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Abstract

pre-mRNA splicing is a critical feature of eukaryotic gene expression. Both cis- and trans-splicing rely on accurately recognising splice site
sequences by spliceosomal U snRNAs and associated proteins. Spliceosomal snRNAs carry multiple RNA modifications with the potential to
affect different stages of pre-mRNA splicing. Here, we show that the conserved U6 snRNA m6A methyltransferase METT-10 is required for
accurate and efficient cis- and trans-splicing of C. elegans pre-mRNAs. The absence of METT-10 in C. elegans and METTL16 in humans primarily
leads to alternative splicing at 5" splice sites with an adenosine at +4 position. In addition, METT-10 is required for splicing of weak 3" cis- and
trans-splice sites. We identified a significant overlap between METT-10 and the conserved splicing factor SNRNP27K in regulating 5" splice sites
with +4A. Finally, we show that editing endogenous 5’ splice site +4A positions to +4U restores splicing to wild-type positions in a mett-10
mutant background, supporting a direct role for U6 snRNA m6A modification in 5’ splice site recognition. We conclude that the U6 snRNA mBA
modification is important for accurate and efficient pre-mRNA splicing.
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Introduction

Recognition of 5" and 3’ splice sites (SS) and the branchpoint
sequence is crucial for the efficiency and accuracy of pre-
mRNA splicing. How the spliceosome recognises the correct
splice sites remains an important question in biology. In hu-
mans, 5'SSs are generally identified first by U1 snRNA through
base pairing (1,2), which is followed by the U5 snRNA bind-
ing to the 5’SS exon sequences —3 to —1 (3,4), and U6 snRNA
binding to the 5’SS intron sequences +3 to +5 (5). The 3'SS
recognition is facilitated by the coordinated binding of the
U2AF65-U2AF35 heterodimer to the 3’SS and the SF1/BBP
and U2 snRNA to the branch point sequence (6,7). Following
the recognition of 5" and 3'SSs, U6 snRNA forms a helix with
the U2 snRNA, leading to the formation of the B complex
(8-11).

Splice site recognition is generally well-conserved among
organisms with some differences. In Caenorbabditis ele-
gans (C. elegans), only a small number of 5'SSs have the
CAG//GUAAGU sequence that would form a continuous
Watson-Crick-Franklin base pairing with the Ul snRNA as
well as interacting strongly with the U5 and U6 snRNAs
(12,13). Furthermore, C. elegans and likely other nematodes
do not have a branchpoint consensus (14). Interestingly, C.
elegans SF1/BBP retained the conserved branch point recog-
nition domain, and the C. elegans U2 snRNA has the con-
served sequence found in mammalian U2 snRNA that base
pairs with the branch point motif (15). On the other hand,
C. elegans introns have a relatively invariant UUUCAG/R
3’SS sequence (Supplementary Figure S1A). The short UUU
sequence likely acts as the polypyrimidine tract recognised by
the U2AF65, and U2AF3S5 recognises the CAG/R sequence for
efficient splicing (16).

In addition to cis-splicing, nematodes, flatworms, cnidari-
ans, rotifers, euglenozoa, and urochordates use spliced leader
(SL) trans-splicing for mRNA maturation (17,18). SL trans-
splicing replaces the 5" ends of pre-mRNAs with the non-
coding SL RNA (19). SL trans-splicing uses the same snRNAs
U2, U4, U5 and U6, as in cis-splicing, except for U1 (20,21).
In SL trans-splicing reactions, 5" and 3'SSs are split between
separate RNA molecules; the 5'SS resides within the SL RNA,
and the 3'SS is generally positioned within the 5" untranslated
region of the pre-mRNA. Therefore, the trans-spliceosome
needs to bring two separate RNA molecules together. The ma-
jority of C. elegans trans-spliced RNAs use SL1 non-coding
RNA (80-90% of all trans-spliced RNAs), and the SL2 non-
coding RNA is mainly used by the downstream genes in oper-
ons (7% of all trans-spliced RNAs) (22-24). The 5’SS on the
SL1 RNA has an invariant AG//GUAAA, and most of the
C. elegans 3' trans-splice sites have the same UUUCAG/R se-
quence found in cis-spliced 3’SSs (Supplementary Figure STA).
The similarity of 5" and 3’SSs between cis- and trans-splicing
poses another challenge for the spliceosome during correct
splice site recognition in C. elegans.

US and U6 snRNA binding preferences are important for
5’SS selection. In Saccharomyces cerevisiae, the U6 snRNA
base pairs with the largely invariant 5SS sequence and sta-
bilises the B-complex formation (10). However, metazoan
5’SSs have degenerate sequences. Therefore, U5 and U6 snR-
NAs do not form continuous Watson-Crick-Franklin base
pairing, and other factors play a role in stabilising U5 and U6
snRNA interactions with the pre-mRNA (5). Several modi-
fications found on snRNAs contribute to snRNA-splice site
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interactions while recognising variable splice site sequences
(25). For instance, W28 of yeast U6 snRNA and the eight 2'O-
methyl positions on human U6 snRNA all affect pre-mRNA
splicing (26-28). In addition, U6 snRNA m2G72 modifica-
tion plays an important role during pre-mRNA splicing in hu-
man cells (29,30). Furthermore, U6 snRNA is m6A modified
in many organisms by the conserved RNA methyltransferases
METTL16 (human)/FIO1 (Arabidopsis thaliana)/METT-10
(C. elegans)/MTL16 (Schizosaccharomyces pombe) (31-36).
Mutations in the S. pombe MTL16 and A. thaliana FIO1 lead
to the mis-splicing of 5'SSs with adenosine at +4 position
(+4A), and the alternative 5’SSs tend to have +4U together
with a stronger U5 binding motif (33,36). However, in vivo,
direct evidence supporting a functional interaction between
the U6 snRNA m6A and 5SS +4A is missing.

In addition to U6 snRNA methylation, mam-
malian METTL16 can methylate the pre-mRNA of S-
adenosylmethionine (SAM) synthetase MAT2A at a UACAGA
motif that mimics U6 snRNA structure (31,32,37-40).
METTL16 and its catalytic activity are essential for mouse
embryonic development (35,40). Although METTL16’s role
in U6 snRNA and MAT2A methylation is well established in
humans and mice, its role in pre-mRNA splicing regulation
has not been extensively studied. Recent studies have also
implicated METT-10 in mRNA m6A modification and SAM
homeostasis in C. elegans. METT-10 has been reported to
methylate the pre-mRNAs of three SAM synthetase genes,
sams-3, -4 and -5, at the -2A position of the 3'SS UACAG//A
sequence leading to intron retention and alternative 3'SS
usage (35,41). However, these studies failed to identify
global pre-mRNA splicing defects in mett-10 mutant animals
(35,41).

In C. elegans, METT-10 is required for germ cell prolifer-
ation and larval development (42). Without METT-10 func-
tion, germ cells arrest during mitosis and fail to enter meio-
sis. mett-10 mutant animals develop multiple larval develop-
mental defects and have embryonic lethality. The strong phe-
notypes associated with the loss of METT-10 function aren’t
fully accounted for by its mRNA targets (35), suggesting that
U6 snRNA m6A modification by METT-10 could be essential
for organismal development.

To understand the transcriptome-wide functions of METT-
10 in C. elegans, we used short- and long-read sequencing
to comprehensively analyse the cis- and trans-splicing of pre-
mRNAs alongside their expression. Our results show that
METT-10 loss-of-function causes global splicing defects in
C. elegans, with both the cis- and the trans-spliceosomes
failing to splice hundreds of genes accurately or efficiently.
We identify the 5SS +4A as a critical determinant of cis-
splicing in the absence of U6 snRNA m6A modification in
C. elegans and human cells. We further show that strong
U5 and U6 interactions at the 5’SSs can support splicing at
weak 3'SS sequences. As the SL RNA §’SS is invariant, we
determine that most trans-splicing defects result from weak
3’SSs based on U2AF binding motifs. We find the spliceoso-
mal protein SNRP-27/SNRNP27K functions with the m6A-
modified U6 snRNA for accurate splicing of 5'SSs. Finally,
we provide the first in vivo evidence for a direct role of U6
snRNA m6A modification in recognising 5'SS +4A by edit-
ing a 5'SS +4A to +4U and thereby restoring accurate splicing
in C. elegans pre-mRNAs in the absence of U6 snRNA m6A
modification.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
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Materials and methods

Nematode culture, strains and maintenance

C. elegans strains were grown on Nematode Growth Medium
(NGM) agar plates with Escherichia coli HB101 strain as
a food source and maintained at 20°C unless stated other-
wise. The following strains were used in the experiments:
wild-type N2 Bristol, ALP010 mett-10(0k2204) 11 derived
from backcrossing of VC1743 (42), ALPO12 pMex-5::mett-
10::OLLAS::tbb-2_UTR (rna004) II generated using MosSCI
(43), ALP113 (mett-10(0k2204)111; pipp-4P(rna088 [pipp-
4P intron 4 +4A > U]) generated by CRISPR/Cas9 genome
editing. All experiments were performed starting from syn-
chronous L1 animals, generated by hypochlorite treatment in
a 2:2:1 solution (sodium hypochlorite (4-5%), H,O and 10 M
NaOH).

Worm collection and RNA extraction

C. elegans strains N2 Bristol, ALP010, and ALP012 were
grown on E. coli HB101 and collected at the young adult
stage. RNA was isolated using TRIsure (Bioline, Cat. No. BIO-
38032) following standard phenol-chloroform RNA extrac-
tion. The purity of the RNA was checked with Nanodrop, and
the integrity was quantified using the Agilent 2200 TapeSta-
tion System. RNA concentration was measured with Qubit
using RNA HS Assay (Invitrogen™ Q33224).

Oxford Nanopore Technologies direct RNA
sequencing

100 pg of total RNA was used to perform poly(A)+ RNA iso-
lation using PolyATtract® mRNA Isolation Systems (Promega
UK LTD, Cat. No. Z25310). 750 ng of recovered mRNA
was used for library preparation using the direct RNA se-
quencing (DRS) kit following the manufacturer’s instruc-
tions (Oxford Nanopore Technologies, SQK-RNA002). Li-
braries were quantified using Qubit dsDNA HS Assay (Invit-
rogen™ Q32851). Sequencing was done in-house on Oxford
Nanopore Technologies (ONT) MinION devices using flow-
cells R9.4.1.

[llumina RNA sequencing

1 pg of total RNA was used to perform mRNA isolation using
NEBNext Poly(A) mRNA magnetic isolation module (NEB
Cat. No. E7490). The resulting poly(A)+ RNA material was
used to prepare the libraries using the NEBNext® Ultra II
Directional RNA Library Prep Kit for Illumina® (NEB, Cat
No. E7760S) following the manufacturer’s instructions. Li-
braries were quantified using Qubit dsDNA HS Assay (Invit-
rogen™ Q32851). Paired-end 150 bp sequencing was done at
the Novogene (UK) Company Limited using an Illumina No-
vaSeq 6000.

Egg-laying assay

Synchronous L1 animals were plated on E. coli HB101-seeded
NGM plates at 20°C. Animals were grown to the larval stage
L4 and shifted to 15, 20 and 25°C. Each animal was trans-
ferred to a new plate twice daily. Egg-laying was performed
with one technical replicate per biological replicate (geno-
type); four animals for N2 and ALP012 and eight for ALP010
were used. Eggs were counted for 3 days using biological trip-
licates. One-way ANOVA was used to test significance in the
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egg-laying assay, followed by a Tukey’s post-hoc test. Normal-
ity and homogeneity of variances were, respectively, assessed
by Shapiro-Wilk and Leven tests. The figure was generated
using SuperPlots (44).

Developmental assay

Synchronous L1 stage animals were individually picked onto
E. coli HB101 seeded NGM plates and exposed to different
temperatures. The developmental stages of animals were de-
termined in biological triplicate using a stereomicroscope 42
hours post L1 and classified as L2-L3, late L4 and young adult.

ONT direct RNA sequencing data processing

Read signals were base called using Guppy version 5.0.11 in
GPU mode, employing the high-accuracy RNA model with the
parameters -x cuda:all:100%, —num_callers 24, —calib_detect,
—reverse_sequence yes, and -c rna_r9.4.1_70bps_hac.cfg. For
mRNA modification analysis with Yanocomp (45), reads were
aligned to the WBcel235 Caenorhabditis reference transcrip-
tome (Ensembl release 95) and the de novo assembled tran-
scriptome (described below) using minimap2 version 2.17
(46) with the following parameters: -a -L —cs = short k14
—for-only —secondary = no. For other analyses, reads were
aligned to the WBcel235 Caenorhabditis reference genome
using a two-pass alignment approach with minimap2 (46)
and 2passtools version 0.3 (47). For transcriptome assem-
bly and differential error site analysis, the first pass align-
ments were generated with the following parameters: —splice,
-k 14, -uf, -w 5, -g 2000, -G 200000, —end-seed-pen 15, -A1,
-B2,-02,32,-E1,0, -C9, —splice-flank = yes, and -z200. High-
confidence splice junctions from each replicate were extracted
using 2passtools score and then merged using 2passtools
merge to create a final set of trusted splice junctions. In the
second pass, the reads were realigned to the WBcel235 ref-
erence genome using minimap2 with the same parameters as
before, in addition to using the trusted junctions as a guide
with the parameters -junc-bed and -juncbonus = 10. For out-
ron retention analysis, the first pass alignments were gener-
ated using minimap2 with parameters: -ax splice, -uf, -L, —
cs, -k 14, and -G 50370. High-confidence splice junctions
were extracted using the 2passtools score and merged into
a final set of trusted splice junctions using 2passtools merge.
Second-pass alignments were generated using the following
parameters: -ax splice, -uf, -L, —cs, -k 10, and -G 50370,
along with the trusted junctions from the first-pass ONT-DRS
alignments.

ONT-DRS poly(A)+ mRNA modification analysis

Two computational methods were used to identify METT-10
dependent RNA modifications: First, differential modification
analysis was conducted at the signal level using the ‘n-sample’
GitHub branch of Yanocomp (45) by aligning the reads to the
WBcel235 C. elegans reference transcriptome or the de novo
assembled transcriptome, followed by generation of kmer-
level signal data using f5c event align version 0.7 (48,49) and
Yanocomp prep. A three-way comparison of the genotypes
was performed using the Yanocomp gmmtest, with a mini-
mum KS statistic of 0.25. A false discovery rate (FDR) of 0.05
was applied as a cutoff to identify transcriptomic sites with
significant changes in the modification rate. For the second
method, differential error site analysis was conducted using
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‘differ’ (50) by aligning the reads to the genomic sequence us-
ing 2-pass alignment (as described above) and pairwise com-
parisons were conducted for different combinations of geno-
types (wild-type, ALP010, and ALP012) with a median ex-
pression threshold of 5 and with or without CPM normali-
sation. An FDR of 0.05 was applied as a cutoff to identify
genomic sites with significant changes in the error rate.

Identification of trans-spliced sites

Two different methods were employed to identify trans-
spliced sites: (i) detection from ONT direct RNA sequenc-
ing data through pairwise alignment of 5’ ends to the SL
leader sequence and (ii) detection from Illumina RNA-seq
data through SL leader sequence trimming (51). For the first
method, wild-type, ALP010 and ALP012 direct RNA sequenc-
ing data were used to predict nearby acceptor sites by search-
ing for an ‘AG’ motif that could serve as a trans-splicing
site within 10 nt of the aligned 5" end of reads. The known
sequence of splice leaders (SLs) and the 24 nt genomic se-
quences downstream of the predicted acceptor site of the
exon were concatenated to create an expected reference se-
quence for the trans-spliced mRNA. Smith-Waterman local
alignment of this reference sequence against the 5’ ends of
the sequence of the ONT-DRS read (24 nt downstream of the
aligned 5’ end plus up to 28 nt of the 5 soft-clipped portion
of the read) was then performed with the parasail alignment
function sw_trace_striped_32 (52). For each read, the trans-
splicing position and splice leader class (SL1 or SL2) with
the best pairwise alignment score were retained. The qual-
ity of the pairwise alignment across the trans-splice site was
assessed using the junction alignment distance, which is de-
fined as the minimum distance from the splice junction to the
first alignment error (47). Trans-splice sites where the junc-
tion alignment distance of the highest scoring read was >8 nt
were retained as high-scoring putative trans-splice sites. These
trans-splice sites were used to create a position-specific scor-
ing matrix (PSSM) for the outron motif, which was then used
to score all possible trans-splicing sites—a threshold for the
PSSM score was determined by splitting the scores of all pos-
sible sites at deciles and identifying the decile that maximized
the Chi? statistic of the thresholded junction alignment dis-
tances. Finally, a high-confidence set of trans-splicing sites was
generated by retaining positions with both a maximum junc-
tion alignment distance of 8 and a position-specific matrix
score above the threshold. For the second method, SL-like se-
quences were trimmed from the 5" end of the forward reads of
[llumina data using cutadapt with a minimum overlap of 7 nt,
a maximum error rate of 0.09, and a minimum length (after
trimming) of 15 nt (51). For each read, the trimmed SL se-
quence and class (SL1 or SL2) were recorded. The reads were
then aligned to the WBcel235 reference genome using STAR,
as described below. Positions with more than 10 aligned reads
with a trimmed SL sequence were identified as candidates.
False positives were filtered out by identifying the candidate
sites where the upstream genomic sequence was identical to
the trimmed SL sequence. High confidence sites were used
to build a PSSM for the outron sequence and select a PSSM
threshold, as described above. Sites with a minimum of 2
supporting reads and an outron sequence scoring above the
threshold were retained as high-confidence trans-splicing sites.
The sites from the Illumina and ONT-DRS methods were com-
bined to generate a list of non-redundant trans-splice sites.
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Detection of METT-10 dependent trans-splicing
defects

METT-10-dependent trans-splicing defects were detected by
developing scripts to assess changes in trans-splicing levels per
annotated trans-splice site between wild-type, ALP010 and
ALPO012 genotypes pairwise. The annotated trans-splice site
positions were assigned to gene features in Ensembl release 95
reference annotation using pybedtools version 0.9.0 (53,54).
In cases where sites overlapped with multiple genes, they were
assigned to the genes whose 5’ exon boundaries showed more
significant agreement with the annotated trans-splice site po-
sitions. In cases of a tie, trans-splice sites were assigned to
both genes being compared. Overlapping reads with each an-
notated trans-splice position were identified using pysam ver-
sion 0.21.0 (55). Reads were categorised as ‘trans-spliced’ or
‘retained outron’ based on whether the 5’ position of the read
end fell within the —14 to + 10 window of the trans-splice site
or earlier (<—14), respectively. Reads categorized as ‘retained
outron’ were conditioned to have identical splice junctions
immediately downstream of the trans-splice site as those cate-
gorised as ‘trans-spliced’. The relative proportions of each cat-
egory were counted. Counts from replicates of the same geno-
type were aggregated, and a 2 x 2 contingency table was cre-
ated for each annotated trans-splice site, comparing the two
genotypes. Significantly altered trans-splicing profiles were
identified by performing a likelihood-ratio test (G-test) using
scipy (56). For sites with a P-value of <0.05, G-tests for ho-
mogeneity between replicates of the same genotype were con-
ducted. Calculated P-values were adjusted for multiple test-
ing using the Benjamini—-Hochberg false discovery rate (FDR)
method. Retained outrons that were also cis-spliced at the an-
notated trans-splice positions and did not have an annotated
SL site on the upstream exon with the 5" splice site were classi-
fied as ‘cis-spliced retained outron’ (CSRO). Retained outrons
that exhibited a higher difference in the proportion of trans-
spliced (PSI) reads at a downstream SL site on the same exon
were classified as ‘Alternative 3’ trans-splice site’. The remain-
ing trans-splice sites that showed a significant difference in
PSI were classified as ‘retained outron’ (RO). Sequence logos
per alternative splicing event were generated using matplotlib
version 3.7.1 (57) and matplotlib_logo (https:/github.com/
mparker2/matplotlib_logo). Significant differences between
the motifs were identified using a G-test. Contingency tables
of splice site classes at U2AF65 and U2AF35 interacting po-
sitions were generated by analysing the difference in posi-
tions (—6 to —4) of the 3’ trans-splice sites from the consen-
sus motif UUU and the difference in positions (—3 to + 1) of
the 3’ trans-splice sites from the consensus motif CAGR, re-
spectively. Heatmaps of contingency tables were generated us-
ing Seaborn version 0.12.2 (58). Gene tracks, utilising reads
aligned to the WBCel235 reference genome, were generated
using pyBigWig version 0.3.18 (59), pysam version 0.21.0
(55), and matplotlib version 3.7.1 (57)

lllumina RNA sequencing data processing

Genome alignment

Standard adapter sequences and common contami-
nants were removed from the paired-end reads us-
ing BBduk from the BBtools package version 37.62
(https://sourceforge.net/projects/bbmap/)  with the fol-
lowing parameters: -k 21, -ktrim r, -hdist 1, -mink 11,


https://github.com/mparker2/matplotlib_logo
https://sourceforge.net/projects/bbmap/

Nucleic Acids Research, 2024, Vol. 52, No. 15

-trimq 15, -qtrim rl, -minlen 35, -tpe, and -tbo. The
quality of the reads was assessed using FastQC ver-
sion v0.12.1  (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) and MultiQC version 1.13 (60). The
reads were aligned to the WBcel235 C. elegans refer-
ence genome using STAR version 2.7.10b (61) with
the following parameters: —outFilterMultimapNmax

3, -alignSJoverhangMin 8, =-alignSJDBoverhangMin
3, -outFilterMismatchNmax 4, -alignlntronMin 39,
—alignlntronMax 20000, —chimOutType Junctions, -

chimSegmentMin 15, —chimScoreJunctionNonGTAG 0,
and —chimSegmentReadGapMax 20000. A splice junction
database was generated from the Ensembl release 95 reference

annotation with the parameters —genomeSAindexNbases 12
and —sjdbOverhang 149.

Transcriptome assembly

Condition-specific transcriptome assemblies were generated
using Stringtie version 2.1.7 (62) from the pooled Illumina and
complementary ONT-DRS alignments using the following pa-
rameters: —mix, —rf, -¢ 1, -s 1, -g 0, and -M 10. A unified set
of transcripts was created by merging all resulting condition-
specific assemblies with the Ensembl release 95 reference an-
notation using the Stringtie merge tool with parameters: -g 0,
-F 0,-T 0, -f 0.001 and -i. Open reading frames were anno-
tated using Transuite (63) version 0.2.2 with parameters: —cds
50 and —ptc 90, which were used in outron retention analysis
to assign SL sites to genes they likely originate.

Transcript quantification and alternative splicing

Transcript quantification and splicing analysis was done as
previously described in Parker et al. (33). Assembled tran-
scripts were quantified per Illumina RNA-seq sample us-
ing Salmon version 1.10.1 (64) with the parameters -1 A
and —validateMappings. The WBcel235 C. elegans reference
genome assembly was used as a decoy. Local splicing events
in the assembled annotation file were classified using SUPPA
version 2.3 (65) with the parameters generateEvents, -f ioe, —
pool-genes, and -e SE SS MX RI FL. Event-level relative abun-
dance (PSI) values per sample for each local event were then
estimated from the transcript-level quantifications with the
parameters psiPerEvent and —total-filter 1. PSI values com-
bined from all samples were loaded into Python version 3.8.12
using pandas version 1.0.1 (66—68). The relationship between
genotype and PSI was tested by fitting generalised linear mod-
els (GLMs) per local splicing event using statsmodels ver-
sion 0.11 (69). Calculated p-values were adjusted for multi-
ple testing using the Benjamini-Hochberg false discovery rate
(FDR) method. Local splicing events with significant changes
in PSI between ALP010 and wild-type strains were identi-
fied using an FDR threshold of 0.05. Sequence logos per al-
ternative splicing event were generated using matplotlib ver-
sion 3.7.1 (57) and matplotlib_logo. Significant differences be-
tween the motifs were identified using a G-test. Contingency
tables of splice site classes at U5 and U6 interacting positions
were generated using the difference of the —2 to —1 posi-
tions of the 5'SS from the consensus motif AG and the dif-
ference of the + 3 to + 5 positions of the 5'SS from the con-
sensus motif RAG, respectively. Heatmaps of contingency ta-
bles were generated with Seaborn version 0.12.2 (58). Gene
tracks using reads aligned to the WBCel235 reference genome
were generated using pyBigWig version 0.3.18 (59), pysam
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version 0.21.0 (https://github.com/pysam-dev elopers/pysam)
and matplotlib version 3.7.1 (57).

The effect size for each position around the 5SS was calcu-
lated by taking the difference between the distribution of APSI
for splice sites which had a particular base at the position and
the distribution of APSI for splice sites which did not have the
base. The significance was tested with a Wilcoxon signed-rank
test. Where the resulting P-value was <0.01, the presence of
a base at a particular site was determined to have a signifi-
cant effect on the likelihood of an alternate splicing event oc-
curring at the 5SS splice site. The direction of the effect was
calculated by comparing the proportion of splice sites with a
given base at a given position between mett-10~/~ and wild-
type to the proportion of splice sites without the given base
that had a significant difference in alternate splicing. Where
the proportion of events was higher in sites with the base,
sites with that base at a given position were less favoured in
the mutant and were given a negative sign. The signed sig-
nificance of each base was plotted against the position in the
5’SS, with points sized according to the frequency at which
the base occurred at a given position across all 5’SS in the
genome.

Differential gene expression analysis

Gene expression analysis was conducted using the Illumina
RNA sequencing data. The abundance of transcripts was esti-
mated through pseudoalignment with Salmon version 0.11.2
(64). Aggregation of counts to the gene level was achieved us-
ing tximport (70). Differential gene expression analysis, com-
paring the mett-10 mutant with the wild-type, was performed
in R version 3.5, utilising edgeR version 3.22.5 (71). Genes ex-
hibiting differences in their relative expression were identified
using an FDR cutoff of 0.05. The resulting list of genes was
then used to examine the relationship between the alternative
splicing and the gene expression.

Identification of upstream start codons in outron
regions

The outron start position was estimated for RO events from
the ONT-DRS reads contributing to the RO class. The outron
start position for CSRO events was estimated from the tran-
scripts assembled by Stringtie2, sharing the identical 3’SS po-
sition with the trans-splice site. Sequences from exonic regions
extending from the outron start to the canonical start codon
were extracted and analysed to determine the existence of ad-
ditional start codons. A few RO and CSRO events presented
multiple isoforms with unique exonic regions. This was caused
by alternative splicing occurring upstream of the canonical
start codon, altering the sequence context within the outron
region. In this case, the analysis was conducted individually
for each isoform.

Kozak motif analysis

To select a single candidate per retained outron, we utilised all
start codons annotated in the WBcel235 (ver. 95) reference to
create a position-specific scoring matrix (PSSM) for the posi-
tions —3 to —1 relative to the ATG codon. The log-likelihood
scores of Kozak sequences for each in-frame start codon were
then calculated using the PSSM. Start codons with the highest
scores were selected for further analysis and plotting.


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/pysam-dev%20elopers/pysam
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Processing and alternative splicing analysis of
public lllumina RNA-seq datasets

The SNRP-27 Illumina RNA-seq dataset was obtained from
the GSA under accession GSE113275 (72). The data was pro-
cessed and analysed similarly to that described for the METT-
10 data. However, instead of assembling a new transcriptome
for each condition, we used pre-assembled transcripts from
the METT-10 and N2 datasets. These transcripts were then
quantified using Salmon for the strains CB936 unc-73(e936)1
and SZ118 wunc-73(e936)1; snrp-27(az26)1. For subsequent
analyses, we followed the same methods as described above.
Pearson’s chi-square test of independence was applied to as-
sess the likelihood of concurrent usage of splice sites in mett-
10~/~ and SNRP-27 M141T. Significant differences between
the motifs were identified using a G-test.

The Tllumina RNA-seq datasets for METTL16 and
THUMPD2 were obtained from GEO accessions GSE90914
(31) and GSE219260 (29), respectively. The data processing
and analysis were performed similarly to the METT-10 data
but with a few differences. Reads were aligned to the human
reference genome GRCh38 with a splice junction database
generated from the Ensembl GRCH38 release 109 annota-
tions. The METTL16 dataset had longer reads (~125 bp)
compared to the THUMPD2 dataset (~51bp). In addition, we
were interested in determining whether splicing changes de-
pendent on METTL16 could also be observed in THUMPD2
KO. Therefore, the pooled alignments of METTL16 KD
and control 293A-TOA cell lines were used for generating
condition-specific transcriptome assemblies. A unified set of
transcripts was created by merging all resulting condition-
specific assemblies with the Ensembl GRCh38 release 109 an-
notations. Subsequent transcript quantification and splicing
analysis for both datasets were performed using the assem-
bled transcriptome as described above. Significant differences
between the motifs were identified using a G-test.

Sequencing data

All RNA sequencing raw data have been deposited to the
European Nucleotide Archive with the accession number
PRJEB65287. The RNA-Seq data used for the SNRP-27
is described in Zahler et al. ((72). The RNA-Seq data for
METTL16 knock-down cell lines is described in (31), and the
RNA-Seq data for THUMPD2 knock-out cells is described in
(29).

Recombinant METT-10 protein purification

Full-length  codon-optimised C.  elegans METT-10
(Supplementary Figure S1B) was subcloned into the pET-21a
(Novagen) vector between Ndel and Xhol sites for expression
in E. coli. The clone was verified by Sanger sequencing. The
construct was overexpressed in Rosetta (DE3) cells (No-
vagen) using autoinduction media (73). Soluble METT-10
was purified from a soluble lysate using Nickel affinity chro-
matography (Ni-NTA) and further purified by ion-exchange
chromatography and gel filtration chromatography.

In vitro methylation assay

The in vitro methylation assay was carried out as described
by Wang et al. (74). Briefly, a 15 ul reaction mixture contain-
ing 50 mM Tris pH 8.5, 0.01% Triton X, 50 uM ZnCl,, 1
mM DTT, 0.2 U/ul RNasin, 1% glycerol, 1 uM [3H]-SAM
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(Perkin Elmer), 1 uM full-length C. elegans U6, and 750nM
METT-10 was incubated at room temperature for 1 hr. The
reaction mixture was blotted on Biodyne B nylon membranes
and washed with buffer (20 mM Tris pH 7.5, 0.01% Triton
X), deionized water, and 95% ethanol, in that order, and
then subjected to liquid-scintillation counting using the Tri-
Carb 2010 TR Scintillation Counter (Perkin Elmer). RNA
levels with the incorporated 3H-methyl group are shown as
disintegrations per minute (DPM). All in vitro methylation
data are shown as mean £ SD from three replicates. The
RNA substrate, C. elegans U6 RNA, was transcribed in vitro
and purified after separating on a denaturing polyacrylamide
gel (75). The template sequence encoding the C. elegans U6
is 5- GTTCTTCCGAGAACATATACTAAA ATTGGAA-
CAATACAGAGAAGATTAGCATGGCCCCTGCGCAAG-
GATGACACGCAAATTCGTGAAGCGTTCCAAATTTTT
-3

CRISPR/Cas9 genome editing

For the generation of the strain ALP113 (mett-
10(0k2204)I1T; pipp-4P(rna088 [pipp-4P intron 4 +4A > U]),
we used custom-designed IDT Alt-R™ ¢rRNA 5'-
ACCCACTCAACTCCTTACAC-3' together with pre-made
IDT Alt-R™ tracrRNA and Alt-R™ S.p. Cas9 Nuclease V3.
Injection mixes were prepared as described in (76). We used
IDT Alt-R™ modified homology-directed repair template
5'-CGGATGTGCTCTTTATACAGCTTACAAATCATTC
AATTATTATACGTGCAGGAAATCGGAAATTATTGGG
AAAGTGTAtGGAGTTGAGTGGGTTCGAGTTGAAAAT
TCAGTGGAAATTATGAAAAGCGATCGCTTCAATGGA
GAAATC-3.

RT-PCR and restriction digestion analysis

RNA was extracted from synchronized young adult animals
using Trisure and chloroform extraction for cDNA synthe-
sis, as described above. cDNA was synthesized from 2ug
of total RNA using Bio-Rad iScript Reverse Transcription
Supermix (1708840) following manufacturer recommenda-
tions alongside no-RT control. 2 ul of the cDNA was used
as a template in PCR reactions with forward primer 5'-
TGGTGCCGATTCTGATTGGGCT-3’ and reverse primer 5'-
TTGGATTTCAGCCGGGTGAATG-3’ matching to pipp-4P
(WBGene00022167) exon-4—exon-5 junction. Restriction di-
gestion was carried out using the NEB enzyme Hpy166I1
(R0616). Samples were analysed using a 2% agarose gel in
TCA or 3% agarose in a TBE buffer. Image analysis was done
using FIJI (77).

Results

Loss of METT-10 function leads to cis- and
trans-splicing defects

mett-10(0k2204) null mutants (mett-10~/~ hereafter) have a
deletion removing the entire methyltransferase domain (42)
and have been shown previously to lack detectable U6 snRNA
m6A modification (35). Consistent with this, we found that a
recombinant METT-10 protein can methylate in vitro tran-
scribed U6 snRNA (Supplementary Figure S1B). To exam-
ine the dependency of the developmental phenotypes on
mett-10 deletion, we complemented the mett-10~/~ with
a single-copy insertion transgene expressing METT-10 pro-
tein under the control of a germline promoter (78) in the


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
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mett-10~/~  background (mett-10 rescue). As expected,
germline expression of mett-10 significantly rescued the fer-
tility defects in mzett-10~/~ animals at all temperatures tested
(Supplementary Figure S1C). Notably, germline expression
of mett-10 in mett-10~/~ animals also rescued somatic de-
velopmental defects, and animals appeared like wild-type
(Supplementary Figure S1D).

We took a global RNA-sequencing approach to under-
stand the impact of the loss of METT-10 function on gene
expression. We used Oxford Nanopore Technologies Direct
RNA Sequencing (ONT-DRS) of poly(A)+ RNA purified from
wild-type, mett-10~/~ and mett-10 rescue animals and Illu-
mina paired-end 150 bp sequencing of poly(A)+ RNA pu-
rified from smett-107/~ and wild-type animals to analyse
isoform-specific gene expression and alternative splicing (Fig-
ure 1A and B). Short-read sequencing generates relatively
high-coverage data with greater statistical power to quantify
cis-splicing. The ONT-DRS generates long-read data extend-
ing from the polyA-tail to the 5’ ends of transcripts, allowing
the detection of individual RNAs that are either trans-spliced
or not. We used three biological replicates per genotype for
the ONT-DRS and four biological replicates per genotype for
the Illumina sequencing. We obtained, on average, 2.8 mil-
lion reads per replicate in ONT-DRS with an average mapping
efficiency of 99% and 50 million reads per replicate in Illu-
mina sequencing with an average mapping efficiency of 98%
(Supplementary Table S1). We quantified the cis-splicing de-
fects using Illumina reads (Figure 1A and C), and the trans-
splicing defects using ONT-DRS reads (Figure 1B and D). We
mapped reads to a custom C. elegans reference transcriptome
built using wild-type and mett-10~/~ Illumina and ONT-DRS
reads to capture novel transcript isoforms and splicing events.
Comparison of cis-spliced RNA fractions for each transcript
(APSI, per cent spliced in) between mett-10~/~ and the wild-
type animals identified, in total, 2456 differential cis-splicing
events with a p-value < 0.05 or 1644 splicing events with an
FDR < 0.05 (Figure 1C and E, Supplementary Table S2).

Out of 1644 cis-splicing events with an FDR < 0.035, the
primary RNA splicing change in mett-10~/~ animals was the
alternative 5'SS usage (40.06 %, Figure 1A and E), followed
by alternative 3'SS usage (26.38%), exon skipping (13.31%),
intron retention (12.34%) and alternative first exon usage
(6.38%). In A. thaliana, the absence of FIO1 leads to alter-
native 5'SS usage and intron retention events at similar levels,
followed by alternative 3’SS choice and exon skipping (33).
Therefore, the absence of U6 snRNA m6A methyltransferase
METT-10 in C. elegans leads to a stronger response in alter-
native 5'SS and 3’SS usage than other splicing events.

We next asked if trans-splicing was also affected in mett-
10~/~ animals. We quantified the trans-splicing defects us-
ing a new analysis pipeline using ONT-DRS reads. First, we
annotated the SL splicing sites using Illumina and ONT-DRS
data. Next, we counted reads containing the SL1 RNA or the
outron sequence at the 5’-end of reads. Using this approach,
we detected 563 significant outron retention events with a P-
value <0.05 or 232 events with an FDR <0.05 (Figure 1D
and F, Supplementary Tables S3 and S4). Of 563 outron reten-
tion events with a P-value <0.05, 58.44% were typical outron
retained RNAs, and 25.75% were cis-spliced outron retained
RNAs where the retained outron is cis-spliced, generating new
exons. In addition, 15.81% of the outron retaining genes show
alternative 3’ trans-splice site usage on the outron (Figure 1B
and F).
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In summary, using a combination of short and long-read
sequencing, we show that loss of METT-10 function causes
a wide range of cis- and trans-splicing defects in transcripts
from more than 2000 genes.

5’ splice-sites with +4A are sensitive to loss of
METT-10 function

To understand the basis of alternative 5’SS usage in mett-
10~/~ mutants, we compared the sequence features of sen-
sitive 5'SSs for the positions —3 to + 6 (79). The majority of
mett-10~/~ sensitive 5'SSs have adenosine at the +4 position
(+4A) within a //GURAG motif (Figure 2A, left panel). The al-
ternative 5'SSs whose usage increased in mett-10~/~ animals
did not have +4A enrichment and were more likely to have
an AG//GU consensus motif (Figure 2A, right panel, G-test
P-value = 1.19e-168). Next, we compared the frequency of
5’SS base composition for the bases that interact either with
the U5 snRNA (Figure 2A, US class —1 and —2) or the U6
snRNA (Figure 2A, U6 class +3, +4 and +5). The majority
of the 5'SSs that were sensitive to the mett-10 mutation had
a non-AG consensus for the U5 snRNA interacting positions
and an RAG motif for the U6 snRNA interacting sequence
(Figure 2A, bottom left panel). In contrast, 5'SSs that were
more often used in mett-10~/~ animals were more likely to
have an AG sequence for U5 snRNA interaction and a C, G
or U at +4 position for U6 snRNA interaction (Figure 2A, bot-
tom right panel). Therefore, we found a shift from 5’SSs with a
//GURAG motif and a weak U5 snRNA interacting sequence
selected in wild-type animals to 5’SSs that lack the //GURAG
motif but have a stronger US interacting sequence selected in
mett-10~/~ animals.

The global switches in 5’SSs can be seen in individual genes.
For instance, at pch-2 (pachytene checkpoint 2), which en-
codes the C. elegans orthologue of human TRIP13 required
for spindle checkpoint during mitosis and meiosis (80,81),
exon 1 was exclusively spliced at the 5SS UU//GUGAG in
wild-type animals, whereas in mett-10~/~ animals splicing
occurred predominantly 3 nt upstream at the AA//GUUGU
position (Figure 2B). As a result, PCH-2 amino acids Lys
and Phe at positions 20 and 21 would be replaced with an
Asn. We confirmed the alternative splicing of pch-2 using or-
thogonal ONT-DRS data and found that the germline ex-
pression of mett-10 in mett-10~/~ background rescued pch-
2 5'SS usage (Figure 2C). Similarly, at T12C9.7, which en-
codes the C. elegans orthologue of the human mitotic spe-
cific cyclin B2 (CCNB2), exon 8 was most frequently spliced
at UU//GUGAG in wild-type and germline rescue animals.
However, in mett-10~/~ animals, the 5’SS choice moved to
the nearby UG//GUUG (Supplementary Figure S2A; for ad-
ditional examples, see Supplementary Figure S2A and S2B).

We found that 75% of all mett-10 sensitive 5'SSs had +4A
(Figure 2D). We calculated the effect size of each base on
alternative splicing of 5'SSs between mett-10=/~ and wild-
type animals by comparing the distribution of APSI values
of SSs with or without a given base at each position (Fig-
ure 2E). 5'SSs with +4A had a significantly higher percent-
age of alternative splicing, and 5'SSs with +4G, +4U or + 5G
were significantly less likely to be alternatively spliced (Fig-
ure 2E, P-value < 0.01). In addition, in mett-10~/~ mutants,
alternative 5'SSs were equally found upstream or downstream
and primarily within £5nt of the canonical splice site used in
wild-type animals (Figure 2F).


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
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Figure 1. The absence of mett-10 causes cis- and trans-splicing defects. (A) Overview of pre-mRNA cis-splicing and cis-splicing defects detectable by
RNA sequencing. The grey bars represent exons adjacent to alternative splicing events. Orange and blue bars represent sequences that are excluded or
included depending on the alternative splicing event type. (B) Overview of pre-mRNA trans-splicing and trans-splicing defects detectable by RNA
sequencing. (C) Volcano plot of all transcripts tested for cis-splicing changes between mett-10~/~ and wild-type animals. The X-axis shows PSI
differences between mett-10 and wild-type animals, and the y-axis shows the significance in P-values. Transcripts that show increased splicing in
mett-10~/~ (p < 0.05 and APSI < —0.1) at a given splice site are coloured green, and transcripts that show reduced splicing in mett-10-/~ (P < 0.05 and
APSI| > 0.1) at a given splice site are coloured purple. (D) Volcano plot of all transcripts tested for trans-splicing changes between mett-10-/~ and
wild-type animals. Transcripts that show increased splicing in mett-10~/~ (P < 0.05 and APSI| < —3) at a given splice site are coloured green, and
transcripts that show reduced splicing in mett-10-/~ (P < 0.05 and APSI > 3) at a given splice site are coloured purple. —logjoP-value of 1 gene has
been lowered to fit into the graph. (E) Classification of all significant (FDR < 0.05) cis-splicing defects in mett-10~/~ animals. (F) Classification of all
significant (P-value < 0.05) trans-splicing defects in mett-10-/~ animals.
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Figure 2. mett-10 sensitive 5'SSs predominantly have +4A. (A) The sequence motif and frequency analysis of mett-10 sensitive 5'SSs (—3 to + 6) and
the alternative 5'SSs that are used more often in mett-10-/~. The sequence motif shows the probability of bases at each position around the 5'SS. U5
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Barplot shows the fraction of reads supporting splicing at the Alt. 5'SS 2 over total reads in mett-10-/~ and wild-type animals. (C) Normalised ONT-DRS
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In conclusion, 5'SS +4A is a key feature making 5’SSs sen-
sitive to loss of mett-10, and the alternative 5'SSs used in
the mett-10~/~ mutants favour sequences without +4A and a
stronger US interaction with the upstream exonic sequences.

Loss of METT-10 function leads to intron retention
and exon skipping

Next, we investigated more closely the intron retention and
exon skipping events observed in the absence of METT-10.
We identified transcripts from 341 genes with P-value < 0.05
or 196 genes with an FDR < 0.05 that showed altered intron
retention levels in mett-10~/~ animals compared to wild-type
animals (Supplementary Table S2). Out of 196 intron reten-
tion events with an FDR < 0.05, 117 showed increased in-
tron retention, and 79 showed reduced intron retention (Fig-
ure 3A). The 5'SSs of introns with increased retention in mett-
10 mutants had the //GURAG motif and weak U5 recogni-
tion sequence (Figure 3A, left panel). In contrast, the 5’SSs
of introns with reduced retention had the AG//GU motif and
lacked +4A (Figure 3A, right panel, G-test P-value = 2.9e-11).
For example, at C. elegans gene Y18H1A.11, which encodes a
choline-phosphate cytidylyltransferase, the C. elegans ortho-
logue of human PCYT1, the 5SS has CA//GUGAG sequence,
which conforms to the //GURAG motif and a weak U3 inter-
acting CA dinucleotide (Figure 3B). Y18H1A.11 showed sig-
nificant intron retention in meft-10 mutants (Figure 3B and
D, P-value < 0.05), and intron retention was rescued with
germline mett-10 expression (Figure 3D).

Next, we compared the 5’SS sequences of introns adjacent
to the exons that showed increased skipping or inclusion in
mett-10~/~ animals compared to the wild-type (Figure 3C).
Exons that showed increased skipping had a 5SS //GURAG
motif with a higher probability of +4A compared to the exons
that showed reduced skipping, which had a higher probabil-
ity of AG//GU (Figure 3C). However, the overall consensus
motif between —3 and + 6 positions was not significantly dif-
ferent (G-test P-value = 0.47). This could be due to multiple
splice sites influencing the exon-skipping events. The exon 5
of agp-2, the orthologue of the human Aquaporin3, was fre-
quently skipped in mzett-10~/~ animals compared to wild-type
and germline rescue animals (Figure 3E and F). The 5'SS adja-
cent to the agp-2 exon 5 has the CU//GUAAG sequence that
fits the //GURAG motif and a weak US interacting CU dinu-
cleotide. Therefore, intron retention and exon skipping events
observed without METT-10 function predominantly involve
5’SSs with a +4A.

Loss of METT-10 function affects 3'SS usage

The second most abundant class of cis-splicing changes ob-
served in the absence of the METT-10 function is alternative
3'SS usage (Figure 1E). In mett-10~/~ animals, we observed
656 alternative 3'SS usage events with a P-value <0.05, of
which 434 had an FDR < 0.05 (Supplementary Table S2).
mett-10 sensitive 3'SSs do not have the conserved C. ele-
gans 3'SS motif of UUUCAG//R (which is required for effi-
cient U2AF65-U2AF3S5 binding). In contrast, the 3’SSs with
increased usage in mett-10~/~ have a strong UUUCAG/R
motif (Figure 4A, G-test —6 to +1 positions P-value =
2.7e-149).

Most of the alternative 3'SS usage was observed at introns
where the selected 5'SSs had a +4A (263) (Supplementary
Figure S3A), suggesting that 3’'SS usage was linked to 5’SS
choice. Alternative 3/SSs used in mett-10~/~ animals were
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predominantly found downstream of the canonical 3’SS (Fig-
ure 4B). We found that most mett-10~/~ sensitive 3'SSs (365)
involved a switch in usage from a weak upstream 3’SS se-
quence to a strong downstream 3’SS (Supplementary Figure
S3B, bottom panels). The remaining alternative 3'SS events
(64) reflected shifts in usage from a stronger downstream
3’SS to a moderate upstream 3'SS, where the + 1R and -
3C frequencies were lower than the 3’SSs shifting down-
stream (Supplementary Figure S3B, top panels). For exam-
ple, in wild-type animals, intron 6 of the B0001.7 gene
was frequently spliced at the downstream 3’SS AUUCAG//G
and, to a lesser extent, at the upstream 3’SS UUACAG//C
(Figure 4C and D). In mett-10 mutants, most of the splic-
ing events occurred at the downstream 3’'SS and the fre-
quency of splicing at the upstream 3'SS was significantly re-
duced (Figure 4C and D). Similarly, in wild-type animals, in-
tron 4 of pdk-1, which encodes a conserved protein kinase
with a role in organismal sterility, was frequently spliced at
the downstream 3’SS UUUCAG//A and the upstream 3’SS
AGAAAG//U (Supplementary Figure S2C). In mett-10 mu-
tants, the frequency of splicing events at the upstream 3’SS was
significantly reduced, and most splicing events happened at the
downstream 3’SS (Supplementary Figure S2C). The germline
expression of mett-10 rescued the upstream 3’SS usage in in-
tron 6 of BO001.7 and intron 4 of pdk-1, similar to wild-type
levels (Figure 4D and Supplementary Figure S2C).

In contrast to shifts in alternative 5’SS usage in mett-10 mu-
tants from a site used more frequently in wild-type animals to
a splice site used less frequently, alternative 3'SS usage shifted
from a splice site used less frequently in wild-type animals to
a splice site used more frequently in wild-type animals (Figure
4E and F). For the alternative 5" and 3’SS usage observed in
mett-10 mutants, 12.6% of the 5'SS events and 13.6% of the
3'SS events showed a complete reversal of the splice site usage
from a more frequently used splice site in wild-type animals to
a less frequently used splice site in wild-type animals (Figure
4E and F, black bars vs grey bars).

We observed similar intron retention and alternative 3'SS
usage in sams-3 and -4 except for sams-5, but in all cases, the
amplitude of the intron retention and alternative 3'SS usage
in wild-type animals were smaller than previously reported
(35,41) (Supplementary Figure S4A and S4B). Of all the alter-
native 3'SS usage events that shift from an upstream position
to the downstream canonical position (365), only 3.8% (14)
have the methylation motif UACAG//A at the canonical splice
site.

ONT-DRS data can predict RNA modifications (45,82-85).
We used a signal-level analysis approach, Yanocomp (45), and
a differential error rate approach, differ (50) to predict the
modified bases in our ONT-DRS data. Our analysis of the
ONT-DRS reads comparing the mett-10 mutant and wild-type
animals and using two different approaches did not reveal any
METT-10-dependent m6A modification at the sams-3, -4 and
-5 intron sequences (Supplementary Tables S5 and S6).

3’ trans-Splice site sequence features determine SL
trans-splicing sensitivity to loss of mett-10

In addition to cis-splicing defects, we observed signifi-
cant SL trans-splicing defects in mett-10~/~ animals using
ONT-DRS (Figure 1F). We found that the germline expres-
sion of mett-10 can rescue most of the trans-splicing defects
found in mett-10~/~ (Figure SA-D). Normalized coverage of
ONT-DRS alignments show that all trans-splicing classes; out-
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coverage of Y18H1A.11 intron 3 in mett-10~/~ and wild-type animals. The bar plot shows the fraction of intronic reads over the retained intron. (C) 5'SS
motif analysis of exons with increased skipping (upper panel) and increased retention (bottom panel) in mett-10-/~ animals. Sequence motifs are shown
for the upstream exon 5’SSs (grey) and the retained/skipped exon (orange). (D) Normalised ONT-DRS alignments for Y18H1A.11 intron 3 in wild-type,
mett-10~/~, and mett-10 germline rescued animals. (E) Normalized RNA-Seq coverage of agp-2 exon 5 in mett-10~/~ and wild-type animals. Bar plots
show the fraction of exonic reads over the skipped exon. (F) Normalized ONT-DRS alignments for agp-2 exon 5 in wild-type, mett-10-/~, and mett-10

germline rescued animals.

ron retention (Figure 5B), alternative 3’ trans-splice site usage
(Figure 5C) and cis-spliced retained outron (Figure 5D) are
effectively rescued.

In mett-10~/~ animals, although hundreds of genes have
trans-splicing defects, most of the RNAs are still effectively
trans-spliced. Therefore, we hypothesised that there could be
sequence determinants of mett-10~/~ trans-splicing sensitiv-
ity at the 3’ trans-splice site sequences rather than the in-
variable 5’ trans-splice sites. We grouped the transcripts ac-
cording to the extent of the trans-splicing difference (APSI)

and analysed the 3’ trans-splice site consensus motifs sepa-
rately (Figure SE and Supplementary Figure SSA). Compared
to the 3’ trans-splice site motif of a background set of effec-
tively trans-spliced genes, genes that show trans-splicing de-
fects in mett-10~/~ had weaker 3’ trans-splice site sequences
(Figure SE and Supplementary Figure S5A). Genes with lower
APSI had 3’ trans-splice site motifs with minor deviations
from the background motif, particularly affecting the —4U,
—3C and +1R (Figure SE, middle panel and Supplementary
Figure S5A). Genes with higher APSI showed the most signifi-
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cant variation from the conserved UUUCAG/R motif, mainly
at the —4U, —3C and +1R (Figure SE, bottom panel and
Supplementary Figure S5A). We analysed the frequency of
U2AF65 and U2AF35 binding sequences at the 3’ trans-splice
sites of the control sequences and the sequences that showed
significant APSI (Supplementary Figure S5B). We found that
both U2AF65 and U2AF335 recognition motifs deviated from
the consensus UUUCAG/R motif, with the U2AF3S5 recogni-
tion sequence showing the largest deviation (G-test P-value
2.78 x 107, Supplementary Figure S5B).

In summary, without mett-10, C. elegans pre-mRNAs with
weak 3’ trans-splice sites fail to trans-splice efficiently and
accurately.

Consequences of cis- and trans-splicing defects in
coding potential of transcripts

To investigate the impact of alternative splicing in mett-10~/~
on protein translation, we analysed the change in open read-
ing frames (ORFs) of alternatively spliced transcripts. We
analysed all cis-splicing events for their 3 nt periodicity and
categorized the events in-frame if the change is a multiple
of 3 nt and out-of-frame if the change is not a multiple

of 3 nt. Most intron retention events created out-of-frame
changes (61.1%), and most exon-skipping events created in-
frame changes (65.8%, Supplementary Figure S5C). Most al-
ternative 5'SS events are out of frame (55.4%), whereas most
3'SS events are in-frame (74.9%, Supplementary Figure S5C).
For instance, the alternative 5'SS in the neuronal transcript
Y41C4A.12 created an early termination codon truncating
the open reading frame by 23 amino acids (Supplementary
Figure SSF). C. elegans C55A6.10 encodes a protein homol-
ogous to the human C12orf4, linked to autosomal recessive
intellectual disability (86). The alternative 5SS in transcripts
of C55A6.10 created an early termination codon in the middle
of the gene (Supplementary Figure S5G).

For trans-splicing events, we specifically looked for po-
tential upstream open reading frames that can arise due to
outron retention or the cis-splicing of retained outrons. For
outron retained and cis-spliced retained outron events, we
used the most extended ONT-DRS reads as representatives
of the 5" end of transcripts. In most cases, these reads will
likely be shorter than the actual transcription start sites (50).
Next, we searched for the ATG start codon within outron
regions or the cis-spliced retained outron regions. We found
that 61.3% of all retained outron regions and 91.8% of all
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cis-spliced retained outrons contain at least one start codon
sequence (Supplementary Figure S5D). In both outron reten-
tion classes, most potential upstream start codons are in-frame
with the downstream canonical start codon (60.4% of re-
tained outrons and 82.9% of cis-spliced retained outrons,
Supplementary Figure S5D). The percentages of in-frame start
codons within outron regions of outron-retaining genes are
higher than in-frame start codons observed in all SL spliced
non-outron retaining genes when considering a median out-
ron size of 120nt (Supplementary Figure SSE).

In addition, to start codons, eukaryotic translation initia-
tion generally requires a Kozak sequence (87). We analysed
the sequence composition of all C. elegans annotated start
codons from positions —4 to +4 and confirmed that the ideal
Kozak sequence of AAA (88,89) is present in only 16% of

C. elegans start codons (Supplementary Figure SSH and S5I).
We then analysed the presence of an ideal C. elegans Kozak
sequence and its derivatives in outron-retained genes and cis-
spliced outron-retained genes and compared them to events
that we previously identified as being in-frame. Our analysis
showed little difference between any subset of start codons,
but the in-frame cis-spliced retained outrons had the most
frequent AAA Kozak sequence (Supplementary Figure SSH
and S51).

We conclude that cis- and trans-splicing defects in mett-
10~/~ animals cause large-scale in- and out-of-frame changes
to coding transcripts. In addition, upstream start codons
which emerge due to trans-splicing defects are indistinguish-
able from the canonical start codons and could function in
protein translation.
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5’SSs with +4A are sensitive to mutations in
METT-10 and the spliceosomal protein SNRNP27K

Structural studies of spliceosomal complexes have not fully
resolved how U6 snRNA m6A interacts with the 5'SS because
the methyl group is not yet resolved in available cryo-EM
models of the spliceosome complexes. A recent phylogenetic
analysis identified a strong association between METTL16,
the spliceosomal protein SNRNP27K (snrp-27 in C. elegans)
and the 5'SS +4A (90). Consistent with this, M141T mutation
in SNRP-27 leads to alternative splicing of 5'SSs with +4A
(72). To understand if METT-10 and SNRP-27 influence the
splicing of the same 5’SSs in C. elegans, we re-analysed the
previously published RNA-Seq data from snrp-27(az26) an-
imals that carry the M141T mutation and the correspond-
ing parental line (CB936 unc-73(e936)) (72) using our RNA
splicing analysis pipeline. We identified more alternative splic-
ing events (2159) than previously reported. The most abun-
dant event class was alternative 5'SS usage (Figure 6A). Like
mett-10~/~, snrp-27(az26) mutation led to reduced splicing
at 5'SSs with +4A and a //GURAG motif, and splice site
usage switched more frequently to alternative 5'SSs with an
AG//GU motif (G-test P-value 5.07 x 1073°, Figure 6B).
60.7% of all 5'SSs with a reduced usage in snrp-27(az26)
had +4A (Supplementary Figure S6A). The effect size com-
parison of each base, from —3 to + 6 position, between snrp-
27(az26) and wild-type animals showed that 5'SSs with + 3G
and +4A have a significantly higher percentage of alterna-
tive splicing in snrp-27(az26) and 5'SSs with —2A, +3A, +4U
or + 5G were significantly less likely to be alternatively spliced
in snrp-27(az26) (Figure 6C). Similar to mett-10 mutants, in
snrp-27(az26), alternative 5’SSs could be found upstream and
downstream of the canonical wild-type splice site in snrp-
27(az26) (Supplementary Figure S6B).

There was a significant overlap between the mett-10 and
snrp-27 sensitive 5'SSs (Figure 6D, the expected overlap is
95, and the observed overlap is 169, P-value = 5.3e-20). Al-
though 5’SSs sensitive to either one or both proteins shared
a //GURAG motif, 5’SSs sensitive to both meft-10 and snrp-
27 had a more dominant //GUGAG motif (Supplementary
Figure S6C). In contrast, 5'SSs that were only sensitive to mett-
10 had a //GUAAG motif (Supplementary Figure S6D), and
the 5'SSs that were only sensitive to snrp-27 had a //GUDAG
motif (D = A, G or U) (Supplementary Figure S6E). There-
fore, in addition to the +4 position, the +3 position of 5’SSs
is important for effective and accurate splicing mediated by
SNRP-27.

Unlike mett-10 sensitive 3'SSs that were defined by a weak
3’SS motif, snrp-27 sensitive 3'SSs have a strong UUUCAG/R
motif, and the alternative 3'SSs are weaker, despite hav-
ing a similar //GURAG motif at their 5'SSs (G-test P-value
9.93 x 10~', Figure 6E). In contrast to the alternative 3'SS
usage in mett-107/~, most of the alternative 3'SS events in
snrp-27(az26) were found upstream of the canonical wild-
type site (Figure 6F). Such changes in 3'SS usage involved a
shift from a strong UUUCAG/R 3’SS to a weak 3’SS motif
(Supplementary Figure S6F). These differences between met-
10 and snrp-27 sensitive 3'SSs were reflected in the lack of
overlap in 3'SSs sensitive to the absence of either gene func-
tion (Figure 6G, the expected overlap is 32, and the observed
overlap is 11, P-value = 7.14 x 107).

In summary, METT-10 and SNRP-27 are required for ac-
curate and efficient splicing of many 5’'SSs with +4A. METT-
10 and SNRP-27 affect an overlapping subset of genes, but
differences in the +3 position distinguish the sensitivity of
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some 5'SSs. In contrast, METT-10 and SNRP-27 affect dis-
tinct 3'SSs.

METTL16 and THUMPD?2 influence the selection of
distinct 5'SSs in human cells

Since the impact of the loss of C. elegans METT-10 func-
tion on splicing resembled that of the corresponding mu-
tants in S. pombe and A. thaliana, we next asked if a simi-
lar impact occurred in human cells with disrupted METTL16
function. We re-analysed the previously published RNA se-
quencing data from human control 293A-TOA cells (HEK293
derivative Tet-off advanced cells) and cells subjected to
METTL16 knock-down (31). We found that METTL16
knock-down leads to the mis-splicing of thousands of pre-
mRNAs, with exon skipping and intron retention being the
most prominent alternative splicing events (Supplementary
Figure S7A). Sequence motif analysis of 1746 METTL16 sen-
sitive 5'SSs showed a strong enrichment for +4A (G-test P-
value 9.35 x 10715, Figure 7A and Supplementary Figure
S7B, left panels) compared to alternative 5'SSs whose usage
increased upon METTL16 knock-down, where the +4 po-
sition was more likely to be non-A bases (Figure 7A and
Supplementary Figure S7B, right panels). This shift in +4A
preference could also be seen in the sequence frequency of the
U6 interacting bases, along with a shift towards stronger U5
interacting bases (Supplementary Figure S7B). However, hu-
man 5’'SSs generally appeared to have stronger US interacting
sequences (Supplementary Figure S7B).

As a control, we next compared the impact of a different U6
modification to that made by METTL16. U6 snRNA m2G72
modification by the methyltransferase THUMPD?2 is impor-
tant for pre-mRNA splicing (29,30). While U6 snRNA m6A43
resides within the UACAGA box that base pairs with the 5'SS,
m2G72 interacts with the catalytic metal ion M1 within the
catalytic centre of the spliceosome (91-93) (Figure 7B). We re-
analysed the RNA sequencing data that was previously gener-
ated from wild-type HCT116 cells and THUMPD?2 knock-out
cells (29). Our analysis confirmed the large-scale disruption of
pre-mRNA alternative splicing upon loss of THUMPD?2 func-
tion (Supplementary Figure S7C). However, the sequence mo-
tif analysis of THUMPD?2 sensitive 5’SSs did not show +4A
preference, and there was no clear difference between the 5'SS
motif of sensitive sites and the sites whose usage increased in
THUMPD2 knock-out (G-test P-value 0.98, Figure 7C and
Supplementary Figure S7D).

We conclude that METTL16’s function in pre-mRNA splic-
ing is conserved between S. pombe, A. thaliana, C. elegans and
humans. The sensitivity of 5'SSs with +4A is specific to the ab-
sence of the m6A methyltransferase METTL16 and not seen
in the absence of another U6 snRNA methyltransferase impor-
tant in pre-mRNA splicing, revealing that these modifications
have distinct functions within the spliceosome.

Editing endogenous 5’'SS +4A to +4U can restore
wild-type splicing in mett-10~/~ animals

Our analysis showed that METT-10 and METLL16 sensitive
5’'SSs predominantly had a +4A, and the alternative 5’SS posi-
tions were relatively enriched for non-A bases, especially +4U
(Figures 2 and 7). To get a mechanistic understanding of how
U6 snRNA m6A interacts with the 5SS +4A, we tested if
replacing +4A sites with +4U could rescue splicing in mett-
10~/~ mutants. We used targeted CRISPR/Cas9 mutagenesis
in mett-10~/~ animals to edit +4A positions in 5'SSs sensi-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 15

9153

A 800 1.00 snrp-27 M141T sensitive 5'SS (n=482) 1.00 Alt. 5'SS increased in snrp-27 M141T (n=480)
2075 2075
‘80.50 ‘80.50
S S
g £0-25 £0-25
g 0.00 0.00
] 1 +1 42 43 +4 45 32 A1+ 42 43 +4 +5 46
k3
8 @-17 10 10 19 3 9 12 11 %-9 4 14 13 3 10 n 22
€
2 ﬁg, 22 16 12 24 3 25 15 4 ﬁg’ 10 3 25 12 2 14 36 12
S o
83z 13 12 12 2 10 9 5 B8%- 12 3 21 12 7 14 22 13
5 2 20 7 1 14 13 7 F-31 13 4 7 13 21 6
Alt5'SS AIt3'SS Skipped Retained Mutually  Alt | \ , | | | , [ \ | | | i ,
exon intron exclusive first RAG YAG RBG RAH YAH YBG RBH YBH RAG YAG RBG RAH YAH YBG RBH YBH
C exon exon exon U6 class U6 class
° 50
@
101 n
oo £40
g © 2532 338 5
[
5 = i
: . o G 530
3 d i ec ¢ 5
2 ° i o fo 2204
So f ¢ o o 6 [ev oZ2- 490 169 €
2 s ¢ | - E
< ) L = =2 ]
g L @ | | 10
-5 S False True
snrp-27 sensitive 5'SSs 0-
° -20 -15 -10 -5 0 5 10 15 20
10] Distance between alt. 3'SS pairs (nt)
3 02 4 1 2 3 4 5 6
base position . . _
E 1.00 snrp-27 M141T sensitive 3'SS (n=283) »
Z0s0 o8 277
5'SS for all snrp-27 M141T sensitive alt. 3'SS (n=280) 9 > ©
2075 0.00 e — [}
Z 050 6 5 4 3 2 A +1 S
®U.
g 1.00 Alt. 3'SS increased in snrp-27 M141T (n=282) g g
2025 X SS- 423 1"
0.00 20.75 wF
1 +1 +2 +3 +4 +5 3 'q';
'50.50 g . ,
o025 False True
0.00 snrp-27 sensitive 3'SS
6 5 -4 -3 2 -1 +1

Figure 6. snrp-27 is required for the efficient splicing of 5'SSs with +4A. (A) Classification of all significant (FDR < 0.05) cis-splicing defects in
snrp-27(az26) M141T animals compared to CB936 (unc-73(€936)). (B) Sequence motif (upper panels) and the frequency of U5 and U6 interacting
sequences (bottom panels) of the 5'SSs that are either sensitive to snrp-27(az26) (left panels) or used more often in snrp-27(az26) (right panels). (C)
Effect size plot for the 5’SS positions —3 to + 6. Negative values indicate bases at the specific position are associated with significantly more alternative
splicing, and positive values indicate bases at the specific position are associated with significantly less alternative splicing events. The circles’ size
corresponds to the base frequency at a given position across all 5'SSs in the genome. (D) Heat map showing the overlap of mett-10 and snrp-27
sensitive 5’SSs. Row and column names ‘true’ and ‘false’ refer to whether these rows and columns fulfil the condition in the axis names. The expected
overlap between mett-10 and snrp-27 is 95, and the observed overlap is 169, P-value = 5.3e-20. (E) Sequence motif analysis of 3'SSs that are either
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Histogram showing the distance between alternative 3'SS pairs (x-axis) and the number of 3'SS events (y-axis) (G) Heat-map showing the overlap of
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names. The expected overlap between mett-10 and snrp-27 is 32, and the observed overlap is 11, Pvalue = 7.14 x 107°.

tive to the absence of METT-10. We successfully edited the
5'SS of pipp-4P intron 4 (Y71TH2AM.2, WBGene00022167)
from a +4A position to a +4U (Supplementary Figure S7E).
pipp-4P encodes the C. elegans orthologue of human phos-
phatidylinositol (4,5) bisphosphate phosphatase, and in wild-
type animals, pipp-4P intron 4 was predominantly spliced at
two alternative 5’SS positions with most frequent splicing at a
GU//GUAAG position (Figure 7D). In mett-10 mutants, pipp-
4P was predominantly spliced at a third, distal, 5'SS position
(Figure 7D and E). The distal splice site used most frequently
in mett-10~/~ contains a Hpy166I restriction site that can
detect the mutant isoform following RT-PCR and restriction
digestion (Figure 7E, F, Supplementary Figure S7F, S7G and
S7I). We observed that in mett-10~/~ animals where we re-
placed the +4A to +4U within the pipp-4P intron 4 alterna-
tive 5'SS 1 position, RT-PCR products with the Hpy166I re-

striction site were strongly reduced or absent without chang-
ing the overall PCR size (three biological replicates, Figure 7F,
Supplementary Figure S7F, S7G, S7H and S7I).

Our results show that converting +4A to +4U in mett-10
sensitive 5'SSs can restore wild-type splicing in mett-10 mu-
tants that lack U6 snRNA m6A modification.

Discussion

The absence of METT-10 in C. elegans and
METTL16 in humans leads to a wide range of
splicing defects at 5'SSs with +4A

We identified that, in C. elegans, the absence of met#-10 causes

large-scale cis- and trans-splicing defects (Figure 1C-F) consis-
tent with the function of METT-10 in m6A methylation of U6
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snRNA. Previously, it was suggested that mett-10 mutants do
not show global splicing defects (35). We were able to capture
the cis- and trans-splicing changes by deep sequencing of Illu-
mina libraries in quadruplicate, using ONT-DRS, and building
condition-specific reference transcriptomes. Our results show
that the pre-mRNAs of thousands of genes are mis-spliced in
mett-10 mutant animals, and many of these events are likely
to contribute to the developmental and germline phenotypes
of mett-10 mutants.

We further show that, in C. elegans and human cells, the ab-
sence of METT-10/METTL16 specifically affects 5'SSs with a
//GURAG motif, and the 5'SS +4A is a major determinant of
splice site usage (Figures 2A and 7A). In the absence of METT-
10/METTL16, splice site usage shifts from a //GURAG motif
to an AG//GU motif, usually favouring +4U. These features of
alternative splice site usage are also conserved in A. thaliana
FIO1 mutants for 5'SSs and S. pombe MTL16 mutants for
intron retention events (33,36). Our data and the data from
previous studies on yeast and plants align with the function
of METT-10/METTL16 as a major regulator of pre-mRNA
splicing through U6 snRNA m6A modification. U6 snRNAs
with m6A43 (m6A38 in C. elegans) potentially interact more
strongly with the 5’SSs with +4A through a trans-Hoogsteen
sugar edge interaction between m6A43:+4A (Supplementary
Figure S8C and S8D) (5,33,36,94-96). The increased ther-
mostability of m6A:A over A:A was shown in vitro between
the ACAGA box of U6 and an intron sequence (36). Without
m6A43, 5'SS usage moves to sequences that support more ro-
bust US snRNA recognition, such as AG//GU, a stronger un-
methylated U6 snRNA recognition, such as with +4U, or both
(further discussed in (33,36,90)). Consequently, spliceosomes
abort splicing altogether where a suitable 5'SS is not found,
as in intron retention and exon-skipping events. Indeed, the
absence of METT-10 and likely U6 snRNA m6A modifica-
tion leads to intron retention and exon-skipping where 5'SS
//GURAG motif and +4A are essential (Figure 3A-C). Impor-
tantly, our analysis shows that the presence of +4A can dis-
tinguish 75% of all alternative 5’SS events, suggesting a direct
role for mett-10 and U6 snRNA m6A modification in splic-
ing (Figure 2D). In addition, we did not observe any correla-
tion between splicing changes and steady-state gene expres-
sion in mett-10~/~ animals (Supplementary Figure S8A and
S8B). We also showed that the 5'SS +4A preference is specific
to U6 snRNA m6A modification as the mutation of the U6
snRNA m2G methyltransferase THUMPD2 does not affect
5’SS usage in a sequence-dependent manner (Figure 7C).

In further support of our model where U6 snRNA m6A
modification is required for efficient recognition of 5SS +4A
positions, we edited an endogenous 5'SS +4A to a +4U in
mett-10~/~ mutant animals and restored splicing to wild-type
splice site positions (Figure 7F). For base-pairing interactions,
A:U would be more favourable to m6A:A. Therefore, by con-
verting a 5'SS sequence that was a better base pairing substrate
for the m6A-modified U6 snRNA ACAGA to a 5SS sequence
that is a better base pairing substrate for the unmodified U6
snRNA ACAGA, we were able to change the accuracy and
efficiency of splicing.

Our analysis suggests that in C. elegans and humans, US
and U6 snRNA base pairing is critical for 5’SS selection, but
most alternative 5'SSs remain in close proximity to the canon-
ical 5'SSs. The alternative 5’SSs used in A. thaliana FIO1 mu-
tants show a similar distribution (Parker et al. 2022), suggest-
ing that Ul snRNA binding could limit the final position of
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the transesterification reaction decided by U6 snRNA. Alter-
natively, Ul snRNA could bind to multiple positions, and the
strength of U6 snRNA binding could favour one 5'SS over an-
other (97). Several studies support a model whereby U1 base
pairing at one position can lead to the use of multiple 5'SSs
through U6 base pairing (98,99), whereas other studies sup-
port a requirement for the base pairing of U1l and U6 at the
same 5’SS (100,101). Our results show that for 5'SSs with a
//GURAG motif, U6 snRNA m6A modification status is a de-
cisive factor for the final 5SS position.

We observed a compensatory pattern between the base
composition of U5 and U6 snRNA interacting sequences. A
similar compensatory ‘seesaw linkage’ pattern was observed
for the base composition of human 5'SSs where —1G allows
any nucleotide at +5 position, and +5G allows any nucleotide
at —1 position (102-105). Later, it was shown that having a
G at both —1 and + 5 positions allowed more efficient splic-
ing (106). The two classes of 5'SSs, AG//GU and //GURAG,
identified by U5 and U6 snRNA binding, could account for
such compensatory base compositions at 5'SSs (33).

METT-10 and SNRNP27K functionally interact for
accurate splicing of 5’'SSs

Available structures of the spliceosome suggest that the
spliceosomal protein SNRNP27K is positioned close to
the U6 snRNA and could function in 5’SS recognition
(Supplementary Figure S8C) (5). Recent re-analysis of the
cryo-EM structures of the human spliceosome suggests that
M141 of SNRNP27K is positioned close to the space that be-
comes occupied by the m6A43 of U6 snRNA (90). Our anal-
ysis of the available RNA-Seq data from SNRP-27 M141T
mutants strongly supports a functional interaction between
METT-10 and SNRP27K in splicing 5'SSs with +4A (Fig-
ure 7G). This could happen through SNRNP27K func-
tioning to position U6 snRNA correctly during B-complex
formation.

METT-10 and SNRNP27K regulate distinct 3'SSs

The effect of METT-10 and SNRP-27 on alternative usage of
3'SSs is distinct. In the absence of METT-10, 3'SS usage shifts
from weak upstream 3’SSs to downstream strong canonical
3'SSs, suggesting that METT-10 and likely U6 snRNA m6A
modification are important for the stabilization of 5" and 3'SS
interactions (Figure 7G). Our data indicates that, in C. ele-
gans, this interaction could depend on the strength of 3'SS se-
quences primarily based on U2AF binding motifs (Figure 4A).
We identified that, in the absence of meft-10, SL trans-splicing
also fails at weak 3’ trans-splice sites based on U2AF consen-
sus motifs (Figure SE).

In the absence of SNRP-27, usage of strong downstream
3'SSs shifts to weaker upstream positions, suggesting that in
the absence of SNRP-27, distance of the 3’SS to the 5SS could
be a critical factor and SNRP-27 could function to facilitate
distal 3’SS selection. U6 snRNA interacts with both the 5'SS
and 3’SS during the C to C* transition of the spliceosome
(107) (discussed for the A. thaliana alternative 3'SS usage
(33)), and this interaction can explain why U6 snRNA m6A is
important for 3'SS selection. Indeed, many spliceosomal pro-
teins associated with the C* complex affect 3'SS usage (108).
However, SNRNP27K is no longer present in human C and
C* complexes. The impact of SNRP-27 on orienting the 5’SSs
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for U6 snRNA binding in C. elegans may extend beyond the
time it is present in the spliceosome.

In C. elegans, similar shifts in alternative 3'SS usage events
have been observed in tissue-specific gene expression (109)
and during ageing (110). Therefore, U6 snRNA m6A modi-
fication and SNRP-27 could have regulatory roles during an-
imal development.

The diversity of 5'SS sequences suggests U6
snRNA m6A methylation could be a regulated
process

Overall, our analysis of splicing events observed in meti-
10~/~ and wild-type animals suggests there are two classes of
5’SSs in C. elegans: 5'SSs with the //GURAG motif and +4A,
which prefer U6 snRNAs that are m6A methylated and the
5’SSs with AG//GU or +4U that would prefer unmethylated
U6 snRNAs. Our experimental data is consistent with the pre-
vious iz silico analysis of annotated C. elegans 5'SSs (33). In-
deed, within all C. elegans 5'SS sequences (Supplementary
Figure S8E), 44% of the 5'SSs have a //GURAG motif
(Supplementary Figure S8F), 32% of the 5’SSs have an
AG//GU without //GURAG (Supplementary Figure S8G),
and 16% of the 5'SSs have a +4U (Supplementary Figure S8H)
which also strongly favour AG//GU. Our RNA-Seq analysis
of mett-10 sensitive 5'SSs and the presence of different 5SS
classes could mean not all U6 snRNAs are m6A methylated
in cells, which could also be a regulated process or cells could
use +4A and non-+4A 5'SSs to regulate the expression level
of transcript isoforms. Alternatively, regulating spliceosomal
proteins that chaperone U6 ACAGA box interactions, such as
SNRNP27K, may influence splice site choice.

The function of METT-10 in mRNA modification is
unclear

It was previously reported that m6A methylation of sams
gene pre-mRNAs by METT-10 is involved in their alterna-
tive splicing (35,41). sams-3,-4 and -5 all have 5'SSs with
weak US snRNA interacting sequences and a //GURAG mo-
tif, which could make these sequences sensitive to the loss of
mett-10. This could shift the usage of weak upstream 3’SSs
to the stronger downstream 3’SSs, as seen for most alternative
3'SS usage events. However, the alternative 3'SSs of sams-3, -4
and -5 used with low frequency in wild-type animals have a
strong UUUCAG/R motif (Supplementary Figure S4). There-
fore, METT-10 mediated m6A methylation at the pre-mRNA
introns of sams-3, -4 and -5 could be a unique event in sams
genes.

There are biochemical data supporting in vitro m6A methy-
lation of sams pre-mRNAs by METT-10 (35,41,111), but
evidence for in vivo sams pre-mRNA m6A methylation is
limited. Using the highly sensitive SCARLET method (112),
Mendel et al. could detect significant U6 snRNA m6A methy-
lation in total RNA, but m6A methylation was undetectable
on sams-3 pre-mRNAs (35). Watabe et al. used ONT-DRS
with in vitro transcribed sams-3 and -4 transcripts that are
either m6A methylated or not and trained machine learning
algorithms, which were then used to classify the endogenous
sams-3 and -4 transcripts in the non-sense mediated decay mu-
tants (smg-2). They concluded that most sams-3 /-4 transcripts
are m6A methylated (41). Our comparison of the ONT-DRS
data between mett-10~/~ and wild-type animals using two
transcriptome-wide analysis tools did not reveal any signifi-
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cant sites of m6A modification within sams genes. Therefore,
m6A modification of C. elegans mRNAs requires further in-
vestigation.

The biological significance of the alternative
splicing events

The majority of the splicing events, either cis- or trans-, have
the potential to alter the open reading frame and, therefore,
could significantly impact protein expression for hundreds of
genes. Indeed, most intron retention and 5’SS events generate
out-of-frame changes. Although the majority of the alterna-
tive 5'SS events we detected in mett-10~/~ mutants generate
out-of-frame changes (55.4%), a significant portion remains
in-frame (44.6%). On the other hand, most of the alterna-
tive 3'SS events are in-frame, supporting the observation that
weak and less frequently used 3'SSs move to strong canonical
positions in the absence of U6 snRNA m6A methylation.

Most of the retained outron sequences in mett-10~/~ an-
imals have alternative start codons. Although we do not
know if the translation machinery utilises these upstream start
codons, genes sensitive to outron retention are more likely to
have in-frame start codons within the outron sequences. Our
analysis of Kozak sequences around upstream start codons
suggests that upstream start codons within outron-retained
regions are indistinguishable from the canonical start codons
of the outron-retaining genes. In C. elegans, SL trans-splicing
is more important for translation efficiency compared to the
presence of a Kozak sequence (113,114). Therefore, outron
retention could generate novel protein isoforms. However, up-
stream start codons can also interfere with the translation effi-
ciency of canonical start codons and reduce protein expression
(113).

In summary, our results show that altering U6 snRNA func-
tion through its m6 A modification or through proteins that in-
teract with U6 during spliceosome assembly leads to multiple
alternative splicing changes.

Data availability

All raw data related to RNA sequencing is deposited at
the European Nucleotide Archive (https://www.ebi.ac.uk/ena/
browser/home) under the accession number PRJEB65287. All
software tools and adjustments to code have been described
in materials and methods.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

We would like to thank Dr Giulia Furlan, Dr Dhiru Bansal and
Dr Cristian Riccio for their support during the early phases of
the project, Dr David Wright for his help with some of the
bioinformatics tools, the UEA School of Biological Sciences
technicians, in particular Andrew Loveday, and admin team
for their support in running our research laboratories, and Dr
Rebecca Taylor for her comments on our manuscript. The re-
search presented in this paper was carried out on the High-
Performance Computing Cluster supported by the Research
and Specialist Computing Support service at the University of
East Anglia. Some strains were provided by the CGC, funded


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data
https://www.ebi.ac.uk/ena/browser/home
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae447#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 15

by the NIH Office of Research Infrastructure Programs (P40
0OD010440). We thank WormBase for providing access to the
C. elegans genome, annotation and genetic resources.

Author contribution: Aykut Shen, conceptualization, data
acquisition, data analysis, visualization, investigation, review
and editing; Katarzyna Hencel, conceptualization, data ac-
quisition, review and editing; Matthew T. Parker, conceptu-
alization, data analysis, visualization, investigation of frans-
splice site identification and SNRP-27 data analysis, advis-
ing for general data analysis; Robyn Scott, data acquisition,
data analysis; Roberta Skukan, data acquisition, data anal-
ysis; Aduragbemi S. Adesina, data analysis; Carey L. Mether-
ingham, data analysis; Eric A. Miska, conceptualisation, fund-
ing acquisition; Yunsun Nam, conceptualization, data acqui-
sition, data analysis, review and editing, funding acquisition;
Wilfried Haerty, conceptualization, funding acquisition, re-
view and editing; Gordon G. Simpson, conceptualisation, data
analysis, funding acquisition, review and editing; Alper Akay,
conceptualisation, data acquisition, data analysis, visualisa-
tion, investigation, funding acquisition, original draft, review
and editing.

Funding

This work was supported by a UK Research and Innovation
Future Leaders Fellowship [MR/S033769/1 to A.A.]; UK Re-
search and Innovation Biotechnology and Biological Sciences
Research Council Norwich Research Park Biosciences Doc-
toral Training Partnership [BB/T008717/1 to A.S.]; UK Re-
search and Innovation Biotechnology and Biological Sciences
Research Council [BB/CCG1720/1, BS/E/T/000PR9818
to W.H., BB/W007673/1, BB/V010662/1 to G.G.S.];
UK Research and Innovation Medical Research Council
[MR/P026028/1 to W.H.]; US National Institutes of Health
[RO1GM122960, R0O1CA258589 to Y.N.]; Welch Foundation
[1-2115-20220331]; Y.N. is a Packard Fellow, Pew Scholar,
and Southwestern Medical Foundation Scholar in Biomedical
Research. Funding for open access charge: UKRI bloc funds
under current agreements with NAR.

Conflict of interest statement

None declared.

References

1. Zhuang,Y. and Weiner,A.M. (1986) A compensatory base change
in U1 snRNA suppresses a 5’ splice site mutation. Cell, 46,
827-835.

2. Plaschka,C., Lin,P.-C., Charenton,C. and Nagai,K. (2018)
Prespliceosome structure provides insights into spliceosome
assembly and regulation. Nature, 559, 419-422.

3. Newman,A.]. and Norman,C. (1992) U5 snRNA interacts with
exon sequences at 5” and 3’ splice sites. Cell, 68, 743-754.

4. Sontheimer,E.]. and Steitz,].A. (1993) The U5 and U6 small
nuclear RNAs as active site components of the spliceosome.
Science, 262, 1989-1996.

5. Charenton,C., Wilkinson,M.E. and Nagai,K. (2019) Mechanism
of 5 splice site transfer for human spliceosome activation.
Science, 364, 362-367.

6. Zamore,P.D., Patton,].G. and Green,M.R. (1992) Cloning and
domain structure of the mammalian splicing factor U2AF.
Nature, 355, 609-614.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

9157

. Berglund,J.A., Abovich,N. and Rosbash,M. (1998) A cooperative

interaction between U2AF65 and mBBP/SF1 facilitates
branchpoint region recognition. Genes Dev., 12, 858-867.

. Fica,S.M., Mefford,M.A., Piccirilli,J.A. and Staley,].P. (2014)

Evidence for a group II intron-like catalytic triplex in the
spliceosome. Nat. Struct. Mol. Biol., 21, 464-471.

. Rauhut,R., Fabrizio,P., Dybkov,O., Hartmuth,K., Pena,V.,

Chari,A., Kumar,V., Lee,C.-T., Urlaub,H., Kastner,B., et al.
(2016) Molecular architecture of the saccharomyces cerevisiae
activated spliceosome. Science, 353, 1399-1405.

Yan,C., Wan,R., Bai,R., Huang,G. and Shi,Y. (2016) Structure of
a yeast activated spliceosome at 3.5 A resolution. Science, 353,
904-911.

Wilkinson,M.E., Charenton,C. and Nagai,K. (2020) RNA
splicing by the spliceosome. Annu. Rev. Biochem., 89, 359-388.
Zahler,A.M. (2018) Pre-mRNA Splicing and Its Regulation in
Caenorhabditis elegans. WormBook.

James Kent,W. and Zahler,A.M. (2000) Conservation, regulation,
synteny, and introns in a large-scale C. briggsae-C. elegans
genomic alignment. Genome Res., 10, 1115-1125.

Riddle,D.L., Blumenthal,T., Meyer,B.]. and Priess,].R. (1997) In:
Cis-Splicing in Worms. Cold Spring Harbor Laboratory Press.
Morton,].J. and Blumenthal,T. (2011) RNA processing in C.
elegans. Methods Cell Biol., 106, 187-217.

Hollins,C., Zorio,D.A.R., MacMorris,M. and Blumenthal,T.
(2005) U2AF binding selects for the high conservation of the C.
elegans 3 splice site. RNA, 11, 248-253.

Stover,N.A., Kaye,M.S. and Cavalcanti,A.R.O. (2006) Spliced
leader trans-splicing. Curr. Biol., 16, R8-R9.

Pettitt,]., Harrison,N., Stansfield,l., Connolly,B. and Miiller,B.
(2010) The evolution of spliced leader trans-splicing in
nematodes. Biochem. Soc. Trans., 38, 1125-1130.

Lasda,E.L. and Blumenthal,T. (2011) Trans-splicing. Wiley
Interdiscip. Rev. RNA, 2, 417-434.

Hannon,G.]J., Maroney,P.A. and Nilsen,T.W. (1991) U small
nuclear ribonucleoprotein requirements for nematode cis- and
trans-splicing in vitro. J. Biol. Chem., 266,22792-22795.
Maroney,P.A., Yu,Y.T., Jankowska,M. and Nilsen,T.W. (1996)
Direct analysis of nematode cis- and trans-spliceosomes: a
functional role for U5 snRNA in spliced leader addition
trans-splicing and the identification of novel Sm snRNPs. RNA,
2, 735-745.

Blumenthal,T., Evans,D., Link,C.D., Guffanti,A., Lawson,D.,
Thierry-Mieg,]J., Thierry-Mieg,D., Chiu,W.L., Duke K., Kiraly,M.,
et al. (2002) A global analysis of Caenorhabditis elegans
operons. Nature, 417, 851-854.

Bernard,F, Dargere,D., Rechavi,O. and Dupuy,D. (2023)
Quantitative analysis of C. elegans transcripts by Nanopore
direct-cDNA sequencing reveals terminal hairpins in non
trans-spliced mRNAs. Nat. Commun., 14, 1229.

Wenzel M.A., Miiller,B. and Pettitt,]. (2021) SLIDR and
SLOPPR: flexible identification of spliced leader trans-splicing
and prediction of eukaryotic operons from RNA-seq data. BMC
Bioinf., 22, 140.

Morais,P., Adachi,H. and Yu,Y.-T. (2021) Spliceosomal snRNA
epitranscriptomics. Front. Genet., 12, 652129.

Basak,A. and Query,C.C. (2014) A pseudouridine residue in the
spliceosome core is part of the filamentous growth program in
yeast. Cell Rep., 8, 966-973.

Hasler,D., Meduri,R., Bak,M., Lehmann,G., Heizinger,L.,
Wang,X., Li,Z.-T., Sement,F.M., Bruckmann,A.,
Dock-Bregeon,A.-C., et al. (2020) The Alazami
Syndrome-associated protein LARP7 guides U6 small nuclear
RNA modification and contributes to splicing robustness. Mol.
Cell, 77,1014-1031.

Duchemin,A., O’Grady,T., Hanache,S., Mereau,A., Thiry,M.,
Wacheul,L., Michaux,C., Perpéte,E., Hervouet,E., Peixoto,P., et al.
(2021) DHX15-independent roles for TFIP11 in U6 snRNA



9158

29.

30.

31.

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

42.

43.

44.

modification, U4/U6.US5 tri-snRNP assembly and pre-mRNA
splicing fidelity. Nat. Commun., 12, 6648.

Wang,C., Ulryck,N., Herzel,L., Pythoud,N., Kleiber,N.,
Guérineau,V., Jactel,V., Moritz,C., Bohnsack,M.T., Carapito,C.,
et al.2023) N 2-methylguanosine modifications on human tRNAs
and snRNA U6 are important for cell proliferation, protein
translation and pre-mRNA splicing. Nucleic Acids Res., 14,
7496-7519.

Yang,W.-Q., Ge,].-Y., Zhang,X., Zhu,W.-Y., Lin,L., Shi,Y., Xu,B.
and Liu,R.-]J. (2024) THUMPD?2 catalyzes the N2-methylation of
U6 snRNA of the spliceosome catalytic center and regulates
pre-mRNA splicing and retinal degeneration. Nucleic Acids Res.,
6, 3291-3309.

Pendleton,K.E., Chen,B., Liu,K., Hunter,0O.V.,, Xie,Y., Tu,B.P. and
Conrad,N.K. (2017) The U6 snRNA m6A methyltransferase
METTL16 regulates SAM synthetase intron retention. Cell, 169,
824-835.

Warda,A.S., Kretschmer,]., Hackert,P., Lenz,C., Urlaub,H.,
Hobartner,C., Sloan,K.E. and Bohnsack,M.T. (2017) Human
METTL16 is a N6-methyladenosine (m6A) methyltransferase
that targets pre-mRNAs and various non-coding RNAs. EMBO
Rep., 18, 2004-2014.

Parker,M.T., Soanes,B.K., Kusakina,]., Larrieu,A., Knop,K.,
Joy,N., Breidenbach,F, Sherwood,A.V., Barton,G.]., Fica,S.M.,

et al. (2022) m6A modification of U6 snRNA modulates usage of
two major classes of pre-mRNA 5’ splice site. eLife, 11, ¢78808.
Wang,C., Yang,]., Song,P., Zhang,W., Lu,Q., Yu,Q. and Jia,G.
(2022) FIONAT is an RNA Né6-methyladenosine
methyltransferase affecting Arabidopsis photomorphogenesis and
flowering. Genome Biol., 23, 40.

Mendel,M., Delaney K., Pandey,R.R., Chen,K.-M., Wenda,].M.,
Vigbe,C.B., Steiner,E.A., Homolka,D. and Pillai,R.S. (2021)
Splice site m6A methylation prevents binding of U2AF35 to
inhibit RNA splicing. Cell, 184, 3125-3142.

Ishigami,Y., Ohira,T., Isokawa,Y., Suzuki,Y. and Suzuki,T. (2021)
A single m6A modification in U6 snRNA diversifies exon
sequence at the 5’ splice site. Nat. Commun., 12, 3244.
Shima,H., Matsumoto,M., Ishigami,Y., Ebina,M., Muto,A.,
Sato,Y., Kumagai,S., Ochiai,K., Suzuki,T. and Igarashi,K. (2017)
S-adenosylmethionine synthesis is regulated by selective
Né6-adenosine methylation and mRNA degradation involving
METTL16 and YTHDCI1. Cell Rep., 21, 3354-3363.
Doxtader,K.A., Wang,P., Scarborough,A.M., Seo,D., Conrad,N.K.
and Nam,Y. (2018) Structural basis for regulation of METTL16,
an S-adenosylmethionine homeostasis factor. Mol. Cell, 71,
1001-1011.

Aoyama,T., Yamashita,S. and Tomita,K. (2020) Mechanistic
insights into m6A modification of U6 snRNA by human
METTL16. Nucleic Acids Res., 48, 5157-5168.

Mendel, M., Chen,K.-M., Homolka,D., Gos,P., Pandey,R.R.,
McCarthy,A.A. and Pillai,R.S. (2018) Methylation of structured
RNA by the m6A writer METTL16 is essential for mouse
embryonic development. Mol. Cell, 71, 986-1000.

Watabe,E., Togo-Ohno,M., Ishigami,Y., Wani,S., Hirota,K.,
Kimura-Asami,M., Hasan,S., Takei,S., Fukamizu,A., Suzuki,Y.,
etal. (2021) m6 A-mediated alternative splicing coupled with
nonsense-mediated mRNA decay regulates SAM synthetase
homeostasis. EMBO ]., 40, e106434.

Dorsett,M., Westlund,B. and Schedl,T. (2009) METT-10, a
putative methyltransferase, inhibits germ cell proliferative fate in
Caenorhabditis elegans. Genetics, 183, 233-247.
Frokjeer-Jensen,C., Wayne Davis,M., Hopkins,C.E., Newman,B.].,
Thummel,].M., Olesen,S.-P., Grunnet,M. and Jorgensen,E.M.
(2008) Single-copy insertion of transgenes in Caenorhabditis
elegans. Nat. Genet., 40, 1375-1383.

Lord,S.]., Velle,K.B., Mullins,R.D. and Fritz-Laylin,L.K. (2020)
SuperPlots: communicating reproducibility and variability in cell
biology. J. Cell Biol., 219, €202001064.

4S.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Nucleic Acids Research, 2024, Vol. 52, No. 15

Parker,M.T., Barton,G.]. and Simpson,G.G. (2021) Yanocomp:
robust prediction of m6A modifications in individual nanopore
direct RNA reads. bioRxiv doi:
https:/doi.org/10.1101/2021.06.15.448494, 16 June 2021,
preprint: not peer reviewed.

Li,H. (2018) Minimap2: pairwise alignment for nucleotide
sequences. Bioinformatics, 34, 3094-3100.

Parker,M.T., Knop,K., Barton,G.]J. and Simpson,G.G. (2021)
2passtools: two-pass alignment using machine-learning-filtered
splice junctions increases the accuracy of intron detection in
long-read RNA sequencing. Genome Biol., 22, 72.
Gamaarachchi,H., Lam,C.W., Jayatilaka,G., Samarakoon,H.,
Simpson,].T., Smith,M.A. and Parameswaran,S. (2020) GPU
accelerated adaptive banded event alignment for rapid
comparative nanopore signal analysis. BMC Bioinf., 21, 343.
Loman,N.]J., Quick,]. and Simpson,].T. (2015) A complete
bacterial genome assembled de novo using only nanopore
sequencing data. Nat. Methods, 12, 733-735.

Parker,M.T., Knop,K., Sherwood,A.V., Schurch,N.].,
Mackinnon,K., Gould,P.D., Hall,A.]., Barton,G.]J. and
Simpson,G.G. (2020) Nanopore direct RNA sequencing maps the
complexity of Arabidopsis mRNA processing and m6A
modification. eLife, 9, ¢49658.

Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet.journal, 17, 10-12.
Daily,]. (2016) Parasail: SIMD C library for global, semi-global,
and local pairwise sequence alignments. BMC Bioinf., 17, 81.
Dale,R.K., Pedersen,B.S. and Quinlan,A.R. (2011) Pybedtools: a
flexible Python library for manipulating genomic datasets and
annotations. Bioinformatics, 27, 3423-3424.

Quinlan,A.R. and Hall,l.M. (2010) BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics, 26,
841-842.

Heger,A., Belgrad,T.G., Goodson,M. and Jacobs,K. (2014)
pysam: python interface for the SAM/BAM sequence alignment
and mapping format.

Virtanen,P., Gommers,R., Oliphant,T.E., Haberland,M., Reddy,T.,
Cournapeau,D., Burovski,E., Peterson,P., Weckesser,W., Bright,].,
et al. (2020) SciPy 1.0: fundamental algorithms for scientific
computing in Python. Nat. Methods, 17,261-272.

Hunter (2007) Matplotlib: a 2D graphics environment. 9, 90-95.
Waskom,M. (2021) seaborn: statistical data visualization. J.
Open Source Softw., 6, 3021.

Ramirez,F.,, Diindar,F, Diehl,S., Griining,B.A. and Manke,T.
(2014) DeepTools: a flexible platform for exploring
deep-sequencing data. Nucleic Acids Res., 42, W187-W191.
Ewels,P., Magnusson,M., Lundin,S. and Killer,M. (2016)
MultiQC: summarize analysis results for multiple tools and
samples in a single report. Bioinformatics, 32, 3047-3048.
Dobin,A., Davis,C.A., Schlesinger,F., Drenkow,]., Zaleski,C.,
Jha,S., Batut,P., Chaisson,M. and Gingeras,T.R. (2013) STAR:
ultrafast universal RNA-seq aligner. Bioinformatics, 29, 15-21.
Kovaka,S., Zimin,A.V., Pertea,G.M., Razaghi,R., Salzberg,S.L.
and Pertea,M. (2019) Transcriptome assembly from long-read
RNA-seq alignments with StringTie2. Genome Biol., 20, 278.
Entizne,].C., Guo,W., Calixto,C.P.G., Spensley,M., Tzioutziou,N.,
Zhang,R. and Brown,].W.S. (2020) TranSuite: a software suite
for accurate translation and characterization of transcripts.
bioRxiv doi: https://doi.org/10.1101/2020.12.15.422989, 16
December 2020, preprint: not peer reviewed.

Patro,R., Duggal,G., Love,M.L, Irizarry,R.A. and Kingsford,C.
(2017) Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods, 14, 417-419.
Trincado,].L., Entizne,].C., Hysenaj,G., Singh,B., Skalic,M.,
Elliott,D.]. and Eyras,E. (2018) SUPPA2: fast, accurate, and
uncertainty-aware differential splicing analysis across multiple
conditions. Genome Biol., 19, 40.


https://doi.org/10.1101/2021.06.15.448494
https://doi.org/10.1101/2020.12.15.422989

Nucleic Acids Research, 2024, Vol. 52, No. 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

McKinney,W. (2010) Data structures for statistical computing in
Python. In: Proceedings of the 9th Python in Science Conference.
SciPy.

Harris,C.R., Millman,K.]., van der Walt,S.]., Gommers,R.,
Virtanen,P., Cournapeau,D., Wieser,E., Taylor,]., Berg,S.,
Smith,N.J., et al. (2020) Array programming with NumPy.
Nature, 585, 357-362.

Oliphant,T.E. (2007) Python for scientific computing. Comput.
Sci. Eng., 9, 10-20.

Seabold,S. and Perktold,]. (2010) Statsmodels: econometric and
statistical modeling with python. In: Proceedings of the 9th
Python in Science Conference. SciPy.

Soneson,C., Love,M.I. and Robinson,M.D. (2015) Differential
analyses for RNA-seq: transcript-level estimates improve
gene-level inferences. F1000Res., 4, 1521.

Robinson,M.D., McCarthy,D.]. and Smyth,G.K. (2010) edgeR: a
bioconductor package for differential expression analysis of
digital gene expression data. Bioinformatics, 26, 139-140.
Zahler,A.M., Rogel,L.E., Glover,M.L., Yitiz,S., Ragle,].M. and
Katzman,S. (2018) SNRP-27, the C. elegans homolog of the
tri-snRNP 27K protein, has a role in 5” splice site positioning in
the spliceosome. RNA, 24, 1314-1325.

Studier,EW. (2005) Protein production by auto-induction in high
density shaking cultures. Protein Expr. Purif., 41, 207-234.
Wang,P., Doxtader,K.A. and Nam,Y. (2016) Structural basis for
cooperative function of Mettl3 and Mettl14 methyltransferases.
Mol. Cell, 63, 306-317.

Walker,S.C., Avis,].M. and Conn,G.L. (2003) General plasmids
for producing RNA in vitro transcripts with homogeneous ends.
Nucleic Acids Res., 31, €82.

Ghanta,K.S., Ishidate,T. and Mello,C.C. (2021) Microinjection
for precision genome editing in Caenorhabditis elegans. STAR
Protoc, 2, 100748.

Schindelin,]., Arganda-Carreras,l., Frise,E., Kaynig,V.,
Longair,M., Pietzsch,T., Preibisch,S., Rueden,C., Saalfeld,S.,
Schmid,B., et al. (2012) Fiji: an open-source platform for
biological-image analysis. Nat. Methods, 9, 676-682.
Aljohani,M.D., El Mouridi,S. and Frekjer-Jensen,C. (2023)
Characterizing short germline-specific promoters with a range of
expression levels in C. elegans. MicroPubl. Biol., 2023,
https://doi.org/10.17912/micropub.biology.000843.

Sheth,N., Roca,X., Hastings,M.L., Roeder,T., Krainer,A.R. and
Sachidanandam,R. (2006) Comprehensive splice-site analysis
using comparative genomics. Nucleic Acids Res., 34, 3955-3967.
Ye,Q., Rosenberg,S.C., Moeller,A., Speir,J.A., Su,T.Y. and
Corbett,K.D. (2015) TRIP13 is a protein-remodeling AAA+
ATPase that catalyzes MAD2 conformation switching. eLife, 4,
e07367.

Défachelles,L., Russo,A.E., Nelson,C.R. and Bhalla,N. (2020)
The conserved AAA-ATPase PCH-2 TRIP13 regulates spindle
checkpoint strength. Mol. Biol. Cell, 31,2219-2233.

Liu,H., Begik,O., Lucas,M.C., Ramirez,].M., Mason,C.E.,

Wiener,D., Schwartz,S., Mattick,].S., Smith,M.A. and Novoa,E.M.

(2019) Accurate detection of m6A RNA modifications in native
RNA sequences. Nat. Commun., 10, 4079.

Liu,H., Begik,0. and Novoa,E.M. (2021) EpiNano: detection of
m6A RNA modifications using Oxford Nanopore direct RNA
sequencing. Methods Mol. Biol., 2298, 31-52.

Leger,A., Amaral,P.P., Pandolfini,L., Capitanchik,C., Capraro,F,
Miano,V., Migliori,V., Toolan-Kerr,P., Sideri,T., Enright,A.]., et al.
(2021) RNA modifications detection by comparative Nanopore
direct RNA sequencing. Nat. Commun., 12, 7198.
Pratanwanich,P.N., Yao,F, Chen,Y., Koh,C.W.Q., Wan,Y.K.,
Hendra,C., Poon,P., Goh,Y.T., Yap,P.M.L., Chooi,].Y., et al.
(2021) Identification of differential RNA modifications from
nanopore direct RNA sequencing with xPore. Nat. Biotechnol.,
11, 1394-1402.

Philips,A.K., Pinelli,M., de Bie,C.I., Mustonen,A., Miattd,T.,
Arts,H.H., Wu,K., Roepman,R., Moilanen,].S., Raza,S., et al.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

9159

(2017) Identification of C120rf4 as a gene for autosomal
recessive intellectual disability. Clin. Genet., 91, 100-105.
Kozak,M. (1987) An analysis of 5’-noncoding sequences from
699 vertebrate messenger RNAs. Nucleic Acids Res., 15,
8125-8148.

Grzegorski,S.]., Chiari,E.F,, Robbins,A., Kish,P.E. and Kahana,A.
(2014) Natural variability of Kozak sequences correlates with
function in a zebrafish model. PLoS One, 9, e108475.
Riddle,D.L., Blumenthal,T., Meyer,B.]. and Priess,].R. (1997)
Translation Initiation and Termination Signals. Cold Spring
Harbor Laboratory Press.

Parker,M.T., Fica,S.M., Barton,G.]J. and Simpson,G.G. (2023)
Inter-species association mapping links splice site evolution to
METTL16 and SNRNP27K. eLife, 12,€91997.

Fica,S.M., Tuttle,N., Novak,T., Li,N.-S., Lu,]., Koodathingal,P.,
Dai,Q., Staley,].P. and Piccirilli,].A. (2013) RNA catalyses nuclear
pre-mRNA splicing. Nature, 503, 229-234.

Huppler,A., Nikstad,L.]., Allmann,A.M., Brow,D.A. and
Butcher,S.E. (2002) Metal binding and base ionization in the U6
RNA intramolecular stem-loop structure. Nat. Struct. Biol., 9,
431-435.

Zhang,X., Yan,C., Hang,J., Finci,L.L., Lei,]. and Shi,Y. (2017) An
atomic structure of the Human spliceosome. Cell, 169, 918-929.
Zhan,X., Yan,C., Zhang,X., Lei,]. and Shi,Y. (2018) Structures of
the human pre-catalytic spliceosome and its precursor
spliceosome. Cell Res., 28, 1129-1140.

Leontis,N.B., Stombaugh,]. and Westhof,E. (2002) The
non-Watson-Crick base pairs and their associated isostericity
matrices. Nucleic Acids Res., 30, 3497-3531.

Roost,C., Lynch,S.R., Batista,P.]., Qu,K., Chang,H.Y. and
KoolLE.T. (2015) Structure and thermodynamics of
N6-methyladenosine in RNA: a spring-loaded base modification.
J. Am. Chem. Soc., 137,2107-2115.

Roca,X., Krainer,A.R. and Eperon,I.C. (2013) Pick one, but be
quick: 5 splice sites and the problems of too many choices.
Genes Dev., 27, 129-144.

Hwang,D.Y. and Cohen,].B. (1996) U1 snRNA promotes the
selection of nearby 5 splice sites by U6 snRNA in mammalian
cells. Genes Dev., 10, 338-350.

Brackenridge,S., Wilkie,A.O.M. and Screaton,G.R. (2003)
Efficient use of a ‘dead-end’ GA 5’ splice site in the human
fibroblast growth factor receptor genes. EMBO J., 22,
1620-1631.

Kubota,T., Roca,X., Kimura,T., Kokunai,Y., Nishino,l., Sakoda,S.,
Krainer,A.R. and Takahashi,M.P. (2011) A mutation in a rare
type of intron in a sodium-channel gene results in aberrant
splicing and causes myotonia. Hum. Mutat., 32, 773-782.
Zahler,A.M., Tuttle,].D. and Chisholm,A.D. (2004) Genetic
suppression of intronic +1G mutations by compensatory Ul
snRNA changes in Caenorhabditis elegans. Genetics, 167,
1689-1696.

Burge,C. and Karlin,S. (1997) Prediction of complete gene
structures in human genomic DNA. J. Mol. Biol., 268, 78-94.
Carmel,I., Tal,S., Vig,l. and Ast,G. (2004) Comparative analysis
detects dependencies among the 5’ splice-site positions. RNA, 10,
828-840.

Roca,X., Olson,A.]., Rao,A.R., Enerly,E., Kristensen,V.N.,
Borresen-Dale,A.-L., Andresen,B.S., Krainer,A.R. and
Sachidanandam,R. (2008) Features of 5’-splice-site efficiency
derived from disease-causing mutations and comparative
genomics. Genome Res., 18, 77-87.

Rogozin,[.B. and Milanesi,L. (1997) Analysis of donor splice sites
in different eukaryotic organisms. J. Mol. Evol., 45, 50-59.
Wong,M.S., Kinney,].B. and Krainer,A.R. (2018) Quantitative
activity profile and context dependence of all Human 5 Splice
sites. Mol. Cell, 71, 1012-1026.

Fica,S.M., Oubridge,C., Wilkinson,M.E., Newman,A.]. and
Nagai,K. (2019) A human postcatalytic spliceosome structure


https://doi.org/10.17912/micropub.biology.000843

9160

reveals essential roles of metazoan factors for exon ligation.
Science, 363, 710-714.

111.

Nucleic Acids Research, 2024, Vol. 52, No. 15

Ju,J., Aoyama,T., Yashiro,Y., Yamashita,S., Kuroyanagi,H. and
Tomita,K. (2023) Structure of the Caenorhabditis elegans m6A

108. Dybkov,O., Preufsner,M., El Ayoubi,L., Feng,V.-Y., Harnisch,C., methyltransferase METT10 that regulates SAM homeostasis.
Merz,K., Leupold,P., Yudichev,P., Agafonov,D.E., Will,C.L., et al. Nucleic Acids Res., 5,2434-2446.
(2023) Regulation of 3’ splice site selection after step 1 of 112. Liu,N., Parisien,M., Dai,Q., Zheng,G., He,C. and Pan,T. (2013)
splicing by spliceosomal C* proteins. Sci. Adv., 9, eadf1785. Probing N6-methyladenosine RNA modification status at single
109. Ragle,].M., Katzman,S., Akers,T.F.,, Barberan-Soler,S. and nucleotide resolution in mRNA and long noncoding RNA. RNA,
Zahler,A.M. (2015) Coordinated tissue-specific regulation of 19, 1848-1856.
adjacent alternative 3’ splice sites in C. elegans. Genome Res., 25, 113. Yang,Y.-E, Zhang,X., Ma,X., Zhao,T., Sun,Q., Huan,Q., Wu,S.,
982-994. Du,Z. and Qian,W. (2017) Trans-splicing enhances translational
110. Ham,S., Kim,S.S., Park,S., Kim,E.].E., Kwon,S., Park,H.-E.H., efficiency in C. elegans. Genome Res., 9, 1525-1535.

Jung,Y. and Lee,S.-].V. (2022) Systematic transcriptome analysis
associated with physiological and chronological aging in
Caenorhabditis elegans. Genome Res., 32,2003-2014.

114.

Dour,S. and Nonet,M. (2021) Optimizing expression of a single
copy transgene in C. elegans. MicroPubl Biol, 2021,
https://doi.org/10.17912/micropub.biology.000394.

Received: September 15, 2023. Revised: May 8, 2024. Editorial Decision: May 9, 2024. Accepted: May 28, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.17912/micropub.biology.000394

	Graphical abstract
	Introduction
	Materials and methods
	Illumina RNA sequencing data processing
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

