-
methoxycarbonylmethyluridine-2'-O-methylribose (mecm?®Um34). (B) Representation of the 3D structure of WT and C65G tRNABeIS¢¢ predicted with
RNAComposer based on human and mouse crystallographic structures (PDB: 3A3A and 3RG5) in a ladder and ribbon layout. The mutated C65G residue
is indicated in red. Nucleotides located at positions 9 and 65 are depicted in stick format in an enlarged view, allowing for better visualization of the relative

arrangement of the nitrogenous base planes in both WT and C65G predictions.

0.5 pg of an empty vector, with 1.5 ul of JetOptimus per
well. Cells were harvested 2 days post-transfection in ly-
sis buffer (25 mM Tris-HCI, pH 7.8, 2 mM DTT, 2 mM
EDTA, 1% Triton X-100 and 10% glycerol). GFP levels and
luciferase activity (Promega Luciferase Assay system) were
measured using the FLUOSTAR OPTIMA and LUMIS-
TAR OPTIMA microplate readers from BMG Labtech.
The luciferase/GFP ratio is first used to normalize trans-
fection efficiency. Then the ratio of the indicated construct
to the Luc—UGU construct is used to express the percentage
of Sec insertion efficiency. As a control of mRNA stability,
the levels of luciferase mRNA were assessed by RT-qPCR
as described above; primers used are listed in Supplemen-
tary Table S1.

RESULTS

In silico prediction of C65G mutation-induced changes in
tRNAISerISee strycture

The analysis of the two-dimensional (2D) structure of
tRNABec  ag depicted in Figure 1A, suggests that the
substitution of the C65 nucleotide with a G may disrupt
a Watson—Crick C:G base pairing, and may also impose a
steric hindrance due to the presence of two purine residues
facing each other. However, it is possible that two G residues
may form various types of non-Watson—Crick base pairs, as
described previously (61). To determine whether this could
also occur in this case and prevent a complete destabi-
lization of the cloverleaf tRNA folding, we conducted in
silico analyses to predict possible RNA structures. To ac-
complish this, we used RNAComposer, an online software
that provides 3D structure models based on the sequence
and secondary structure topological folding of RNA (62).
Since both mouse and human tRNABeS¢¢ structures were

resolved (38,63), a high confidence for RNAComposer-
generated models was expected. The generated pdb files
were then visualized and analyzed using Chimera UCSF
software (64). Our findings indicate that the C65G mutation
indeed disrupts one G:C base pair but without significantly
affecting the overall architecture of the 3D structure, as il-
lustrated in Figure 1B and Supplementary Movies S1 and
S2. However, the loss of a G:C base pairing may impair the
global stability of the molecule, and further investigation is
required to confirm this hypothesis.

Generation of HAP1 cell lines carrying the C65G mutation

In order to investigate the impact of the C65G muta-
tion on cellular processes, particularly tRNA production
and selenoproteome synthesis, we successfully generated
heterozygous and homozygous mutant HAP1 cell lines
using CRISPR/Cas9 DNA DSBs associated with HDR.
CRISPR gene editing provides several strategies to manip-
ulate mammalian genomes in cellular and in vivo models
(65,66). Previously, we used VLPs containing Cas9—gRNA
ribonucleoprotein (RNP), also called nanoblades, to pro-
duce site-specific DNA DSBs in the human tRNASerISe
gene (TRNAUI) and to induce gene disruption by error-
prone non-homologous end joining (NHEJ) (54,55). We
validated this strategy in several cell lines, including HAP1,
commonly used in CRISPR studies, since these cells are
nearly haploid (55). Here, we introduced the C65G muta-
tion in the tRNA gene using HDR after nanoblade-induced
DSB. As illustrated in Figure 2A, the repair template had
homology to the targeted site but contained the C to G
mutation. Interestingly, this single mutation has three dis-
tinct effects: (i) it introduces the nucleotide change at posi-
tion 65 as is found in the patients (48,49); (ii) it disrupts the

€202 8unp 0z UO J8sn 8ulDaPa\ UoNoaS - Inajsed SN0 N dOS Aq 266981 2/287PexB/ieu/c60 1 01 /10p/a[0Iie-a0uBApe/Ieu/wod dno olwapeoe//:sdiy Wwolj papeojumoq


art/gkad482_f1.eps

Nucleic Acids Research, 2023 7

A

cleavage
site

Y

3’ AAGCCCGCCATCATTGATTC 5’ sgRNA
5’ GGCTTCAAACCTGTAGCTGTCTAGCGACAGAGTGGTTCAATTCCACCTTTCGGGCggtagtaactaagcgecttaaatcttac 3' TRNAUT

3 CCGAAGTTTGGACATCGACAGATCGCTGTCTCACCAAGTTAAGGTGGAAAG;CCCGCCatcattgattcgcggaatttagaatg 5’ gene
PAM Repair
3’ CAAACCTGTAGCTGTCTAGCGACAGAGTGGTTCAATTCCACGTTTCGGGCGGTAGTAACTAAGCGCCTTAAATCTTAC 5’ template

Cleavage
Repair by HDR

U

ACGT’I*I‘CGGGC PAM destruction
TGCAAAGCCCG C65G mutation
A Maell digestion site insertion
B Selected Clones C ATTCCACCTTTCGG
<]
ég ) Z;i’ £ wr
s 5888
[SEN SIS
o
— WTICE5G
- <= Undigested A OWa LA
Digested | )
C65G | X
Maell digestion |8
X
D ~ ns
100 - WT I T T T T T T T T 1
9 10, 0 102
-+ WT/C65G _qodes 96 95 o 99 100 100 96 98
- - C65G #1 £
S B C65G#2 g |
3 = C65G#3 g
g 50 £
= 2 54
8 E
b o
-
e . 0-
0 24 48 7 % .~ + - ¥ -+ -+ -+ 100nMse
Time (hours) WT WT/C65G C65G#1 C65G#2 C65G #3

Figure 2. CRISPR/Cas9 design and generation of HAP1 cell lines carrying the C65G mutation. (A) The human TRNAUI gene sequence is presented in
black, with the PAM position indicated in red, the sgRNA in orange above and the ssDNA repair template in blue below. The desired C65G mutation is
highlighted in red in the repair template. Transduction of the nanoblades induces the cleavage of the TRNAUI gene by Cas9 RNA-guided nuclease followed
by the addition of the DNA repair template-induced HDR and eventually insertion of the C65G mutation. The change of the C65 residue in G65 adds a
Maell digestion site (indicated by two black arrows) and destroys the PAM sequence. (B) Genotypic analysis of selected HAP1 clones and the parental cell
line by Maell digestion. The region of the TRNAUI gene was amplified from the gDNA by PCR, and the fragments were digested by Maell and analyzed
on a 2% agarose gel. The positions of the undigested and digested products are indicated. (C) The PCR fragments were also analyzed by Sanger sequencing.
The sequencing traces are shown with the WT and C65G sequences above and below, respectively. The colors of the chromatograms are as follows: A in
green, T in red, G in black and C in blue; the arrows indicate the position of the C65G mutation. (D) The proliferation rate of the different HAP1 clones
was evaluated with CellTrace™. Cells were stained with CTV, cultured, harvested at the indicated time and analyzed by flow cytometry. The MFI is plotted
as a function of time and fitted as described in the Materials and Methods. (E) The inferred population doubling time (in hours) is indicated for each clone
and growth condition. Error bars represent the SD. Mean values were tested for statistical significance by an unpaired Student’s ¢-test (****P < 0.0001;
¥Ep <0.001; **P < 0.01; *P < 0.05; ns, not significant).

PAM sequence which is needed for Cas9 recognition which
prevents recurrent CRISPR activity after HDR; and (iii) it
creates a Maell restriction site (see Figure 2A) that will be
used to evaluate the efficiency of HDR in CRISPR-treated
cells and to screen and select for the clones harboring the
C65G mutation. Since HDR (10-15% of editing events) was
in competition with NHEJ (70% of editing events) after
DSB, the CRISPR-treated genomic DNA (gDNA) would

not only exhibit the expected mutations but will also con-
tain the INDELS reported in (55) due to NHEJ imperfect
repair. In addition, we observed that HAP1 cells became
rapidly diploid after CRISPR experiments and clonal selec-
tion as previously observed in (67). Therefore, due to this
rather low probability of HDR, we employed a two-step
approach to achieve homozygous genotypes (C65G/C65G)
in HAPI cells. The first step consisted of the selection of
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a heterozygous clone (WT/C65G) using a Maell enzy-
matic digestion for an initial screen followed by systematic
DNA sequencing for the positive clones. A heterozygous
(WT/C65G) clone underwent another round of CRISPR
and HDR treatment to generate the homozygous mutant
cell lines (C65G/C65G). We picked three cellular clones
that were validated for the Maell restriction site and Sanger
sequencing of the gDNA (see Figure 2B and C). These three
homozygous clones were referred to as C65G #1, C65G #2
and C65G #3.

To verify that the C65G mutation of tRNAPISe did not
alter the proliferation of HAP1 cells, we used the CellTrace™
Violet Cell Proliferation Kit to label and monitor cell divi-
sions by measuring dye dilution with flow cytometry. This
dye binds covalently to all free amines on the surface and
inside of cells with very little cytotoxicity. The fluorescence
signal remained stable over several days in a cell culture en-
vironment and was tracked by observing the decrease in flu-
orescence intensity over time, which provides insight into
the time required for a single division. As depicted in Figure
2D, the rate of fluorescent dye dilution was consistent across
all cell lines examined in this study, with a doubling time of
~10 h. In addition, we did not observe any notable effects
of selenium supplementation on cell division in any of the
cell lines. Subsequent experiments were conducted using all
three clones; however, as the proliferation was comparable
between clones, only the results of clone C65G #1 are pre-
sented in the figures, with data for the other clones provided
in the Supplementary figures.

The C65G homozygous cell lines expressed reduced levels of
tRNAISerISec and were no longer sensitive to selenium

We subsequently performed a quantification of the intra-
cellular levels of Sec tRNAs using northern blot, as pre-
viously described (55), with serine tRNA used as a refer-
ence for normalization. The different cell lines carrying the
WT, WT/C65G and C65G genotypes were cultivated in the
presence or absence of 100 nM selenium and harvested 48
h later. Interestingly, the steady-state level of tRNAISerISec
under control conditions exhibited a decline of 46% in the
heterozygous clone (WT/C65G) and 65% in the homozy-
gous mutant clone (C65G) compared with the WT parental
cell line (Figure 3A, B). The expression level of tRNASerISec
remained consistent across all three isolated C65G clones,
as demonstrated in Supplementary Figure S1. These find-
ings were consistent with the decreased levels of tRNA ob-
served previously (48), where a 50% reduction in expression
was observed in the homozygous patient. Moreover, as pre-
viously documented in human or rodent cells (22,42,68), we
observed that supplementation of the growth medium with
100 nM selenium led to a 30% increase in tRNASeISe¢ Jevels
in WT cells. This stimulation was also observed with the het-
erozygous clone (WT/C65G) but not with the mutant cel-
lular clones (C65QG) (Figure 3A, B; Supplementary Figure
1). Thus, the C65G mutation not only decreased the overall
tRNAISeISe Jevel, but also abrogated its regulation by sele-
nium supplementation.

In order to determine whether the drop of tRNAISerSe
level in the mutant cells was due to a decrease in its sta-
bility, we treated WT and homozygous C65G mutant cells

with the transcriptional inhibitor actinomycin D. Since pro-
longed incubation significantly impaired the viability of
HAPI1 cell lines, the incubation time was limited to 6 h.
Actinomycin D inhibits all the three RNA polymerases, in-
cluding POLR3 involved in the transcription of tRNAs, by
interfering with RNA polymerase elongation. Total RNAs
were isolated from the harvested cells and analyzed by
northern blotting, with tRNAISIS Jevels expressed relative
to that of tRNAS". As shown in Figure 3C, there was a 70%
reduction in tRNABSISe Jevels in WT cells following actino-
mycin D treatment (Figure 3C). Despite lower initial levels
of tRNABerISee jn C65G cells, the relative decrease of 53%
in response to actinomycin D treatment was only slightly
lower than that of WT cells (Figure 3C). Additionally, we
investigated whether selenium supplementation could affect
the tRNA stability, as initially noted in rodent cells (68).
In our hands, addition of selenium improved the stability
of tRNABe¢ jn hoth WT and homozygous C65G mutant
cells (Figure 3C), although the effect was weaker for the lat-
ter. In conclusion, our findings suggest that the decrease in
tRNA levels in C65G mutant cell lines is not due to reduced
tRNA stability.

The recruitment of RNA polymerase III at the tRNASeriSec
promoter site was affected by the C65G mutation

Given that the stability of tRNABe1S¢¢ appeared compara-
ble between WT and homozygous C65G mutant cells, we
sought to investigate whether the lower steady-state levels
of the tRNA in the mutant cells resulted from a lower tran-
scriptional activity. Analysis of POLR3 transcription of the
TRNAUI gene revealed that the C65G mutation may af-
fect the recruitment of POLR3 at the promoter site (Fig-
ure 4A). To confirm this hypothesis, we employed ChIP-
qPCR to analyze POLR3 occupancy at the promoter site
(Figure 4B). We used the tRNA®" gene as a reference to
normalize the occupancy of POLR3. Our data revealed that
POLR3 occupancy in the tRNABIS promoter region was
reduced by 50% between the WT and the mutant cells, indi-
cating a significant reduction of tRNASIS¢ transcription
in mutant cells. Furthermore, the addition of selenium to
the growth medium significantly increased POLR3 occu-
pancy for the WT but not for the C65G cells, suggesting an
enhanced POLR3 recruitment after selenium supplemen-
tation. Overall, our findings suggest that the transcription
of the TRNAUI gene by POLR3 is impaired by the C65G
substitution.

The C65G mutation led to a hypomodification of tRNAISerISec
at the wobble nucleotide U34

As C65G mutation impairs the transcription of
tRNABISc e aimed to investigate whether it also
has an impact on post-transcriptional modifications that
are critical for tRNA structure and function. Specifically,
two modified bases located in the anticodon loop, mem?>U
at position 34 and i°A at position 37, are crucial for UGA
recoding (Figure 5A). Furthermore, the mem>U34 base,
which is located at the wobble position in tRNABSISc can
be further methylated into mem>Um. This methylation
reaction is not complete, resulting in the presence of both
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Figure 3. Steady-state levels and stability of tRNAISeIS in WT, WT/C65G and C65G cell lines. (A) HAP1 cells were grown for 48 h with or without
100 nM selenium in the 10% FBS culture medium, followed by the extraction of total RNAs. A 15 wg aliquot of RNAs was subjected to northern blot
analysis using tRNABe15¢¢ (green) and tRNASC™ (red) complementary DNA probes for hybridization. (B) The levels of tRNASerSee were normalized to
those of tRNAS®" quantified from three independent northern blots, and expressed relative to the first lane. (C) To compare the stabilities of tRNA[SerSec
in different clones with parental cell lines, HAP1 cells were treated with actinomycin D (ActD) for 6 h, and the total RNAs were extracted and analyzed
by northern blot as mentioned above. The ratio of tRNASeTISee {5 (RNASC! signal was quantified from three independent northern blots and plotted, with
the 0 h condition set as 1 for each histogram. The statistical significance of mean values was assessed by an unpaired Student’s 7-test, and the error bars
represent the SD (****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant).

mcem’U34 and mem’Um34 isoforms in the cytoplasm,
with the mem®Um34 being stimulated by selenium supple-
mentation. The modification status of the U34 residue at
the wobble position appears particularly important for the
synthesis and regulation of selenoproteins by selenium lev-
els (31). To examine the modifications at position U34 and
A37 in the anticodon loop of tRNABISe¢ e performed

MS analysis with tRNABeISe pyrified from the WT and
C65G cell lines, cultivated with or without supplementation
with 100 nM selenium. The tRNA fraction was enriched
from total RNAs using anion exchange chromatography
and the tRNABTISe wag purified from crude tRNAs by
hybridization to biotinylated oligonucleotides and fixation
to streptavidin magnetic beads. RNase T1 digestion was
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Figure 4. POLR3 occupancy at the WT and C65G tRNASTISee gene promoter. (A) Schematic representation of the human TRNAUI gene. The black
box represents the tRNABSTISe sequence. Gray boxes represent regulatory elements: AE, activator element; PSE, proximal sequence element; and TS,
termination signal. The location of qPCR primers used for the ChIP analysis are shown by red arrows. (B) POLR3 occupancy was measured in WT and
C65G HAPI cells with or without selenium supplementation by ChIP-qPCR using an antibody against POLR3. The occupancy was normalized to that of
the tRNALSU gene and quantified over three independent experiments. Mean values were tested for statistical significance by an unpaired Student’s ¢-test,
and the error bars represent the SD (***P < 0.001; **P < 0.01; ns, not significant).

performed, and the resulting tRNA fragments were sub-
jected to LC/MS and LC/MSMS analysis. We detected
three oligoribonucleotides corresponding to the anticodon
fragment of tRNA digested by RNase T1 in our samples
(Figure 5B), which were identified by the m/z values (Figure
5C) and the MS/MS fragmentation analyses (Figure 5D).
Our analysis revealed that while the i®A37 modification was
present in all three digested fragments, the U34 position
differed. Specifically, we found that the modified bases
mcm’U and mem’Um were present in the fragmentation
pattern of RNA fragment II and III, respectively, while
RNA fragment I corresponded to the unmodified U34 base
(Figure 5D). Quantifying the relative abundance of the
isoforms, we observed that the mem’U (II) and mem®Um
(IT) isoforms were the most prevalent in tRNA eluted
from WT cells, while the unmodified U34 remained below
10% (Figure SE). Interestingly, no significant difference
was detected in the distribution of the three isoforms in
response to selenium supplementation of the WT cells.
However, in the mutant cells, the distribution across the
isoforms was significantly different compared with the
WT, with a significant increase of the unmodified isoform
(U34). Between 35% and 40% of the tRNAs were not
modified at the wobble position in tRNABee syggesting

that the C65G mutation impairs the modification of the
tRNA at this U34 position (Figure 5E). This hypomodified
pattern of tRNAPISe at U34 may have consequences for
selenoprotein mRNA translation as the wobble position is
crucial for codon—anticodon interaction.

The selenoproteome expression was dramatically altered in
C65G cell lines and no longer sensitive to selenium activation

The expression of selenoproteins is primarily dependent on
the availability of selenium. Cells cultured with 10% FBS,
referred to as Ctrl conditions, have suboptimal selenium
content, yet these growth conditions cannot be defined as
selenium deficiency. While the optimal level of expression
can be achieved by supplementing with 100 nM sodium
selenite, selenium deficiency can be mimicked by reduc-
ing the serum amount to 2%. We investigated the expres-
sion profile of selenoproteins in WT, WT/C65G and C65G
cells in response to selenium in two series of experiments.
Firstly, we compared the expression of selenoproteins under
control conditions and selenium-supplemented conditions
(Figure 6; Supplementary Figure S2). Secondly, we exam-
ined their regulation across several selenium concentrations
ranging from selenium deficiency conditions (2% FBS) to
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Figure 5. MS analysis of tRNAISrIS¢ {5 evaluate the post-transcriptional modification status of U34 and A37. (A) Schematic representation of the
anticodon loop region of tRNAISIS¢¢ covering the U34 and A37 residues, with the RNase T1 cleavage sites indicated by black arrows. Nucleotide U34
is sequentially modified in cm>U, mem’U and mem? Um by the elongator complex, ALKBHS and FTSJ1, respectively. (B) Affinity-purified tR NAlSerISec
from WT and C65G HAPI cells grown in the presence or absence of 100 nM selenium were digested by RNase T1 and the resulting oligoribonucleotide
fragments were analyzed by nano-ion-pair reversed-phase high-performance liquid chromatography coupled with MS. A representative portion of the total
ion count (TIC) elution profile containing the RNase T1-digested anticodon-containing fragments is shown for the WT and mutant tRNA (grown in non-
supplemented conditions). Three major elution peaks, named I, IT and 111, and colored in blue, yellow and orange, respectively, were observed and analyzed
by MS (C) and MS/MS (D). (C) MS spectra of elution peaks I, IT and IIT obtained with tRNASeISe pyrified from C65G cells showed the presence of
one major oligoribonucleotide per peak. (D) CID spectra for peak I, II and III. A value of 1 m/z was selected for each elution peak, as indicated below
each CID spectrum, for oligoribonucleotide fragmentation analysis. A fragment-ion map illustrating the sequence coverage of each oligoribonucleotide
is indicated above each CID spectrum for peak I, IT and I1I, in blue, yellow and orange, respectively. The three oligoribonucleotides differ only by the
modification of nucleotide U34: peak I, unmodified U; peak 11, mem? U; peak 111, mem’Um. (E) The relative abundance of each fragment in WT and
C65G cells was determined by integrating the TIC elution peaks as observed in (B) from multiple ESI-MS analyses, four for the WT tRNA, and three for
the mutant tRNA due to its lower expression in cells. Mean values were tested for statistical significance by an unpaired Student’s #-test, and the error bars
represent the SD (**P < 0.01; *P < 0.05; ns, not significant).
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Figure 6. Effect of the C65G mutation on selenoprotein production and its selenium sensitivity. (A) WT, WT/C65G and C65G cells were grown for 48 h
with or without 100 nM seleniume in the 10% FBS culture medium. Protein extracts were analyzed for selenoprotein levels by western blots with specific
antibodies. The quantifications of three independent western blots were normalized by the signal for actin and expressed relative to the WT condition
supplemented with selenium, set as 1. Corresponding values are indicated below each panel. GPX (B) and TXNRD (C) enzymatic activities in HAP1
protein extracts were evaluated for three independent experiments. The statistically significant fold changes are indicated on top of each histogram. Error
bars represent the SD. Mean values were tested for statistical significance by an unpaired Student’s z-test (****P < 0.0001; ***P < 0.001; **P < 0.01;
*P < 0.05; ns, not significant). (D) Heatmap representation of changes in selenoprotein expression levels between WT and mutant cells grown in selenium-
supplemented media. (E) Heatmap representation of selenoprotein activation by selenium in the three cell lines. Mean values were tested for statistical
significance by an unpaired Student’s 7-test, where the P-values are denoted by asterisks (¥****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05); if absent,
no significant difference was found.
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supplementation at 100 nM (Figure 7; Supplementary Fig-
ure S3). Cell extracts were analyzed through western blots
and enzymatic assays specific for glutathione peroxidase
or thioredoxin reductase activities (Figure 6C; Supplemen-
tary Figure S2C). Through western blot analysis, we were
able to detect expression of eight selenoproteins in HAP1
cell extracts, including SELENOS, TXNRD2, SELENOH,
GPX4, GPX1, SELENOO, TXNRDI and SELENOT. In
selenoprotein genes, when the UGA-selenocysteine codon
is recognized as a stop codon, the truncated proteins that
are produced are rapidly eliminated by the proteasome and
the expression level observed by western blot corresponds
to the full-length protein level (69). In WT HAPI cells,
selenium supplementation increased the expression of six
selenoproteins, with the exception of TXNRD2 and SE-
LENOT. Notably, the majority of selenoproteins investi-
gated here demonstrated a significant alteration in expres-
sion levels in C65G mutant cells compared with WT cells,
with the perturbation being particularly pronounced in cells
grown in selenium-supplemented conditions (Figure 6A;
Supplementary Figure S2A). In all cases, the expression of
these selenoproteins was no longer sensitive to selenium ad-
dition in C65G cells, suggesting that the mutation strongly
interferes with the mechanism of response to selenium. Ad-
ditionally, in WT/C65G cells, the phenotype was attenu-
ated compared with the double mutant, with only a mild
impact on selenoprotein levels compared with the WT cells.
Heatmaps were created to show the ratio of selenoprotein
levels in supplemented conditions compared with the WT
cells (Figure 6D) and the ratio of selenoprotein levels in the
supplemented conditions compared with control conditions
for each cell line (Figure 6E). This heatmap representation
indicates that the hierarchy of selenium-regulated seleno-
proteins in WT cells is not identical to the hierarchy of se-
lenoproteins impacted by the C65G mutation, suggesting
distinct molecular mechanisms. Enzymatic assays specific
for GPX and TXNRD activities confirmed the lack of acti-
vation upon selenium supplementation in C65G cells (Fig-
ure 6B; Supplementary Figure S2B, C). Notably, the levels
of GPX activities in control conditions were similar between
WT and C65G cells, indicating a relatively efficient steady-
state level of selenoprotein synthesis for GPX1 and GPX4,
and further supporting the observations from western blot
analysis. Overall, these results demonstrate the significant
impact of the C65G mutation on the expression of seleno-
proteins in response to selenium supplementation. In or-
der to rule out the possibility that the observed effects were
due to modifications in the steady-state levels of seleno-
protein mRNAs in the mutant cell lines, RT-qPCRs were
conducted using total RNA extracts from WT, C65G/WT
and C65G cells. As illustrated in Supplementary Figure S4,
the selenoprotein mRNA levels remained unaffected by the
presence of the C65G mutation under any circumstances,
indicating that this mutation has an impact on selenopro-
tein expression at the translational level.

In the selenium dose—effect experiments illustrated in
Figure 7 and Supplementary Figure S3, we covered concen-
trations ranging from deficiency to optimum. Specifically,
by reducing the FBS concentration from 10% to 2%, we
decreased the selenium concentration in the first condition
by 5-fold to reach 3.9 nM. Although not entirely compara-
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ble, the control conditions used in the previous experiments
lie between concentrations of 10 and 20 nM. Similar to the
previous study, western blot analyses and enzymatic activi-
ties were conducted on cellular extracts to compare the se-
lenium activation of selenoproteins among WT, C65G/WT
and C65G cells. Among the eight selenoproteins detected in
HAPI cells, all (except for TXNRD2 and SELENOT) were
stimulated by selenium supplementation. Interestingly, un-
der selenium-deficient conditions (condition 0 in Figure 7),
the expression levels of selenoproteins were very close be-
tween all three cell lines, except for TXNRD?2, suggesting
that the C65G tRNA is as active as the wild-type tRNA un-
der selenium-deficient conditions where only a few seleno-
proteins were produced. Subsequently, upon the addition of
selenium to the culture medium, differences were observed
between the cell lines, with low activation levels in C65G
cells and an intermediate situation in heterozygous cells. In
C65G/WT cells, the activation by selenium was close to that
of WT cells for selenoproteins SELENOH, GPX4, GPX1,
SELENOO and TXNRDI. In the case of C65G cells, their
ability to respond to changes in selenium availability was
considerably impaired compared with WT cells, and only a
marginal increase in the expression of SELENOH, GPX1
and GPX4 was detected upon selenium supplementation,
as depicted in Figure 7 and Supplementary Figure S3. The
enzymatic activity measurements confirm the low activation
of glutathione peroxidase but not of thioredoxin reductase
in C65G. Overall, these results confirm the almost total loss
of response to selenium variations in C65G cells compared
with the WT.

The UGA-Sec recoding activity was altered in C65G mutant
cells

In order to investigate whether the decreased expression
levels of selenoproteins in C65G mutant cells were asso-
ciated with a reduction in the translational efficiency of
selenoprotein mRNAs, a luciferase-based reporter system
was used (Figure 8). This system is based on a luciferase
gene in which there is an in-frame UGA codon at position
258, downstream of which a minimal SECIS element was
cloned. Several variants of this construct were used as ref-
erence or negative controls (60). The UGA codon was mu-
tated to a UGU codon and used to set the 100% reading of
luciferase position 258, while the UAA construct harbored
a stop codon at position 258, serving as a negative control.
Different SECIS elements isolated from selenoprotein mR-
NAs were also cloned downstream of the luciferase-coding
region (60). These constructs were transfected into WT,
WT/C65G and C65G cell lines, and the UGA recoding ac-
tivities were measured after growth in either control or 100
nM selenium medium for 48 h. The UGA recoding activi-
ties for Luc UGA /Msrb1-SECIS reached a value of 3.8% in
WT cells, but were significantly reduced to 0.59% in C65G
cells (Figure 8A). This reduction was observed without any
change in stop codon readthrough activity induced by the
mutation (Figure 8B). In addition, as the expression levels
of luciferase mRNAs were similar in the different cell lines
(Supplementary Figure S5B), this rules out the involvement
of nonsense-mediated decay or premature degradation of
the transcripts in our experimental system. The inhibition
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Figure 7. Effect of selenium concentrations on selenoprotein production in WT, WT/C65G and C65G HAP1 cells. (A) WT, WT/C65G and C65G cells
were grown in the presence of 2% FBS (instead of 10%) supplemented with the indicated selenium concentrations and harvested as previously described. A
basal selenium concentration of 3.9 nM was expected in the absence of added selenium. Protein extracts were analyzed for selenoprotein levels by western
blots with specific antibodies. The quantifications of three independent western blots were normalized by the signal for actin and expressed relative to the
100 nM selenium condition, set as 1. Fold changes were determined and are indicated below each panel. GPX (B) and TXNRD (C) enzymatic activities in
HAPI protein extracts were also evaluated for three independent experiments. (D) Quantification of the western blot presented in (A). Mean values were
tested for statistical significance by an unpaired Student’s ¢-test, and the error bars represent the SD (****P < (0.0001; ***P < 0.001; **P < 0.01; *P < 0.05;
ns, not significant).
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Figure 8. The UGA-Sec recoding efficiency is dramatically impaired in C65G cells. A series of luciferase constructs were co-transfected with a GFP
plasmid to normalize transfection efficiency. The luciferase mRNAs expressed in each experiment are represented on top of each histogram, with gray
and black bars corresponding to coding and untranslated sequences, respectively. (A) Evaluation of recoding efficiency in the different WT, WT/C65G
and C65G cells grown with or without 100 nM Se supplementation with luciferase constructs containing the SECIS of Msrbl. UGA recoding efficiency
was expressed as a percentage of the activity obtained with the UGU construct. (B) Comparison between UGA and UAA readthrough efficiency in WT,
WT/C65G and C65G cells. (C) Various SECIS elements (Gpx1, Gpx4 Txrnd2 and Txnrdl) were cloned downstream of the luciferase-coding sequence
and evaluated for their ability to drive UGA recoding in WT, WT/C65G and C65G cells. For clarity, only the fold changes in UGA recoding efficiency
between WT and C65G cell extracts are indicated. Three independent experiments were used for statistical analysis. Mean values were tested for statistical
significance by an unpaired Student’s -test, and the error bars represent the SD (****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant).

of selenocysteine insertion in the mutant cells was consistent
with the decrease in selenoprotein levels observed by west-
ern blots (Figures 6 and 7). Selenium supplementation in-
creased the recoding activity in WT cells by 92%, which was
reduced in WT/C65G heterozygous cells (+53%) and com-
pletely abolished in C65G homozygous mutant cells. This
activity was similar in all three C65G cell lines (Supplemen-

tary Figure S5A). Furthermore, variations in the recoding
efficiency in WT cells due to the nature of the SECIS ele-
ments located downstream of the UGA were observed, but
a drastic decrease in recoding efficiency in C65G cell lines
was found for all SECIS tested in the experimental setting
(Figure 8C). Overall, our results confirm that the down-
regulation of selenoprotein expression observed in C65G
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cells is attributable to a decrease in selenoprotein synthesis.
Whether this lower activity in cells resulted from a reduced
expression of tRNABIS or an inherent decrease in effi-
cacy of the C65G mutant tRNA to decode the UGA codon
requires further investigation.

The phenotype was partially rescued by overexpression of WT
but not mutant tRNA in C65G cell lines

In order to differentiate between the two potential causes
for a defect in selenoprotein expression mentioned above,
we employed an approach involving overexpression of
a cDNA plasmid encoding either WT or mutant C65G
tRNABSerSee iy hoth WT and C65G cell lines, with or with-
out supplementation of 100 nM selenium. As illustrated in
Figure 9, we therefore performed northern blots and west-
ern blots against several selenoproteins (SELENOS, SE-
LENOH, GPX4, GPX1, SELENOO and TXNRD1). Pre-
vious studies have shown that the introduction of multiple
copies of WT tRNABee resylted in increased tRNA lev-
els but only a moderate effect on selenoprotein expression
in mice (70,71). In this study, we faced the challenge of low
transfection efficiency of HAPI cells, which reached a max-
imum of 40% under optimal conditions. When we trans-
fected the plasmid containing the WT tRNADBee gene
under these experimental conditions, we observed only a
moderate increase (~3.5-fold) in the total concentration of
tRNABeSe (Figure 9A, compare lane 1 with 2, and lane 4
with 5, respectively). Furthermore, transfection of the plas-
mid containing the mutant tRNAB®HSe¢ gene had a lim-
ited effect on the levels of tRNASISec in WT HAP1 cells
(Figure 9A, compare lane 1 with 3, and lane 4 with 6, re-
spectively). These findings confirm the difference in tran-
scriptional efficiency between the WT and mutant tRNA
genes, as shown in the ChIP-qPCR experiments described
in Figure 4B. Interestingly, when we transfected the plas-
mids containing either the WT or mutant genes into C65G
cells (Figure 9A, lanes 7-12), we observed a sharp in-
crease in the global level of tRNASISe in both cases; once
again the WT tRNA was better expressed than its mutated
counterpart.

As illustrated in Figure 9B, we confirmed that
tRNABeISe Jevels in WT cells were not limiting, as its
overexpression did not drastically change the production of
selenoproteins. However, in C65G cells, we found that the
overexpression of WT tRNABeISe¢ wag able to restore, at
least partially, the levels of selenoprotein synthesis, and this
was observed both with and without selenium addition.
As previously mentioned, the incomplete transfection
of HAP1 cells could be a potential explanation for the
partial rescue of selenoprotein expression. Importantly,
overexpression of the mutant tRNASIS¢ did not have
any significant effect on selenoprotein levels in C65G
cells (Figure 9B), even though the levels of mutant tRNA
were similar to that of WT tRNA in control WT cells
(Figure 9A, compare lane 1 with 7, and lane 4 with 10,
respectively). This indicates that the recoding activity
of the C65G mutant tRNABeBe js gionificantly less
effective than the WT tRNAPIS¢ We also observed that
in WT cells, the very weak overexpression of the C65G

mutant tRNA induced a low, but significant, decrease of
several selenoproteins. This effect was particularly visible
in selenium-supplemented conditions and suggests that
the C65G mutant tRNA could interfere with the normal
function of the WT tRNA (Figure 9B, compare lane 4 with
6). Overall, these experiments demonstrate that the mutant
tRNA is less efficient than the WT tRNA for recoding the
UGA codon into selenocysteine.

The C65G tRNA is a competitor of WT tRINA when overex-
pressed in WT cell lines

To investigate the potential inhibitory activity of the mutant
tRNABeSee  we employed an approach involving tRNA
overexpression in HEK293 cells, which were highly sus-
ceptible to efficient transfection (>90%). We transfected
plasmids containing either the WT or mutant tRNASerlSe
gene into HEK293 cells cultured in the presence or ab-
sence of added selenium, following a similar experimental
procedure to that used in HAPI cells. As depicted in Fig-
ure 10A, we achieved a 100-fold and 20-fold overexpres-
sion of WT and mutant tRNABISe¢ respectively. Overex-
pression of the WT tRNA did not significantly impact se-
lenoprotein expression (Figure 10B), while overexpression
of the C65G mutant tRNABISe sionificantly reduced se-
lenoprotein levels (Figure 10B). This effect was more ev-
ident in cell extracts supplemented with selenium due to
higher levels of selenoproteins under this condition. The
quantitative analysis shown below the western blots in-
dicates a significant decrease in the expression of all se-
lenoproteins in selenium-supplemented conditions, even for
TXNRDI, known to be insensitive to expression variations
(25). These data further confirm results obtained in HAP1
and show that the C65G mutant tRNABeB«< ig Jess ac-
tive than the WT tRNAPS¢ jn UGA recoding as seleno-
cysteine and can act as a competitive inhibitor in WT cell
lines.

DISCUSSION

In this study, we have delved into the ramifications of a spe-
cific genetic mutation that has been observed in two unre-
lated individuals who presented symptoms of thyroid dys-
function, low levels of selenium in the blood, fatigue and
abdominal pain (48,49). This C65G mutation occurs on the
human tRNABISe¢ gene (TRNAUI) which is present as a
single copy within the genome. This tRNA is essential for
the synthesis of the entire family of the 25 selenoproteins
that constitute the selenoproteome (31). The recoding of
the UGA codon into selenocysteine is a rare but crucial
event, as inactivation of the mechanism results in lethality
in mice models (36). Furthermore, various genetic diseases
have been documented in humans concerning the selenocys-
teine insertion machinery, each with its own distinct pheno-
type (50-52). In this study, we have engineered homozygous
and heterozygous HAPI-derived cell lines to investigate the
impact of the C65G mutation of tRNAB on its struc-
ture, expression, post-transcriptional modifications, UGA-
Sec recoding activity and how it affects the level of expres-
sion of the selenoproteins.
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Figure 9. The overexpression of C65G tRNAISerISe¢ was unable to restore selenoprotein expression in HAP1 C65G cells. WT and C65G HAPI cells were
grown in the presence or absence of 100 nM selenium prior to the transfection of a plasmid expressing either the WT or C65G tRNASe1ISec A control (Ctl)
condition was used as a reference where an empty vector was used instead. GFP was systematically co-transfected to normalize the transfection efficiency.
Two days post-transfection, the cells were harvested and split in half for either total RNA or cellular protein extraction. (A) A 15 pg aliquot of total RNAs
was employed for the northern blot using tRNASe1S¢¢ (green) and tRNAS" (red) complementary DNA probes for hybridization as described earlier. The
levels of tRNAISerISee were normalized over those of tRNASCT for three independent northern blots and expressed relative to the first lane. For clarity, only
the fold changes between Ctl with WT and Ctl with C65G transfections are indicated. Error bars represent the SD. Mean values were tested for statistical
significance by an unpaired Student’s z-test (***P < 0.001; **P < 0.01; *P < 0.05). (B) A 40 p.g aliquot of protein extracts was used for the western blots to
evaluate the expression levels of SELENOS, SELENOH, GPX4, SELENOO, GPX1, TXNRDI, GFP and actin. The quantifications of three independent
western blots were normalized by the signal for actin and expressed relative to those of lane 4, set as 1. The relative selenoprotein levels were measured and
mean values were tested for statistical significance by an unpaired Student’s #-test (***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant).
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Figure 10. Overexpression of C65G tRNAISeTISec jnhibits selenoprotein ex-
pression in HEK293T cell lines. HEK293 cells were grown in the presence
or absence of 100 nM selenium prior to the transfection of a plasmid ex-
pressing either the WT or C65G tRNASeISe¢¢. GFP was systematically co-
transfected to verify the transfection efficiency. Two days post-transfection,
the cells were harvested and split in half for either total RNA or cellular
protein extraction. (A) Northern blot analyses of total RNA extracts to
detect tRNABSeISee (green) and tRNASET (red). The fold changes between
Ctl with WT and Ctl with C65G transfections were calculated for three in-
dependent experiments. (B) Protein extracts were analyzed for the expres-
sion of different selenoproteins, GFP and actin as described before. The
quantifications of three independent western blots were normalized by the
signal for actin and expressed relative to those of lane 4, set as 1. The cor-
responding values are indicated below each panel Mean values were tested
for statistical significance by an unpaired Student’s z-test (***P < 0.001;
**P <0.01; *P < 0.05; ns, not significant).

The C65G mutation in the tRNAISIS¢¢ gene results in re-
duced tRNA expression

Our study confirms, in a laboratory cell model, the find-
ings of a previous study on a young patient carrying the
homozygous C65G mutation of the TRNAUI gene, i.e. that
the level of tRNABISe expression is ~4 times lower than
in WT cells. This observation was initially made on cells
taken from the proband and from controls or family mem-
bers, of various ages and sexes, thus it was important to
verify that the effect on the tRNAISeIS¢ expression in our
system was consistent. This observation was made only in
the first reported case of C65G mutation (48) but not in-
vestigated in the second proband (49). Our results demon-
strate that the low level of tRNASeISe¢ expression could be
explained by a reduced rate of transcription, as evidenced by
ChIP analysis showing a lower occupancy level of POLR3
at the mutant TRNAUI gene (Figure 4). Transfection exper-
iments using plasmids containing the WT or mutant tRNA
gene further confirmed a marked difference between the two
genes. Specifically, in both HAP1 and HEK293 cell lines,
the plasmid carrying the WT gene was expressed 4-5 times
more efficiently than the gene carrying the C65G muta-
tion (Figures 9 and 10). Notably, this single C65G muta-
tion is not located within any of the five critical regions for
tRNAerISee gene transcription described in the literature,
i.e. box A, box B, the activator, the proximal sequence cle-
ment or the transcription termination signal [see Figure 4
and (48)]. However, it is positioned only three bases down-
stream of box B. The precise mechanism for understanding
how this mutation alters the level of expression linked to
POLR3 remains to be elucidated, but previous results ob-
tained on other tRNA genes have shown that deletion of re-
gions downstream of box B dramatically impaired the tran-
scription of tRNA (72). Given these results, it is imperative
to pay particular attention to any modifications resulting
from single nucleotide polymorphisms (SNPs) in the regu-
latory regions of tRNAISe¢ a5 has been previously done
with selenoprotein genes (73).

The UGA recoding activity of C65G tRNAISerIS¢c jg sjgnifi-
cantly reduced

Since our data show that the C to G mutation lowers the
expression level of this tRNA by 4-fold, an immediate ques-
tion was to determine whether the effects of selenoprotein
expression were caused by insufficient levels of the tRNA
or by a defect in its function. We tackled this by overex-
pressing the WT and mutant tRNASIS¢ in both HAP1
C65G cells and parental HAP1 cell lines, and measuring
the level of expression of a set of selenoproteins. Our find-
ings indicate that tRNABISe containing the C65G muta-
tion is inherently less efficient in the UGA recoding process
than the WT form, and can even interfere with the function
of the WT tRNA when overexpressed. Furthermore, our in
silico analysis suggests that the C65G substitution has mini-
mal impact on the overall 3D structure of tRNASISec ith
the structural collision predicted by the 2D structure not
being observed (see Figure 1 and Supplementary movies).
Our experimental results further confirm that the mutant
tRNA structure is not recognized as abnormal by the tRNA
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surveillance system and should not be too distorted as there
were no significant differences between the WT and C65G
forms of in vitro transcribed tRNAs in assays of (i) ser-
ine aminoacylation, (ii) interaction with SEPSECS or (iii)
selenocysteine synthesis by SARS, PSTK, SEPSECS and
SEPHS2 (48). Overall, our data demonstrate that the C to
G mutation has a major functional impact on the UGA re-
coding process through expression level and recoding effi-
ciency, despite minimal variations in the overall structural
architecture of the tRNASerSec,

The hypomodification at position U34 could explain the re-
duced tRNA activity

During its maturation, the tRNA experiences a plethora of
enzyme-catalyzed post-transcriptional modifications that
are essential for all key facets of tRNA function, such as
folding, stability and decoding (74). One area of particular
significance for tRNA modification is position 34, which
is the initial position of the anticodon that engages with
the third position of the mRNA codon (75). In the case of
tRNABeSec the Elongator complex initiates the addition of
a carboxymethyl group to the C5-position of U34 (cm’U),
thereby preparing this nucleoside for subsequent conver-
sion to mem>U by the enzyme ALKBHS and to mecm’Um
by FTSJ1 (31,76), as illustrated in Figure SA. The Elonga-
tor complex is a highly conserved protein complex which
has been implicated in various cellular processes, includ-
ing transcription regulation, DNA repair and cell migra-
tion. However, its main role is to produce specific chemi-
cal side chains, on tRNA uridines at the wobble position
(77-80). Contrary to previously held beliefs, it has been
demonstrated through MS in mice with an inactivated Trit/
gene that i°A modification at position A37 by TRIT1 is
not a prerequisite for the modification of U34 (76). Using
LC/MSMS with both WT and C65G purified tRNASerISec,
it was found that the C65G cells exhibited a defect in U34
modification, with ~40% of the tRNA no longer being
modified, while in WT cells, the presence of unmodified
U34 was barely detectable, as previously reported (76). No-
tably, the presence of this unmodified base could not be
detected by the method used in the original work describ-
ing the phenotype of this mutation (48), and thus went un-
reported. Our findings indicate that C65G mutation im-
pairs the first step of U34 post-transcriptional modification,
specifically the formation of cm®U by the Elongator com-
plex (Figure 5A). Additionally, it has been shown that the
tRNA recognition by the Elongator complex involves not
only the anticodon loop, but also other domains such as
the acceptor arm, as revealed through the crystal structure
of the complex (78). Our data suggest that the C65G mu-
tant may sufficiently impact the recognition of tRNA[SerlSec
by the Elongator complex, resulting in a reduced rate of
cm’U formation despite relatively minor predicted struc-
tural changes. However, it appears that this structural al-
teration in the mutant tRNA does not affect the activity of
the enzyme ALKBHS, as no cm>U-containing oligoribonu-
cleotides were detected in our LC/MSMS experiments. In-
terestingly, in mice with a genetic deletion of ALKBHS,
the formation of cm>U34 and 5-carbamoylmethyluridine
(ncm®U34) was observed, yet it had only a limited effect
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on selenoprotein expression (57). Because of its critical role
in 11 tRNA U34 modifications, Elongator dysfunction has
been shown to alter proteome expression due to a reduction
in codon-dependent translation speed and an increase in
frameshifting (79,80). In humans, gene mutations in Elon-
gator subunits have been associated with neurodevelopmen-
tal diseases, amyotrophic lateral sclerosis, rolandic epilepsy,
intellectual disability and scoliosis (77).

Furthermore, using luciferase reporter constructs, we
were able to confirm that the defect in recoding activity was
not dependent on the nature of the SECIS element, but was
specifically linked to an impairment in the decoding proper-
ties of tRNAISIS_ Tt remains unclear whether the remain-
ing Sec insertion activity is exclusively attributable to the
presence of the mem>U and mem® Um isoforms, or whether
it could also be the result of the unmodified tRNAISerISec
isoform. In any case, the predominant phenotype of the
C65G mutant tRNA appears to be the hypomodification
of the tRNA at position U34. Additionally, our findings re-
veal that the overexpression of the C65G tRNASeISec hag
a competitor activity, indicating that the unmodified tRNA
impairs the cognate decoding of UGA in selenoprotein mR-
NAs. Furthermore, this mutation does not impact aminoa-
cylation (48), but instead appears to directly affect the UGA
recoding within the ribosome (our study), possibly through
the formation of abortive or imperfect codon—anticodon in-
teraction. Our results further underscore the importance of
the U34 position of tRNASISe a5 3 subtle control point
for the efficient recoding of UGA as Sec.

Localization of tRNASeIS¢¢ within the UGA translating ri-
bosome: potential implications of C65G mutation

Recently, the first structure of the 80S ribosome as it de-
codes the selenocysteine UGA codon, the selenosome (15),
has been solved by cryo-EM (PDB: 7ZJW). This study re-
veals the structure of various components of the Sec in-
sertion machinery and their respective positioning and in-
terplay within the translation context. The structure of
ribosome-bound tRNABSIS has been specifically eluci-
dated, wherein the C65 residue, found to be mutated in pa-
tients, is located at the contact interface with EFSec (Sup-
plementary Figure S6). The dedicated elongation factor
EFSec indeed binds tRNAISSec with its D1, D2 and D3
domains, located at the GTPase-associated center, contact-
ing the acceptor arm, and D4 interacting simultaneously
with the variable arm of the tRNA and the apical loop of the
SECIS element. Please note that the D4 domain of EFSec is
not present in EF-1A, the elongator factor in charge of the
other cellular tRNAs. The distinctive interaction between
EFSec, the tRNABB and the SECIS may possess func-
tional significance in initiating the delivery of the cognate
tRNA when both the SECIS, delivered by SECISBP2, and
the UGA codon are concurrently present in the ribosome.
While our in silico structural analysis illustrated in Figure
1 for the C65G mutant suggests a close resemblance to the
WT tRNA, the C65G mutation may potentially affect the
structure and function of the tRNA-EFSec complex. Fur-
ther in vitro investigations are required to analyze this in-
teraction, and novel cryo-EM structures of the selenosome
with the mutant tRNA would be very informative.
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The loss of selenium regulation, an important feature for the
treatment of patients

The C65G mutation, also known as the SNP rs§79255589
in databases of genetic variations, is an extremely rare al-
teration (https://www.ncbi.nlm.nih.gov/snp/rs879255589),
present in 17 alleles among a total of 427 962 (frequency
A =0.0000397) when compiling data from various sources,
i.e. Trans-Omics for Precision Medicine (TOPMED),
Genome Aggregation Database (GnomAD), Allele Fre-
quency Aggregator (ALPHA) and Estonian Biobank. As
previously observed in the first clinical case and confirmed
in our study, the mutation only impacts selenoproteome ex-
pression when it is present in the homozygous state, while
the phenotype of heterozygotes is much more similar to that
of WT cells. A significant finding of our research is that ho-
mozygous C65G cells display a poor response to selenium,
suggesting that dietary supplementation may not provide a
long-term benefit for patients with this genotype. To mit-
igate the effects of reduced antioxidant defense resulting
from reduced selenoprotein expression, antioxidant therapy
and limiting exogenous cellular stressors such as smoking,
UV light and xenobiotic exposure may alleviate the clinical
symptoms. For example, dietary supplementation with al-
pha tocopherol (vitamin E) has been shown to reduce oxida-
tive damage in cells and tissues of patients with SECISBP2
mutations (81). However, the long-term consequences of
such therapy are uncertain. Importantly, although expres-
sion levels were close to undetectable for several selenopro-
teins, certain key members such as TXNRD1, GPX1 and
GPX4 were present in almost the same abundance asin WT
cells grown under control conditions. This may explain why
both selenium deficiencies and symptoms were moderate in
the two patients, compared with other clinical cases affect-
ing SECISBP2 or SEPSECS, two other components of the
Sec insertion machinery (50,82). Other human SNPs in the
TRNAUI gene, including those in the promoter or coding
sequence, warrant further investigation to determine their
effects on tRINA expression, UGA recoding activity and se-
lenium sensitivity.
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