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ABSTRACT

FTSJ1 is a phyllogenetically conserved human 2’-O-methyltransferase (Nm-MTase)
which modifies position 32 as well as the wobble position 34 in the AntiCodon Loop (ACL) of
specific tRNAs: tRNAPCA {RNATPCCA) gnd tRNARUUAY  FTSJ1’s loss of function has been
linked to Non-Syndromic X-Linked Intellectual Disability (NSXLID), and more recently in
cancers. However, the exact molecular mechanisms underlying FTSJ1-related pathogenesis
are unknown and a potential extended variety of FTSJ1’s tRNA targets hasn’t been fully
addressed yet. We performed unbiased and comprehensive RiboMethSeq analysis of the
Nm profiles for human tRNA population extracted from cells derived from NSXLID patients’
blood bearing various characterized loss of function mutations in FTSJ1. In addition, we
reported a novel FTSJ1 pathogenic variant from a NSXLID patient bearing a de novo
mutation in the FTSJ1 gene. Some of the newly identified FTSJ1’s tRNA targets are also
conserved in Drosophila as shown by our previous study on the fly homologues Trm7_32
and Trm7_34, whose loss affects small RNA silencing pathways. In the current study, we
reveal a conserved deregulation in both the miRNA and mRNA populations when FTSJ1
function is compromised. In addition, a cross-analysing between deregulated miRNA and
mRNA obtained in FTSJ1 mutants highlighted upregulation of miR10a-5p which has the
capacity to silence the SPARC gene mRNA, downregulated in FTSJ1 mutant cells. This
suggests that FTSJ1 loss may influence gene expression deregulation by modulation of
miRNA silencing. A gene-ontology (GO) enrichment analysis of the deregulated mRNAs
primarily matched to brain morphogenesis terms, followed by metabolism and translation
related genes. In parallel, the deregulated miRNAs are mostly known for their implication in
brain functions and cancers. Based on these results, we suggest that miRNA silencing
variations may play a role in the pathological mechanisms of FTSJ1-dependent NSXLID.
Finally, our results highlight miR-187a-5p as a potential companion diagnostic test in clinical
settings for FTSJ1-related intellectual disability.
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INTRODUCTION

RNA modifications represent a post-transcriptional layer of gene expression
regulation and are the focus of studies of the emerging field of epitranscriptomics (Saletore
et al. 2012; Angelova et al. 2018; Zhao et al. 2020). Thanks to their variety and dynamic
nature, RNA modifications provide the advantage to rapidly adapt gene expression in
response to programmed developmental changes or to unpredictable environmental
variations. One of the most abundant RNA modifications is 2’-O-methylation (ribose
methylation, Nm) which can affect properties of RNA molecules in multiple ways (e.qg.,
stability, interaction, function) (Kawai et al. 1992; Kurth and Mochizuki 2009; Lacoux et al.
2012). Nm residues are abundant in ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs)
(Erales et al. 2017; Marchand et al. 2017), but are also found in other RNA types such as
small nuclear RNA (snRNA) (Darzacq 2002; Dai et al. 2017), small non-coding RNA
(sncRNA) (Junijie Li et al. 2005; Yu et al. 2005; Horwich et al. 2007; Saito et al. 2007; Kurth
and Mochizuki 2009) and messenger RNA (mRNA) (Darzacq 2002; Dai et al. 2017; Bartoli et
al. 2018 n.d.). Many Nm positions are conserved through evolution and their presence is
essential for maintaining healthy physiological functions. The loss of certain Nm
modifications and/or Nm-modifying enzymes has been associated with various pathological
conditions (reviewed in (Dimitrova, Teysset, and Carré 2019)), among which cancers (Liu et
al. 2017; El Hassouni et al. 2019; Q. He et al. 2020; Marcel et al. 2020) and brain diseases
(Jia, Mu, and Ackerman 2012; Abe et al. 2014; Guy et al. 2015; Cavaillé 2017) stand out the
most.

FTSJ1 is a human tRNA 2’-O-methyltransferase (Nm-MTase) and a part of the large
phylogenetically conserved superfamily of Rrmj/fibrillarin RNA methyltransferases (Bugl et
al. 2000; Feder et al. 2003). FTSJ1 homolog in Saccharomyces cerevisiae is called Trm7
(tRNA methyltransferase 7), and expression of human FTSJ1 suppresses the severe growth
defect of yeast Afrm7 mutants (Guy and Phizicky 2015). A substantial part of the original
knowledge on FTSJ1’s molecular functions has been acquired by the studies done in yeast.
In S. cerevisiae, Yeast Trm7 2’-O-methylates positions 32 and 34 in the AntiCodon Loop
(ACL) of specific tRNA targets: tRNAP"CA tRNATPCCA and tRNAUAY (Pintard et al. 2002;
Guy et al. 2012). To achieve 2’-O-methylation, TRM7 partners with two other proteins:
Trm732 for the methylation of a cytosine at position 32, and with Trm734 for the methylation
of cytosine or guanine at position 34 (Guy et al. 2012; Jing Li et al. 2020). The presence of
both, Cm,, and Gm,, in tRNAP"C") s required for efficient conversion of m'G,, to
wybutosine (yW,, ) by other proteins. This molecular circuitry is also conserved in the
phylogenetically distinct Schizosaccharomyces pombe and in humans (Noma et al. 2006;
Guy and Phizicky 2015; Guy et al. 2015; Jing Li et al. 2020).
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Recently, our team used the robust and unbiased RiboMethSeq technique to identify
two novel non-redundant Drosophila melanogaster homologs of human FTSJ1 and yeast
Trm7. Flies Trm7_32 and Trm7_34 modify respectively positions 32 and 34 in the ACL on
tRNAPNSGA) {RNATPCCA gnd tRNAUCA (Angelova and Dimitrova et al. 2020). Testing the
totality of Drosophila tRNAs using RiboMethSeq also led to the discovery of novel tRNA
targets for these TRM7 family enzymes (tRNA®"CU® and tRNA®“CY®) and raised the
question about their conservation in humans. Shortly after our publication, it was reported
that, similarly to flies, human FTSJ1 modifies position 32 of another tRNA®" isoacceptor,
tRNAC"UYS) (Jing Li et al. 2020). This study performed in HEK293T cells tested a selected
subset of tRNAs using tRNA purification followed by MS analysis. It was shown that position
32 of tRNAAIUCE) {RNAAGCCE) gnd tRNAAYACCE) g5 well as position 34 on tRNACCE) gnd
tRNAU(CA%) gre also 2’-O-methylated by human FTSJ1. tRNA*9AC®) was originally identified
as a target of fly Trm7_32 (Angelova and Dimitrova et al. 2020), while human tRNA=(CAY
(Kawarada et al. 2017) and yeast tRNA"“(Y* (Guy et al. 2012) were predicted targets of
FTSJ1 and Trm7 respectively.

However, comprehensive and unbiased analysis of all possible FTSJ1 tRNA targets
was not yet performed, particularly in human patients samples. This leaves the full spectrum
of FTSJ1 tRNA substrates yet to be identified. With the growing knowledge on the biological
importance of Nm and the already well-established link between FTSJ1’s loss of function
and NSXLID (Freude et al. 2004; Ramser et al. 2004; Froyen et al. 2007; Guy et al. 2015), it
is becoming urgent to reveal any “hidden” tRNA targets of this enzyme in human.

Males patients bearing an hemizygous loss of function variant in the FTSJ71 gene
suffer from significant limitations both in intellectual functioning and in adaptive behavior.
Similar phenotypes including impaired learning and memory capacity were recently
observed in FTSJ1 KO mice that also present a reduced body weight and bone mass, as
well as altered energy metabolism (Jensen et al. 2019). In flies, we recently showed that the
loss of Trm7_32 and Trm7_34 provokes reduced lifespan and body weight, and RNAI
antiviral defenses, associated with a locomotion defect which may be explained, at least
partially, by impaired sncRNA silencing pathways (Angelova and Dimitrova et al. 2020).
Finally, yeast Atrm7 mutants grow poorly due to a constitutive general amino acid control
(GAAC) activation as well as to the possible reduced availability of aminoacylated tRNAP"™
(Pintard et al. 2002; Guy et al. 2012; Han et al. 2018). In mammals, however, the evidence
relating FTSJ1 to translation is yet scarce and one linking it to sncRNA silencing is missing.
The molecular and cellular mechanisms underlying NSXLID pathogenesis are not yet fully

understood.
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In this study, we first aimed to identify the panel of FTSJ1’s tRNA targets in human
lymphoblastoid cell lines (LCLs) directly derived from blood samples of NSXLID male
patients bearing loss of function variants in FTSJ71 gene vs. male individuals with intact
FTSJ1 activity. The Nm profiles of the totality of human tRNAs was evaluated by the
unbiased RiboMethSeq method (Marchand et al. 2016a, 2017) in FTSJ1 loss of function vs.
functional FTSJ1 context. Importantly, most of the previously reported substrates
(tRNAPPCAY) - {RNATPCCA - {RNAUCAS) gand tRNAMIUCE) were confirmed with nucleotide
position precision. Previously, the enzymatic activity of FTSJ1 on selected tRNAs has been
revealed through HPLC (High-Performance Liquid Chromatography) (Guy et al. 2015) and
more recently through UPLC-MS/MS (Ultra-Performance Liquid Chromatography—Mass
Spectrometry/Mass Spectrometry) (Jing Li et al. 2020). Both approaches analyse individual
nucleosides of selected tRNAs based on already reported sequences. The exact position of
the modified nucleotide is thus inferred from available information on tRNA sequences and
modification profiles (Chan and Lowe 2016; Boccaletto et al. 2018). Therefore, the
contribution of the current report consists in the precise mapping of FTSJ1-dependent Nm,
while considering the totality of expressed human tRNA isotypes and isoacceptors without
any selection biases or possible missing information on presently available databases. An
additional advantage of the RiboMethSeq is that it enables to “scan” every nucleotide
position in all expressed tRNAs in one single experiment. Thus, unchanged Nm on tRNAs
between the tested conditions can be used as internal control, and demonstrates here the
high specificity of FTSJ1 for positions 32 and 34 in the ACL of tRNA targets.

Our previous study in Drosophila melanogaster revealed tRNA substrates for
Trm7_32 (C,, in tRNAMIACE) {RNACNCUG) {RNACHCUC) and tRNAY2*A9) for which, at the time
of publication, there was no experimental evidence identifying them as targets of human
FTSJ1 nor yeast Trm7 (Angelova and Dimitrova et al. 2020). This, together with the
additional freshly identified targets of human FTSJ1 by (Jing Li et al. 2020), raised the
suspicion for an expanded tRNA targets panel for these enzymes compared to what was
previously known. Here we give reason to this suspicion by showing the conservation of C,,
in tRNA®CY®) as substrate of human FTSJ1, and also revealing an additional target: U,, in

tRNA®Y(CCC) while confirming previously and recently reported ones.

In addition, through illumina sequencing transcriptome analysis we report
deregulations of mMRNA and miRNA populations in FTSJ1-lacking NSXLID patients’ LCLs. A
cross analysis of MRNA and miRNA datasets and experimental databases for identification
of miRNA targets revealed potential miRNA::mRNA target interactions in the NSXLID

patients’ LCLs. Considering the sncRNA silencing impairment in FTSJ1 ortologs deficient
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flies (Angelova and Dimitrova et al. 2020), these results suggest a conserved molecular
phenotype in humans lacking FTSJ1.

Importantly, most of the differentially expressed mRNAs between healthy individuals
and patients with FTSJ7 variants are implicated in brain morphogenesis as revealed by
Gene Ontology (GO) analysis, and most of the differentially expressed miRNAs are
implicated in brain-related functions and cancers, including glioblastoma.

Collectively, our study suggests perturbation of sncRNA silencing mechanisms
implicated in FTSJ1-related NSXLID pathogenesis through the link with FTSJ1’s Nm-MTase
activity. Finally, we propose miRNA-181a-5p as a potential future biomarker of FTSJ1
NSXLID that seems to be specifically and significantly over-represented in FTSJ1 patients’

cells.
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MATERIALS & METHODS

FTSJ1 variants and lymphoblastoid cell lines (LCL)

The various lymphoblastoid cell lines (LCLs) were generated by using classical
methods from blood samples of NSXLID male patients or healthy male individuals. The cells
were cultured in RPMI-1640 medium with L-glutamine and sodium bicarbonate (ref.
R8758-500ML, SIGMA) supplemented with 10% FBS (Gibco) and 1%
penicillin—streptomycin (ref. P0781, SIGMA) at 37 °C with 5% CO,. Cells were split at 2
dilution approximately 24h before being collected for RNA extraction with TRI-Reagent
(Sigma Aldrich) following the manufacturer’s instructions.

6514AW & 6514JW (LCL65AW & LCL65JW in this study): Family A3 - LCLs from two

brothers with mild or severe ID associated with psychiatric manifestations (anger,

aggression, anxiety, depression, schizophrenia requiring medication) bearing a splice variant
in FTSJ1: c.121+1delG (Freude et al. 2004). This variant leads to a retention of intron 2
creating a premature stop codon (p.Gly41Valfs*10). Part of the transcripts undergo
nonsense mMRNA decay.

1171614 (LCL11 in this study): Family A18 - LCL for one male with moderate to
severe mental retardation without dysmorphic features carrying an interstitial microdeletion
at Xp11.23. The extent of the deletion was subsequently delineated to about 50 kb by
regular PCR and included only the SLC38A5 and FTSJ1 genes. qPCR with the FTSJ1-ex3
primers is negative, thus demonstrating the complete deletion of FTSJ1 locus (Froyen et al.
2007).

22341SR (LCL22 in this study): Family 7 (A26P) - LCL for one male with moderate ID
and psychiatric features (mild anxiety and compulsive behavior) carrying a missense
mutation ¢.76G>C; p.Ala26Pro in FTSJ1. This family has been reported previously (Guy et
al. 2015) .

LCL-MM: This is a newly reported family. The LCL has been generated from one
male with mild ID and behavioral problems carrying a hemizygous variant ¢.362-2A>T; p.? in
FTSJ1. The mutation is predicted to disrupt the acceptor splice site of exon 6. This variant
might cause a skipping of the entire exon in the mRNA leading to a frameshift. It shows a
strong decrease of the corresponding mRNA. This variant was deposited in ClinVar
database (VCV000981372.1).

18451PK (LCL18 in this study), 16806JD (LCL16 in this study), 3-2591 (LCL25 in this
study) and 3-5456 (LCL54 in this study): LCL established from control males. 4 LCL’s not

mutated in the FTSJ7 gene from unaffected males of similar age were used as control.
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RiboMethSeq

RiboMethSeq analysis of human LCL tRNAs was performed as described in
(Marchand et al. 2017). Briefly, tRNAs extracted from LCLs were fragmented in 50 mM
bicarbonate buffer pH 9.2 for 15 minutes at 95°C. The reaction was stopped by ethanol
precipitation. The pellet was washed with 80% ethanol and sizes of generated RNA
fragments were assessed by capillary electrophoresis using a small RNA chip on
Bioanalyzer 2100 (Agilent, USA). RNA fragments were directly 3’-end dephosphorylated
using 5 U of Antarctic Phosphatase (New England Biolabs, UK) for 30 minutes at 37°C. After
inactivation of the phosphatase for 5 minutes at 70°C, RNA fragments were phosphorylated
at the 5-end using T4 PNK and 1 mM ATP for one hour at 37°C. End-repaired RNA
fragments were then purified using RNeasy MinElute Cleanup kit (QIAGEN, Germany)
according to the manufacturer's recommendations. RNA fragments were converted to library
using NEBNext® Small RNA Library kit (ref#E7330S, New England Biolabs, UK or
equivalent from lllumina, USA) following the manufacturer’s instructions. DNA library quality
was assessed using a High Sensitivity DNA chip on a Bioanalyzer 2100. Library sequencing
was performed on lllumina HiSeq 1000 in single-read mode for 50 nt. Primary analysis of
sequencing quality was performed with RTA 2.12 software, to insure > Q30 quality score for
> 95 % of obtained sequences.

Following SR50 sequencing run, demultiplexing was performed with BclToFastq
v2.4, reads not passing quality filter were removed. Raw reads after demultiplexing were
trimmed with Trimmomatic v0.32 (Bolger, Lohse, and Usadel 2014). Alignment to the
reference tDNA sequences was performed with bowtie 2 ver2.2.4 (Langmead et al. 2009) in
End-to-End mode. Uniquely mapped reads were extracted from *sam file by RNA ID and
converted to *.bed format using bedtools v2.25.0 (Quinlan 2014). Positional counting of
5-and 3’-ends of each read was performed with awk Unix command. Further treatment
steps were performed in R environment (v3.0.1). In brief, 5’-and 3’-end counts were merged
together by RNA position and used for calculation of ScoreMEAN (derived from MAX Score
(Pichot et al. 2020), as well as Scores A and B (Birkedal et al. 2015) and MethScore
(Marchand et al. 2016b). Scores were calculated for two neighboring nucleotides. Profiles of
RNA cleavage at selected (candidate and previously known) positions were extracted and

visually inspected.

mRNA sequencing

mRNA sequencing was performed as in (Khalil et al. 2018). 5 ug of total RNA were
treated by 1TMBU of DNAse (BaseLine-Zero™ DNAse, Epicentre, USA) for 20 min at 37 °C
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to remove residual genomic DNA contamination. RNA quality was verified by PicoRNA chip
on Bioanalyzer 2100 (Agilent, USA) to ensure RIN (RNA Integrity Number) > 8.0. PolyA +
fraction was isolated from 4.5 ug of DNAse-treated total RNA using NEBNext Oligo d(T)25
Magnetic beads kit (NEB, USA), according to manufacturer's recommendations. PolyA +
enrichment and the absence of residual rRNA contamination were verified using PicoRNA
chips on Bioanalyzer 2100 (Agilent, USA). PolyA + fraction (1 ng for each sample) was used
for whole-transcriptome library preparation using ScriptSeq v2 RNA-Seq kit (Illumina, USA).
Libraries amplified in 14 PCR cycles were purified using Agencourt AMPure XP beads
(Beckman-Coulter, USA), at a ratio 0.9x to remove adapter dimer contamination. Quality of
the libraries was verified by HS DNA Chip on Bioanalyzer 2100 (Agilent, USA) and
quantification done by Qubit 2.0 with appropriate RNA quantification kit. Sequencing was
performed on HiSeq1000 (lllumina, USA) in single read SR50 mode. About 50 million of raw
sequencing reads were obtained for each sample. Adapters were trimmed by Trimmomatic
v0.32 (Bolger, Lohse, and Usadel 2014) and the resulting sequencing reads aligned in
sensitive-local mode by Bowtie 2 v2.2.4 (Langmead and Salzberg 2012) to hg19 build of
human genome. Differential expression was analyzed using *.bam files in DESeq2 package
(Love, Huber, and Anders 2014) under R environment. Analysis of KEGG and Gene

Ontology pathways for differentially expressed genes was done under R environment.

small RNA sequencing and data analysis

Small RNA-Seq libraries were generated from 1000 ng of total RNA using TruSeq
Small RNA Library Prep Kit (lllumina, San Diego, CA), according to manufacturer's
instructions. Briefly, in the first step, RNA adapters were sequentially ligated to each end of
the RNA, first the 3' RNA adapter that is specifically modified to target microRNAs and other
small RNAs, then the 5' RNA adapter. Small RNA ligated with 3' and 5' adapters were
reverse transcribed and PCR ampilified (30 sec at 98°C; [10 sec at 98°C, 30 sec at 60°C, 15
sec at 72°C] x 13 cycles; 10 min at 72°C) to create cDNA constructs. Amplified cDNA
constructs of 20 to 40 nt were selectively isolated by acrylamide gel purification followed by
ethanol precipitation. The final cDNA libraries were checked for quality and quantified using
capillary electrophoresis and sequenced on the lllumina HiSeq 4000 at the Institut de
Génétique et de Biologie Moléculaire et Cellulaire (IGBMC) GenomEast sequencing
platform.

For small RNA data analysis, adapters were trimmed from total reads using
FASTX Toolkit [http://hannonlab.cshl.edu/fastx_toolkit/]. Only trimmed reads with a length

between 15 and 40 nucleotides were kept for the further analysis.
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Data analysis was performed according to published pipeline ncPRO-seq

[https://www.ncbi.nlm.nih.gov/pubmed/23044543]. Briefly, reads were mapped onto the

human genome assembly hg19 with Bowtie v1.0.0. The annotations for miRNAs were done
with miRBase v21. The normalization and comparisons of interest were performed using the
test for differential expression, proposed by (Love, Huber, and Anders 2014) and

implemented in the Bioconductor package DESeq2 v1.22.2 [http://bioconductor.org/].

MicroRNA target prediction was performed using miRNet 2.0

[https://www.mirnet.ca/miRNet/home.xhtml]

Northern blotting

For northern blotting analysis of tRNA, 5 pg of total RNA from human LCLs were
resolved on 15 % urea-polyacrylamide gels for approximately 2h in 0.5x TBE buffer at 150 V,
then transferred to Hybond-NX membrane (GE Healthcare) in 0,5x TBE buffer for 1h at 350
mA of current and EDC-cross-linked for 45 min at 60°C with a solution containing 33 mg/ml
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Sigma Aldrich), 11 ng/ul of
1-methylimidazol and 0.46% of HCI. The membranes were first pre-hybridized for 1h at 42°C
in a hybridization buffer containing 5xSSC, 7% SDS, 5.6 mM NaH,PO,, 14.4 mM Na,HPO,
and 1x Denhardt’s solution. DNA oligonucleotide probes were labelled with 3P at the 5-end
by T4 polynucleotide kinase following manufacturer's instructions (Fermentas). The
membranes were hybridized with the labelled probes overnight at 42°C in the hybridization
buffer, then washed twice for 15 min in wash buffer A (3x SSC and 5% SDS) and twice in
wash buffer B (1x SSC and 1% SDS) before film exposure at -80°C for variable time

durations. Probe sequences are available in the Primers and Probes section.

RT-qPCR

RNA was extracted from human LCLs using TRI-Reagent (Sigma Aldrich). After
DNase digestion of total RNA using the TURBO DNA-free™ Kit (Ambion), 1 ug was used in
a reverse transcription reaction with Random Primers (Promega) and RevertAid Reverse
Transcriptase (ref. EP0442, Thermofisher). The cDNA was used to perform gPCR on a
CFX96 Touch™ Real-Time PCR Detection System (Bio Rad) using target-specific primers.
hGAPDH was used for normalization (Primers and Probes section). The analysis was
performed using AA Ct, on three biological replicates. Statistical analysis using a bilateral

Student’s t-test was performed and p-values were calculated.
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Primers and Probes

Northern blot analysis was performed with the use of hsa-miR-181a-5p specific
probes with the following sequences: 5-AACATTCAACGCTGTCGGTGAGT-3' (sense
probe) and 5-ACTCACCGACAGCGTTGAATGTT-3 (antisense probe). Human U6 specific
probe was used for detecting U6 as a loading control:
5-GCAAGGATGACACGCAAATTCGTGA-3 (sense probe) and
5-TCACGAATTTGCGTGTCATCCTTGC-3' (antisense probe).

gPCR analysis (after an RT reaction performed with random primers) were

performed with the use of primers with the following sequences:

Target Gene Primer’s Sequence

sense

Forward 5-TGGCAGATGTACATTTTGTGG-3’
BTBD3

Reverse 5-AACACAGAGCTCCCAACAGC-3

Forward 5-GAGAAGGTGTGCAGCAATGA-3’
SPARC

Reverse 5-AAGTGGCAGGAAGAGTCGAA-3

Forward 5-CAACGGATTTGGTCGTATTGG-3’
GAPDH

Reverse 5-GCAACAATATCCACTTTACCAGAGTTAA-3

Forward 5-CCATTCTTACGACCCAGATTTCA-3
FTSJ1

Reverse 5-CCCTCTAGGTCCAGTGGGTAAC-3
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RESULTS

New tRNA targets of human FTSJ1

To identify new potential tRNA targets of human FTSJ1, we compared the Nm
modification profiles of positions 32 and 34 for all detectable tRNA species using the
RiboMethSeq (Marchand et al. 2017) on human LCLs obtained from control individuals (n=4)
vs. LCLs obtained from individuals with ID harboring loss-of-function variants in FTSJ7 (n=5,
from four unrelated families) (Figure. 1a). Four of these patients were already reported and
harbor: a splice variant leading to a premature stop codon (Freude et al. 2004) (LCL65AW
and LCL65JW), a deletion encompassing FTSJ1 together with another gene (Froyen et al.
2007) (LCL11), and a missense variant (p.Ala26Pro) affecting an amino acid located close to
FTSJ1 catalytic pocket resulting in loss of Gm,,, but not of Cm,, in human tRNA™™ (Guy et
al. 2015) (LCL22), similarly to what is observed in a Drosophila Trm7_34 single mutant
(Angelova and Dimitrova et al. 2020). The last individual was not reported nor characterized
before: he presents mild ID and behavioral manifestations and harbors a de novo pathogenic
variant affecting the consensus acceptor splice site of exon 6 (NM_012280.3: ¢.362-2A>T)
(LCL-MM). This mutation is predicted to lead to the skipping of exon 6 inducing a frameshift,
most probably resulting in a premature stop codon thus promoting cleavage of the mRNA
through Nonsense Mediated mRNA Decay (NMD). Accordingly, FTSJ7 mRNA steady state
level in LCL-MM is significantly reduced when compared to LCL from control individuals
(Figure. S1a).

tRNAPhe(GAA)
Individual Cm32 Gm34 LCL code name

LCL16

Control Yes Yes LCL18

individuals LCL24

LCL54
Yes LCL22 Figure 1a. FTSJ1
Affected LCL6SAW targets tRNA-Phe at
individuals positions 32 and 34 in
: LCL65JW humans. Control and
with FTSJ1 No No affected FTSJ1
iant LCL11 individuals Nm status at
varian LCLMM positions 32 and 34 of

human tRNA™",
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To obtain a comprehensive picture of the Nm-MTase specificity for FTSJ1 in vivo, we
performed tRNA RiboMethSeq analysis on LCLs isolated from patients carrying a
pathogenic variant in FTSJ1 and control individuals. RiboMethSeq allows tRNA-wide Nm
detection based on random RNA fragmentation by alkaline hydrolysis followed by library
preparation and sequencing (Marchand et al. 2017). The presence or absence of Nm can be
appreciated from characteristic coverage profiles of the 5'-/3'-ends of obtained cDNAs. Since
Nm residues protect the adjacent 3'-phosphodiester bond to the neighbouring nucleotide
from hydrolysis, a gap in the coverage at the n+1 position indicates the presence of a
2'-O-methylated nucleotide at position n. As an example, when analyzing the
2'-O-methylation status at position 34 for tRNAP"™ in control individuals, reads at position 35
(equals n+1) were under-represented in regard to their direct nucleotide neighbors. Depicted
MethScores (Figure. 1b) were calculated for two neighboring nucleotides (Marchand et al.
2016a).

These results confirmed the known FTSJ1 targets (tRNAP"(C* and tRNAT(CY) and
located the FTSJ1-deposited Nm modifications to their predicted positions in the ACL (C,,
and N,,, Figure. 1b). However, Cm,, of tRNA""¢* made an exception and no detectable
Nm MethScore variations between control and mutant FTSJ1 cells were found using
RiboMethSeq MethScore analysis. The analysis of this position was challenging due to low
read numbers necessary for its quantification. Therefore, we do not exclude that the parallel
loss of Gm,, in FTSJ1 mutated cells is provoking the unchanged MethScore at position 32.
However, when looking at raw reads count profil, reads at position 33 (Cm,,) are increasing
in FTSJ1 mutated cells (Figure. S1b) denoting a loss of Nm deposition in FTSJ1 mutated
LCLs. Importantly, we previously reported that tRNAP"(®*) ACL positions are challenging to
detect with Ribomethseq, mostly due to the hyper-modification on position 37 of tRNA™™
(Angelova and Dimitrova et al. 2020). Indeed, 02yW,./ m'G,, impairs reverse transcription

thereby reducing the number of cDNAs spanning the ACL.
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Phe(GAAL-Gm34 | [ Trplcca)-cm3s | | Leu(cAG)-cm34

LCL16 (Control)
LCL18 (Control)
LCL22 [(A>F)
LCL11 (deletion)
LCLESAW (truncated)
- LCLBSJW (truncated)
l B LcL-MM (predicted truncated)

MethScare

Trp(cca-cm32 || Argluce)cm32 | | ein(cusycm3z || elyicco)-umsz |

MethScore

Figure 1b. FTSJ1 targets multiple tRNAs at positions 32 and 34 in humans. Methylation scores
(MethScore) for 2'-O-methylated positions in tRNAs showing altered methylation in FTSJ1 loss-of-function
mutant LCLs. MethScore (Score C), representing the level of ribose methylation was calculated from
protection profiles. Data are shown for positions 32 and 34 in different H. sapiens tRNAs as measured in
different LCL lines that are indicated with different colour code. Grey: control LCL; blue: FTSJ7 mutant
LCLs.

The RiboMethSeq analysis did not detect variations in Cm,, on tRNA™"UA) g
tentative FTSJ1 target based on yeast rescue assays using exogenous expression of human
FTSJ1 protein in S. cerevisiae trm7A strain (Guy and Phizicky 2015) as well as on
RiboMethSeq data for Drosophila orthologue Trm7_32 (Angelova and Dimitrova et al. 2020).
However, we found a partial loss of Cm,, in a specific subtype of tRNA-*“(®®)in human LCLs
lacking FTSJ1 function. This particular target was only very recently reported in humans by
using HEK293T FTSJ1 KO cells (Jing Li et al. 2020). We also found that FTSJ1 loss of
function in human LCLs leads to almost complete loss of Cm,, on tRNA®"“Y®) (Figure. 1b), a
recently discovered target of Drosophila Trm7_32 (Angelova and Dimitrova et al. 2020)
which was not reported on the RNA modification database Modomics for either yeast or
humans (Boccaletto et al. 2018). In addition, we detected a notable decrease of Um,, in
tRNA®Y(CCC (Figure. 1b), a modification previously reported on Modomics, however the
enzyme responsible for it was up to now unknown. Cm,, on human tRNA*9V°®) has been
reported only recently (Jing Li et al. 2020). Our RiboMethSeq analysis shows that Cm,, on
tRNAAUC®) was abolished in all LCLs lacking proper FTSJ1 function, while Um,, on
tRNA®YCCO) was partially but significantly affected (~ 50%, Figure. 1b) and was not described

yet in previous reports.
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Those experiments performed without any selection on whole tRNAs expressed in
LCL derived from NSXLID patients' blood cells confirmed most of the already known tRNAs

target positions of human FTSJ1 and uncovered novel, not yet reported human FTSJ1 tRNA

targets (Figure. 1c).
Humans Drosophila S. cerevisiae
tRNA target| current RiboMethSeq study Previous MS studies RiboMethSeq study MS studies
Position 32 Position 34 Position 32 Position 34 |Position 32 |Position 34 |Position 32 Position 34

Arg(UCG) Cm no Cm no no ng n.d. n.d.
Arg(ACG) no no| Cm no Cm no n.d. n.d.
Arg(CCG) no no| Um Cm no no n.d. n.d.
Leu{CAG) no! Cm n.d. Cm no no| n.d. n.d.
Leu(CAA) no no| n.d. Cm Cm Cm n.d. n.d.
Leu(UAA) no no| n.d. no no no| Cm cm
Leu{AAG) no' no| n.d. no no no| n.d. n.d.
Leu{UAG)| no no n.d. no no no n.d. n.d.
Phe{GAA no Gm Cm Gm no Gm Cm Gm
Trp{CCA) Cm Cm Cm Cm Cm Cm Cm Cm
GIn{CUG) Cm noj n.d. n.d. Cm no| n.d. n.d.
GIn{UUG) no. no Cm n.d. no no| n.d. n.d.
Gly(ccc) Um no| n.d. no no no n.d. n.d.
Glu(cuc) no nol n.d. n.d. cm no| n.d. n.d.
Val(AAC) no' no| n.d. n.d. Cm no| n.d. n.d.

Asn((GUU)| no no| n.d. n.d. Cm no n.d. n.d.
Ala(AGC) no no n.d. n.d. Um ng n.d, n.d.

Figure 1c. FTSJ1 targets multiple human tRNAs at positions 32 and 34. A summary of tRNA nucleotides
revealed to date, including by the current study, as targets of human FTSJ1, as well as those targeted by Drosophila
Trm7_32 and Trm7_34, and yeast Trm7 in the respective organisms. For the tRNA targets are given the isotype
(determined by the bound amino acid) and the isoacceptor (determined by the ACL sequence). In blue are highlighted
the studies done with the site-specific RiboMethSeq and in grey, the ones done by mass spectrometry (MS) single
nucleotide analysis. n.d. stands for non-determined and indicates that the tRNA was not tested or if tested the data
was not analysable. no stands for non-detected Nm. Cm, Gm and Um stand for 2’-O-methylated respectively C, G
and U nucleotides.

FTSJ1 loss of function affects the miRNA populations

Our previous work uncovered the Drosophila homologs of FTSJ1, Trm7_32 and
Trm7_34, and showed that their loss of functions surprisingly leads to perturbations in the
small non-coding RNA (sncRNA) gene silencing pathways including the miRNA population
(Angelova and Dimitrova et al. 2020). We wanted to investigate whether such perturbations
are conserved in NSXLID patient somatic cells lacking proper FTSJ1 function. We thus
performed a small RNA sequencing on the 5 LCLs carrying FTSJ1 loss-of-function variants
compared to 4 LCLs from control individuals in order to assess a differential expression
analysis of the miRNAs population.

The principal component analysis (PCA) from the different FTSJ1 loss-of-function cell
lines shows a high similarity and thus clusters on the PCA plot, while the wild type lines were
more dispersed, possibly explained by their geographic origins and/or age of cell line
generation (Figure. S2a). The DESeq2 differential expression analysis showed statistically

significant deregulation of 36 miRNAs when comparing FTSJ1 mutants to control LCLs. 17
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miRNA were up- and 19 down-regulated (Figures. 2a, S2b and S2c). Importantly, as already
reported in Drosophila, the results from human LCLs showed that the global miRNA

distribution was not drastically affected in FTSJ1 mutant LCLs when compared to controls.

518280_Carre_mirbase21_Mutant vs WT doewn2up

I o O 2217y
eI IConditisn

hss-miR-4482-3p
hse-miR-1258-2.3p
hss-miR-125a-5p
hss-miR B8 Ep

Down
regulated hss-miR-625-5p

Up | hss-miR-222-5p

regulated hss-miR-148a-5p

has-miR-1816-2-3p
hse-miR-181a-5p
hss-mif-383.3p
hse-miR-181a-3p
hss-mif-205-5p
hse-miR-1818-3p
hsa-miR-383-5p
hse-mif-102-3p
has-rmif-108-5p
hse-miR-3614-3p
has-mif-455-5¢
hse-miR-185-3p
hag-miR-548ax

Figure 2a. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients LCLs. Heat
map generated using the pheatmap package in R showing the 36 deregulated miRNAs in FTSJ1 loss
of function LCLs compared to controls. Batch points to the country of origin of the LCLs. Condition
points to the FTSJ1 LCL status, WT or mutated for FTSJ7 gene.


https://doi.org/10.1101/2021.02.06.430044
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.06.430044; this version posted February 8, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Next, we searched in the literature for evidence of a link between the 36 significantly
deregulated miRNAs in FTSJ1 mutated cells and neuronal functions or neurodevelopmental
disorders as FTSJ1 patients suffer from intellectual disability due to neurodevelopmental
defects. Interestingly, it turned out that 21 of the miRNAs deregulated in the FTSJ1 mutant
patient derived cells have been already identified in other small RNAseq studies performed
in the context of brain diseases such as epilepsy, Parkinson’s and Alzheimer’s diseases
(Lau et al. 2013; Kretschmann et al. 2015; Ding et al. 2016; Roser et al. 2018). This
bibliographic search also revealed that 29 of the deregulated miRNAs in FTSJ71 mutated
LCLs have been linked to different types of cancers (Lund 2010; Watahiki et al. 2011; Y. Li
et al. 2015; Khuu et al. 2016; Yang et al. 2017; Jiang et al. 2018), including 21 miRNAs
involved specifically in brain-related cancers and mostly in glioblastoma (Gillies and Lorimer
2007; Shi et al. 2008; Lund 2010; Conti et al. 2016) (Figure. 2b and Table. 1).

Brain-cancer

Figure 2b. FTSJ1 loss of function leads to miRNAs
deregulation in NSXLID patients LCLs. Bibliographic
search (Table. 1) of the miRNAs deregulated in FTSJ1
loss of function LCLs reveals evidence for many of them
as being implicated in cancers or brain development and
brain diseases. The number of miRNAs related to brain,
cancer and brain-cancer specifically are indicated
respectively in the blue, green and red circle.

The Venn diagram was generated by
Other cancers http://bioinformatics.psb.ugent.be/webtools/Venn/.
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Table 1. Bibliographic search on miRNA deregulated in FTSJ1 loss-of-function LCL mutant cell line. The list
shows for each miRNA if any link was found to brain development or brain-related diseases, also cancer and
specifically to brain-cancers. The doi is given as reference for most of the miRNAs. The color code of the miRNA
names indicates if they were found to be up- (red) or down-regulates (blue) in FTSJ1 mutant LCLs derived from
NSXLID patients compared to control LCLs derived from healthy individuals.
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Next, we selected a representative and disease-relevant subset of the deregulated
miRNAs based on their fold change and level of expression. To verify the small RNAseq
relevance, four hemizygous FTSJ1 LCLs (control) and five LCLs mutants for FTSJ1 were
analyzed by northern blotting with a specific probe complementary to miRNA-181a-5p, a
miRNA reported to be involved in vascular inflammation and atherosclerosis (Su et al. 2019),
and found expressed in neuronal cells in mammals (Dostie et al. 2003). One clear
hybridization signal was observed in all FTSJ1 mutant LCLs corresponding to mature
miRNA-181a-5p (~25 nt, Figure. 2c). In contrast, the 4 control LCLs show a weak signal on
the northern blot membrane even after image over-exposure (Figures. 2c and S2d).

Together with the small non-coding RNA sequencing differential expression analyses
(Figure. 2a), this northern blot experiment demonstrates that FTSJ1 function affects some
miRNA steady state levels and suggests that the deregulation of miRNA-mediated gene
silencing observed in all FTSJ1 mutated LCLs was not caused by a global failure in miRNA

biogenesis (Figure. 2a, S2b and S2c).

32P northern blot probe:
hsa-miR181a-5p

Australian LCLs French LCLs
Mutant Mutant
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Figure 2c. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients LCLs. Northern blot
analysis with **P-labelled probe specific for hsa-miR-181a-5p confirms the upregulation of this miRNA in FTSJ1
loss of function condition already detected by small RNAseq analysis. Above is shown the northern blot after
exposition - the whole scan of the blot was converted to Black and White and the saturation was adjusted for the
whole image (original exposure is provided in figure. S2d). A *P-labelled probe specific for human U6 RNA was
used to assess equal loading on the blot. Australian and French LCLs point to the country of origin of the LCLs.
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FTSJ1 loss of function deregulates mRNAs steady state level

The miRNA pathway has the ability to regulate gene expression post-transcriptionally
through translation inhibition and mRNA degradation (Gebert and MacRae 2019). We thus
hypothesized that the miRNAs deregulation observed in the NSXLID patient cells (Figures.
2a, 2c, S2b and S2c) may lead to a deregulation of targeted mRNAs steady state levels. In
order to obtain insights into the impact of FTSJ1 loss on gene expression control through
miRNA-mediated post-transcriptional gene silencing, we performed a transcriptome analysis
in patient and control LCLs. This polyA+ transcripts differential expression analysis shows
that FTSJ1 dysfunction led to a significant deregulation of 686 genes (Figures. 3a, S3a and
S3b). This relatively low number of deregulated genes is in agreement with a previous report
showing 775 genes deregulated in human HelLa cells knock-down for FTSJ1 (Trzaska et al.
2020) as well as with the 110 mRNAs deregulated in KD of one Drosophila ortholog
(Angelova and Dimitrova et al. 2020).

ymbo! aselean selean ogZFo ange pa [ Symbol baseMean baseMean logZFoldChange pad]
mutant wi Mutant_vs_WT mutant wt Mutant_vs_WT
1 SASH1 1002,73 7.65 733 2,69E 41 6 RMASEG 639,96 1645,30 -1,72 1,43E_07
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Figure 3a. FTSJ1 loss of function leads to mRNAs deregulation in NSXLID patients LCLs. A list of the 70
most significantly deregulated mRNAs in FTSJ1 LCLs mutants versus controls. The SPARC gene at position 67
is highlighted in blue.
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Strikingly and even though LCLs do not have a neural origin, analysis of the genes
deregulated in patients revealed a clear enrichment (FE =7.9 with raw p-value =7.44E-06
and FDR =4.40E-03) in biological process Gene Ontology (GO) term corresponding to brain
morphogenesis (Figure. 3b). In addition, and similarly to what we reported in a previous
mRNAseq of Drosophila S2 cells knocked-down for FTSJ1 ortholog Trm7_34 (Angelova and
Dimitrova et al. 2020), 5 out of the top 10 most enriched terms are related to mitochondrial
biological processes. In agreement with a recently described role of human FTSJ1 in
translational control (Trzaska et al. 2020) and of yeast Trm7 in the general amino-acid
control pathway (Han et al. 2018), four biological processes related to translation were
affected in FTSJ1 mutated LCLs (FE >3.5, Figure. 3b).

GO Biological Process
Brain morphogenesis (GO:0048854)
Mitochondrial ATP synthesis coupled electron transport (GO:0042775)
ATP synthesis coupled electron transport (GO:0042773)
Onidative phosphorylation (GO:0006113)
MIK/NF-kappaB signaling (GO:0038061)
Mitochondrial translational elongation (GO:0070125)
Mitochondrial translational termination (GO:0070126)
Translational termination (G0:0006415)
Translational elongation (G0:0006414)
Respiratory electron transport chain (GO:0022904)
Establishment of cell polarity (G0:0030010)
Establishment or maintenance of cell polarity (GO:0007163)

Cellular protein complex disassembly (GO:0043624)
Regulation of morphogenesis of an epithelium (G0:1905330) S —
T cell receptor signaling pathway (GO:0030852) S —
ATP metabolic process (G0:0046034) S —%
Actin cytoskeleton organization (G0:0030036)
Actin filament-based process (G0:0030029) S
Positive regulation of hydrolase activity (GO:0051345) S ———"
Negative regulation of cell communication (G0:0010648) | EEE——
il 1 2 3 4 5 [ ?
Fold Enrichment
Figure 3b. FTSJ1 loss of function mRNAs GO term. GO analysis of the 686 deregulated genes in FTSJ1

function-deficient LCLs derived from NSXLID patients. The most enriched GO term is Brain morphogenesis. GO
analysis was performed using http://geneontology.org/.

As FTSJ1 mutated LCLs originated from patients affected by NSXLID and regarding
the recent link of FTSJ1 implication in cancer control pathways (Holzer et al. 2019; Q. He et
al. 2020) and the cancer related miRNAs deregulated in patients’ LCLs (Figure. 2b), we
selected representative and disease-relevant deregulated mRNAs obtained in the RNAseq
analysis based on their fold change level of expression and related involvement in brain or

cancer diseases.
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BTBD3 activity is known to direct the dendritic field orientation during development of
the sensory neuron in mice cortex (Matsui et al. 2013) and to regulate mice behaviours
(Thompson et al. 2019). Both neuron morphology (Chen et al. 2020) and behaviour (Jensen
et al. 2019) were already reported to be affected in intellectual disability patients or mice
model of ID, including FTSJ1 KO mice for the latest. Strikingly, BTBD3 mRNA showed a
significantly upregulated steady state level in both mRNAseq (Figure. 3a) and RT-gPCR
analysis (Figure. 3c).

SPARC gene product activity was proposed to be involved in both metastasis and
tumour suppression (Tai and Tang 2008; Holzer et al. 2019; Q. He et al. 2020). We also
investigated the SPARC mRNA steady state level in control and mutated FTSJ1 LCLs.
SPARC mRNA showed a significantly downregulated steady state level in FTSJ1 mutant
LCLs when compared to control in both RNAseq and RT-qPCR experiments (Figures. 3a
and 3c).
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Figure 3c. FTSJ1 loss of function leads to mRNAs deregulation in NSXLID patients LCLs. RT-qPCR
analysis confirms deregulation in BTBD3 and SPARC mRNAs expression levels. Normalized to GAPDH steady
state levels. n=3. p-values were calculated with paired Student’s t-test **p=2,58 E-03, ***p=6,8 E-07. WT values:
mean of 2 control FTJS1 LCL. Mutant values: mean of all (x5) FTSJ7 mutant LCLs of this study.

Taken together, these results are showing a deregulation of certain mRNAs when
FTSJ1 activity is lost in patients’ blood derived LCLs. Interestingly, as shown for the miRNA

small RNAseq analysis (Figure. 2a), several deregulated genes in FTSJ1 mutated LCLs

have been linked to cancer and brain functioning.
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FTSJ1 deregulated miRNAs target FTSJ1 deregulated mRNAs

As some of the FTSJ1 deregulated miRNAs and mRNAs are implicated in similar
biological processes such as cancer and brain function, we wondered if there is some
miRNA::mRNA couple that could explain these commonly deregulated processes.

Using miRNet 2.0, we performed a bioinformatics cross-analysis of the small
RNAseq and the mRNAseq data analysis. We found a subset of the FTSJ1 deregulated
miRNAs for which there is experimental evidence for interacting with some of the FTSJ1
deregulated mRNAs. This cross-analysis showed that the SPARC mRNA (down-regulated in
FTSJ1 mutated LCLs compared to controls, Figures. 3a and 3c) is a potential target of
mir-10a-5p (upregulated in FTSJ1 mutated LCLs when compared to healthy individuals,
(Figure. 2a)). This observation suggests that SPARC mRNA downregulation observed in
FTSJ1 mutants could be due to its increased silencing by the upregulated miR-10a-5p in
FTSJ1-lacking patient cells. Importantly, experimental evidence already showed that
miR-10a is regulating SPARC mRNA steady state level and SPARC mRNA possesses
permissively identified miR-10a binding sites (Bryant et al. 2012; Wang et al. 2020).
Intriguingly, the cross-analysis also revealed that the BTBD3 gene is potentially targeted by
miR-181a-5p (S. He et al. 2015), the two of which were upregulated in NSXLID
patients-derived LCLs (Figures. 2a, 2¢ and 3c), implicating a possible connexion between

them that differs from the canonical miRNA silencing pathway.
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DISCUSSION

In this study, we performed RiboMethSeq on LCL from five individuals with NSXLID
caused by a loss of function variants in FTSJ7 vs. LCL from four control individuals.
RiboMethSeq is a site-specific and unbiased approach to detect Nm modification on tRNAs.
First, the technique is performed on total RNA extracts without any sequence specific tRNA
purification step implying specific DNA oligonucleotides, which could lead to contaminations
with other tRNAs carrying a close nucleotide sequence as well as the extremely abundant
2’-O-modified rRNAs. Second, with RiboMethSeq we can analyse the Nm status of the
totality of tRNA species in the human cells and not only selected tRNAs with criteria based
on the current but incomplete FTSJ1 targets. Further, RiboMethSeq mapps tRNA reads to
the whole tRNA-ome and thus, can identify variations in Nm with single nucleotide
resolution. In contrast, mass spectrometry based approaches, although very powerful and
sensitive, require the hydrolysis of the tested tRNA into short fragments or single
nucleotides, thus the information for the position of these nucleotides in the whole molecule
is lost. Indeed, in order to recover the exact position of the modified nucleotides, MS
approaches count on the available knowledge of specific tRNAs sequences and modification
profiles, listed in RNA modification databases. Unfortunately the latter are not necessarily
exhaustive yet as evidence for new modified RNA positions continue to appear regularly in
several model organisms, including in human cells.

Importantly, our results from the RiboMethSeq performed on patient and control
LCLs confirmed the already known human tRNA targets of FTSJ1. Cm,, and Cm,, of
tRNA™CCA and position 34 in tRNAP™CM) gnd tRNA=UCA® were confirmed and we
uncovered new FTSJ1 targets not described yet in human samples. Unfortunately, Cm,, of
tRNAP"CM) “which is a well known target of FTSJ1, made an exception and no MethScore
variations for position Cm,, between control LCL and LCL mutant for FTSJ1 were detected in
tRNAP". The analysis of this position was challenging due to low read numbers necessary
for its quantification. FTSJ1 protein deposited Nm at both 32 and 34 positions in tRNA™"™,
thus the calculated MethScore at position 32 is affected when position 34 of the same tRNA
is also Nm modified. Indeed, depicted MethScores (Figure. 1b) were calculated for two
neighboring nucleotides (Marchand et al. 2016a). Importantly, raw reads profil inspection
shows that Nm at position 32 is lost in FTSJ1 mutated cells when compared to control LCL
(Figure. S1b). Finally, we previously reported that tRNAP"**% ACL positions are challenging
to detect with RiboMethSeq, also due to the very specific hyper-modification on position 37
of tRNA™™ (Angelova and Dimitrova et al. 2020). Indeed, 02yW.,/ m'G,, impairs reverse
transcription thereby reducing the number of cDNAs spanning the ACL. Also, we found no

variations in MehtScore of Cm,, in tRNA"“C* "which is probably due to a low read number
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considering that this target was previously reported in human cell culture (Kawarada et al.
2017) and in flies (Angelova and Dimitrova et al. 2020). Again, the reason may be the
hyper-modified nature of this nucleotide position (PC34/hm°C34 before methylation by
FTSJ1 (Kawarada et al. 2017)) which may have interfered with the random hydrolysis of the
RiboMethSeq and/or the reverse transcription steps. However, we detected a
FTSJ1-dependent Nm on C,, of another tRNA™" isoacceptor: tRNA-*““*®) which was recently
confirmed by another study performed in HEK293T human cells (Jing Li et al. 2020).

Finally and importantly, we were able to uncover novel and unexpected tRNA targets
for FTSJ1: Cm,, tRNAAUCE) Cm,, tRNA®"CUS) and Um,, tRNA®YCCC) In the case of
tRNAAUCO) it seems that we uncovered not only a new target for FTSJ1, but also an
unknown modification as Cm,, was reported on modomics database only for two other
isoacceptors (tRNA*CCY) gand tRNAAUCY) and not for tRNAAVCC) (Boccaletto et al. 2018).
Similarly, there was no evidence for a human Cm,, tRNA®"Y® and only the other
isoacceptor tRNA®"Y®) was reported in Modomics as 2'-O-methylated at C,,. Still, Cm,, on
tRNAC"CUS) was recently discovered as a target of Drosophila Trm7_32 (Angelova and
Dimitrova et al. 2020). Among the newly uncovered FTSJ1 targets in this study, Um,,
tRNA®Y(CCC) was the only one that has been reported in Modomics, however the enzyme
responsible for this modification was unknown. Our results point to FTSJ1 as one of the
dedicated Nm-Mtase that modified U at position 32 on tRNASY(C©),

During the course of our study, a new study performed on HEK293T CRISPR FTSJ1
mutant used UPLC-MS/MS and revealed tRNA targets for FTSJ1 after purifying a subset of
selected tRNAs (Jing Li et al. 2020). The results of this study are similar to our RiboMethSeq
approach, however we report here some differences and, importantly, in samples originating
from patients' blood. The UPLC-MS/MS confirms the targeting of Cm,, tRNA~9UC®) by
FTSJ1, as revealed by our RiboMethSeq, but also detects FTSJ1-dependent Cm,,
tRNA*9AC® and Um,, and Cm,, tRNA*9CC®) In the case of Cm,, tRNAAYCC®) the authors of
the study assume that it may be a false positive due to a possible contamination by another
isodecoder tRNA*9CCer>1 which has C,, and high sequence similarity with tRNA(CC)
(Maraia and Arimbasseri 2017; Jing Li et al. 2020). Thus the observed change on Cm,,
tRNAACCE) in FTSJ1 KO HEK293T cells may come from Cm,, of tRNAACCE2" that seems
to be modified by FTSJ1. This example highlights one of the limitations of UPLC-MS/MS
when compared to RiboMethSeq. The study by (Jing Li et al. 2020) confirmed our results on
Cm,, tRNA™UCA%) put did not test Um,, tRNASYCCC) nor Cm,, tRNA®"CY®) instead however
they identified a FTSJ1-dependent Cm,, tRNAS"YS),

As discussed above, it is important to note that UPLC-MS/MS studies could be
biased in their way of identifying the Nm sites mostly during the selection step and potential

contaminations of the purified tested tRNAs by other similar in sequence tRNAs as well as
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the heavily Nm-modified rRNAs. Similarly, for specific and identified hyper-modified tRNA
positions as mentioned for tRNAP"C* and on Cm,, of tRNA"““* RiboMethSeq showed
also its limitations. Thus, even regarding the strong effort realised by several teams the last
5 years to identify precisely Nm modification on mammalian tRNA, we do not exclude the
possibility that there may still be other tRNA targets of FTSJ1 that were not uncovered yet
neither by MS nor by RiboMethSeq approaches. This is why we believe that a combinatorial
approach is of great interest in the future for the community as well as ongoing approaches
to detect Nm modification using direct RNA sequencing nanopore approach (Ueda 2020).
Importantly, our RiboMethSeq results performed on NSXLID patients’ blood-derived LCLs
have with confidence extended the panel of FTSJ1’s tRNA targets, thus providing new

potential biomarker sources for diagnosis of FTSJ1-related intellectual disability in the future.

Another major goal of this study was to test if the sncRNA deregulation phenotype
reported in flies lacking FTSJ1 homologues (Angelova and Dimitrova et al. 2020) is
conserved in human cells lacking FTSJ1 activity. We thus decided to evaluate the miRNA
populations of these cells through next generation sequencing by performing small RNAseq.
Consistently with the well known FTSJ1 implication in ID and more recently in cancer (Holzer
et al. 2019; Q. He et al. 2020), we found 36 differentially expressed miRNAs, most of which
were already associated with brain diseases and functioning and/or cancer development.
The most prevalent associated cancer types were the ones related to the brain tissues.
Consistently with the post-transcription regulation role of miRNA, we also found through
mRNAseq an enrichment of brain morphogenesis-related mRNAs differentially expressed in
FTSJ1 loss of function when compared to control LCLs. Strikingly, a cross-analysis of these
two RNA sequencing experiments revealed potential miRNA::target mMRNA couples among
the deregulated RNA populations. This is indicative of possible miRNA silencing changes in
the absence of FTSJ1, similarly to what we report earlier in Drosophila FTSJ1 mutants
orthologs. The predicted miRNA::mRNA couples need to be further validated individually in
neuronal  tissues, although they were reported from miRnet database
(https://www.mirnet.ca/) that already includes experimental evidence on the miRNA::mRNA
regulation, particularly for BTBD3 and SPARC mRNAs (Bryant et al. 2012; Wang et al. 2020;
S. He et al. 2015).

We previously showed that mRNAseq in Trm7_34 KD Drosophila S2 cells revealed
that 8 out of the top 10 differentially expressed genes compared to controls were related to
mitochondria (e.g., NADH dehydrogenases, cytochrome-c oxidases, ATPase6 and others
(Angelova and Dimitrova et al. 2020)). Strikingly, the Gene Ontology analysis on mRNAseq

from human LCLs showed similarly an enrichment of mitochondrion-related biological
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processes GO terms (e.g. ATP synthesis coupled electron transport, oxidative
phosphorylation, mitochondrial translation) among the differentially expressed genes in the
FTSJ1-deficient LCLs. Considering the huge energy demands of the brain, it seems logical
that a deregulation in mitochondrial energy metabolism cause brain malfunctioning including
reported developmental intellectual issues (Hara et al. 2014; Picard and McEwen 2014;
Guevara-Campos, Gonzalez-Guevara, and Cauli 2015; Valiente-Palleja et al. 2018).
Importantly, alteration in energy metabolisms in FTSJ71 depleted cells was previously
reported in Ftsj7 KO mice that also present behavioural phenotypes similar to human ID

patients (memory and learning troubles (Jensen et al. 2019)).

The development of companion diagnostics in addition to the exome-sequencing
approaches used in human genetics disease diagnosis is increasing the efficiency, time and
cost-benefit detection of gene mutation provoking disease such as ID in humans.
Interestingly, in this study we identify miR-181a-5p as a potential human biomarker of FTSJ1
activity. Fortunately, this study was performed on LCLs that are derived from the blood of
patients and miR-181a-5p is reported to be circulant in human bloodstream (Magen et al.
2019). Thus, in the longer term, we hope to characterize accumulation of miR-1871a-5p in
crude blood samples or plasma cell-free of ID patients carrying a FTSJ7 mutation to facilitate
the diagnosis of ID-FTSJ1 patients. The heterogeneity of ID makes it extremely challenging
for genetic and clinical diagnosis (llyas et al. 2020). The power of such circulant RNA
biomarkers as miR-181a-5p is, whatever the reason of the faulty FTSJ1 protein activity
(genetics, epigenetics, environmental), the observation of abnormally abundant miR-181a-5p
in FTSJ1 patients blood cells will lead to the conclusion that FTSJ1 activity is compromised.
Such “functional companion diagnostic” will help for earlier and accurate detection of faulty
FTSJ1 activity, in particular for FTSJ1 variants that give rise to hardly predictable
pathological protein activity (missense mutations such LCL22 in this study).

Importantly, several RNAs are stable and longly detectable in human bloodstream
(Umu et al. 2018; Galvanin et al. 2019), indeed some of these circulating and stable RNAs
are already used to challenge the effectiveness of patient treatment (Guo et al. 2015). These
observations highlight the usefulness of companion diagnostics in clinical settings that would

become solid diagnostic and prognostic markers in the future.
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Figure S2a. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients cells. The
principal component analysis (PCA) plot shows a well-defined cluster of all LCL lines lacking FTSJ1
function that is separated from the more dispersed cluster of control lines (LCL WT for FTSJ1: WT;
LCL Mutant for FTSJ1: Mutant).
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Figure S2b. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients LCLs. MAplot on data from

sequencing of miRNAs showing multiple deregulated miRNAs (LCL WT for FTSJ1: WT; LCL Mutant for FTSJ1: Mutant).
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log2FoldChange

# miRNA baseMean_mutant baseMean_wt Mutant_vs_WT  padj

1 hsa-miR-20b-5p 3987 538 2,16 1,21E-06
2 hsa-miR-222-3p 16116 6101 1,55 6,24E-06
3 hsa-miR-548ax A2 3 3,91 6,24E-06
4 hsa-miR-125b-2-3p 235 1295 -4,43 1,37E-05
5 hsa-miR-221-3p 37248 12664 1,68 3,76E-05
b hsa-miR-335-3p 217 690 -2,78 7,92E-05
7 hsa-miR-181b-2-3p 142 44 1,82 7,92E-05
8 hsa-miR-99a-5p 538 2186 -3,61 0,0001
9 hsa-miR-10a-5p 161396 439508 2,31 0,0002
10 hsa-miR-181b-3p 472 111 2,18 0,0005
11 hsa-miR-106a-5p 1737 547 1,10 0,0005
12 hsa-miR-181a-2-3p 12183 4280 1,58 0,0009
13 hsa-miR-146a-5p 256346 121011 1,15 0,0009
14 hsa-miR-4482-3p 2 58 -4,97 0,0009
15 hsa-miR-125b-5p 468 1354 -3,41 0,0009
16 hsa-miR-450b-5p 235 454 -1,97 0,0009
17 hsa-miR-424-3p 608 750 -1,63 0,0012
18 hsa-miR-363-3p 10299 2814 1,88 0,0017
19 hsa-let-7c-5p 1044 3949 -2,59 0,0017
20 hsa-miR-450a-5p 157 254 -1,73 0,0020
21 hsa-miR-18b-5p 131 34 1,45 0,0033
22 hsa-miR-550a-3p 141 288 -1,33 0,0033
23 hsa-miR-181a-5p 1097695 379340 1,82 0,0033
24 hsa-miR-550b-2-5p 94 192 -1,35 0,0044
25 hsa-miR-181a-3p 15949 4441 2,02 0,0051
26 hsa-miR-181b-5p 83655 32365 1,52 0,0100
27 hsa-miR-183-5p 391 848 -1,45 0,0112
28 hsa-miR-99a-3p 24 55 -3,44 0,0134
29 hsa-miR-135a-5p 6 80 -3,81 0,0135
30 hsa-miR-146b-5p 70718 29704 1,41 0,01580
31 hsa-miR-542-5p 13 19 -2,65 0,0321
32 hsa-miR-944 138 833 -2,53 0,0376
33 hsa-miR-625-5p 707 1186 -0,79 0,0395
34 hsa-miR-625-3p 723 1220 -0,79 0,0412
35 hsa-miR-4772-5p 56 26 1,77 0,0420
36 hsa-miR-182-5p 8091 15213 -1,26 0,0473

Figure S2c. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients LCLs. A list of the
significantly deregulated miRNAs and their log2 fold change and adjusted p.value between FTSJ1
loss-of-function LCLs and control LCLs.
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Figure S2d. FTSJ1 loss of function leads to miRNAs deregulation in NSXLID patients LCLs. Northern blot
analysis with *2P-labelled probe specific for hsa-miR-181a-5p confirms the upregulation of this miRNA in FTSJ1
loss of function condition already detected by small RNAseq analysis. Original scan of the blot exposure
corresponding to the Figure. 2e.
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Figure S3a. FTSJ1 loss of
function leads to mRNAs
deregulation in NSXLID patients
LCLs. MAplot on data from
sequencing of mMRNAs showing
multiple deregulated mMRNAs.
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Figure S3b. FTSJ1 loss of function leads to mMRNAs deregulation in NSXLID patients LCLs. Heat
map showing the top 50 deregulated mRNAs in FTSJ1 loss of function LCLs compared to wild type
FTSJ1 LCL. Batch points to the country of origin of the LCLs. Condition points to the FTSJ1 LCL
status, WT or mutated for FTSJ1 gene.
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