


















Figure 5. Comparison of letm1+/+ and letm12/2 compensators versus non-compensators. (A, B, C, D) Representative images of zebrafish larvae at 4 day post
fertilization, wild type (WT) (A), letm1−/− compensators (C) (B), and letm1−/− non-compensators (NC) (C, D), sampled for RNA sequencing. Scale bar = 1 mm. (E, F, G) Gene
set enrichment analysis grouped in clusters according to gene ontology terms. (E, F, G) Up-regulated clusters (orange) and down-regulated clusters (blue) are shown for
each pairwise comparison C versus NC (E), C versus WT (F), and NC versus WT (G). The threshold was set to P (adjusted) value = 0.05 and log2 fold change = ±1. (H) Schematic
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involved in the development of seizures (Chan & Liu, 2021). In this
context, our findings might also provide a new perspective on the
contribution of letm1 to seizures. We propose decreased NAD(H)
pool as molecular link between perturbations of diurnal gene
oscillations and seizure predisposition in the context of LETM1
haploinsufficiency or homozygous LETM1 variants.

Finally, we used compensator and non-compensator progeny to
investigate potential survival mechanisms at the transcriptional
level. Our data exclude transcriptional compensation via down or up-
regulation of mitochondrial cation uptake or release pathways, re-
spectively, or functional replacement of letm1 in mitochondrial
cation and volume homeostasis by other family members. Of course,
compensation by posttranslational modifications cannot be ex-
cluded. Nevertheless, data clearly pointed to the unexpected con-
sequence of letm1 deficiency for the immune system that go well
beyond themitochondrial or cellular level. More specifically, our data
suggest that a compensatory mechanism is critical to keep the
immune system under control. Whereas significantly changed on
multiple levels in the non-compensators, the compensators (which
are morphologically indistinguishable from wild-type) mostly exhibit
immune responses similar to wild-type. This correlation between
non-activation of the immune genes and survival might be note-
worthy for the future. A potential role of the communication between
kynurenine and neuroinflammatory pathway (Mithaiwala et al, 2021)
in the survival mechanism can be addressed in future investigation.

Finally, also the distinctive transcriptional patterns identified for
SLC subfamilies can serve as an interesting starting point to identify
critical metabolic rearrangements in the future, particularly in
letm1-associated seizures, diabetes, and cancer diseases.

In summary, our work provides multiple perspectives on letm1
pathogenicity that go beyond the field of mitochondrial cation
homeostasis andmay potentially change future clinical translation.

Materials and Methods

Zebrafish maintenance and husbandry

All animal research and husbandry was conducted according to
Austrian and European guidelines for animal research (fish main-
tenance and care approved under BMWFW-66.006/0012-WF/II/3b/
2014, experiments approved under BMWFW-66.006/0003-WF/V/3b/

2016, which is cross-checked by Geschäftsstelle der Kommission für
Tierversuchsangelegenheiten gemäß § 36 TVG 2012 p. A. Veter-
inärmedizinische Universität Wien, A-1210, before being issued by the
Bundesministerium für Bildung, Wissenschaft und Forschung).
Zebrafish (D. rerio) weremaintained under constant circulating water
26–28°C with a 16:8 white light/dark cycle. Husbandry and breeding
followed standard protocols. Fish embryoswere kept in the incubator
at 28°C in E3 medium with a 16:8 white light/dark cycle.

Generation of letm1-TALEN fish

Design and construction of letm1-TALENs
Transcription activator-like effector nucleases (TALENs) was used to
target the first exon of the zebrafish letm1 gene (Ensembl gene
ENSDART00000079558.7) according to Cermak et al (2011) and Doyle
et al (2012). Thedesignwasmadeusing TAL EffectorNucleotide Targeter
2.0 with a spacer width of 15–16 bp, RVD length of 15–20 bp, NN for G
recognition, and Thymine as the upstream base. TAL effector modules
were cloned into pFUS backbone vectors using the Golden Gate TALEN
and TAL Effector kit (Addgene). The two arrays were joined in the final
backbone vectors pCS2TAL3-DD or pCS2TAL3-RR including the homo-
dimeric FokI nuclease domains. The following sequencing primers were
used to check the expression vectors: Forward 59-TTGGCGTCGGCAAA-
CAGTGG-39 and reverse 59-CATCGCGCAATGCACTGAC-39.

Generation of TALEN mRNA and microinjection

The final TALEN construct was linearized with NotI and purified
using the QIAGEN MinElute Reaction Cleanup kit and in vitro
transcribed using Sp6 mMESSAGE mMACHINE kit (Thermo Fisher
Scientific). Zebrafish embryos were injected with 300 ng/μl/pair of
the TALEN mRNA, 0.3% TRITC-dextran (Sigma-Aldrich) in nuclease-
free water. The target locus for genotyping was amplified using
forward 59-GCTCTATCTACAGGAAGACGGAAGCA-39 and reverse 59-
TAACCCACACACTTATCTACCC-39 primers.

Genotyping of letm1-TALEN mutated fish

Injected specimens were genotyped at larval stage. Genomic DNA
was isolated from fish lysed by incubating in 50 mM NaOH at 95°C
for 15 min. The lysis was stopped with Tris–HCL (pH 8). The potential
mutations were analyzed on agarose gel by size difference. DNA
bands were gel extracted, sub-cloned into the pJET1.2 vector

showing the kynurenine pathway and Preiss–Handler and salvage pathways for NAD production, where certain enzymes are down-regulated in NC and C. NC: letm1−/−
non-compensators and C: letm1−/− compensators. Dashed lines indicate intermediate metabolic steps. (I) Heat map of expression of enzymes involved in the different
pathways of NAD production in pairwise comparisons C versus NC, C versus WT, and NC versusWT. Stars indicate the significance of the adjusted P-value obtained with the
Benjamini–Hochberg method (*P-value < 0.05; **P-value < 0.01; ***P-value < 0.001).

TALEN pairs targeting letm1 Exon 1

Letm1-Exon1

Nucleotide sequence of the left TALEN array 59-GGCATCGATTTTGCTCACC-39

Nucleotide sequence of the right TALEN array 59-GACCTGGATGTTTTCAACAA-39

Restriction enzyme for screening purposes PleI (#R0515; NEB)
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following the manufacturer’s protocol Clone JET PCR Cloning kit
(Thermo Fisher Scientific) and sequenced.

RNA probes in situ hybridization

letm1 digoxigenin-labeled riboprobe was synthesized from line-
arized plasmid pGEM-T easy containing letm1 coding sequence. In
vitro transcription was carried out at 37°C for 4 h using SP6 po-
lymerase for the antisense probe and T7 for the sense probe. The
RNA probe was purified using the RNA clean up kit (QIAGEN RNeasy
kit), evaluated on agarose gel and stored in −80°C in hybridization
mix (50% formamide, 5x SSC, 0.1% Tween-20, 0.5 mg/ml torula yeast
RNA, and 50 μg/ml heparin).

Whole-mount in situ hybridization

The whole-mount in situ hybridization was carried out on 1 and 6 dpf
larvae. Larvae were collected at ZT23 and fixed using 4% PFA in PBS
overnight at 4°C. Sense and antisense samples were equally treated.
Sampleswere rehydratedby immersion in 75%, 50%, 25%methanol/PTW
(PBS+0,1% Tween-20). Proteinase K (Merck) treatmentwas used for 5min
(1 dpf) and 30 min (6 dpf) followed by pre-hybridization in hybridization
mix was carried out at 65°C for 2 h and samples were probed overnight
at 65°C. Anti-DIG-Alkaline phosphatase-coupled antibody (Roche) was
diluted 1:3,000 in 2% blocking reagent, overnight at 4°C. Samples were
washed in MABT (100 mM maleic acid, 150 mM NaCl, H2O, pH 7.5) and
nitro-blue tetrazolium (NBT) and 5-bromo-4-chloro-39- indolyphosphate
(BCIP) (Roche) diluted in SB-PVA was prepared to detect DIG-probes.

Adult zebrafish brain/brain sectioning

Zebrafish adult brains were collected at ZT23 fixed in 4% PFA
overnight at 4°C. The in situ hybridization steps before blocking are

identical to the description above. Brains were mounted in 3%
agarose/PBS and coronal brain slices were generated with a mi-
crotome (Leica VT1000S; Leica Biosystems). Slice size was 100 μm
thick. Slices were blocked in 10% sheep serum for 2 h and incubated
with Anti-DIG-Alkaline phosphatase-coupled antibody (1:3,000 dilu-
tion in 10% sheep serum) at 4°C overnight. Nitro-blue tetrazolium
(NBT) and 5-bromo-4-chloro-39- indolyphosphate (BCIP) (Roche)
diluted in SB-PVAwas prepared to detect DIG probes. The brain slices
were mounted on slides and imaged using Nikon NIS elements.

Subcellular localization studies in HeLa cells

CMV-driven Drletm1 C-terminally fused to eGFPwas constructed using the
gateway vector. HeLa cells (ATCC)were grown inDulbecco’sModifiedEagle
Medium (Gibco), 10% FCS (Gibco), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Gibco) at 37°Candwith 5%CO2. Cellswere seeded inμ-Slide
8 Well plates (#80821; Ibidi) and transfected using Turbofect following the
manufacturer’s instructions (Thermo Fisher Scientific TurboFect Trans-
fection Reagent). Mitochondria were counterstained with 50 nM Mito-
Tracker Red FM (Thermo Fisher Scientific) for 20min at 37°C. Nuclei
were stained with 1 μg/ml Hoechst (Thermo Fisher Scientific). Live
cell imaging was performed using a 63× oil objective and the Zeiss
LSM560 confocal microscope equipped with a 37°C chamber and a
constant CO2 flow (5%).

Zebrafish cell culture

letm1+/+ and letm1−/− cell lines were generated using 24 h post fer-
tilization embryosaccording toValloneet al (2007) andmaintained in L15
(Leibovitz) culture medium with 15% fetal bovine serum and 100 U/ml
penicillin/100 mg/ml streptomycin, 50 mg/ml gentamicin, at 27°C.

Antibody production against Dr-Letm1

Letm1: Max Perutz labs monoclonal antibody production produced
in mice
Anti-Letm1 monoclonal antibody was produced in mice by
using a C-terminal fragment of zebrafish Letm1 (Protein ID:
ENSDART00000079558.7. Location of the antigen: AA 462-768).

Primers to amplify letm1 fragment ligated into pGEM-T easy vector

Primers letm1 coding sequence region Sequence

Forward primer letm1 ATGGCATCGATTTTGCTCAC

Reverse primer letm1 ACAGAGCCACCAGCTGCGGC

Forward and reverse primer sequences used for qRT-PCR.

Gene Forward primer (59-39) Reverse primer (59-39) Ensembl gene ID

eef1a GTGGCTGGAGACAGCAAGA AGAGATCTGACCAGGGTGGTT NM_131263

letm1 CCACCTTCGAGACACAGTCC GGCCATCTCCAACTTCACTC NM_001045208

nampt1 ACAACGGTCACCTTCCCATC ACCAGGCAAGTCTCTACCCA XM_002661340

nampt2 TGGCAAAGGCATGGATGTCT CACAGTCACCAGCATGTCCT NM_212668

period1b GTCGGATGATGACAAACAGC CCAGAGACACAGACGGACCT NM_212439

clock1a TCGGAAACTTTAAGTCCCTCAA CACTCCCTCAAAGCCGTTT NM_130957

period2 CCAACGTGGACGAAGATGTA GCAGCACCTTCTGGATGTCT NM_182857

β-actin TCACTCCCCTTGTTCACAATAA GGCAGCGATTTCCTCATC NM_131031

letm2 CCAGTGCCCAAACTGGAG ACTGAGGAGGACAGGGGATT XM_001339351

bmal1a TCCCAGAGCTCTGCAGATCT CCGTGTCCATGCTATCGTCA XM_005163022
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Immunofluorescence

The immunofluorescencewas performedaccording to the protocol from
Ikeda and Freeman (2019). Cells were seeded in the eight-well ibidi plate
5 × 104 per well. After 24 h, the cells were stained with 100- nM Mito-
Tracker Red CMX Ros for 20 min in the dark at 28°C and were allowed to
recover for 20 min. The cells were washed with PBS and fixed using 4%
PFA/PBS for 20min followedby incubation in neutralizing buffer (glycine
PIPES), permeabilized with 0.2% Triton X-100 for 20 min, and refixed
in methanol for 25 min at −20°C. Cells were blocked overnight at
4°C in 3% BSA in PBS containing 0.02% Triton. Antibody was
diluted in the blocking solution (Letm1 1:200) and cells were
incubated for 2 d at 4°C. After 3 × 5 min washing with 3% BSA/PBS-
Triton, cells were incubated with the secondary antibody at room
temperature for 2 h (AF488 1:2,000 diluted in 3% BSA/PBS-Triton).
3 × 5 min washing in PBS. Vecta shield mounting medium was used
to mount the cells before imaging with the Zeiss LSM700 confocal
microscope with the 63× oil objective.

Immunoblot

Protein lysates from zebrafish larvae were prepared in a lysis buffer
containing NP-40, with 2× cOmplete proteinase inhibitor (Roche).
Samples were lysed using a plastic pestle and centrifuged 3 min at
17,000g at 4°C. Sampleswere stored at −80°C. Protein concentrationwas
determined using Protein Assay Dye Reagent Concentrate from Bio-Rad

(Cat. no. 500-0006) and 30 μg of protein was loaded for each sample.
Transfer was done using a 0.2-μm nitrocellulose membrane.
Commercial antibodies used were actin (#A2066; Sigma-Aldrich)
1:5,000 in 2.5% non-fat dry milk and Tom20: Rabbit (#42406S; Cell
Signaling) 1:1,000 in 5% non-fat dry milk. SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) was
used to detect chemiluminescence signal and ChemiDoc Imaging
System from Bio-Rad for recording.

NAD+/H measurements

Zebrafish embryos were collected at ZT5 and the yolk was removed
using a deyolking buffer (1/2 Ginzburg Fish Ringer [1] without
Calcium: 55 mM NaCl, 1.8 mM KCl, and 1.25 mM NaHCO3). The procedure
was performed according to a published protocol (Link et al, 2006).
NAD measurement in 1 dpf zebrafish embryos was performed using
NAD+/NADH-Glo Assay kit from Promega according to the manufac-
turer protocol. Standard curves were built using NAD (Cat. no. 8285;
Sigma-Aldrich) and NADH (Cat. no. 6660; Sigma-Aldrich). Samples were
lysed using PBS/Base/0.5% DTAB (Cat. no. D8638; Sigma-Aldrich).
Protein concentration was measured using the BCA Assay.

Zebrafish samples for qRT-PCR

Zebrafish embryos were kept in the incubator at 28°C under a 16-h
light/8-h dark cycle. Samples were collected in 2.0 ml tubes, snap-
frozen in liquid nitrogen, and stored at −80°C.

NAMPT phylogenetic tree.

Protein Organism Accession number

NAMPT Homo sapiens ENSP00000222553

NAMPT Mus Musculus ENSMUSP00000020886

Nampt Petromyzon marinus ENSPMAT00000009291.1

Namptb Latimeria chalumnae ENSLACT00000025212.1

Namptb Lepisosteus oculatus ENSLOCP00000012733

Nampt2 Danio rerio ENSDART00000037894.10

NAmPRTase Oryzias latipes ENSORLP00000012822

Namptb Xiphophorus maculatus ENSXMAP00000007822

Namptb Gasterosteus aculeatus ENSGACT00000015385.1

Nampt3.2 Danio rerio ENSDARG00000076694

Nampta Lepisosteus oculatus ENSLOCP00000019495

Nampt1 Danio rerio ENSDARP00000069804

Nampt Oryzias latipes ENSORLP00000016533

Nampta Gasterosteus aculeatus ENSGACT00000024960.1

Nampta Takifugu rubripes ENSTRUT00000085858.1

Nampta Tetraodon nigroviridis ENSTNIT00000021902.1

Nampta Latimeria chalumnae ENSLACP00000005040

Nampt Xenopus Laevis ENSXETT00000076483.1

Nampta Anolis carolinensis ENSACAT00000014786.4

Nampt Gallus gallus ENSGALT00000013144.5

Nampt Sus scrofa ENSSSCP00000016366

LETM1 phylogenetic tree.

Protein Organism Accession number

Letm1 Danio rerio XP_009305455.1

LETM1 Homo sapiens AAD13138.1

LETM1 Mus musculus AAD13139.1

LETM1 Rattus norvegicus NP_001005884.1

Letm1 Oryzias latipes XP_023807733.1

DmLETM1 Drosophila melanogaster AAM68316.1

CeLETM1 Caenorhabditis elegans NP_506382.1

Letm2 Danio rerio XP_001339387.1

LETM2 Homo sapiens NP_001186588.1

LETM2 Mus musculus NP_766600.2

LETM2 Rattus norvegicus AAH87079.1

Letm2 Oryzias latipes XP_004072229.1

Mdm38p Saccharomyces cerevisiae NP_014615.1

Mrs7p Saccharomyces cerevisiae NP_015450.1

AtLETM1 Arabidopsis thaliana At3g59820

AtLETM2 Arabidopsis thaliana AT1G65540.1

HCCR1 Mus musculus AAH21361.1

HCCR1 Rattus norvegicus AAI59427.1

HCCR1 Homo sapiens AAH19274.1

Hccr1 Danio rerio NP_001124088.1
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RNA extraction and qRT-PCR

Larvae were euthanized in 15% ice-cold tricaine (MS-222) and
decapitated. Heads and tails were independently pooled and snap-
frozen in liquid nitrogen.

Anesthesia of the adult fish was performed in 30% ice-cold
tricaine. The eyes, brain, liver, heart, swim-bladder, and gonads
were snap-frozen in liquid nitrogen. Three organs were pooled into
one biological replicate. 700 μl TRI reagent (Sigma-Aldrich) was
added to the samples. Larvae were lysed for 2 min at 30 Hz using a
metal bead (Peqlab Biotechnologie) and the QIAGEN tissue lyser.
Total RNA was isolated using the Direct-Zol RNA MiniPrep (Zymo
Research) according to themanufacturer’s protocol. 200 and 400 ng
of RNA were used to prepare cDNA with the QuantiTect reverse
transcription kit (QIAGEN). qRT-PCR was performed using Luna
Universal qRT-PCR Master Mix. The expression levels of the mea-
sured transcripts were normalized to β-actin. Primer sequences for
per1b, clock1a, per2, and β-actin were described and tested pre-
viously (Dekens et al, 2017). Intron-spanning qRT-PCR primers for
nampt1 and 2 were designed using Primer3Plus.

TEM

For TEM Zebrafish larvae at 4 dpf were fixed in 5% glutaraldehyde
(Merck) in 0.1 M phosphate buffer (Sigma-Aldrich), pH 7.2, at 4°C for
3 h. Subsequently, samples were post-fixed in 1% osmium tetroxide
(Merck) in the same buffer at 4°C for 2 h. After dehydration in an
alcohol gradient series and propylene oxide (Merck), the tissue
samples were embedded in glycid ether 100 (Serva). Ultrathin
sections were cut on a Leica ultramicrotome (Leica Ultracut S),
stained with uranyl acetate (Sigma-Aldrich), and lead citrate
(Merck) and examined with a Zeiss TEM 900 electron microscope
(Carl Zeiss) operated at 80 kV.

RNA sequencing, differential expression analysis, and enrichment

Samples at 4 dpf larval stage were collected, frozen and stored at
−80°C. RNA extraction was performed using the Direct-Zol RNA
MiniPrep (Zymo Research) according to the manufacturer’s pro-
tocol including the on-column gDNA digestion. Four biological
replicates per condition were used. The Agilent RNA 6000 Nano kit
(Agilent) was used to check the quality of the RNA samples. All
samples were submitted to the VBCF NGS facility (Vienna) where
library preparation, polyA enrichment, sequencing, alignment, and
differential expression analysis were performed. Samples were
sequenced on the Illumina NovaSeq platform with 150-base pair
end reads. The data were aligned to the zebrafish genome using the
Ensembl version GRCz10. P-values were obtained using the Wald
test and adjusted P-values were calculated with the Benjamini-
Hochberg method.

Enrichment analysis and heat map
The functional enrichment analysis was performed using the online
free access tool g:profiler (https://biit.cs.ut.ee/gprofiler/gost) with
an adjusted P-value < 0.05 and a fold change of 1 as cut-offs. The
enrichment map was build using the software Cytoscape v3.9.0.
Heat maps were obtained using R (version 3.6.1).

Phenotypical analysis

Zebrafish eggs were obtained from letm1+/+ or letm1−/− pairs of
fish and observed under a dissecting microscope. From 0 to 5 dpf,
scores were kept according to different phenotypic categories:
unfertilized, malformed, non-developing, dead, and malformed.
Embryos were removed as soon as they were counted but mal-
formed embryos were still counted in the statistics because they
still survive for some time. Representative pictures were taken
using the Nikon NIS Elements camera.

Phylogenetic analysis

The phylogenetic analysis was calculated using phylogeny.fr
(Dereeper et al, 2008) and the tree was visualized using itol.embl.de/.

Data Availability

The RNA sequencing data from this publication have been de-
posited to the Dryad database and assigned with the identifier doi:
10.5061/dryad.jwstqjqbk.

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101194.
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