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RNA-binding proteins (RBPs) regulate nearly every aspect of mRNA processing and are important regulators of gene
expression in cells. However, currentmethods for transcriptome-wide identification of RBP targets are limited, since
they examine only a single RBP at a time and do not provide information on the individual RNAmolecules that are
bound by a given RBP. Here, we overcome these limitations by developing TRIBE-STAMP, an approach for single-
molecule detection of the target RNAs of two RNA binding proteins simultaneously in cells. We applied TRIBE-
STAMP to the cytoplasmic m6A reader proteins YTHDF1, YTHDF2, and YTHDF3 and discovered that individual
mRNAmolecules can be bound bymore than one YTHDF protein throughout their lifetime, providing new insights
into the function of YTHDF proteins in cells. TRIBE-STAMP is a highly versatile approach that enables single-
molecule analysis of the targets of RBP pairs simultaneously in the same cells.
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Identifying the RNA targets of RBPs in cells has been im-
portant for our understanding of how individual RBPs con-
trol gene expression. To achieve this, methods such as
RIP-seq or CLIP-seq and its variants have often been
used. However, these strategies are limited to examining
a single RBP at a time, which makes it difficult to study
potential synergistic or competitive RNA targeting be-
tween two distinct RBPs in the same cells. Moreover,
since immunoprecipitated RNA fragments are typically
subjected to bulk sequencing, RIP/CLIP-based approaches
do not provide information on individual RNAmolecules
that are bound by a given RBP and instead only identify
RNAs at the gene level.

Recently, TRIBE/HyperTRIBE and STAMP have been
developed as alternative methods for transcriptome-
wide mapping of the RNA targets of RBPs (McMahon
et al. 2016; Xu et al. 2018; Brannan et al. 2021). Bothmeth-
ods involve fusing an RBP to the catalytic domain of a
deaminase enzyme (ADAR in the case of TRIBE, and
APOBEC1 in the case of STAMP). When these fusion pro-

teins are expressed in cells, they direct A-to-I or C-to-U ed-
iting, respectively, at residues in proximity to RNA
binding sites. These approaches have many advantages,
including the ability to mark the individual RNA mole-
cules that are bound by an RBP. However, to date, TRIBE
and STAMP have been used in isolated studies focused on
identifying the RNA targets of only a single RBP at a time.

We reasoned thatwe could take advantage of the unique
mutation signatures induced by TRIBE and STAMP to
simultaneously identify the mRNA targets of two RBPs
at once. By coexpressing one RBP fused toADARand a dif-
ferent RBP fused to APOBEC1 in the same cells, we can
examine each deamination event (A to I or C toU, referred
to here as A2I and C2U) and determine whether different
RBPs bind to the same mRNA molecules or to distinct
pools of mRNAs in cells. Using this method, which we
call TRIBE-STAMP, we report here the ability to simulta-
neously detect the molecular RNA targets of pairs of dis-
tinct RBPs in cells.
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To demonstrate the utility of the TRIBE-STAMP ap-
proach, we applied it to the YTHDF family of cytoplasmic
m6A reader proteins. This includes three paralogs
(YTHDF1, YTHDF2, and YTHDF3; referred to here as
DF1, DF2, and DF3) that share a C-terminal YTH domain
responsible for m6A recognition. Although initially pro-
posed to bind unique subsets of cellular mRNAs and carry
out distinct functions, more recent models suggest that
these three proteins function redundantly to promote
mRNA decay (Wang et al. 2014, 2015; Li et al. 2017; Shi
et al. 2017, 2019; Rauch et al. 2018; Kontur et al. 2020;
Lasman et al. 2020; Zaccara and Jaffrey 2020). To address
these discrepancies, we applied TRIBE-STAMP to each
combination of DF proteins and found a high degree of
overlap among the target mRNAs of all three proteins.
We discovered that individual mRNA molecules can be
bound by more than one DF protein throughout their life-
time, arguing against the idea that distinct transcripts are
targeted uniquely by individual DF proteins. Further-
more, our data reveal sequential binding of distinct DF
proteins to individual mRNA molecules and are con-
sistent with a model in which DF1 and DF3 do not
immediately promote mRNA decay. We anticipate that
TRIBE-STAMPcanbeused across diverse combinations of
RBPs to provide similar insights into other RNA:protein

interactions and to deepen our understanding of RBP func-
tion in cells.

Results

Simultaneous detection of the target mRNAs
of distinct RBPs with TRIBE-STAMP

To determine whether TRIBE-STAMP can enable the
simultaneous mapping of the targets of two individual
RBPs in cells at the same time, we applied it to the cyto-
plasmicm6A reader proteinsDF1,DF2, andDF3.We coex-
pressed DF-ADAR and DF-APOBEC1 fusion proteins in
HEK293T cells by first generating stable cell lines express-
ing inducible APOBEC1-DF1, APOBEC1-DF2, or APO-
BEC1-DF3 (Fig. 1A; Supplemental Fig. S1A–C). We then
transfected each stable cell line with plasmids expressing
thehumanADAR2catalytic domain (ADARcd-E488Q; re-
ferred to here as ADAR) (Xu et al. 2018) fused toDF1, DF2,
or DF3 and treated cells with doxycycline for 24 h to in-
duce DF-APOBEC1 expression. The stable cell lines and
transfected plasmids contained EGFP andmCherrymark-
ers, respectively, enabling sorting of green/red fluorescent
cells by flowcytometry to ensure that all analyzed cells ex-
pressed both the ADAR and APOBEC1 fusion proteins
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Figure 1. TRIBE-STAMP simultaneously identifies the target mRNAs of distinct DF proteins in cells. (A) Overview of the TRIBE-
STAMP approach used to identify DF protein targets. (B) DF-ADAR and DF-APOBEC1 target mRNAs have a high degree of overlap. Euler
plots show the overlap of targetmRNAs identified byHyperTRIBE (DF-ADAR) or STAMP (DF-APOBEC1) fusions for eachDF protein. (C )
m6A-containingmRNAs are edited byDF-ADAR andDF-APOBEC1 fusion proteins. Euler plots show the overlap between targetmRNAs
of DF-ADAR and DF-APOBEC1 fusion proteins and methylated mRNAs identified by miCLIP (Linder et al. 2015). (D) DF target mRNAs
identified by iCLIP are also identified by DF-ADAR and DF-APOBEC1 fusion proteins. Euler plots show the overlap between DF targets
identified by DF-ADAR and DF-APOBEC1 fusion proteins and mRNAs containing DF iCLIP peaks (Patil et al. 2016).
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(Fig. 1A). This strategy enabled robust and concurrent ex-
pression of each combination of DF protein pairs (DF1+2,
DF1+3, or DF2+3) (Supplemental Fig. S1D–F).

We first sought to confirm that TRIBE-STAMP can be
used to faithfully identify the RNA targets of individual
DF proteins. We performed RNA-seq on cells coexpress-
ing the ADAR and APOBEC1 fusion proteins for a partic-
ular DF protein. To identify A2I and C2U editing events
transcriptome-wide, we developed a modified version of
Bullseye, a pipeline we previously created to identify
C2U editing events introduced by the m6A profiling
method DART-seq (Meyer 2019; Flamand and Meyer
2022; Tegowski et al. 2022). Briefly, we optimized Bulls-
eye for detection of both A2I and C2U mutations that
are enriched relative to reference samples expressing the
ADAR or APOBEC1 proteins alone. We then used strin-
gent filtering parameters to retain only the editing events
that occur in multiple biological replicates and are not
caused by endogenous single nucleotide polymorphisms
(SNPs) (see the Materials and Methods). Using this ap-
proach, we identified thousands of target mRNAs for
each fusion protein (Supplemental Table S1). Editing rates
(%C2U or%A2I) at individual sites were similar across all
three DF proteins when tethered to either ADAR or APO-
BEC1, suggesting that DF proteins do not differentially in-
fluence the efficiency of either deaminase enzyme
(Supplemental Fig. S2A–C). Additionally, when we com-
pared the mRNA targets identified by the ADAR and
APOBEC1 versions of the same DF protein, we found
that the majority of target mRNAs are bound by both fu-
sion proteins, indicating that the ADAR and APOBEC1
fusions identify similar mRNAs for each DF protein (Sup-
plemental Fig. S2D).

Consistent with the role of DF proteins as m6A readers,
we observed a high degree of overlap between DF-ADAR
andDF-APOBEC1targetmRNAsandmethylatedmRNAs
identified by miCLIP (Linder et al. 2015), even though the
high stringency ofmiCLIPmaymiss some low-stoichiom-
etry m6A sites (Fig. 1B). Transcripts with more m6A sites
also contain a larger number of editing sites for all DF fu-
sion proteins (Supplemental Fig. S2E). Additionally, we
found that mRNAs edited by DF-ADAR or DF-APOBEC1
overlapped well with DF target mRNAs identified by
iCLIP (Patil et al. 2016), further confirming the accuracy
of the TRIBE-STAMP approach (Fig. 1C; Supplemental
Fig. S2F). Interestingly, we found that DF1 consistently
targeted the most mRNAs and edited more sites per tran-
script compared with DF2 and DF3, regardless of whether
itwas fused toADARorAPOBEC1 (Fig. 1D; Supplemental
Fig. S2G). Thiswas confirmedwith analysis of endogenous
DF iCLIP data (Patil et al. 2016), which also revealed a
greater number of target mRNAs for DF1 compared with
DF2 or DF3 in HEK293T cells (Fig. 1D; Supplemental Ta-
ble S2). It is possible that differences in immunoprecipita-
tion efficiency among the DF1 antibodies contributes to
this effect. However, data fromDFPAR-CLIP using a com-
mon anti-FLAG antibody also showmore RNAs bound by
DF1 compared with DF2 and DF3 (Wang et al. 2014, 2015;
Shi et al. 2017). Altogether, these data demonstrate that
tagging DF proteins with either ADAR or APOBEC1 en-

ables the accurate identification of DF target mRNAs in
cells.

TRIBE-STAMP reveals RBP binding to individual
RNA molecules

Previous studies have used CLIP-basedmethods to identi-
fy YTHDF-bound transcripts, but these methods provide
only a snapshot of RNA:protein interactions and are limit-
ed to examining a single protein at a time. In contrast,
TRIBE-STAMP allows simultaneous identification of the
RNA targets of two proteins at once. We therefore exam-
ined the mRNA targets that are shared across the DF pro-
teins by identifying the mRNAs that have both A2I and
C2U editing in cells coexpressing each combination of
DF fusion protein pairs.We found that each pair of DF pro-
teins binds to largely the samemRNAs in cells, regardless
of which tag (ADAR or APOBEC1) is used (Supplemental
Fig. S2F). These data are consistent with iCLIP studies
and suggest that DF proteins mostly recognize the same
targetmRNAs in cells (Lasmanet al. 2020;Zaccara and Jaf-
frey 2020).

The finding that different DF proteins share most of the
same target mRNAs has been used to support the hypoth-
esis thatDF proteins function redundantly to ensure a par-
ticular fate (destabilization) for methylated mRNAs
(Kontur et al. 2020; Lasman et al. 2020; Zaccara and Jaffrey
2020). However, analysis of DF targets at the gene level
does not discriminate between individual mRNA mole-
cules. For instance, theremay bemany copies of a particu-
lar targetmRNA in cells, and eachDF proteinmay bind to
its own unique subset of these mRNA molecules. Such a
scenariowould further support the functional redundancy
model,with eachmRNAmolecule being boundbya single
DF protein and then targeted for degradation. Conversely,
if individual transcript copies are bound by multiple DF
proteins throughout their lifetime, this would suggest
that at least someDF proteins do not immediately initiate
the degradation of their targets and instead potentially car-
ry out additional functions. Because TRIBE-STAMP intro-
duces irreversible mutation signatures into target
transcripts, single-molecule binding information can be
uncovered by assessingA2I andC2Uedits that occurwith-
in individual sequencing reads, which represent distinct
mRNA molecules. Reads that contain both A2I and C2U
edits would therefore reflect mRNA molecules bound by
two distinct fusion proteins.

We analyzed TRIBE-STAMP data for each pair of coex-
pressed DF fusion proteins to determine whether individ-
ual reads contain both A2I and C2U edits. First, we
considered all of the shared target mRNAs identified in
cells coexpressing a given pair of DF proteins (Supplemen-
tal Fig. S2D). We then identified, within each set of com-
mon target mRNAs, pairs of A2I and C2U editing sites
that are foundwithin a 150-ntwindowon individual reads.
The 150-nt distance was chosen based on the average read
length of each data set and ensures that there is the poten-
tial to capture coediting events on a single read for that
mRNA.Within this refined set of common targetmRNAs
for eachpair of coexpressedDFproteins,we then identified
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the pairs of editing sites with evidence for coediting (de-
fined as having at least two reads with both A2I and C2U
editing within the read) in all biological replicates (Fig.
2A; Materials and Methods; Supplemental Table S3).
This analysis enables identification of the proportion of
shared target mRNAs for a given pair of DF proteins that
show evidence for cobinding of the DF proteins to the
same RNAmolecules.
We first examined TRIBE-STAMP data from cells ex-

pressing the ADAR- and APOBEC1-tethered versions of
the sameDFprotein. For all threeDFs,we found that a sub-
stantial fraction of target mRNAs shared by both fusion
proteins has coediting at the single-molecule level
(66.3% for DF1, 39.0% for DF2, and 51.7% for DF3) (Fig.
2B,C). The higher proportion of coedited mRNAs in DF1-
ADAR/DF1-APOBEC1-expressing cells is unlikely to be
caused by the greater number of total editing sites per
mRNA in these cells (Supplemental Fig. S2G), as our anal-
ysis of coediting accounts for differences in editing fre-
quency and sequencing coverage across data sets (see the
Materials and Methods). Thus, these data suggest that a
large fraction of mRNAs that are recognized by a given
DF protein can be bound more than once by that same
DF protein on individual mRNAmolecules.
We next examined cells coexpressing two different DF

proteins. Surprisingly, we found that >40% of the shared
targets of any two DF proteins exhibit coediting of the
same mRNA molecules, an effect that was observed re-
gardless of which protein was tagged with ADAR or

APOBEC1 (Fig. 2B,C). The proportion of coedited mRNA
molecules was highest for cells coexpressing DF1 and
DF3 (59.9% for DF1-ADAR/DF3-APOBEC1-expressing
cells and 54.5% for DF3-ADAR/DF1-APOBEC1-express-
ing cells).Wealso found thatmanyof themRNAscoedited
at the single-molecule level are coedited across different
pairs of DF proteins, suggesting that cobinding of individ-
ual mRNA molecules is not restricted to a particular DF
protein pair (Fig. 2D; Supplemental Fig. S3A). Interesting-
ly, however, targetmRNAs shared byDF2 have the lowest
proportion of coediting at the single-molecule level, indi-
cating that DF2-bound mRNA molecules are less likely
to be cobound by DF1 or DF3 (Fig. 2B,C). This supports
the idea that DF2 more efficiently promotes decay of its
target transcripts than DF1 or DF3.
We considered the possibility that coediting of individu-

al RNAs could result from protein:protein interactions be-
tween two DF proteins, such that only one DF protein
actually binds to the mRNA but interacts with a second
DF protein and brings it close enough to themRNA for co-
editing to occur. To explore this, we performed co-IPs in
the presence and absence of RNase to determine whether
theDFproteins interactwith eachother in anRNA-depen-
dent or RNA-independent manner. However, we failed to
observe either direct or RNA-mediated interactions be-
tween any of the DF proteins, suggesting that coediting
is due to direct binding ofDF proteins to targetRNAs (Sup-
plemental Fig. S3B). Altogether, our data indicate that in-
dividual mRNA molecules can be bound by more than
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one DF protein throughout their lifetime. Additionally,
the proportion of coedited target mRNAs revealed by
TRIBE-STAMP is likely to be an underestimate, since
>85% of possible coedited targets for each DF protein
pair have evidence for single-molecule coediting in at least
one biological replicate and since we restricted our analy-
sis to 150-nt regions (Supplemental Fig. S3C,D).

If DF proteins largely act to degrade their target tran-
scripts, wewould expect that coediting rates on individual
readswould be either stochastic or lower than expected by
chance, since the first DF binding event would trigger
mRNA degradation and therefore reduce the likelihood
that a second DF protein would be able to bind to that
samemRNAmolecule. To investigate this, we performed
a quantitative analysis of coediting frequency on individu-
al reads for each DF protein pair. We established a rate of
expected coediting for all pairs ofA2I andC2Usiteswithin

150 nt of each other and performed a permutation test to
determine whether the rate of coediting differs signifi-
cantly from the rate expected by chance (see theMaterials
andMethods). We found that the observed coediting rates
are consistently higher than those expected by chance, an
effect that was true for all combinations of DF-ADAR and
DF-APOBEC1 fusion proteins (Fig. 3A; Supplemental Fig.
S3E). In addition, for all DF fusion protein pairs, %A2I
and%C2U editing rates were significantly higher in coed-
ited reads than in all reads, indicating that the presence of
A2I editing increases the likelihood of also havingC2Ued-
iting on the same read and vice versa (Fig. 3B). Altogether,
these data indicate that binding ofmultiple DF proteins to
the same mRNA molecule is common and occurs more
frequently than expected by chance, which is consistent
with a model in which DF proteins do not immediately
act to degrade their target mRNAs.
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RIP-TRIBE validates the findings of TRIBE-STAMP and
reveals sequential binding of target mRNAs by different
DF proteins

We next wondered whether coediting of the same reads re-
flects binding of DF proteins to two distinct m6A sites in
close proximity on the same mRNA molecule or results
from sequential binding of different DF proteins to the
samem6A site (Supplemental Fig. S3F). The stoichiometry
of most m6A sites is generally low (Liu et al. 2013; Molinie
et al. 2016; Garcia-Campos et al. 2019; Tegowski et al.
2022), and m6A profiling in single cells shows that the ma-
jority of m6A sites do not occur within the same cell
(Tegowski et al. 2022). Thus, there is a low likelihood of
any two individual m6A residues occurring in proximity
on the same mRNAmolecule. Indeed, when we examined
regions that surround coedited sites, we found that <30%
contain more than one m6A site (Fig. 3C; Supplemental
Fig. S4A). Moreover, these regions are no more likely than
noncoedited regions to contain the m6A consensus motif
(DRACH), suggesting that they are not inherently prone
to hypermethylation (Supplemental Fig. S4B). Importantly,
when we removed regions containing more than one m6A
site from our coediting analysis, we again observed higher
coediting rates thanexpectedbychanceand fewercoediting
events for DF2 fusion proteins (Supplemental Fig. S4C,E).
Together, these data suggest that coediting of individual
mRNAmolecules reflects binding of different DF proteins
to the same m6A site as opposed to binding to distinct
m6A sites that occur close to each other.
To further investigate whether DF proteins bind

sequentially to the samemRNAmolecules, we combined
RNA immunoprecipitation (RIP) with HyperTRIBE (RIP-
TRIBE) to isolate the mRNAs bound by each DF protein
in cells expressing DF1, DF2, or DF3 fused to ADAR
(Fig. 4A). This strategy enabled us to determine whether
the target mRNAs of an individual DF protein (identified
by RIP) have already been bound by a different DF protein
(indicated by A2I editing). To perform RIP-TRIBE, we first
generated stable cell lines expressing inducible DF1-
ADAR-T2A-EGFP, DF2-ADAR-T2A-EGFP, or DF3-
ADAR-T2A-EGFP (Supplemental Fig. S5A–C). We then
transfected each cell line with FLAG-tagged DF1, DF2,
or DF3 and treated cells with doxycycline for 24 h to in-
duce DF1-ADAR-T2A-EGFP, DF2-ADAR-T2A-EGFP, or
DF3-ADAR-T2A-EGFP expression. Finally, EGFP-posi-
tive cells were isolated by flow cytometry and subjected
to RIP using an anti-FLAG antibody. The RNAs bound
by DF proteins were then identified by RNA-seq (Fig. 4A).
We observed a high degree of overlap of the mRNA tar-

gets of all three DF proteins identified by RIP-seq (Fig. 4B).
Additionally, themajority of mRNA targets uncovered by
RIP-seq were also identified by TRIBE-STAMP (Fig. 4C),
and the relative enrichment of mRNA targets in RIP sam-
ples compared with input samples correlates positively
with the number of A2I and C2U editing sites in TRIBE-
STAMP data (Fig. 4D). These results further validate the
accuracy of the TRIBE-STAMP approach and confirm
that both RIP-seq and TRIBE-STAMP can accurately iden-
tify DF protein target mRNAs.

We next compared the level of A2I editing in the input
andRIP fractions for each pair of DF proteins.We reasoned
that if the target mRNAs of a given FLAG-DF protein had
been previously bound by the coexpressed DF-ADAR pro-
tein, then the A2I editing rate of those mRNAs would be
higher in the RIP fraction than in the input fraction. In
contrast, if the DF-ADAR protein did not previously
bind to the target mRNAs, the A2I editing rate in the
RIP fraction would be lower than in the input fraction.
To quantify this, we computed an editing score for each
mRNA that measures the cumulative editing frequency
of all called A2I sites in the transcript and facilitates com-
parisons between samples by accounting for differences in
coverage (see the Materials and Methods). We found that
transcript editing scores, as well as average %A2I values,
were higher in the RIP samples compared with input for
cells coexpressing FLAG- and ADAR-tagged versions of
the same DF protein (Fig. 4E,F). This is consistent with
our TRIBE-STAMP data indicating that mRNAs can be
boundmore than once by the same DF protein (Fig. 2B,C).
Wenext examinedA2I editing in RIP samples from cells

expressing FLAG- and ADAR-tagged versions of different
DF proteins. We found that average %A2I in the RIP frac-
tions of all three DF proteins was higher than the input
fraction in DF1-ADAR-expressing cells (Fig. 4E). In con-
trast, average %A2I in DF2-ADAR- and DF3-ADAR-ex-
pressing cells was only higher than input in the DF2 or
DF3 RIP samples, respectively (Fig. 4E). Together, these
data suggest that the mRNAs bound by DF2 or DF3 are
likely to have been previously bound by DF1. Indeed, we
identified thousands of mRNAs that have significantly
higher editing scores in DF1, DF2, or DF3 RIP samples
compared with input in DF1-ADAR-expressing cells
(Fig. 4F; Supplemental Table S4). Furthermore, we found
that editing scores of mRNAs edited by DF3-ADAR are
enriched in the RIP fraction of DF2 but not DF1 (Fig.
4F). This indicates that many DF2-bound transcripts
have been previously bound by DF3, whereas DF1-bound
transcripts have not. Additionally, we found that few tran-
scripts have enriched editing in the DF1 and DF3 RIP frac-
tions from DF2-ADAR-expressing cells, suggesting that
most mRNAs bound by DF1 or DF3 have not been previ-
ously bound by DF2 (Fig. 4F). This is consistent with our
TRIBE-STAMP data showing the lowest levels of single-
molecule coediting for DF2 targets (Fig. 2B,C) and may re-
flect a greater propensity for DF2-boundmRNAs to be tar-
geted for degradation.
To validate these observations, we repeated the RIP-

TRIBE experiments using antibodies specific to each en-
dogenous DF protein. As before, we confirmed the overlap
of target mRNAs among the three DF proteins (Supple-
mental Fig. S5D) and found a positive correlation between
the number of TRIBE and STAMPediting sites and the rel-
ative enrichment ofmRNA in RIP samples (Supplemental
Fig. S5E). Importantly, endogenous DF RIPs validated our
finding that DF1-ADAR-edited mRNAs were more fre-
quently edited in DF1, DF2, or DF3 RIP samples (Supple-
mental Fig. S5F; Supplemental Table S5). Additionally, we
performed co-IPs detecting both endogenous and ADAR-
tagged DF proteins in each DF-ADAR cell line and found
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no evidence of direct interactions between any of the DF
proteins, which is in agreement with what we observed
in wild-type cells and indicates that the increased editing
in RIP fractions is not due to indirect editing events (Sup-
plemental Fig. S5G,H). Thus, our RIP-TRIBE data from en-
dogenous DF proteins validates what we observed using
FLAG-tagged DFs.
Collectively, our data suggest that coediting of individ-

ual mRNAmolecules reflects sequential binding of differ-
ent DF proteins to the same m6A site as opposed to
binding to distinct m6A sites that occur close to each oth-
er. mRNAs edited by DF1 are those with the highest like-
lihood of being bound by another DF protein, whereas
mRNAs edited by DF2 or DF3 are less likely to be bound
byDF1. These observations suggest amodel inwhichDF1
binds to methylated mRNAs first, followed by DF2 or
DF3. Moreover, the finding that DF2-bound transcripts
are the least likely to be subsequently bound by DF1 or
DF3 suggests that DF2 targets may be more likely to un-
dergo rapid degradation after DF2 binding.

Polysome fractionation coupled with HyperTRIBE
reveals that DF-bound mRNAs are not preferentially
translated

Previous studies in neurons and HeLa cells have shown
that DF1 and DF3 promote mRNA translation (Wang
et al. 2015, 2018; Li et al. 2017; Shi et al. 2017, 2018), al-

though other studies in HeLa cells and mESCs have sug-
gested that DF proteins have no direct impact on
translation (Lasman et al. 2020; Zaccara and Jaffrey
2020).Togain insights into this,we reasoned thatwecould
couple polysome fractionationwith analysis ofA2I editing
scores in cells expressing each DF-ADAR protein to deter-
mine whether mRNAs bound by DF proteins are differen-
tially translated compared with nontarget mRNAs.
We subjected stable cells expressing DF1-ADAR, DF2-

ADAR, or DF3-ADAR to polysome fractionation followed
by RNA-seq (Fig. 5A; Supplemental Fig. S6A–E). We then
compared A2I editing rates of mRNAs in the input and
polysome fractions for each cell line to determinewhether
transcripts bound by individual DF proteins are preferen-
tially localized to polysomes. We found that nearly all tar-
getmRNAs of each of the threeDF proteins can localize to
polysomes (DF1: 99.0%, DF2: 99.2%, and DF3: 96.8%)
(Fig. 5B). However, only ∼60% of the targets of each DF
protein that are present in the polysome fraction are edit-
ed there, andwe found no preferential enrichment of poly-
some-edited targets for any of the DF proteins (DF1:
61.0%, DF2: 62.2%, and DF3: 61.9%) (Fig. 5C). In addi-
tion, the average A2I editing rates of target mRNAs are
slightly lower in polysome fractions compared with the
input fractions for all three DF proteins, indicating that
binding by DF proteins does not cause preferential enrich-
ment of target mRNAs to polysomes (Fig. 5D). Indeed,
only a small number of transcripts has increased or
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decreased editing in polysome fractions relative to input
(Fig. 5E; Supplemental Table S6). Interestingly, although
the majority of endogenous and ADAR-fused DF1, DF2,
and DF3 proteins are localized to the free RNP fraction,
a substantial amount of DF1 and DF2 is associated with
polysomes, whereas DF3 is largely excluded (Fig. 5A; Sup-
plemental Fig. S6A–C). Taken together, these data indi-
cate that the majority of DF1, DF2, and DF3 target
mRNAs are localized at some point in their lifetime to
polysomes, but that binding by DF proteins does not com-
mit these mRNAs to preferential polysome localization.
These findings are consistent with a limited role for DF
proteins in promoting mRNA translation in HEK293T
cells and suggest that no single DF protein preferentially
drives translation of its target mRNAs.

Discussion

We present here an experimental and computational
workflow called TRIBE-STAMP, a method for simultane-
ous detection of the RNA targets of distinct RBPs in cells.
By leveraging the ability of ADAR- and APOBEC1-teth-
ered RBPs to induce distinct mutation signatures in target
RNAs, TRIBE-STAMP offers a simple, robust method for
identifying the target RNAs of two RBPs at once in cells
and for dissecting RNA:protein interactions at the molec-
ular level. This approach therefore overcomes some of the
major limitations of RIP- and CLIP-based methods, which
focus on a single RBP at a time and do not enable analysis
of RBP binding to individual RNA molecules.

To demonstrate the utility of the TRIBE-STAMPmeth-
od, we used it to address an area of recent discrepancy in
the epitranscriptomics field, which pertains to the func-
tion and targets of the YTHDF m6A reader proteins.
Two opposing models have emerged for the function of
these proteins: one in which they can bind unique subsets
of cellular mRNAs and carry out distinct functions, and
another in which they bind to the samemRNAs and func-
tion redundantly to promotemRNAdegradation. One fac-
tor contributing to the discrepancy between these two
models is whether DF proteins bind different mRNAs or
the same mRNAs. To address this question at the sin-
gle-molecule level, we applied TRIBE-STAMP to each
combination of DF protein pairs. This enabled identifica-
tion of the mRNA targets of distinct DF proteins in the
same cells and allowed us to examine for the first time
whether individual mRNA molecules can be targeted by
more than one DF protein.

TRIBE-STAMP revealed that the majority of target
mRNAs of each DF protein are also bound by the coex-
pressed DF protein regardless of the DF protein pair being
examined, a finding that we validated by RIP-seq against
both tagged and endogenous DF proteins. However, we
also identified many mRNA targets that are unique to
DF1 compared with DF2 or DF3, which mirrors what we
found when we reanalyzed DF iCLIP data from
HEK293T cells (Patil et al. 2016), as well as our previous
RIP-seq studies in hippocampal neurons (Flamand and
Meyer 2022). Overall, our data demonstrate that TRIBE-

STAMP can accurately identify the target RNAs of two
RBPs simultaneously in cells and showed that the
mRNA targets of all three DF proteins are largely shared
at the gene level.

Binding of all three DF proteins to the same target
mRNAs has been used to support the functional redun-
dancy model, in which all DF proteins promote the degra-
dation of their target mRNAs (Kontur et al. 2020; Lasman
et al. 2020; Zaccara and Jaffrey 2020). One prediction of
this model is that individual mRNAmolecules are bound
by only one DF protein during their lifetime, since they
are then targeted for degradation. Surprisingly, our sin-
gle-molecule TRIBE-STAMP analysis revealed that indi-
vidual copies of a given mRNA are bound by multiple
DF proteins throughout their lifetime. We also found
that individual mRNA molecules can be bound by the
same DF protein more than once in their lifetime. Al-
though these findings do not rule out a role for each of
the DF proteins in promoting mRNA degradation, they
suggest that DF proteins do not promote degradation ev-
ery time they bind to a target mRNA (Fig. 6). This could
be caused by inefficient recruitment of the degradation
machinery or could reflect transient binding of DF pro-
teins to their target mRNAs, such that rapid dissociation
from target transcripts does not always allow sufficient
time to elicit degradation. Indeed, binding affinities of
the YTH domain to m6A are in the high-nanomolar range
(Wang et al. 2014; Xu et al. 2015; Liu et al. 2018), which is
on the low end of RNA:protein interaction affinities (Yang
et al. 2013; Harini et al. 2022). In this sense, the idea that
all three DF proteins promote degradation is fitting, since
it may be a fail-safe in case one DF protein binds and dis-
sociates before it can promote degradation. Future studies
examining the dwell time of individual DF proteins on
their target mRNAs would likely provide more insight.

The majority of mRNAs in our TRIBE-STAMP data
contain only one m6A site in the vicinity of coedited re-
gions, indicating that the coediting of individual mRNA
molecules that we see for pairs of DF proteins is unlikely
to reflect binding to more than one m6A site. This is also
supported by previous studies that have shown that most
m6A sites are present at low stoichiometry and that clus-
ters of m6A sites occur rarely within the same cell (Liu
et al. 2013; Molinie et al. 2016; Garcia-Campos et al.
2019; Tegowski et al. 2022). Thus, the likelihood that
more than onem6A site is found on the samemRNAmol-
ecule is very low. Instead, we found that coediting likely
reflects sequential binding by distinct DF proteins to the
same m6A sites. Using RIP-TRIBE, we demonstrate that
the target mRNAs immunoprecipitated by DF1, DF2,
and DF3 are enriched for A-to-I editing when the RIPs
are performed in cells expressing DF1-ADAR, suggesting
that these mRNAs were previously bound by DF1. This
suggests amodel in whichDF1 binds to targetmRNAs be-
fore DF2 and DF3. We observed a similar effect for
mRNAs immunoprecipitated by DF2 in DF3-ADAR cells,
indicating that DF2-bound transcripts can be previously
bound by DF3. These results align with previous studies
that used 4SU labeling of nascent RNA coupled with DF
RIP and found that DF1 and DF3 bind to RNAs before
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DF2 (Shi et al. 2017). One possibility is that DF2 more ef-
ficiently promotes mRNA degradation compared with
DF1 and DF3, therefore making it more likely that DF2-
bound transcripts are less available for subsequent bind-
ing by DF1 or DF3 (Fig. 6). This would be consistent
with our finding that the mRNAs actively bound by
DF1 and DF3 (as indicated by RIP) are less likely to have
been previously bound by DF2 (as indicated by DF2-
ADAR-mediatedA-to-I editing). Future studies investigat-
ing the changes in binding following knockdown of DF1
may reveal how binding of DF2 and DF3 is influenced
by DF1. Moreover, combining TRIBE-STAMP with meta-
bolic RNA labeling could further reveal whenDF proteins
bind their target mRNAs throughout their lifetime and
how this correlates with decay.
Our data show thatDF1 bindsmore targetmRNAs than

DF2 or DF3 and suggest that DF1 binds mRNAs before
DF2 and DF3, which led us to hypothesize that DF1
may have functions other than mRNA degradation. DF1
has previously been shown to promotemRNA translation
(Wang et al. 2015; Shi et al. 2018; Zhuang et al. 2019), so
we explored whether DF1-bound transcripts are preferen-
tially localized to polysomes. We were surprised to find
that mRNAs edited by DF1-ADAR show levels of editing
enrichment in polysomes similar to those edited by DF2-
ADAR or DF3-ADAR. Although we do not knowwhether
editing of these polysome-associated mRNAs reflects ac-
tive or previous binding by DF-ADAR proteins, these
data suggest that DF1 is not preferentially promoting
the localization of its target transcripts to polysomes com-
paredwithDF2 orDF3 inHEK293T cells. It is notable that
DF1 has been shown to promote translation in other cell

types and unique cellular contexts, including in neurons
in response to activity and axonal injury (Shi et al. 2018;
Weng et al. 2018; Zhuang et al. 2019), so it may be that
the translation-promoting effects of DF1 are cell type-
and context-specific.
Here, we used TRIBE-STAMP to assess the binding of

YTHDF proteins to cellular mRNAs, but we expect that
this method can be applied to any RBP pair of interest to
identify shared transcripts and single-molecule binding
within the same cells. Additionally, TRIBE-STAMP could
be coupled with long-read sequencing to identify RNA
molecules cobound by RBPs that recognize distinct tran-
script regions separated by large distances, such as the 5′

UTR and 3′ UTR. In theory, TRIBE-STAMP could also
be used in conjunction with PUP-2 or APEX2 labeling to
identify the targets of more than two RBPs at once
(Lapointe et al. 2015; Fazal et al. 2019; Padrón et al.
2019; Xu et al. 2022). Importantly, TRIBE-STAMP may
be limited by intrinsic editing properties of the ADAR
andAPOBEC1 enzymes as well as by overexpression of fu-
sion proteins. It is also possible that the binding of overex-
pressed fusion proteins is influenced by the endogenous
RBP counterparts. In future experiments, ADAR and
APOBEC1 tags could be introduced at endogenous loci
to maintain the native level of expression and prevent
competition for binding to target RNAs. Overall, the
TRIBE-STAMP method provides a versatile approach for
investigating RNA:protein interactions in cells and en-
ables single-molecule binding information for multiple
RBPs at once, therefore overcoming the limitations of
many current protein-centric methods that only examine
single RBPs in isolation.

AAAAA

AAAAAAAAAAAAAAAAA

mRNA decay

AAAA
DF2

AAAA
DF2

AAAA
DF3AAAA

DF1

AAAA
DF3

AAAA
DF2

AAAA
DF3AAAA

DF1

AAAA
DF1

AAAA
DF2

AAAA
DF3AAAA

DF1

Figure 6. Model for the recognition of m6A by DF proteins. Most m6Amethylated mRNAs are shared targets of DF1, DF2, and DF3 pro-
teins, and individualmRNAmolecules can be bound bymore than oneDF protein in their lifetime. DF1 generally binds beforeDF2 orDF3
and does not lead to rapid mRNA decay. In HEK293T cells, the target mRNAs of all three DF proteins are associated with polysomes, but
binding by no single DF protein preferentially enhances translation.
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Materials and methods

Cell lines used

HEK293T cells (ATCC) weremaintained at 37°C and 5%CO2 us-
ing Dulbecco’s modified Eagle’s medium (Corning) supplement-
ed with 10% fetal bovine serum (Avantor), 10 U/mL penicillin,
and 10 μg/mL streptomycin (Gibco).

Generation of stable cell lines

HEK293T cells at ∼50% confluency were transduced with fil-
tered lentiviral-containing supernatant for 24 h. Stable cell lines
were selected by adding 2 µg/mL puromycin in fresh growth me-
dium for 7 d before further analysis. All HEK293T transgenic cell
lines were plated 2 d before the experiment. The following day,
the cells were treated with 1 μg/mL doxycycline (Sigma-Aldrich).

Antibodies

The following antibodies and concentrations were used: rabbit
anti-GAPDH (1:1000 for Western blot; Proteintech 10494-1-AP),
rabbit anti-HA (1:1000 for Western blot; CST C29F4), rabbit
anti-ADARB1 (1:1000 for Wester blot; Aviva Systems
OAAF02345), mouse anti-FLAG M2 (1:2000 for Western blot;
Sigma F1804), rabbit anti-YTHDF1 (1:1000 for Western blot;
Abcam ab252346), rabbit anti-YTHDF2 (1:2000 for Western
blot; Abcam ab246514), rabbit anti-YTHDF3 (1:2000 for Western
blot; Abcam ab220161), rabbit anti-RPL10 (1:1000; GeneTex
GTX55169), rabbit anti-RPS3 (1:1000; CST 2579S), rabbit anti-
PABP (1:2000; CST 4992S), horseradish peroxidase (HRP)-conju-
gated goat antirabbit (1:2500; Abcam ab6721), andHRP-conjugat-
ed goat antimouse (1:10,000; Invitrogen 62-6520).

Western blotting

Protein samples were separated on 4%–12% NuPAGE gels
(Thermo), at 175 V for 60 min and transferred to nitrocellulose
membranes at 100 V for 90 min in transfer buffer (25 mM Tris-
Cl at pH 8.3, 192 mM glycine, 20%methanol). Blocking was car-
ried out for≥30min in 5%nonfat drymilk in 0.1%PBST, and an-
tibodies were incubated overnight in blocking buffer or 5% BSA
at 4°C. Secondary antibodies were incubated on membranes in
blocking buffer for 1 h at room temperature. ECL reagent (Amer-
sham ECL Prime) was mixed 1:1 and added to the membranes,
which were imaged using the Bio-Rad Chemidoc MP imaging
system.

DF protein expression and RNA isolation for TRIBE-STAMP

Expression of APOBEC1-DF-HA-T2A-EGFP in HEK293T stable
cells was induced by 1 µg/mL doxycycline for 24 h. pcDNA3-
HA-DF-hADARcd-E488Q-T2A-mCherry plasmids were trans-
fected into HEK293T stable cell lines of APOBEC1-DF-HA-
T2A-EGFP using Fugene HD. Twenty-four hours after transfec-
tion, >500,000 EGFP-mCherry-double-positive cells were sorted
and collected using a BD FACSAria II. Total RNA was extracted
from the sorted cells with TRIzol LS reagent, followed by DNase
I treatment, phenol:chloroform extraction, and ethanol precipita-
tion. RNA quantity and quality were measured using the Qubit
RNA high-sensitivity assay and the RNA 6000 Pico assay on a
Bioanalyzer 2100. Samples with a RIN ≥7 were used for library
preparation.

RNA-seq library construction and sequencing

RNA-seq libraries for TRIBE-STAMP were prepared from 0.5 µg
of total RNA in triplicates (DF1-ADAR andDF2-ADAR) or dupli-
cates (DF3-ADAR) for each coexpressedDF-APOBEC1protein us-
ing the NEBNext Ultra II directional RNA library preparation kit
for Illumina (NEB E7760L) with NEBNext poly(A) mRNA mag-
netic isolation module (NEB E7490L). cDNA libraries were se-
quenced by the Sequencing and Genomic Technologies Shared
Resource at Duke University on an Illumina NovaSeq6000 using
a S-prime or S1 flow cell with paired-end 250- or 150-bp reads, re-
spectively, yielding 42million to 132million clusters per library.
Libraries for cells expressing ADAR or APOBEC1 alone were se-
quenced on an Illumina NovaSeq6000 using a S-prime flow cell
with a 250-bp paired-end protocol.
RNA-seq libraries for RIP-TRIBE and polysome were prepared

in triplicates from 150 ng of total RNA using the NEBNext Ultra
II directional RNA library preparation kit for Illumina with the
NEBnext rRNA depletion kit (NEB E6310L). cDNA libraries
were sequenced on an Illumina NovaSeq6000 using S-prime or
S1 flow cells with paired-end 150-bp reads, yielding an average
of 32.5 million clusters for FLAG-DF RIP-seq, 23.6 million clus-
ters for endogenous DF RIP-seq, and 45.8 million clusters for
polysome-associated RNA-seq.

RNA immunoprecipitation

RIP-TRIBE experiments were conducted following induction of
DF-ADAR-HA-T2A-EGFP expression in HEK293T stable cells
with 1 µg/mL doxycycline for 24 h. For FLAG-DF RIP experi-
ments, pCMV-3xFLAG-DF plasmids were transfected into
HEK293T stable cell lines using Fugene HD. Twenty-four hours
after induction and transfection, 10 million EGFP-positive cells
were sorted and collected using a BD FACSAria II. Each protein
was immunoprecipitated using 4 µg of anti-FLAG M2 or anti-
YTHDF1, anti-YTHDF2, or anti-YTHDF3 antibodies for FLAG-
DF IP or endogenous DF IP, respectively. Antibodies were pre-
coupled to 50 µL of Dynabeads protein A (Invitrogen 10001D)
in PBS containing 0.02% Tween and incubated for 30 min at
21°C. Ten million flow cytometry-sorted cells were lysed in
RIP buffer (25 mM Tris-Cl at pH 7.4, 150 mM NaCl, 2.5 mM
EDTA, 0.5 mMDTT, 0.5%NP-40, RNase inhibitor, Roche cOm-
plete mini EDTA-free protease inhibitor) by mixing for 15 min at
4°C. Lysate was cleared by centrifugation at 17,000g for 10 min,
and the supernatant was transferred to a new tube and incubated
with antibody-coupled beads for 1 h at 4°C. Following immuno-
precipitation, beads were washed three times for 5 min with
washing buffer (25 mM Tris-Cl at pH 7.4, 150 mM NaCl, 2.5
mM EDTA, 0.5 mM DTT, 0.1% NP-40). One-fifth of the beads
was used for protein elution in 2× NuPAGE buffer with 100
mM DTT, followed by Western blot analysis. The rest of the
beads were resuspended in 1 mL of Trizol (Invitrogen), and
RNA was extracted. Precipitated RNA was washed twice with
75% ethanol and resuspended in water. A fraction of the cell ly-
sate was used for RNA input extraction and treated with
TurboDNase (Invitrogen) for 30 min at 37°C.

Polysome profiling

Linear sucrose gradients were prepared from 10% and 50%
sucrose solutions (10 mM HEPES at pH.7.4, 150 mM KCl, 1
mMMgCl2, 1 mMDTT, 100 µg/mL cycloheximide) using a Gra-
dient Master model 108 (Biocomp) in 25-mm×89-mm open-top
polyclear centrifuge tubes (Seton 7052) following the manufac-
turer’s instructions. For each experiment, four 10-cm dishes of
cells were treated with 100 µg/mL cycloheximide for 10 min at
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37°C and washed once in PBS containing 100 µg/mL cyclohexi-
mide. Cells were removed from the plates using a cell scrapper,
pelleted at 300g for 5 min at 4°C, and resuspended in 500 µL of ly-
sis buffer (10 mM HEPES at pH.7.4, 150 mM KCl, 1 mM MgCl2,
2% NP-40, 1 mM DTT, 100 µg/mL cycloheximide, 40 U/mL
RNaseOUT, cOmplete mini EDTA-free protease inhibitor
[Roche]). After 10 min of lysis on ice, the lysate was cleared by
centrifugation at 17,500g for 10 min at 4°C and carefully overlaid
on the prepared gradients. Gradients were ultracentrifuged at
28,000g for 3 h at 4°C in a SW 28 Ti rotor (Beckman). Fractions
(1.13 mL) were then collected using the Gradient Station model
153, piston gradient fractionator model 152 (Biocomp), and a Gil-
son FC203B fraction collector. Absorbance at 260 nm was mea-
sured using a TRIAX flow cell (Biocomp). For RNA-seq,
fractions mapping to polysomes were pooled and precipitated
with 0.1 vol of 3 M sodium acetate (pH 5.2), 1 µL of Glycoblue
coprecipitant (Thermo), and 2 vol of 100% ethanol for 16 h at
−20°C. RNA was pelleted by centrifugation at 10,000g for 30
min at 4°C,washed twice in 75%ethanol, and resuspended in nu-
clease-freewater. ForWestern blot analysis, proteins were precip-
itatedwith 0.03% sodiumdeoxycholate and 10%TCA for 30min
on ice, pelleted by centrifugation at 17.500g for 10 min, and
washed twice with ice-cold acetone. Protein pellets were resus-
pended in 1× NuPAGE loading buffer with 100 mM DTT in vol-
umes adjusted by the absorbance at OD260 in each fraction. The
RNP, 40S, 60S, and 80S fractions were pooled for analysis.

TRIBE-STAMP analysis

Identification of editing sites To identify editing sites, we used
Bullseye (https://github.com/mflamand/Bullseye), a set of Perl
scripts adapted from the HyperTRIBE pipeline (McMahon et al.
2016) that we developed for analysis of DART-seq (Meyer 2019;
Tegowski et al. 2022). BAM files were parsed to generate coverage
matrices at each position in the genome, excluding duplicate and
multimapped reads. Editing sites for STAMP or HyperTRIBE in
individual samples were then called by comparing C2U or A2I
mutation rates at all positionswithin annotated exons (hg38Gen-
code V36) with samples expressing APOBEC1 or ADAR alone.
Sites edited at rates between 2.5% and 99%, edited to higher lev-
els than control cells (1.5× for C2U and 3× for A2I), with at least
three mutations, and that did not overlap annotated SNP
(dbSNP153) were kept for further analysis. The final list of sites
was identified as those found in multiple replicates (C2U: two
out of nine, DF1-ADAR and DF2-ADAR: four out of nine, and
DF3-ADAR: three out of six) and with an average editing rate of
at least 5% in all samples where sites were called. To identify ed-
iting sites found in methylated regions, we merged a MeRIP-seq
data set in HEK293T cells (GSE29714) to a single-nucleotide-res-
olution miCLIP data set in HEK293 cells (GSE63753) using BED-
tools. We then broadened each peak by 25 nt in each direction to
identify regions of the transcriptome that likely contained m6A
sites. Editing sites overlapping these regions were then obtained
using BEDtools intersect.

Identification of coediting events To quantify coediting events, we
used co_editing.pl from the Bullseye pipeline using the following
options: -minCov 20 -PermutationTest 10000 -removeDup
-removeMultiMapped. Briefly, this pipeline first identified pairs
of editing sites found within 150 nt of each other, allowing pairs
of sites to span over one annotated intron (hg38 Gencode V36).
BAM files were then parsed to identify pairs of sites for which
at least 20 reads covered both positions. For each pair, we calcu-
lated the expected coediting rate as coeditingexp =%A2I×
%C2U, and the expected number of coediting reads as coedited

readsexp = coeditingexp × coverage. To account for differences in
coverage and editing rates at individual sites, we filtered pairs
of sites to only keep those with at least three mutations at each
individual site and for which the expected coediting frequency
multiplied by the coverage was >1, or with at least one coedited
read; i.e., observable coediting events: coeditingexp × reads
mapped to both sites≥1 or observed coedited reads≥ 1.
We considered a pair of sites to exhibit coediting when at least

two reads were edited at both positions in all biological replicates
(three biological replicates for DF1-ADAR- and DF2-ADAR-ex-
pressing cells, and two biological replicates for DF3-ADAR-ex-
pressing cells). To identify statistically significant coediting
events, we measured the distribution of nonedited, individually
edited, and coedited reads using a χ2 test. We then measured
the probability that the observed values were more extreme
than chance by comparing the observed χ2 statistic with those ob-
tained when the read distribution was shuffled 10,000 times
based on the base editing frequency at individual sites.

Quantification of editing in RIP-TRIBE and polysome-associated
mRNAs To measure changes in editing across conditions, we
first generated matrices containing the coverage and number of
mutations at each called site for all samples of a RIP-TRIBE or
polysome profiling RNA-seq data set. To identify sites with stat-
istically significant changes in editing, we fitted the editing fre-
quency at each site in a quasibinomial general linear model in
R (4.1.2) using the glm function: glm(formula =mut/cov∼ condi-
tion, data = df, weights = cov, family =“quasibinomial”). In this
model, we only considered samples in which at least 20 reads
were mapped to each editing site. The statistical significance
was then measured using a Wald’s test on the fitted data and ad-
justed for multiple comparisons using independent hypothesis
weighing (IHW) (Ignatiadis et al. 2016). Tomeasure changes in ed-
iting at the gene level, we summedmutations and coverages of all
called sites within each annotated gene and fitted the aggregate
editing frequency in the quasibinomial generalized linear model.
To compare editing at the RNA level, we established an RNA ed-
iting score, which is defined as

RNA editing score =
∑

GeneN mutations
∑

GeneN coverage

× number called sitesGeneN .

We defined mRNAs with significant changes in editing as
those with at least a 1.25-fold change in editing and an adjusted
P-value of <0.05.

Analysis of publicly available iCLIP data sets Data from DF1, DF2,
and DF3 iCLIP profiling in HEK293T cells (GSE78030) (Patil
et al. 2016)were downloaded and used for the identification of tar-
gets of each DF protein. Raw reads were trimmed with Flexbar
with the following parameters: –zip-output GZ –max-uncalled 2
–min-read-length 15 -a adapter_iCLIP.fasta -q TAIL -qf i1.8 with
the AGATCGGAAGAGCGGTTCAG adapter sequence. UMIs
were extracted from the trimmed reads using UMI_tools
(v1.1.1) (Smith et al. 2017) by running umi_tools extract -I file.-
fastq.gz –bc-pattern=NNNNNNNNN. Processed FastQ files
were then aligned to the hg38 genome using NovoAlign
(v4.03.03) with the following options: -t 85 -l 16 -s 1 -o SAM -r
None -a. Duplicate reads were then removed from the BAM files
with UMI-tools dedup. For each DF iCLIP data set, BAM files
were parsed, and peaks were called using the CTK pipeline
(Shah et al. 2017). Statistically significant peaks (P<0.05) were
used to identify transcripts targeted by each DF protein.
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Statistics and reproducibility Statistical analyses were performed
using R 4.1.2. Quantitative data are represented as the mean±
SD or as box plots where the center line represents the median,
the box limits the 25th and 75th percentiles, and thewhiskers ex-
tend 1.5 times the interquartile range (IQR) or the highest value
above the 25th and 75th percentiles. The number of biological
replicates and the statistical test used for each experiment are in-
dicated in the figure legends and in the Materials and Methods.
No statistical method was used to predetermine sample size.
No data were excluded from the analyses, and the experiments
were not randomized. The investigators were not blinded to allo-
cation during the experiments and outcome assessment.

Data availability

All raw FastQ sequencing files and processed BED files have been
deposited at GEO under the accession number GSE200713.

Code availability

All code for Bullseye is publicly available on Github (https
://github.com/mflamand/Bullseye). Uncropped microscopy im-
ages and the code used to analyze TRIBE-STAMP data sets in
this study are available at Mendeley Data (https://doi.org/10
.17632/zmkknk4626.1).
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