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Quantitative sequencing using BID-seq
uncovers abundant pseudouridinesin
mammalian mRNA atbase resolution
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Functional characterization of pseudouridine (W) in mammalian mRNA
has been hampered by the lack of a quantitative method that maps
Winthe whole transcriptome. We report bisulfite-induced deletion

sequencing (BID-seq), which uses a bisulfite-mediated reaction to convert
pseudouridine stoichiometrically into deletion upon reverse transcription
without cytosine deamination. BID-seq enables detection of abundant
Wsites with stoichiometry information in several human cell linesand 12
different mouse tissues using 10-20 ng input RNA. We uncover consensus
sequences for ¥ in mammalian mRNA and assign different ‘writer’ proteins
toindividual W deposition. Our results reveal a transcript stabilization

role of Wsites installed by TRUB1in human cancer cells. We also detect the
presence of W within stop codons of mammalian mRNA and confirm the
role of W in promoting stop codon readthrough in vivo. BID-seq will enable

futureinvestigations of the roles of W in diverse biological processes.

Posttranscriptional RNA modifications occurinalllife forms andalltypes
of RNA', Wis aprevalent RNA modification that canimpact diverse biologi-
cal functions of different RNA species®. W is also known to exist in mRNA
inmammals*~. Thirteen putative pseudouridine synthase (PUS) enzymes
have been annotated in the human genome’ %, and mutations in these
enzymes have been associated with a wide range of human diseases'* %
Specific PUS enzymes have been reported to catalyze W deposition in
mammalian mRNA", which may impact mRNA processing, metabolism
andtranslation. However, mechanistic studies have been hampered by an
inability to comprehensively detect W at base resolution and to quantify
the modification level or stoichiometry at the modified sites.

Previous detection of W within RNA has relied mostly on its
reaction with N-cyclohexyl-N’-(2-morpholinoethyl)carbodiimide
methyl-p-toluenesulfonate (CMC) to produce CMC-modified W, which
generates a stop signature during reverse transcription (RT)™. This
approach has been employed for transcriptome-wide W mapping
(named ‘W-seq’ or ‘Pseudo-seq’)*’, identifying a modest number of W
sites in human mRNA with only 13 sites overlapped between the two
independent datasets, accounting for asmall proportion of the Wsites
inhuman mRNA based on liquid chromatography tandem mass spec-
trometry (LC-MS/MS)°. An azide-modified CMC has beenused to enrich
W-containing RNA fragments for sequencing (CeU-seq)°®, allowing the
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Fig.1|BID-seq quantitatively detects Wsites as deletion signatures. a,
Chemical structure of the W-BS adduct after bisulfite treatment. b, BID-seq BS
selectively reacts with W and completely convertsit into the W-BS adduct under
optimized conditions, without affecting normal C or U basesin RNA.c, The
deletionratio at the 100% modified W site within the AGWGA motif (synthesized

RNA oligo) after BID-seq treatment versus that in the input.d, The average Cto U
mutation ratio at normal cytidine bases in synthesized RNA oligo after BID-seq
treatment versus that ininput. For c-d, n = 2 biologically independent samples.
e, Heatmap plot for deletion ratios on 256 motifs (NNWNN) after BS treatment in
BID-seq, which contain one 100% modified W within each motif.

detection of many more W sites; however, it lacks base resolution and
stoichiometry information at the modified sites.

Taking advantage of arecently reported reactivity of bisulfite (BS)
towards W*'¢, we report here BS-induced deletion sequencing (BID-seq)
asabase-resolution method for quantitative and transcriptome-wide
mapping of W. We discovered a BS reaction condition that quantitatively
converts WtoaW-BSadduct without cytosine deamination, leading to
unique deletion signatures at W sites during reverse transcription. We
used BID-seq to detect fraction-altered W sites upon knockdown of
individual PUS enzymes in HeLa cells, and identified ‘writer’ proteins for
WsitesinmRNA. We observed more W-modified mRNA sites in mouse
tissues than in human cell lines, with highly W-modified transcripts
displaying higher abundance andtissue-specific features. We identified
TRUBI1 as amain mRNA W ‘writer’ protein that regulates mRNA stabil-
ity. We additionally uncovered anumber of W sites within stop codons
of mammalian mRNA, and confirmed the role of W in promoting stop
codonreadthrough "’ invivo.

Results

A new BS condition quantitatively converts W to W-BS adduct
Inarecenteffort to map m*CinRNA, Khoddami et al. made asurprising
observation that BS treatment could lead to modest base deletions
during RT at W sites in RNAs (RBS-seq) (Fig. 1a)"*'°. The formation of
a W-BS adduct was shown to be the key intermediate that leads to
deletion readout upon reverse transcription®. In total, 15 and 20 @
sites (deletion rate >5%) were detected in human 18S and 28S rRNA,

respectively, using the RBS-seq protocol, but the signals on human
mRNA were weak, with only 78 sites detected with a deletion rate of
greater than 5%'°. The conventional BS reaction condition in RBS-seq
inevitably converted all the cytosines into uracils and thus reduced
read complexity, resulting in a notable proportion of reads that
could not be aligned to mRNA exons. Nevertheless, the discovery of
W-BS-adduct-induced deletion during RT provided acompletely new
principle for potential W detection.

Following these intriguing observations™'°, we tested two com-
mercial bisulfite kits (Zymo and Epigentek) used for conventional BS
treatment on synthetic 5-mer RNA oligonucleotides AGXGA (X=C or
W). In both cases, we observed quantitative C-to-U conversion, but no
formation of W-BS adducts (Supplementary Fig. 1a). We then exam-
ined the published RBS-seq condition to measure the conversion effi-
ciency of W to W-BSadduct'. Although matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) MS showed quantitative C-to-U
conversion, the efficiency of W-BS adduct formation varied and was
lessthan30% amongfour replicates (Fig.1aand Supplementary Fig. 1b),
explaining the low sensitivity in detection of W using the
previous protocol.

It is known that the protonation of N3 in cytosine at acidic pH
(around5.1) is critical to BS-mediated deamination, whereas a neutral
pHis more suitable for the BS reaction with uracil®®. We reasoned that
neutral pH would inhibit C-to-U conversion but promote W reaction
with BS to yield higher levels of W-BS (Fig. 1a). Indeed, BS treatment
of the model RNA probes at neutral pH followed by MALDI-TOF MS
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revealed quantitative conversion of W to W-BS adduct without any
detectable C-to-U conversion (Fig. 1b).

To optimize W detection, we treated a 30-mer W-containing RNA
probe (with a AGWGA motif) with BS at neutral pH (2.4 M Na,SO; and
0.36 MNaHSO;) and screened commercial reverse transcriptases. We
found that SuperScriptIV generated a high deletion rate (-70%) at the
fully modified W site after the new bisulfite reaction followed by RT,
amplification and sequencing, whereas the deletion ratio was almost
undetectable (<1%) in the untreated ‘input’ (Fig. 1c). Note that dele-
tion rates of unmodified bases (A, C, G, U) and the C-to-U conversion
at C bases were undetectable in both treated and untreated samples
(Fig. 1d), indicating very low background and no reduction in read
complexity caused by potential cytosine deamination. To examine the
deletion rate dependency on the sequence context, we built libraries
with30-mer RNA oligonucleotides containing NNWNN (N=AorCor G
or U) asspike-in and performed BID-seq. We found that 232 out of 256
motifs gave deletion rates over 50% at the W site, with 252 out of 256
motifs displaying deletion rates above 25% (Fig. 1e). After BID-seq, the
unmodified probes containing 0% ¥ (NNUNN) displayed deletion ratios
of less than 5% for most sequence motifs; high background (around
10-25% deletion ratio) was observed in only a few motifs containing
ACW-,CUW-,GCWY-,GUW-or-WUC,-WUG (Supplementary Fig.1c). When
calling W candidate sitesin biological samples, we set the deletionrate
at greater than 1.5-fold over the background at each candidate site to
eliminate potential false positives arising from the backgroundin our
analysis pipeline.

Together, we show that BID-seq quantitatively converts W to
the W-BS adduct without detectable C-to-U conversion, and that
SuperScript IV generates high deletion rates at the BS-modified W
sites in most sequence contexts during RT, confirming that BID-seq
is highly sensitive and specific for W detection. With spike-in probes
containing varied W levels to calibrate sequence-context-dependent
deletion rate”, we can further calculate the stoichiometry at the
W-modified sites.

Validation of BID-seq

To validate BID-seq in biological samples, we developed a BID-seq
protocol to map W in various RNA species from biological samples
(Fig.2a). Wefirstapplied BID-seq to validate W detectionin rRNA from
HeLa cells. Toidentify notable W deletion signatures, we set the W detec-
tion criteria as follows: (1) deletion rate above 5% (with deletion count
above five in BID-seq libraries); (2) deletion rate below 1% in ‘Input’
libraries; (3) total reads coverage depth above 20 in both BID-seq and
‘Input’libraries; (4) deletion rate above 1.5-fold over backgroundin any
given sequence motif (defined as the deletion rates detected from RNA
probes containing 0% W, as in Supplementary Fig. 1c). In addition, we
excludedsites thattend to be false positives, specifically uracil sites at
the neighboring nucleotide 3’ or 5’ to the known W sites.

Applyingall these criteria for W detection, weidentified 42,53 and
2known Wsitesin HeLa18S, 28S and 5.8 rRNAs?, respectively, without
any false positives; these known W sites all exhibited notable deletion
rates ranging from 5% to 95% in BID-seq (Fig. 2b-d). A representative
highly modified W1,081sitein HeLa18S rRNA is visualized in an original
Integrative Genomics Viewer (IGV) plot (Fig. 2e). Notably, the deletion
rates at these W sites in untreated ‘input’ were less than 1%, except for
a couple of known modifications such as m'acp®W, ,,s at 18S rRNA%,
m>U, 500 at 28S rRNA and an interesting uncharacterized U, , site at
28S rRNA (Fig. 2b,c).

To quantify the modification fraction at each W site by deletion
rate, we mixed oligo probes containing NNWNN and NNUNN (with
different stoichiometry of W) as controls to plot calibration curves
for these sequence contexts (Supplementary Fig.2a and Table1). The
high mutation rates on 232 motifs, low background for most of these
motif contexts and the approximately hyperbola calibration curves
in BID-seq enabled sensitive detection of W as well as estimation of W

stoichiometry. Based on the calibration curves, the fractions of these
Wsites in HeLa 18S, 28S and 5.8S rRNAs were calculated to be around
20-100%, generally consistent with those measured by mass spec-
trometry? (Fig. 2f-h and Supplementary Tables 2-4). Among 43 and
61known Wsites uncovered by mass spectrometryin HeLa18S and 28S
rRNAs?, respectively, 9 sites were not detected by BID-seq for three
reasons: (1) low modification fraction: 18S rRNA W1,136 and 28S rRNA
W4,463 (Supplementary Fig. 2b-e); (2) no reads coverage at the W site
because of dramatic RT stop caused by multiple highly modified W sites
within a narrow region: 28S rRNA W3,741/W3,743/W3,747/W3,749 and
28SrRNA W4,266/W4,269 (Supplementary Fig. 2d-f); (3) m*U adjacent
to a W site that seems to interfere with the BS reaction on the W base
or the subsequent RT: 28S rRNA W4,501 (Supplementary Fig. 2d-f).
These represent potential limitations of BID-seq in mapping W sites.

Compared with BID-seq, RBS-seq detected 15 and 20 W sites in
18S and 28S rRNA, respectively, because of low deletion rates, with
deletion rates close to zero for other known W sites (Supplementary
Fig.2g,h). Wealso applied BID-seq to small RNAs (<200 nt) fromHelLa
cells, and validated highly modified W sites in both H/ACA box and
C/Dbox snoRNAs (Supplementary Fig. 2i,j), including snoRNA W sites
previously revealed by W-seq’.

BID-seq maps W in mRNA from human cell lines

We optimized BID-seq to be compatible with low RNA input*~*, and
thenapplieditto10-20 ng polyA-tailed RNA from HeLa, HEK293T and
A549 cells.In addition to the aforementioned criteria for W detection,
we added one more W modification fraction cutoff and focused on
mRNA sites >10% W stoichiometry, as the candidate sites. We identi-
fied 575,543 and 922 W sites in mRNA from HeLa, HEK293T and A549
cells, respectively (Fig. 3a), which all showed clear internal deletion
signatures (Supplementary Fig. 3a and Tables 5-7). Meanwhile, we
set up an additional cutoff criterion that requires a deletion count of
more thantento assign hundreds of ‘confident’ W sitesinhuman mRNA
(Supplementary Fig. 3b and Tables 5-7). Most of these mRNA W sites
display the modification fraction at 10-40% (Supplementary Fig. 3c),
but we also identified 152,169 and 110 highly modified mRNA W sites
(>50% W fraction) inthe three human cell lines (Fig. 3a), with a continu-
ous distribution of W fraction from 50% all the way to close to 100%
(Fig.3b). The mRNA W ssites distribute mostly in coding sequence (CDS)
and 3’-UTR (Fig. 3c), similar to the distribution pattern observed previ-
ously using CeU-seq®. Inthe metagene profile, an example of the mRNA
W candidate sites in A549 cells shows accumulationin the CDS region
(Fig.3d). The common gene ontology (GO) clusters of HeLa and A549
cellsenrich the functions such as microtubule/cytoskeleton, ribosome,
membrane, actin binding, ATP binding, translation, mRNA process-
ing, etc. (Supplementary Fig. 3d). Note that W can be either shared or
cell-line specific. We uncovered 386 mRNA W sites (>10% W fraction)
shared among2-3 human celllines (Supplementary Fig. 3e). For highly
modified W (>50% W fraction), we identified 127 cell-line-specific sites
(Supplementary Fig. 3f) and 78 sites as highly modified W in at least
one human cell line and detectable (>10% W fraction) in all three cell
lines (Fig. 3e).

We next analyzed the motif frequency and modification fraction of
allmRNA Wsitesin all three cell lines. In HeLa cells, the most frequent
motifs are GUYCN (N=A or C or G or U), USWAG (S=C or G), poly-U
(UUUUU or more), NGWGG (N=AorCorGorU)and GSWGA(S=Cor
G) (Fig. 3f and Supplementary Fig. 3g). HEK293T and A549 cells also
display the similar patterns in motif frequency (Supplementary Fig.
3h). Previously, GUWC and UVWAG (V = A or C or G) were reported as
the potential TRUB1 motif and Pus7 motif, respectively®, which are
consistent with our findings here. Note that we plotted the deletion
ratioateach Wsite versus the RPKM value of the corresponding mRNA
(Supplementary Fig. 3i), which gives an estimated RPKM of 1.5 as the
expression limit formRNA W detection under the current sequencing
depth of ~-80 M reads per library.
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Fig.2|BID-seq detects known W sites in human ribosomal RNA with
modification stoichiometry. a, Flowchart of library construction pipeline
for BID-seq, revealing W modification fraction by deletion ratio signature.

b, Two-dimensional (2D) plot for deletion ratios of known W sites in HeLa
18Sribosomal RNA, in BID-seq treated library versus input. ¢, 2D plot for
deletion ratios of known W sites in HeLa 28S ribosomal RNA, in BID-seq treated

library versus input.d, 2D plot for deletion ratios of known W sites in HeLa

5.8Sribosomal RNA, in BID-seq treated library versus input. e, An example
IGV plot of the highly modified W site at position 1,081 of HeLa 18S ribosomal
RNA, within a CAWAA motif. f-h, Deletion and W fraction detected by BID-seq
inHeLa 18S rRNA (f), 28S rRNA (g), and 5.8S rRNA (h), respectively. After BS
treatment in BID-seq, the deletion rates and W fractions are marked in blue and
pink, respectively.
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Fig.3|BID-seq detects Wsites at base resolution inhuman mRNA and
characterizes the ‘writer’ protein for individual Wsites. a, BID-seq reveals
575,543 and 922 W sites (modification fraction above 10%) in HeLa, HEK293T and
A549 cells, respectively. b, Modification level distribution of W sites in mRNA
from HeLa, HEK293T and A549 cells, with the definition of highly modified W
sites as those above 50% W-fraction. ¢, Pie chart showing the distribution of
mRNA Wsitesin HeLa, HEK293T and A549 cells, with stoichiometry >10% in three
mRNA segments. d, Metagene plot of 922 W sites (modification fraction >10%)

in A549 mRNA. e, Heatmap plot of W-fraction for 78 overlapped W sites with
above 50% W-fractionin at least one human cell line and above 10% W-fraction in
three celllines, in amatrix of the corresponding gene name versus each cell line.
f, Distribution of motifs for 575 W sites in HeLa mRNA, with ‘x axis’ as the motif

frequency and ‘y axis’ showing the average W modification fraction of each motif.
g, Example IGV plot to show raw reads coverage at the highly modified W site in
HeLa ERHmRNA. The deletion signatures reflect the modification level change in
shTRUBL versus shControl, but not depletion of other PUS enzymes.

h, Among 133 Wsites (above 10% W-fraction) in shControl HeLa mRNA, scatter
plot of BID-seq data shows the reduced W-fraction at 70 W sites in TRUB1-
depleted cells. i, Pie chart of TRUB1 hypo-regulated, hyper-regulated and
TRUBI-independent Wsites. j, Pie chart of PUS7 hypo-regulated, hyper-regulated
and PUS7-independent W sites. k, Heatmap plot of W-fraction for 104 W sites that
show reduced modification level under the depletion of a specific PUS enzyme
or multiple PUS enzymes, in a matrix of the corresponding gene name versus the
knockdown of each PUS enzyme.

Pseudouridine writers for W depositionin HeLa mRNA

Thirteen putative PUS enzymes have been annotated in the human
genome’’, with dyskerin pseudouridine synthase 1(DKC1) known to rely
on H/ACA snoRNAs to guide pseudouridine deposition” . Most other
PUS enzymes are thought to be stand-alone enzymes that function

without snoRNAs*?, To identify PUS enzymes that catalyze W deposi-
tion atindividual sites in mRNA, we performed shRNA knockdown
of eight known PUS enzymes in HelLa cells followed by BID-seq. We
noticed substantially reduced W modification in shControl versus
wild-type HeLa cells, most probably due to either cellular stress or
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immune stimulation caused by lentivirus transfection. We were still
able todetect 133 mRNA Wsites with W fractions above 10% in shControl
HelLa cells and used these 133 sites to study W deposition by writers
under the same lentivirus infection conditions (Supplementary Table
8). We compared the deletion rate at each site among shControl and
each PUS knockdown. For example, the highly modified W site in ERH
mRNA 3’-UTR displayed a W fraction reduction from 96% to 8% upon
TRUBI1 knockdown, whereas knockdown of other PUS enzymes did
not affect this site (Fig. 3g), revealing that this W site is installed by
TRUBI (ref. ). TRUB1 regulated 70 sites out of 133 (Fig. 3h,i), includ-
ing 15 highly modified sites (>50% fraction) in transcripts such as ERH,
ZNF664, DKC1, M6PR, AGPATS, SCP2, CDC6, INTS1, FKBP4, AMFR, etc.
(Supplementary Fig. 4a), out of which ERH, ZNF664, DKC1, M6PR,
AGPATS, SCP2, INTS1, FKBP4, AMFR and HEXA were also identified by
W-seq’. We then analyzed the motif frequency and modification fraction
ofthe 70 TRUB1-regulated mRNA W sites. The most frequent motifs are
GUWCN (N=Aor Cor GorU) and poly-U (UUUUU or more Us) (Sup-
plementary Fig. 4b), consistent with the same main motif contexts
revealed by BID-seq (Fig. 3f and Supplementary Fig. 3g).

PUS7 (refs.*7*%), PUSI (refs. “*?), PUS3, PUS7L, PUSL1, TRUB2 and
DKCI (refs. ) also deposited 40, 28, 30, 24, 28, 28 and 33 W sites in
Hela transcripts, respectively (Fig. 3j and Supplementary Fig. 4c).
Overall, we found that 104 (out 0f133) Wsites (in shControl HeLa cells)
responded to knockdown of these eight PUS enzymes, with some sites
regulated by one specific PUS enzyme and others affected by multiple
PUS enzymes (Fig. 3k). The remaining 29 (out 0f 133) HeLa mRNA W sites
might be regulated by other PUS enzymes as PUS10 (ref. **), RPUSDI,
RPUSD2, RPUSD3 and RPUSD4 (ref.*?). Note that more effective knock-
downor knockout with deeper sequencing may help confidently assign
‘writer’ proteins for all 133 mRNA W sites in shControl cells.

BID-seq detects abundant W sites in mRNA from mouse tissues
Tofurtherinvestigate mRNA pseudouridylationinreal tissues, we per-
formed BID-seq with polyA-tailed RNA isolated from12 mouse tissues.
We detected many more W candidate sitesin mouse tissue mRNA thanin
HeLamRNA, consistent with the trend shownin our LC-MS/MS measure-
ments (Supplementary Fig. 5a) and a previous analysis of mouse brain
and lung tissues®. Specifically, we identified 1,043,2,001,1,835,2,782,
508, 6,617,1,862,1,454,2,610, 3,212,2,384 and 1,811 W sites (>10% frac-
tion) inmRNA from mouse B cell, bone marrow, CD4 T cell, CD8T cell,
cerebral cortex, cerebellum, heart, kidney, liver, small intestine, testis
and thymus, respectively (Fig. 4a and Supplementary Tables 9-20).
We observed a number of highly modified sites (>50% W fraction) in
all 12 tissues, particularly ranging from 50% to 80% fraction (Fig. 4b).
Similar to human cell lines, mMRNA W in mouse tissues also accumulate
in CDS and 3’ UTR (Fig. 4c). In metagene profiles, the mRNA W sites
in mouse liver, kidney, thymus and CD8 T cells, shown as examples,
distribute in the CDS and 3’-UTR, with accumulation around the stop
codon (Supplementary Fig. 5b).

Intotal we identified 4,008 highly modified mRNA W sites (>50%)
fromall 12 tissues (Fig. 4a,b). We next asked whether some of these W
sites could be tissue specific and potentially distinguish tissue type.
In all, 2,595 out of 4,008 W sites were indeed tissue-specific and can
serve as tissue-specific mMRNA markers (Supplementary Fig. 5c,d).
Particularly, we observed many tissue-specific W sites in cerebellum,
CDS8T cell, smallintestine and testis mRNA. Whereas W sites may serve
as cell-type specific markers, highly modified W sites are also shared
among multiple tissues, suggesting common functions. Out of 4,008
sites, 462 display a W fraction of over 50% in at least one tissue and are
detectable (above 10% W fraction) in at least four tissues (Supplemen-
taryFig.5e). It will beinteresting to explore the functional roles of these
shared mRNA Wsites in tissuesin the future.

Another interesting observation is the presence of multiple W sites
(=23 W) per mRNA in a portion of pseudouridylated mRNAs in mouse
tissues (Fig. 4d), especially in cerebellum, liver, CD4 T cells and CD8

T cells. For instance, around 25% of W-modified genes in cerebellum
carry at least three W per mRNA. We used ‘W-strength’ (defined as the
sum of Wfractionin all W sites in one gene) to measure and describe the
overall level of W modification in one gene. We then plotted W-strength
versus normalized gene expression level (normalized to the abundant
housekeeping gene Rps8, which lacks detectable W sites) to group all
W-modified genes, with W-strength of 1.0 as the cutoff (Fig. 4e). We then
investigated gene expression levels and found, compared with the genes
oflower W-strength (<1.0), those with high W-strength (>1.0) displayed a
notably higher expressionlevelintissues such as cerebellum, CD4 T cells,
CD8T cells, thymus and testis (Supplementary Fig. 6a), suggesting that W
deposition on mouse tissue MRNA might contribute to mRNA stability.

To further study the features of W-modified genes, we grouped
tissue-specific genes in each tissue type (defined as genes that show
amuch higher expression in one tissue versus all other tissues), and
analyzed how many of them are W-modified in each tissue. Notably, 16%,
24%,22%,16%,38% and 22% of tissue-specific transcripts are W-modified
in bone marrow, cerebellum, heart, kidney, liver and small intestine
(Fig. 4f). Collectively, our data suggest that pseudouridylation occurs
in many tissue-specific mRNAs in mouse and may affect tissue-specific
biological functions.

We nextinvestigated the potential functions of nontissue-specific
genes in each tissue type. GO analysis of these genes in each tissue
type showed common functional clusters on endoplasmic reticulum,
ribosome, ATP binding, nucleotide/RNA binding, etc., which display
similarity to those in human cell lines (Fig. 4g and Supplementary Figs.
3d and 6b). Overall, mouse tissues clearly show abundant W modifi-
cations in nucleus-encoded mRNA; some of these are shared across
tissues, suggesting common functions.

In addition, we investigated W modification on
mitochondrion-encoded mRNAs and detected five W sites in ND1,
CO1and ND4, with W stoichiometry at around 20-60%, from cultured
human cell lines (Supplementary Fig. 6¢). PUS1 seems to serve as the
‘writer’ protein for atleast one W site on ND4 mRNA in HeLa cells (Sup-
plementary Fig. 6d). However, W is more abundant on mitochondrial
mRNAs from diverse mouse tissues; we detected 66 mt-mRNA W sites
in multiple mt-mRNAs, with around 20-65% W fraction (Supplemen-
tary Fig. 6e). In some tissues, several mt-mRNAs, such as Nd1, Nd2,
Nd4,Nds, Col and Atpé6, contain multiple W modifications. Functional
consequences of these mt-mRNA W modifications require future
investigations.

Wincreases mRNA stability

In mouse tissues, mMRNAs with high W strength tend to be more abun-
dant (Supplementary Fig. 6a). Pseudouridylation of synthetic mRNA
has been reported to increase its stability**; however, the extent and
potential functions of pseudouridylation in native mRNA are poorly
understood. As we show here that TRUBI1 is amain enzyme that deposits
WonmRNAinHela cells, weinvestigated its potential role on transcript
stability. Yeast Pus4 (paralog of human TRUB1) overexpression is known
toincrease cellsize and proliferation®. We also found consistently that
TRUBI1 depletion could inhibit cell growth, arrest cells in G1 phase, and
causereduced cell size (Supplementary Fig. 7a-d). We further validated
the discovered W sitesinmRNA and also the TRUB1 function as a ‘writer’
protein using the CMC-treatment-based*’ method for the four highly
modified mRNA W sites known to be installed by TRUBI, such as ERH,
SCP2, AMFR and CDC6 (Supplementary Fig. 7e,f); the CMC-based RT
with quantitative PCR (RT-qPCR) assay worked well in single-site W
determination and displayed notably reduced readthrough ratio at
Wsites onthese four mRNAs, after CMC-treatment and normalization
to control regions. We also verified an array of HeLa mRNA W sites in
different motif contexts using this orthogonal assay (Supplementary
Fig. 7f,g). Furthermore, we employed the published ‘CMC-RT and
ligation-assisted PCR analysis of W modification” (CLAP)*, for visu-
alization and quantification of mMRNA W site by gel electrophoresis.
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Fig. 4 |Mouse tissue mRNAs are heavily modified with W. a, BID-seq revealsa
large number of W sites (modification fraction >10%) in 12 mouse tissues, with the
Wsite number in three human cell lines shown for comparison. b, Modification
level distribution of MRNA W sites in 12 mouse tissues, in which anumber of W
sites are highly modified (modification fractions above 50%). The modification
level distribution of W sites in three human cell lines are shown as comparison.

¢, Pie chart showing the distribution of mRNA W sites in CD4 T and CD8 T cells,
with stoichiometry 210% in three mRNA segments. d, The number of W-modified
genes (with Wsites >10% fraction) that contain one or two W versus above three W
sites per mRNA, in12 mouse tissues. e, 2D plot of W-modified genes (W-fraction

above 10% for each W site) in mouse cerebellum, respectively, with ‘x axis’ as the
mRNA abundance normalized to Rps8 (abundant nontarget gene, without any ¥
on mRNA) and ‘y axis’ showing the W-strength of each gene, defined as the sum
of Wfraction atall the W sites within one mRNA. The cutoff of W-strength 1.0 was
marked by ared line.f, Among tissue-specific genes in each tissue type, the gene
number distribution of non-W-modified genes versus W-modified genes. g, Top
25 enriched GO clusters from nontissue-specific W-modified genes, in mouse
liver and cerebellum, respectively. One-sided Fisher’s exact test. Adjusted P
values using the linear step-up method.

We selected three W sites with surrounding sequences suitable for
the CLAP protocol and validated our BID-seq methods in both W site
detectionand W stoichiometry estimation (Supplementary Fig. 7h, i).

We then performed TRUBI knockdown and studied its effects on
transcript half-life by RNA-seq. We noticed that TRUBI1-targets, which
carry TRUBI-modified W inmRNAinshControl cells, displayed ashorter
half-life upon TRUB1 knockdown, whereas the half-life of nontargets
(without detectable W) remained unchanged (Fig. 5a). We investigated
thefour representative genes containing TRUBI-regulated highly modi-
fiedmRNA Wsites, ERH, SCP2, AMFR and CDC6 (Supplementary Fig. 4a).
Three of the four targets displayed notable reduced mRNA level after
72-h siTRUB1 knockdown compared with the control (Fig. 5b). By using

RT-qPCR, we validated that TRUBI depletion reduced the stability of
all four representative TRUBI-targets but not a nontarget mRNA (Sup-
plementary Fig. 7j), confirming that W installed by TRUBI stabilizes
the target mRNA. To further validate the transcript stabilization role of
TRUBI-regulated W, we engineered afused dCas13d-TRUB1system* and
confirmed thatsite-specific W deposition could notably prolong mRNA
lifetime (Fig. 5¢). Taken together, our data reveal a main functional role
of pseudouridylationin stabilizing target mRNA.

Pseudouridylation at mRNA stop codons
Usinganinvitro translation assay, Karijolich et al. discovered aunique
function that targeted pseudouridylation could convert nonsense
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by gRNA transfection, restored W and increased half-life of the target mRNA in
TRUBI-depeted HeLa cells. For ERH: P=0.0104,0.0002 and 0.0002, respectively;
unpaired, two-tailed ¢t-test. For SCP2: P= 0.0511,0.0006 and 0.0006, respectively;
unpaired, two-tailed t-test. For AMFR: P=0.0025,<0.0001and 0.0002,
respectively; unpaired, two-tailed ¢-test. For CDC6: P=0.0015,0.0002 and 0.0002,
respectively; unpaired, two-tailed ¢-test. For b-c, n = 3, biologically independent
samples; data are presented as mean values +s.d.; NS, P> 0.05; *P < 0.05; *P < 0.01;
***P<0.001and ***P<0.0001.

codonsinto sense codons and promote readthrough (Supplementary
Fig.8a)". Morerecently, it was demonstrated that ¥ can facilitate nonca-
nonical base pairingin the ribosome decoding center to promote non-
sense suppression'®', Despite these important observations, whether
W naturally exists in stop codons of mRNA and promotes stop codon
readthroughinvivo remains unclear.In HeLa, HEK293T and A549 cells,
BID-seq revealed several pseudouridylation sites in stop codons (as
‘WGA', ‘WAA’ and ‘WAG’) in NDUFS2, CTSC, PLP2, MDK, SMOX, CUL3 and
C70rf50 mRNAs, with W fraction ranging from 10% to 40% (Fig. 6a).
The modification fraction of the WGA stop codon in NDUFS2 mRNA
decreased dramatically upon PUS1knockdown (Fig. 6b). Correspond-
ingly, we observed decreased stop codon readthrough for NDUFS2
with PUS1knockdown, whereas dCas13d-PUSI coupled with guide RNA
(gRNA) for NDUFS2 substantially increased stop codon readthrough
from around 3% up to -14% (Fig. 6¢c and Supplementary Fig. 8b,c).

We also identified 106 W-modified stop codons from 12 mouse
tissues, with W fraction ranging from 10% to 65% (Fig. 6d). In all cases,
a nearby second stop codon without W was found at downstream
locations. W-modified stop codonsin Atp5al, Dbi, Rpl4 and Tomm70a
are conserved in 11 or 12 tissues whereas others are tissue specific
(Fig. 6d). Taken together, our data reveal the existence of W in stop
codonsin native mRNAs, suggesting their role in promoting stop codon
readthroughinvivoasanalternative translation regulation mechanism.

Among W-modified stop codons from mouse tissues (Fig. 6d),
we examined corresponding proteins that may include potential
readthrough peptide with over 10% increased protein molecular

weight (Supplementary Table 23) to allow for confident detection
of the shifted protein band. We selected ten proteins with available
commercial antibodies, and tested these proteins in seven different
mouse tissues. Among these ten targets containing W-modified stop
codons, we observed notable band shifts for potential readthrough
in Selenof, Ppp1r2, Nt5c3, Szrd1 and Cd52 (Supplementary Fig. 8d).
These band shifts could be observed in four different mice repeats
(Supplementary Fig. 8e) with some individual variations. The highest
estimated readthroughis around 35% for Selenofin kidney with astop
codon modified by W at around 42% stoichiometry (Supplementary
Fig.8d,e). Note that for Selenof and Ube2e3, there were no observable
band shifts in some tissues, though BID-seq indicates the presence
of W-modified stop codon (Supplementary Fig. 8d). Interestingly,
although BID-seq datareveals an approximately 12% W-modified stop
codon of Cd52 mRNA from bone marrow but not any other tissues, we
saw astrong band shift for Cd52readthrough peptide inbone marrow
(Supplementary Fig. 8d,e), likely driven by a low-W-modified stop
codon. These observations suggest that the W-mediated stop codon
readthrough may depend on sequence context and is regulated by
unknown tissue-specific mechanisms. A lot more future research is
required to understand and potentially take advantage of this intrigu-
ing translation regulation mechanism.

Discussion
Pseudouridine (W) is one of the most abundant RNA modificationsin
mammalian mRNA. The 0.1-0.25% of W/U ratio on polyA-tailed RNA
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measured by LC-MS/MS® (Supplementary Fig. 5a) is comparable with
the abundance of m°A in mammalian mRNA. Whereas mammalian
mRNA m°A is installed mostly by one methyltransferase complex of
METTL3-METTLI14 (refs. ***%), there are 13 annotated pseudouridine
synthetases’’ in the human genome that may install W to different
RNA species including mRNA. While studies of pseudouridylation of
relatively abundant RNA species such as rRNA and tRNA have led to
functional understandings, functional roles of W in mRNA and other low
abundant RNA species remain unclear, mostly because of the lack of a
quantitative method that cannot only map W sites at the base resolution
butalso reveal the exact modification stoichiometry atindividual sites.

To resolve this challenge, we report BID-seq for quantitative and
comprehensive W mapping in different species of RNA. This method
can be applied to 10-20 ng input RNA, allowing RNAs isolated from
precious samples to be analyzed. Instead of 5-30% formation of W-BS
in RBS-seq, we can induce close to stoichiometric formation of W-BS
withthe new protocol. The BID-seq bisulfite reaction condition afford
high deletion ratios on most motif contexts (Fig. 1e). This new method
and the datasets available will greatly aid future functional investiga-
tionsonW.

The quantitative nature of BID-seq allowed us to reveal sequence
motifs of pseudouridylation and assign pseudouridine synthase to
individualsites inknockdown experimentsin cell lines. Different from
mammalian mRNA m°A methylation, in which a methyltransferase
complex installs most methylation sites, pseudouridylation of mam-
malian mRNA seems to be more heterogeneous with multiple enzymes
involved. While TRUBL s responsible for alarge portion of W deposition

in mRNA, other PUS enzymes we tested seem to contribute to mRNA
pseudouridylation to various degrees, including DKC1, which uses
snoRNA to guide pseudouridylation® .

While we uncovered hundreds of confident W sites in multiple
human cell lines, we identified alot more frequently modified W sites
inmouse tissues. We consistently detected afew thousand W sites with
higher than 10% modification stoichiometry in most of these tissue
mRNAs (Fig. 4a,b). For example, we observed 6,617 W sites with stoi-
chiometry higher than10%in mouse cerebellum. Amongall12 tissues,
the 4,008 highly modified W sites (>50% fraction) in tissues include
both tissue-specific and tissue-shared sites in numerous transcripts.
These observations may suggest common as well as tissue-specific
roles of mMRNA pseudouridylation. Our new method and the datasets
obtained offer critical resources for future functional exploration of
RNA pseudouridylationintissues and celllines. Pseudouridylation may
alsorepresent new biomarkers to differentiate cell typesin healthy as
well as diseased samples***.

Our sequencingresults suggested to us that mRNA pseudouridyla-
tion tends to correlate positively with transcript levels. Indeed, when
we knocked down TRUBI, we observed a transcript stabilization effect
of Winstalled by TRUBLI (Fig. 5a,b). We tethered TRUB1 to dCas13d
and demonstrated that W installation by TRUBI can stabilize the tar-
get mRNA (Fig. 5¢). It is interesting to note that, among the two most
abundant mammalian mRNA modifications, m°A and W, one tends to
destabilize mRNA*>*}, and the other tends to stabilize mRNA. Finally, we
reveal the presence of numerous W sites at mRNA stop codons; some of
these W-modified stop codons could induce stop codon readthroughin
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specific tissues (Supplementary Fig. 8). We show that pseudouridyla-
tion writer tethered with dCas13d can be guided by designed gRNA
to install W at the stop codon for readthrough, offering a potential
strategy to overcome human diseases associated with premature stop
codonsin specific tissues***.

Limitations of the study

The detection of W sites by BID-seq is based on the deletion signature
generated at W-BS sites during the RT process. Sufficient reads cover-
age mightbe required to detect low-modified W sites on low-expressed
RNAs. When the W site is neighbor to one or more uridines, itis difficult
to determine the exact pseudouridylation site because the same dele-
tion pattern would be generated with W at any site. When this is the
case, we can use CMC-based RT stop to validate which uracil is truly
pseudouridylated. BID-seq generates W-BS adduct with high efficiency
and induces more than 50% deletion rates at the W site in 232 of 256
motif contexts NNWNN), with very low background deletion rate (<1%)
atuntreated Wsites (Fig. 1c-e). The unmodified probes containing 0%
W (NNUNN) do show background deletion (around 10-25% deletion
ratio) in afew motifs after BID-seq treatment (Supplementary Fig. 1c),
we eliminate these potential false positives using the current analysis
pipeline with stringent criteria to call W candidate sites.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41587-022-01505-w.

References

1. Frye, M., Harada, B. T., Behm, M. & He, C. RNA modifications
modulate gene expression during development. Science 361,
1346-1349 (2018).

2. Roundtree, I. A, Evans, M. E., Pan, T. & He, C. Dynamic RNA
modifications in gene expression regulation. Cell 169,

1187-1200 (2017).

3. Borchardt, E. K., Martinez, N. M. & Gilbert, W. V. Regulation and
function of RNA pseudouridylation in human cells. Annu. Rev.
Genet. 54, 309-336 (2020).

4. Carlile, T. M. et al. Pseudouridine profiling reveals regulated
mRNA pseudouridylation in yeast and human cells. Nature 515,
143-146 (2014).

5. Schwartz, S. et al. Transcriptome-wide mapping reveals
widespread dynamic-regulated pseudouridylation of ncRNA and
mRNA. Cell 159, 148-162 (2014).

6. Li, X. et al. Chemical pulldown reveals dynamic pseudouridylation
of the mammalian transcriptome. Nat. Chem. Biol. 11, 592-597
(2015).

7. Hamma, T. & Ferré-D'’Amaré, A. R. Pseudouridine synthases. Chem.
Biol. 13, 1125-1135 (2006).

8. Penzo, M., Guerrieri, A. N., Zacchini, F., Treré, D. & Montanaro, L.
RNA pseudouridylation in physiology and medicine: for better
and for worse. Genes (Basel) 8, 301 (2017).

9. Rintala-Dempsey, A. C. & Kothe, U. Eukaryotic stand-alone
pseudouridine synthases-RNA modifying enzymes and emerging
regulators of gene expression? RNA Biol. 14, 1185-1196 (2017).

10. de Brouwer, A. P. M. et al. Variants in PUS7 cause intellectual
disability with speech delay, microcephaly, short stature, and
aggressive behavior. Am. J. Hum. Genet. 103, 1045-1052 (2018).

11.  Bykhovskaya, Y., Casas, K., Mengesha, E., Inbal, A. &
Fischel-Ghodsian, N. Missense mutation in pseudouridine
synthase 1 (PUS1) causes mitochondrial myopathy and
sideroblastic anemia (MLASA). Am. J. Hum. Genet. 74,
1303-1308 (2004).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Heiss, N. S. et al. X-linked dyskeratosis congenita is caused by
mutations in a highly conserved gene with putative nucleolar
functions. Nat. Genet. 19, 32-38 (1998).

Safra, M., Nir, R., Farouq, D., Vainberg Slutskin, |. & Schwartz,

S. TRUBT1 is the predominant pseudouridine synthase acting

on mammalian mRNA via a predictable and conserved code.
Genome Res. 27, 393-406 (2017).

Bakin, A. & Ofengand, J. Four newly located pseudouridylate
residues in Escherichia coli 23S ribosomal RNA are all at the
peptidyltransferase center: analysis by the application of

a new sequencing technique. Biochemistry 32, 9754-9762
(1993).

Fleming, A. M. et al. Structural elucidation of bisulfite adducts to
pseudouridine that result in deletion signatures during reverse
transcription of RNA. J. Am. Chem. Soc. 141, 16450-16460
(2019).

Khoddami, V. et al. Transcriptome-wide profiling of multiple RNA
modifications simultaneously at single-base resolution. Proc. Natl
Acad. Sci. USA 116, 6784-6789 (2019).

Karijolich, J. & Yu, Y.-T. Converting nonsense codons into sense
codons by targeted pseudouridylation. Nature 474, 395-398
(201).

Fernandez, I. S. et al. Unusual base pairing during the decoding
of a stop codon by the ribosome. Nature 500, 107-110

(2013).

Eyler, D. E. et al. Pseudouridinylation of mRNA coding sequences
alters translation. Proc. Natl Acad. Sci. USA 116, 23068-23074
(2019).

Hayatsu, H., Wataya, Y., Kai, K. & lida, S. Reaction of sodium
bisulfite with uracil, cytosine, and their derivatives. Biochemistry
9, 2858-2865 (1970).

Hu, L. et al. m®A RNA modifications are measured at single-base
resolution across the mammalian transcriptome. Nat. Biotechnol.
40, 1210-1219, (2022).

Taoka, M. et al. Landscape of the complete RNA chemical
modifications in the human 80S ribosome. Nucleic Acids Res. 46,
9289-9298 (2018).

Babaian, A. et al. Loss of m'acp®¥ ribosomal RNA modification is a
major feature of cancer. Cell Rep. 31, 107611 (2020).

Zhang, L.-S. et al. ALKBH7-mediated demethylation regulates
mitochondrial polycistronic RNA processing. Nat. Cell Biol. 23,
684-691(2021).

Balakin, A. G., Smith, L. & Fournier, M. J. The RNA world of the
nucleolus: two major families of small RNAs defined by different
box elements with related functions. Cell 86, 823-834 (1996).
Ganot, P, Bortolin, M. L. &Kiss, T. Site-specific pseudouridine
formation in preribosomal RNA is guided by small nucleolar
RNAs. Cell 89, 799-809 (1997).

Ni, J., Tien, A. L. & Fournier, M. J. Small nucleolar RNAs direct
site-specific synthesis of pseudouridine in ribosomal RNA. Cell
89, 565-573 (1997).

De Zoysa, M. D. & Yu, Y.-T. Posttranscriptional RNA
pseudouridylation. Enzymes 41, 151-167 (2017).

Cui, Q. et al. Targeting PUS7 suppresses tRNA pseudouridylation
and glioblastoma tumorigenesis. Nat. Cancer 2, 932-949 (2021).
Purchal, M. K. et al. Pseudouridine synthase 7 is an opportunistic
enzyme that binds and modifies substrates with diverse
sequences and structures. Proc. Natl Acad. Sci. USA 119,
2109708119 (2022).

Guzzi, N. et al. Pseudouridylation of tRNA-derived fragments
steers translational control in stem cells. Cell 173, 1204-1216
(2018).

Martinez, N. M. et al. Pseudouridine synthases modify human
pre-mRNA co-transcriptionally and affect pre-mRNA processing.
Mol. Cell 82, 645-659 (2022).

Nature Biotechnology | Volume 41| March 2023 | 344-354

353


http://www.nature.com/nature biotechnology
https://doi.org/10.1038/s41587-022-01505-w

Article

https://doi.org/10.1038/s41587-022-01505-w

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

Song, J. et al. Differential roles of human PUS10 in miRNA
processing and tRNA pseudouridylation. Nat. Chem. Biol. 16,
160-169 (2020).

Kariko, K. et al. Incorporation of pseudouridine into mRNA yields
superior nonimmunogenic vector with increased translational
capacity and biological stability. Mol. Ther. 16, 1833-1840 (2008).
Garcia, D. M. et al. A prion accelerates proliferation at the expense
of lifespan. eLife 10, e60917 (2021).

Zhang, W., Eckwahl, M. J., Zhou, K. |. & Pan, T. Sensitive and
quantitative probing of pseudouridine modification in mRNA and
long noncoding RNA. RNA 25, 1218-1225 (2019).

Wilson, C., Chen, P. C., Miao, Z. & Liu, D. R. Programmable

m°®A modification of cellular RNAs with a Cas13-directed
methyltransferase. Nat. Biotechnol. 38, 1431-1440 (2020).

Liu, J. etal. AMETTL3-METTL14 complex mediates mammalian
nuclear RNA N®-adenosine methylation. Nat. Chem. Biol. 10,
93-95 (2014).

Oerum, S., Meynier, V., Catala, M. & Tisné, C. A comprehensive
review of m®A/m®Am RNA methyltransferase structures. Nucleic
Acids Res. 49, 7239-7255 (2021).

Liu, J. et al. Landscape and regulation of m®A and m®Am
methylome across human and mouse tissues. Mol. Cell 77,
426-440 (2020).

Cui, X. et al. A human tissue map of 5-hydroxymethylcytosines
exhibits tissue specificity through gene and enhancer
modulation. Nat. Commun. 11, 6161 (2020).

Wang, X. et al. N®-methyladenosine-dependent regulation of
messenger RNA stability. Nature 505, 117-120 (2014).

43. Lee, Y., Choe, J., Park, O. H. & Kim, Y. K. Molecular mechanisms
driving mRNA degradation by m®A modification. Trends Genet.
36, 177-188 (2020).

44. Bidou, L., Allamand, V., Rousset, J.-P. & Namy, O. Sense from
nonsense: therapies for premature stop codon diseases. Trends
Mol. Med. 18, 679-688 (2012).

45. Bidou, L. et al. Premature stop codons involved in muscular
dystrophies show a broad spectrum of readthrough
efficiencies in response to gentamicin treatment. Gene Ther.
11, 619-627 (2004).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Nature Biotechnology | Volume 41| March 2023 | 344-354

354


http://www.nature.com/nature biotechnology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41587-022-01505-w

Methods

Cell culture

HelLa, HEK293T and A549 cells were purchased fromthe American Type
Culture Collection (ATCC). 293TN cells were purchased from System
Bioscience. Cells were cultured at 37 °C with 5.0% CO,inaHeracell VIOS
160i incubator (Thermo Scientific). All cell lines were grownin DMEM
medium (GIBCO, catalog no.11995) supplemented with 10% v/vFBS and
1% penicillin/streptomycin (Gibco). The percentage of surviving cells
after treatment was assessed by the SRB assay*®. Cell cycle distribution
and cell size determination were assessed by flow cytometry.

Antibodies

The following antibodies were used in this study: rabbit monoclonal
anti-NDUFS2, clone EPR16266 (abcam, catalog no.ab192022,1:1,000),
mouse monoclonal anti-GAPDH, clone 0411 (Santa Cruz, catalog no.
sc-47724,1:1,000), rabbit polyclonal anti-SELENOF (My BioSource,
catalog no. MBS3208942, 1:500), mouse monoclonal anti-UBE2E3,
clone OTI7E8 (Novus Biologicals, catalog no. NBP2-03819, 1:500),
rabbit polyclonal anti-PPP1R2 (Thermo Fisher Scientific, catalog no.
PA5-115787,1:500), rabbit polyclonal anti-NT5C3 (Proteintech, cat-
alog no. 11393-1-AP, 1:500), rabbit polyclonal anti-SZRD1 (Thermo
Fisher Scientific, catalog no. A304-742A, 1:1,000), rabbit polyclonal
anti-SNRPD1 (Novus Biologicals, catalog no. NBP2-36427,1:500), rab-
bit polyclonal anti-DNAJC19 (Thermo Fisher Scientific, catalog no.
PA5-98770,1:1,000), rabbit polyclonal anti-MAPKAP1 (Proteintech,
catalog no. 15463-1-AP, 1:500), rabbit monoclonal anti-CD52, clone
EPR3153(2) (abcam, catalog no. ab125071, 1:1,000), rabbit polyclonal
anti-A2LD1 (Proteintech, catalog no. 23280-1-AP, 1:500), anti-rabbit
IgG, horseradish peroxidase (HRP)-linked antibody (Cell Signaling,
catalogno.7074S WB, 1:2,000), anti-mouse IgG, HRP-linked antibody
(Cell Signaling catalog no. 7076S, WB1:2,000).

shRNA knockdown and plasmid transfection

For transient transfection, cells were transfected with casRx (Addgene
catalog no.109053) gRNA construct and pCMV-TRUB1-dCas13D by
Lipofectamine 2000 Transfection Reagent (Invitrogen) according to
manufacturer’s protocol, or with siRNA by Lipofectamine RNAIMAX
Transfection Reagent (Invitrogen) following commercial protocols. For
lentivirus production, a lentiviral construct (pLKO-Tet-On for induc-
ible knockdown of pseudouridine synthetases, or green fluorescent
protein as anegative control) together with pMD2.G (Addgene catalog
no.12259) and psPAX2 (Addgene catalog no.12260) were cotransfected
into293TN cells (System Biosciences) as previously described. Viruses
were concentrated by the PEG-it Virus Precipitation Solution and used
for infecting cells in the presence of TransDux (System Biosciences).
Transfected cells were selected by 2 pg ml™ puromycin. To generate
the dcas13D-TRUBI1 or PUSI cells, HeLa cells were transfected with
PB-Cuo-TRUBI (or PUSI) -dCas13D-IRES-GFP-EF1a-CymR-Puro con-
struct following commercial protocol (System Biosciences). Pools
of stable transfectants were selected by antibiotics or sorted by flow
cytometry. Doxycycline (1 pg ml™) was used to induce shRNA while
cumate (30 pg ml™) was used to induce gRNA expression. The shRNA,
siRNA and gRNA sequences are listed in Supplementary Table 21.

RNA isolation
Total RNAisolation: (1) mouse tissues were weighted and homogenized
in TRIzol reagent (Invitrogen) until no visible chunks were left, while
cultured cells could be smoothly suspended in TRIzol reagent; (2) cel-
lular total RNA was isolated according to the TRIzol reagent manufac-
turer’s protocol, followed by isopropanol precipitation; (3) when we
extracted rRNA-depleted total RNA for a typical RNA-seq or lifetime
sequencing, RiboMinus Eukaryote Systemv.2 (Invitrogen) was further
used for rRNA removal;

polyA-tailed RNA isolation: Dynabeads mRNA DIRECT Purification
Kit (Invitrogen) was used for polyA” RNA enrichment.

BID-seq for W site detection

Wild-type HeLa, HEK293T or A549 cells (three replicates for each sam-
ple,one3.5-cmplate per replicate); HeLashControl or PUS knockdown
cellswere prepared as described (two replicates for each sample, one
10-cm plate per replicate); mouse tissues, except immune cells, were
collected from two replicates (one wild-type mouse per replicate),
age- and sex-matched. To harvest enough material, mouse immune
cells such as B cells, CD4 T cells and CD8 T cells were collected and
combined from two replicates (eight wild-type mice per replicate),
againage- and sex-matched. After extracting the polyA* RNA from HeLa
cells or mouse tissues, around 10-20 ng RNA was fragmented using
RNA Fragmentation Reagents (catalog no. AM8740, Invitrogen) and
heated at 70 °C for 14 min, followed by purification with RNA Cleanand
Concentrator (Zymo Research). 3’-End repair and 5’-phosphorylation
were conducted with T4 polynucleotide kinase (PNK) (catalog no.
EK0032, Thermo Fisher Scientific). RNA was mixed with 3 pL 10x T4
PNK reaction buffer (catalog no.B0201S, NEB) and 3 ul T4 PNK, diluted
toafinal volume of 30 pul, and incubated at 37 °C for 45 min; then 1.5 pl
T4 PNKand 1.5 pl10 mMATP were added for another incubationat 37 °C
for 45 min, followed by RNA Clean and Concentrator (Zymo Research)
purification eluting with 10 pl RNase-free water. To perform 3’-adapter
ligation, 10 pl3’-repaired and 5’-phosphorylated RNA fragments were
incubated with 1.0 pl120 pM RNA 3’ SR Adapter (5’App-NNNNNATCACG
AGATCGGAAGAGCACACGTCT-3SpC3, with ATCACG as the inline bar-
code) at 70 °C for 2 mins and placed immediately on ice. Then, 2.5 pl
10x T4 RNA Ligase Reaction Buffer (catalog no. MO373L, NEB), 7.5 pl
PEG8000 (50%), 1 ul SUPERase«In RNase Inhibitor and 2 pl T4 RNA
Ligase 2 truncated KQ (catalog no. MO373L, NEB) were added to the
RNA-adapter mixture*®*’. The reaction was incubated at 25°Cfor2 h
followed by 16 °C for 10 h. The reaction was further diluted to 47 pl
with nuclease-free water, and the excessive adapters were removed
with 2 pl 5’-deadenylase (catalog no. M0331S, NEB) at 30 °C for 30 min
followed by adding 1 pl RecJf (catalog no. M0264L, NEB) for ssDNA
digestionat37 °Cfor30 min. The 3’-end-ligated RNA was extracted by
RNA Clean and Concentrator (Zymo Research) and eluted with 9.3 pl
RNase-free water.

The purified RNA was incubated with 1.2 pul 10 uM 5’ SR Adapter
(5-GUUCAGAGUUCUACAGUCCGACGAUC NNNNN-3) at 70 °C for
2 mins and placed immediately on ice. Then 2.5 pl 10x T4 RNA ligase
reaction buffer, 1.0 pl 25 mM ATP, 10 pl PEG8000 (50%) and 1 pul T4
RNA Ligase 1 (high concentration, catalog no. M0437M, NEB) were
added to the RNA-adapter mixture. The reaction was mixed well and
incubated at 25 °C for 8 h, followed by RNA Clean and Concentrator
(Zymo Research) purification, eluting with 10 pl RNase-free water.

A 1.5 plaliquot of the purified RNA was saved for ‘Input’ library
construction, 8.5 pl was subjected to BID-seq optimized bisulfite
treatment, as the ‘Treated’ sample. The 8.5 1l RNA was mixed with
45 pl freshly prepared BID-seq BS reagent (2.4 M Na,SO5and 0.36 M
NaHSO;, prepared by dissolving 270 mg Na,SO; and 34 mg NaHSO,
in 900 plRNase-free water) and incubated at 70 °Cfor3 h. Then, 75 pl
RNase-free H,0, 270 plRNA binding buffer (RNA Clean and Concentra-
tor), and 400 pl ethanol were added to the reaction mixture, which
was mixed well and loaded on a RNA Clean and Concentrator-5 col-
umn. After spinning and washing once with 200 pl RNA wash buffer
(RNA Clean and Concentrator), 200 pl RNA Desulphonation Buffer
(catalog no. R5001-3-40, Zymo Research) was added to the column
and incubated at room temperature for 1 h. This was followed by
spinning and washing twice with 700 pl RNA wash buffer (RNA Clean
and Concentrator), followed by eluting RNA with 10.5 pl RNase-free
water. Then the ‘Input’ was diluted to 10.5 pl with RNase-free water.
Both ‘Input’ and ‘Treated’ samples were mixed with 1.0 pl 2.0 uM SR
RT primer (5’-AGACGTGTGCTCTTCCGATCT -3’) at 65 °C for 2 min
and moved immediately onto ice. To this was added 4 pl 5x SSIV
Buffer,2 pl 10 mM dNTP Solution Mix (NEB), 1 u1 100 mM dithiothrei-
tol, 0.5 pl RNaseOUT Recombinant Ribonuclease Inhibitor (catalog
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no. 10777019, Thermo Scientific) and 1 pl SuperScript IV Reverse
Transcriptase (SSIV, catalog no. 18090050, Thermo Scientific). The
reaction was mixed well and incubated at 50 °C for 1 h, followed by
adding 1 plRNase H (catalog no. M0297L, NEB) and incubating at 37 °C
for 20 min. The reaction mixture was heated at 70 °C for 5 min and
then cDNA was purified using DNA Clean and Concentrator (Zymo
Research). The eluted cDNAs (20 pl) were stored at -80 °C; 4 pl was
used for each 15-cycle PCR amplification reaction, which was per-
formed with the SR Primer for Illumina (NEB) and indexed primers
(from NEBNext Multiplex Oligos for Illumina). All libraries were puri-
fied ona3.5%low melting point agarose gel and sequenced on Illumina
Nova-seq 6000 with single-end 100 bp read length.

Reaction of model RNA oligonucleotides with BS and
MALDI-TOF MS

To 9 ul of optimized BS reagent, 1 pl of synthetic RNA oligo AGXGA
(X=C, Uor W,100 ng pl™*) was added, followed by mixing well via
pipetting. The reaction mixture was incubated in PCR instrument at
70 °Cfor4 h. After cooling to room temperature, 10 pl Tris-HCl buffer
(1.5 M, pH 8.8) wasadded and mixed well by pipetting. The mixture was
incubated at 37 °C for 1 h for desulfonation. Then, 2 pl of the mixture
was added to 40 pl resin (Bio-Rad) and allowed to stand at room tem-
perature for 30 min. Then 1.8 pl supernatant was mixed with matrix
2’,4’,6’-trihydroxyacetophenone monohydrate and loaded onto a
MALDI plate. The MALDI-TOF MS recorded the signals using negative
reflector mode.

LC-MS/MS

To measure W in mRNA in HeLa and mouse tissues, mRNA was puri-
fied from total RNA by two rounds of polyA® RNA enrichment and one
round of rRNA removal as described in RNA isolation; 200 ng mRNA
was dissolved in11 pl water, and then mixed with 2.5 ul100 mM NH,OAc
(pH 5.2),1plnuclease P1(1U pl-Y, Sigma-Aldrich) and 10.5 pl water, fol-
lowed by anincubationat42 °Cfor3 h. Then, 3 plfreshly prepared 1.0 M
NH,HCO,, 1 pl Fast AP (1U pl, Invitrogen) and 1 pl water were added,
and the reaction mixture wasincubated at 37 °Cfor 3 h. Upon the com-
pletion of incubation, the reaction mixture was diluted to 50 pland the
samplesfiltered through 0.22 pm Millex-GV polyvinylidenedifluoride
filters (Millipore). A5 plsample was theninjectedintoa ZORBAX SB-Aq
4.6 x 50 mm column (Agilent) on UHPLC (Agilent) coupled to a SCIEX
6500+ Triple Quadrupole Mass Spectrometer in positive electrospray
ionization mode. The nucleosides were quantified based on the nucleo-
side to base transitions: 268 to 136 (A), 282.1t0 150.1 (m°A), 245 to
113.1(U), 245.1t0125 (W) and compared with calibration curves. Three
biologicalindependent replicates were used for W level quantification,
and each sample was injected three times.

RNA-seq

Tet-On-shRNA cells were incubated with doxycycline with a final con-
centration of 1 pg ml™ for 6 days or transient knockdown cells for
3 days before harvest. For RNA lifetime study, cells were treated with
actinomycin Dwithafinal concentration of 5 pg ml™for0,3,6and 9 h.
Cellswerethenharvested by trypsinization, and total RNA wasisolated
as described above. ERCC ExFold RNA Spike-In Mix (Invitrogen) was
added to 2 pg total RNA and subjected to two rounds of RiboMinus.
For comparing RNA expression responsive to TRUB1 knockdown,
mRNAwasisolated as described above. Three biologicalindependent
replicates per condition were sequenced; 10 ng rRNA-depleted RNA
was used to construct libraries with SMARTer Stranded Total RNA-Set
Kitv.2 (TakaraBio USA).

RT-qPCR

RT was performed using PrimeScript RT Reagents Kit (Takara Bio
USA, catalog no. RRO37A), according to the vendor’s protocol. A
tenfold dilution of cDNA was used to measure relative transcript

abundance by real-time PCR. FastStart Essential DNA Green Master
(Roche) and QuantStudio 6 Pro Real-Time PCR System (Thermo
Fisher Scientific) were used to conduct quantitative PCR. For each
sample, technical triplicates were performed and normalized to
the expression level of 18S rRNA and other internal standard genes.
For mRNA lifetime study, 18S rRNA was used as internal control as
its level is not affected by Actinomycin D treatment. To determine
relative expression, the 2°“ method was used. Primers are listed in
Supplementary Table 21.

Immunoprecipitation and immunoblotting
Immunoprecipitation (IP) and immunoblotting (IB) were performed
as previously described®. In brief, protein samples were isolated by
RIPA buffer (1% Triton X-100, 150 mM NacCl, 20 mM Na,HPO,, pH 7.4)
containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific). BCA assay (Thermo Scientific) was used to determine the
protein concentration. For IP, the antibody was conjugated to protein
A/G magneticbeads by incubation at 4 °Cfor 2 h, followed by washing
three times and incubating with cell lysates at 4 °C overnight. Equal
amounts of purified protein were separated by SDS-PAGE followed
by wet transfer to polyvinylidenedifluoride membranes. Blots were
blocked with 5% nonfat milk or BSA and incubated with the primary
antibody at 4 °C overnight. Signals were detected by HRP-linked sec-
ondary antibodies (Cell Signaling) together with SuperSignal West Pico
Plus chemiluminescent substrate (Thermo Scientific) andimagedina
FluorChem R system (ProteinSimple). For the stop codonreadthrough
detection, the bands of interest were excised and submitted to MS
bioworks using the MSBO3 service.

Validationin Wsites assessed by CMC-assisted RT-qPCR assay
PolyA” RNA from HelLa cells was subjected to CMC-treatment and
purified by ethanol precipitation. For each highly modified W site
in HeLa mRNA, two types of RT-qPCR primers were designed for (1)
W-region: the 250-nucleotide (nt) region centered by the target W
site; (2) control-region: the 250-nt region within this mRNA, without
overlapping with the W-containing 250-nt region. The same amount
of untreated or CMC-treated*” HeLa RNA was used for two separate
RTreactions, with the RT primer for the W-region and control-region,
respectively. For each RT reaction, polyA" RNAwas incubated with each
gene-specific RT primer at 70 °C for 2 min and then moved quickly onto
ice. Then 2 pl 5% first strand buffer, 0.5 pl dithiothreitol (100 mM), 1 pl
dNTP (10 mM), 0.5 pl RNaseOut and 1 pl SuperScript Il reverse tran-
scriptase were added to the RNA-primer mixture and diluted to afinal
volume of 20 pl. FastStart Essential DNA Green Master (Roche) and
QuantStudio 6 Pro Real-Time PCR System (Thermo Fisher Scientific)
were used for RT-qPCR quantitation. The readthrough ratio was calcu-
lated by the Cq values on W-region normalized to the control-region,
in CMC-treated sample versus untreated samples. Primer sequences
arelisted in Supplementary Table 22.

Optimized CMC-RT and ligation-assisted PCR analysis of @
modification

CMC-RT and ligation-assisted PCR analysis of W modification (CLAP)
was performed as described previously* with some modifications.
HeLapolyA® RNA was extracted from total RNA with Dynabeads mRNA
DIRECT Purification Kit (Invitrogen). To 5.5 pg of polyA* RNA (-CMC)
in12 plRNase-free water, 28 pl 1x TEU Buffer (50 mM Tris-HCI (pH 8.3),
4 mMEDTA, 7 Murea) and 2 pl SUPERasesIn RNase Inhibitor (20 U pl™,
Invitrogen, catalog no. AM2696) were added. To 8.3 pg polyA" RNA
(+CMC) in12 plRNase-free water, 24 ul1x TEU Buffer, 4 pl 1.0 MCMCin
1x TEU Buffer and 2 pl SUPERase<In were added and incubated at 30 °C
for 16 h. Next, 140 pl RNase-free water, 20 pl 3.0 M NaOAc (pH 5.2),
550 pl 100% ethanol and 1 ul GlycoBlue coprecipitant (15 mg ml™,
Thermo Scientific) were added, and RNA was precipitated overnight
at-80 °C.

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-022-01505-w

Next, samples were centrifuged at 7,000g at 4 °C for 30 min, the
supernatant was removed and 1 ml 70% ethanol was added and incu-
bated at -80 °C for 2 h. After that, samples were centrifuged again,
supernatant was removed and dried pellet was resuspended in 40 pl
50 mM Na,CO,;, 2 mM EDTA (pH 10.4) and 1 pl SUPERase+In and incu-
bated at 37 °C for 6 h. Next, samples were purified by RNA Clean and
Concentrator (Zymo Research) as follows: 260 pl RNA binding buffer
and300 pl100% ethanol were added to each sample and, subsequently,
the vendor’s protocol was followed. Recovered RNA underwent 5’ phos-
phorylationas follows: to1 g of CMC + polyA'RNAin 20 pl RNase-free
water were added 2.5 pl SUPERase-In, 5 pul 10x T4 PNK Buffer, 2.5 pl
10 mM ATP and 5 pl T4 PNK (NEB; catalog no. M0201S). The volume
was adjusted to 50 pl with RNase-free water and the reaction run at
37 °Cfor1hfollowed by purification with RNA Clean and Concentrator
(Zymo Research).

Allrecovered polyA” RNA (10 pl) was mixed with1 pul 100 pM RNA-5
Blocking Oligo (/SAmMMC6/rArCrCrCrA) and denatured at 65 °C for
2 min, followed by moving onto ice immediately. Then 3 pl 10x T4
RNA ligase buffer, 3 pl 10 mM ATP, 10 pl 50% PEG8000, 1 pl RNaseOUT
recombinant ribonuclease inhibitor and 1 pl T4 RNA ligase I (NEB,
catalog no. M0437M) were added, mixed well and incubated at 25 °C
for2 hthenat16 °Cfor12 h. After that, samples were purified by RNA
Clean and Concentrator (Zymo Research) as follows: 270 pl binding
buffer and 300 pl 100% ethanol were added to each sample and the
vendor’s protocol was then followed. Samples of 40 ng (-CMC) and
60 ng (+CMC) ligated polyA” RNA underwent reverse transcription
asfollows: 2 pl (-CMC) and 3 pl (+CMC) ligation mixtures were mixed
with1pl1.0 pM target-specific primer and incubated at 65 °C for 2 min
then put on ice. Then, 2 ul 10x AMV RT Buffer, 2 pl 10 U ul * AMR RT
(NEB; catalog no. M0277L), 2 ul 10 mM dNTP, 0.5 pl Murine RNase
inhibitor and the final volume was adjusted with water to 20 pl. RT was
runfor1hat42 °Cfollowed by denaturation at 80 °C for 5 min. Next,
1l RNase H (NEB, catalog no. M0297L) was added and the mixture
incubated at 37 °C for 20 min followed by denaturation at 80 °C for
5min. To10 plRT reaction mixture, 1.5 pladapter/split oligonucleotide
mixture (1.0 pM adapter; 1.5 uM splint) was added and incubated at
75 °C for 3 min, followed by moving onto ice. Then, 4 ul 10x T4 DNA
ligase buffer,5 pl DMSO, 1 140 U ul ™ T4 DNA Ligase (NEB, catalog no.
MO0202L) and 18.5 pl H,0 and incubated at 16 °C for 16 h followed by
denaturation at 65 °C for 10 min. For PCR, 5 pl of the ligation mixture
was mixed with 8 pl 5x Q5 reaction buffer, 0.8 10 mM dNTPs, 2.4 pl
ofthe mixture gene-specific forward/reverse primers (5 uM) and 0.5 pl
QS high-fidelity DNA polymerase (NEB, catalog no. M0491L), followed
by adjusting the volume to 40 pl. PCR product was amplified for 35
cycles at the following annealing temperatures: 70 °C for ERH, 64 °C
for CDC6 and 65 °C for TRIP6. Then, 10 pl PCR mixture was mixed
with 2 pl 6x TriTrack DNA Loading Dye (Thermo Fisher, catalog no.
R1161). Samples and Low Range DNA Ladder (Thermo Fisher, catalog
no. SM1193) were loaded at 4 °C onto pre-run 4-20% Novex TBE Gel
(Invitrogen) and runat10 V.cm™at 4 °C. Gels were stained with SYBER
gold nucleic acid gel stain (Thermo Fisher, catalog no. S11494) and
imaged withaBio-Rad Imaging System. Band intensity was quantified
inImage Lab v.5.0 (Bio-Rad).

For 18S W822 as a positive control, total RNA was treated as
described above. PCR product was amplified for 25 cycles at the anneal-
ing temperature of 65 °C. All primer sequences are listed in Supple-
mentary Table 22.

Wmodification fraction estimation

The 30-mer RNA probes with -NNWNN- were used as the 100% W’
standard. RNA oligonucleotides containing -NNUNN- were used as
‘0% W’. The '100% W’ and ‘0% ¥’ standards were combined to generate
six oligonucleotide mixtures at different methylation levels (100%
W,80% W, 60% W,40% W, 20% W, 0% W). All oligonucleotide mixtures
were subjected to BID-seq in parallel, the deletion rate patterns of

each sequence context were analyzed and a fitting curve was plotted
based on the relationship of observed deletion rate and W fraction.
The observed deletion rate yand W fraction x can be expressed by the
following equation:

_B+(R-A-R-B)-x
- 1-A-x

whereAisthe dropoutratio of modified fragments, Bis the background
deletion rate (the deletion rate at unmodified U), and R is BID-seq
induced deletionratio. The parameters of A, Band R for each sequence
context are provided in Supplementary Table 1.

Sequencing data processing and analysis

The sequencing data were all trimmed with cutadapt tool to remove
adapters and low-quality reads. PCR duplicates were removed with
BBMap tool (v.38.73), 5-mer random barcodes at reads ends were
trimmed and low-quality or short reads (less than 20 nt) were removed
using cutadapt tool (v.1.15). Remaining reads were aligned to hg38 or
mm10 genome using Tophat2 (v.2.1.1) and bowtie2 (v.2.4.0) allowing, at
most, three mismatches. The generated.bam files were splitinto positive
and negative strands and sorted using Samtools (v.1.9). Sequence vari-
ants wereidentified by measuring the base compositionat each position
using bam-readcount software (v.0.8.0). The generated bam-readcount
results were parsed and analyzed by inhouse scripts. Internal deletion
ratio at each W candidate site suggested by Tophat2, was further calcu-
lated by data output from bam-readcount pipeline and confirmed by
directIGV visualization (v.2.8.0).In summary, one W candidate site needs
to satisfy the following criteria in its deletion profile: (1) deletion rate
above 5% (with deletion count above five) in BID-seq libraries; (2) deletion
ratebelow1%in‘Input’libraries; (3) total reads coverage depth above 20
inboth BID-seqand ‘Input’libraries; (4) deletion rate above 1.5-fold over
background in any given sequence motif (defined as the deletion rates
detected from RNA probes containing 0% W, as in Supplementary Fig.
1c); (5) we excluded uridine sites at the neighboring nucleotide 3’ or 5’ to
known Wsites; (6) all deletion signatures must be from ‘U’ sites marked by
hg38 or mm10 FASTA(file, instead of fromA or Cor G.Under the current
sequencing depth (around 80 Mreads per library), we set RPKM=1.5as
the lowest expression level for mRNA W detection.

The ‘input’ samples of BID-seq, for both human cell lines and
mouse tissues, are equivalent toregular RNA-seq; therefore, we quanti-
fied the gene-level read counts of input samples that aligned to hg38
or mm1O0 for gene expression analysis with Cufflinks software (v.2.2.1).
GO analysis was performed using the online analysis software DAVID
2021 (https://david.ncifcrf.gov).

Animal culture

C57BL/6) mice were purchased originally from the Jackson Laboratory
(Strainno.000664); 7-week-old male and female mice were used. Mice
were housedinavirus-free facility at 21 + 1°Cwith a controlled 12-h light
cycle (individually ventilated caging system (GM500)). The animals had
accesstostandard chow and water ad libitum. The relative humidity was
controlled at 55% +10%. All mouse experiments were approved by the
University of Chicago Institutional Animal Care and Use Commiittee.

Statistics and reproducibility
For BID-seq libraries, two or three biologically independent repli-
cateswere used in each experiment with cultured cells. Immunoblots
are representative images from at least three rounds of independent
experiments. Data are presented as the mean + s.d., with two-tailed
Student’s ¢-tests on the statistical significance of differences between
groups. All statistical analysis and data graphing were done in Prism
(v.9.2.0) software.

No statistical methods were applied to pre-evaluate sample size.
No data were excluded from analysis. Samples in this study were not
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randomized. Blinding was not used for this study because cell culture,
sample preparation, reagents and experimental settings were kept
consistent for each experiment.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Sequencing data are available in the Gene Expression Omnibus data-
base under the accession number of GSE179798 (ref. *'). Source data
are provided with this paper.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection Al libraries were sequenced on Illumina NovaSeq 6000 with single-end 100 bp read length.

Data analysis Tophat2 (version 2.1.1), Bowtie2 (version 2.4.0), bam-readcount (version 0.8.0), cutadapt (version 1.15), BBMap (version 38.73), samtools
(version 1.9), Cufflinks (version 2.2.1), and IGV software (version 2.8.0) were used to analyze the RNA-seq data. Prism (version 9.2.0) and
ImageJ (version 1.53a) were used for data plot.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
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The BID-seq data generated by this study have been deposited in NCBI Gene Expression Omnbus (GEO) under the accession number GSE179798.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. For sequencing data, we collected data from two or three biological replicates.
Sample size were determined based on our prior experience on similar experiments (Nat. Biotechnol. 40(8), 1210-1219 (2022); Nat. Methods
16(12), 1281-1288 (2019)).
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Data exclusions  No data were excluded from analysis.
Replication Two or three biologically independent replicates were performed independently. All attempts were successful.

Randomization  Samples in this study were not randomized. We did not set up the control for covariates in the animal experiments because all groups were
age and sex matched.

Blinding Blinding was not used for this study because cell culture, sample preparation, reagents, experimental settings were kept consistent for each
experiment. The key experiments in this study were conducted by several lab members independently and gave the similar results.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used rabbit monoclonal anti-NDUFS2, clone EPR16266 (abcam, ab192022, 1:1000),
mouse monoclonal anti-GAPDH, clone 0411 (Santa Cruz, sc-47724, 1:1000),
rabbit polyclonal anti-SELENOF (My BioSource, MBS3208942, 1:500),
mouse monoclonal anti-UBE2E3, clone OTI7E8 (Novus Biologicals, NBP2-03819, 1:500),
rabbit polyclonal anti-PPP1R2 (ThermoFisher Scientific, PA5-115787, 1:500),
rabbit polyclonal anti-NT5C3 (Proteintech, 11393-1-AP, 1:500),
rabbit polyclonal anti-SZRD1 (ThermoFisher Scientific, A304-742A, 1:1000),
rabbit polyclonal anti-SNRPD1 (Novus Biologicals, NBP2-36427, 1:500),
rabbit polyclonal anti-DNAJC19 (ThermoFisher Scientific, PA5-98770, 1:1000),
rabbit polyclonal anti-MAPKAP1 (Proteintech, 15463-1-AP, 1:500),
rabbit monoclonal anti-CD52, clone EPR3153(2) (abcam, ab125071, 1:1000),
rabbit polyclonal anti-A2LD1 (Proteintech, 23280-1-AP, 1:500),
anti-rabbit IgG, HRP-linked antibody (7074S, Cell Signaling, WB 1:2000),
anti-mouse 1gG, HRP-linked antibody (7076S, Cell Signaling, WB 1:2000).

Validation The antibodies applied in this study are the widely-used clones in this field. We selected these antibodies which have been validated
by the manufacturer and all information is available at the manufacturer website.




Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T, Hela, and A549 cell lines were purchased from the American Type Culture Collection (ATCC). 293TN cells were
purchased from System Bioscience.

Authentication Cell lines were authenticated by the supplier using Short Tandem Repeat (STR) profiling analysis.
Mycoplasma contamination Cells were confirmed to be free of mycoplasma.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J mice were originally purchased from the Jackson Laboratory (Strain# 000664). 7 week old male and female mice were used.

Mice were housed in a virus-free facility at 21 + 1 °C with a controlled 12-hour light cycle (Individually Ventilated Caging System
(GM500)). The animals have access to standard chow and water ad libitum. The relative humidity was controlled at 55% + 10%.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve filed-collected samples.

Ethics oversight All mouse experiments were approved by the University of Chicago Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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