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A short description: Previous studies have shown that aberrantly expressed circRNAs 
contribute to many diseases, including cancers, but precise mechanisms underlying the 
regulation of circRNA biogenesis in cancer cells remain unknown. In a novel step forward, 
Polly Chen and her team established the bidirectional regulatory role of Adenosine 
deaminases acting on RNA (ADARs) on circRNA. They found that ADARs-regulated 
circRNAs are ubiquitous in multiple cancers, and play critical roles in cancer development. 
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A short description: A recent study helmed by Polly Chen has yielded important insights 
into the splicing regulatory roles of a frequently overexpressed cancer-associated protein, 
DAP3, in cancer development. Results revealed that DAP3 coordinates splicing regulatory 
networks to modulate global alterative splicing in cancer via both RNA-protein and protein-
protein interactions. With these findings, the team established that targeting DAP3-driven 
splicing events and blocking the splicing regulatory ability of DAP3 and/or specifically 
targeting DAP3-driven splicing events may hold great promise for cancer treatment. 
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ADARs act as potent regulators of circular
transcriptome in cancer
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Daryl Jin Tai Tay 1, Vanessa Hui En Ng 1, Fernando Bellido Molias 1, Priyankaa Pitcheshwar 1,2,

Ka Wai Leong 1, Ker-Kan Tan 3,4,5, Henry Yang 1 & Leilei Chen 1,2,5✉

Circular RNAs (circRNAs) are produced by head-to-tail back-splicing which is mainly facili-

tated by base-pairing of reverse complementary matches (RCMs) in circRNA flanking

introns. Adenosine deaminases acting on RNA (ADARs) are known to bind double-stranded

RNAs for adenosine to inosine (A-to-I) RNA editing. Here we characterize ADARs as potent

regulators of circular transcriptome by identifying over a thousand of circRNAs regulated by

ADARs in a bidirectional manner through and beyond their editing function. We find that

editing can stabilize or destabilize secondary structures formed between RCMs via correcting

A:C mismatches to I(G)-C pairs or creating I(G).U wobble pairs, respectively. We provide

experimental evidence that editing also favors the binding of RNA-binding proteins such as

PTBP1 to regulate back-splicing. These ADARs-regulated circRNAs which are ubiquitously

expressed in multiple types of cancers, demonstrate high functional relevance to cancer. Our

findings support a hitherto unappreciated bidirectional regulation of circular transcriptome by

ADARs and highlight the complexity of cross-talk in RNA processing and its contributions to

tumorigenesis.

https://doi.org/10.1038/s41467-022-29138-2 OPEN

1 Cancer Science Institute of Singapore, National University of Singapore, Singapore, Singapore. 2 Department of Anatomy, Yong Loo Lin School of Medicine,
National University of Singapore, Singapore, Singapore. 3 Department of Surgery, Yong Loo Lin School of Medicine, National University of Singapore,
Singapore, Singapore. 4 Division of Colorectal Surgery, University Surgical Cluster, National University Health System, Singapore, Singapore. 5 NUS Centre for
Cancer Research, Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore. ✉email: polly_chen@nus.edu.sg

NATURE COMMUNICATIONS |         (2022) 13:1508 | https://doi.org/10.1038/s41467-022-29138-2 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-29138-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-29138-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-29138-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-29138-2&domain=pdf
http://orcid.org/0000-0003-1721-1536
http://orcid.org/0000-0003-1721-1536
http://orcid.org/0000-0003-1721-1536
http://orcid.org/0000-0003-1721-1536
http://orcid.org/0000-0003-1721-1536
http://orcid.org/0000-0002-5762-6253
http://orcid.org/0000-0002-5762-6253
http://orcid.org/0000-0002-5762-6253
http://orcid.org/0000-0002-5762-6253
http://orcid.org/0000-0002-5762-6253
http://orcid.org/0000-0003-1666-2706
http://orcid.org/0000-0003-1666-2706
http://orcid.org/0000-0003-1666-2706
http://orcid.org/0000-0003-1666-2706
http://orcid.org/0000-0003-1666-2706
http://orcid.org/0000-0002-4258-6367
http://orcid.org/0000-0002-4258-6367
http://orcid.org/0000-0002-4258-6367
http://orcid.org/0000-0002-4258-6367
http://orcid.org/0000-0002-4258-6367
http://orcid.org/0000-0003-2260-9784
http://orcid.org/0000-0003-2260-9784
http://orcid.org/0000-0003-2260-9784
http://orcid.org/0000-0003-2260-9784
http://orcid.org/0000-0003-2260-9784
http://orcid.org/0000-0002-4082-9281
http://orcid.org/0000-0002-4082-9281
http://orcid.org/0000-0002-4082-9281
http://orcid.org/0000-0002-4082-9281
http://orcid.org/0000-0002-4082-9281
http://orcid.org/0000-0001-8668-1801
http://orcid.org/0000-0001-8668-1801
http://orcid.org/0000-0001-8668-1801
http://orcid.org/0000-0001-8668-1801
http://orcid.org/0000-0001-8668-1801
http://orcid.org/0000-0001-5003-7141
http://orcid.org/0000-0001-5003-7141
http://orcid.org/0000-0001-5003-7141
http://orcid.org/0000-0001-5003-7141
http://orcid.org/0000-0001-5003-7141
http://orcid.org/0000-0003-4623-4307
http://orcid.org/0000-0003-4623-4307
http://orcid.org/0000-0003-4623-4307
http://orcid.org/0000-0003-4623-4307
http://orcid.org/0000-0003-4623-4307
http://orcid.org/0000-0003-1060-1398
http://orcid.org/0000-0003-1060-1398
http://orcid.org/0000-0003-1060-1398
http://orcid.org/0000-0003-1060-1398
http://orcid.org/0000-0003-1060-1398
http://orcid.org/0000-0002-0410-0450
http://orcid.org/0000-0002-0410-0450
http://orcid.org/0000-0002-0410-0450
http://orcid.org/0000-0002-0410-0450
http://orcid.org/0000-0002-0410-0450
http://orcid.org/0000-0002-1155-8216
http://orcid.org/0000-0002-1155-8216
http://orcid.org/0000-0002-1155-8216
http://orcid.org/0000-0002-1155-8216
http://orcid.org/0000-0002-1155-8216
http://orcid.org/0000-0002-1987-3878
http://orcid.org/0000-0002-1987-3878
http://orcid.org/0000-0002-1987-3878
http://orcid.org/0000-0002-1987-3878
http://orcid.org/0000-0002-1987-3878
mailto:polly_chen@nus.edu.sg
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Unlike canonical linear RNAs, circular RNAs (circRNAs)
are a type of RNA molecules with a covalently closed
continuous loop structure. Since the circular form of RNA

in the cytoplasm fraction of eukaryotic cells was first observed
using electron microscope in 19791, circRNAs have been identi-
fied in different eukaryotes including plants, fungi, mice, and
humans2. However, in the following decades, because of their
naturality of low abundance and non-coding feature, the vast
majority of circRNAs remained neglected. Only with recent
advances in high-throughput sequencing, circRNAs have been
characterized as ubiquitously expressed, biologically conserved
and tissue-specific RNA molecules3. Diverse functions of cir-
cRNAs include competing with linear splicing, sponging micro-
RNA (miRNA), interacting with RNA-binding proteins (RBPs),
and producing small peptides3. Importantly, aberrantly expressed
circRNAs have been found in many diseases such as neurological
diseases, cardiovascular diseases, and cancers4. Since circRNAs
are ubiquitous and functional, it is worth further investigation of
precise mechanisms underlying the regulation of circRNA bio-
genesis in cells.

CircRNAs are generated by “back-splicing”, which is splicing
between a downstream 5′ splice donor and an upstream 3′ splice
acceptor5. This process requires spatial proximity of non-
sequential splice sites, which is usually facilitated by RBPs
which bind to flanking introns5,6 and/or base-pairing formed by
reverse complementary matches (RCMs) in flanking introns such
as inverted repeat Alu elements (IRAlus)7,8. RBPs can also
facilitate or disrupt the intra-intronic base-pairing. DExH-box
helicase 9 (DHX9) negatively regulates circRNA biogenesis by
binding to and unwinding the base-paired IRAlus in flanking
introns9. On the contrary, nuclear factor 90 (NF90) and its
110 kDa isoform NF110 bind to the base-pairs formed by flanking
introns, leading to an increased circRNA production10. However,
the role of other RBPs (particularly dsRNA-binding proteins) in
regulating circRNA biogenesis remains largely unexplored.

Adenosine deaminases acting on RNA (ADARs) protein
family, known to preferentially bind to dsRNAs formed by IRAlu
elements11, holds great potential as a potent circRNA regulator.
Upon dsRNA binding, ADARs may catalyze adenosine to inosine
(A-to-I) editing, the most prevalent type of RNA editing in
eukaryotes12, in their bound dsRNAs. Till now, a few studies have
reported controversial findings about the effect of ADARs on
circRNA biogenesis. It has been suggested that ADARs could
suppress the generation of circRNAs by editing and “melting” the
dsRNA8,13. However, another study claimed that ADARs alone
had no major effect on circRNA biogenesis, although double
knockdown of ADAR1 and DHX9 repressed circRNA biogenesis
to a greater extent than the single knockdown of each gene9.
Besides, there is still a lack of experimental evidence supporting
that ADARs-mediated editing can destabilize (and unwind)
dsRNAs formed by IRAlu elements. The role of ADARs in cir-
cRNA biogenesis warrants a deeper investigation from the facts
that: (1) ADARs preferentially edit A:C mismatches rather than
A-U base pairs14, presumably resulting in a more stable sec-
ondary structure; (2) through editing, ADARs can strengthen or
weaken binding of RBPs by altering RNA sequences of cis-ele-
ments and/or creating or destroying RBP binding motifs15–17;
and (3) independent of their editing function, ADARs can also
block the access of other RBPs (e.g. U2AF65) to the latter’s ori-
ginal binding sites, contributing to changes in splicing15. These
abovementioned facts challenge the common opinion that
ADARs function as repressor of circRNA biogenesis, presumably
dependent on their editing capability.

It is known that the differentially expressed ADARs and its
resultant dysregulation of A-to-I RNA editome are implicated
in multiple cancer types such as esophageal squamous cell

carcinoma (ESCC), hepatocellular carcinoma (HCC), colorectal
cancer (CRC), breast cancer, and gastric cancer18–24. Herein,
we comprehensively define the regulatory role of ADARs in cir-
cRNAs and explore the functional relevance of target circRNAs to
cancer. We uncover over a thousand circRNAs either promoted
or repressed by ADAR1 and/or ADAR2 via editing-dependent or
-independent mechanisms. Next, our mechanistic investigation
deciphers editing-dependent mechanisms of action by which
editing can stabilize or destabilize secondary structures formed
between RCMs within the flanking introns via correcting A:C
mismatches to I(G)-C pairs or creating I(G).U wobble pairs,
respectively. We also find that editing facilitates the recruitment
of RBPs such as PTBP1 to regulate back-splicing. Moreover, we
show that these ADARs-regulated circRNAs (ARcircs) are not
merely by-products of back-splicing, but indeed influence
tumorigenesis. Our findings provide a previously undescribed
bidirectional regulation of circular transcriptome by ADARs and
highlight a complex crosstalk between RNA editing machinery
and circRNA biogenesis and its implications in cancer.

Results
ADARs regulate circRNA biogenesis bidirectionally. To query
the role of ADARs in regulating circRNAs, we modulated the
expression level of ADAR1 or ADAR2 (ADAR1/2) by either
forced expression or silencing in EC109 which is an esophageal
squamous carcinoma cell line that has been frequently used for
ADARs and A-to-I editing research23–25. Untreated or RNase
R-treated RNA samples were subsequently sent for total RNA
sequencing (RNA-Seq) or circRNA sequencing (circRNA-Seq),
respectively (Fig. 1a). We applied an in-house pipeline for circRNA
detection and identified a total of 37,916 circRNAs. To ensure the
reliability of our analysis, we compared the performance for cir-
cRNA identification between our pipeline and two commonly used
benchmark methods CIRI2 and CIRCexplorer226–28 and obtained
a high percentage of overlapping circRNAs between our in-house
pipeline and CIRI2 or CIRCexplorer2 (87% for CIRCexplorer2;
70% for CIRI2) (Supplementary Fig. 1a). With our stringent filter
criteria (see Methods), a total of 650 and 868 circRNAs were
identified as high-confidence ADAR1 or ADAR2-regulated cir-
cRNAs (ARcircs), respectively (Fig. 1b and Supplementary
Data 1). Intriguingly, both ADAR1 and ADAR2 proteins were
found to regulate circRNAs in both directions (Fig. 1b, c). Unlike
ADAR1 which exerts its suppressive or promoting effect on
approximately the same amount of circRNAs (promoting: 48% vs
repressing: 52%), ADAR2 is most likely to be a potent repressor
of circRNAs rather than an enhancer (promoting: 15% vs
repressing: 85%) (Fig. 1b, c). Among approximately a hundred
circRNAs regulated by both ADAR proteins (defined as common
circRNAs), no circRNA was found to be regulated by ADAR1/2
in opposite directions (Fig. 1c). Of note, using the same filter
criteria, 93% (1,313/1,406) of ARcircs identified by our pipeline
were also found by CIRCexplorer2 and demonstrated the same
pattern of changes upon modulation of ADAR1/2 expression
(Supplementary Fig. 1b and Supplementary Data 1). To rule out
the possibility that such effects might arise from the changes in
linear mRNA expression, we analyzed expression changes in all
detected circRNAs and their host gene transcripts upon mod-
ulation of ADAR1/2 expression and observed drastic expression
changes in circRNAs, but not their corresponding linear mRNAs
(Fig. 1d). Our finding is consistent with previous reports that
ADARs has no major effect on global gene expression, even those
undergoing A-to-I editing29–31.

To confirm these findings, we randomly selected 21 candidate
circRNAs for experimental validation (Supplementary Fig. 1c).
Upon RNase R digestion, all linear forms underwent more than
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50-fold reduction in their expression; while circRNAs demon-
strated strong resistance to the digestion, indicating that these
candidate circRNAs are truly circularized RNA molecules
(Supplementary Fig. 1d). Sanger sequencing analyses of purified
circRNA products further confirmed these back-splicing events
(Supplementary Fig. 1e). We then went on to validate the
regulatory effects of ADARs on these candidate ARcircs identified
by circRNA-Seq. Expression change was successfully verified for

20 out of 23 candidate ARcircs (ADAR1-regulated: 9 out of 10;
and ADAR2-regulated:11 out of 13), but not for their host linear
mRNAs (Fig. 1e–g and Supplementary Fig. 1f). Of note, 2 ARcircs
circASS1 and circXPO5, were confirmed to be common targets for
both ADARs (Fig. 1e–g and Supplementary Fig. 1e). Moreover,
these ARcircs were further validated in ADAR1/2-knockdown
cells (Supplementary Fig. 1g, h). These data indicate that ADARs
indeed function as potent bidirectional regulators of circular
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transcriptome, with ADAR2 appearing skewed towards a
repressor. For those circRNAs regulated by both ADARs, they
are most likely to be regulated in the same direction.

ADARs regulate circRNAs through or beyond their editing
function. Base-pairing of reverse complementary matches
(RCMs) residing in circRNA flanking introns facilitates circRNA
production7,8. To further dissect the mechanism underpinning
the regulatory role of ADARs in circRNA biogenesis, we first
identified 41,551 high-confidence A-to-I editing sites from the
total RNA-Seq data and 1,043 ARcircs with ≥1 RCM locating in
their flanking introns from the circRNA-Seq data (Fig. 2a and
Supplementary Data 2). To ensure the specificity of identified
RNA editing sites, we checked the proportion of each possible
type of mismatches and found that A to G accounts for
approximately 90% of all detected mismatches, consistent with
previous studies reporting A-to-I editing as the most common
type of RNA editing in humans32,33 (Supplementary Fig. 2a).
Moreover, we analyzed the sequence preference for neighboring
nucleotides surrounding editing sites (± 2 nt) and found “G” is
preferred to be excluded at 5′ neighbour but included at 3′
neighbour of editing sites, as reported previously34,35 (Supple-
mentary Fig. 2b). We then went on to analyze the distribution of
these editing sites and RCMs across the flanking introns (Fig. 2a).
Not surprisingly, RCMs are obviously enriched in the intronic
region proximal to the back-splicing junctions (−500 nt ~
+500 nt; black dots, Fig. 2b), indicating that intronic matches
between flanking introns are truly involved in back-splicing. A
previous study reported that both RCMs and editing sites from
RADAR (Rigorously Annotated Database of A-to-I RNA
editing)36 are preferentially distributed near the splice sites of
circularized exons8. However, from our analysis, the locations of
editing sites identified in either our own EC109 total RNA-seq
data or the RADAR database are not enriched in the proximal
back-splice junction (BSJ) region (Fig. 2b, red and blue lines). A
recent study also suggested that such an enrichment was not
observed in the flanking introns of circRNAs regulated by ADARs
in the mouse bone marrow or liver tissue samples37.

We next questioned if the editing capability of ADARs is
indispensable for their regulation of circRNAs. To this end, the
ADAR1/2 mutants depleted of either editing activity only (DeAD
mutants)38 or both RNA binding and editing capabilities (EAA
mutants)39,40 were generated. Upon overexpression of each
wildtype or mutant form, the ADAR1/2 EAA mutant was
incapable of regulating all ARcircs (Fig. 2c, d and Supplementary
Fig. 2c, d), suggesting that RNA binding ability is critical for
ADARs to regulate ARcircs; unlike the EAA mutant, the DeAD
mutant was able to modulate the expression of approximately half
of ARcircs such as circXPO5, circASS1, and circRNF213, to a
similar or less extent than the wildtype form (Fig. 2c, d and
Supplementary Fig. 2c, d). These data suggested that ADARs can
regulate circRNAs through their editing-dependent and/or

independent functions. To further interrogate whether such an
editing-dependent/independent regulation of circRNA biogenesis
can be observed in a transcriptome-wide manner, we over-
expressed the ADAR1/2 DeAD mutant or the empty vector (EV)
control in EC109 cells and performed circRNA-Seq to identify
editing-dependent and -independent ARcircs. From this batch of
circRNA-Seq, we could detect 76.3% (1,073/1,406) of ARcircs
identified from our previous circRNA-Seq. Among these 1,073
ARcircs, 767 were identified as editing-dependent ARcircs and
306 as editing-independent ones regulated by ADAR1 and/or
ADAR2 (Methods and Supplementary Data 3). All these findings
strongly indicate that ADARs can bidirectionally regulate
circRNAs via editing-dependent and/or independent mechanisms
in a transcriptome-wide manner.

ADAR1 promotes circCHEK2 biogenesis via its direct binding
and editing of circCHEK2 flanking introns. So far, there is a lack
of experimental evidence about the mechanism underpinning the
regulation of circRNA biogenesis via ADAR-mediated editing.
CircCHEK2, an editing-dependent ARcirc generated by back-
splicing between exon 3 and 9 of its host gene CHEK2 (Fig. 3a),
was chosen as an exemplary target for further study. We first
analyzed the publicly available ADAR1 RNA immunoprecipita-
tion sequencing (fRIP-Seq) dataset41,42 and found that ADAR1
binding peaks enriched in both flanking introns 2 and 9, espe-
cially the identified RCM pair with the highest BLAST score
(Fig. 3a). A high probability of dsRNA formation between the
predicted RCM was supported by secondary structure prediction
using RNAfold43. Further, by performing RNA immunoprecipi-
tation (RIP) assay, we confirmed the association of ADAR1 with
the dsRNA structure formed between the identified RCMs in vivo
(Fig. 3b). We then provided experimental evidence that upon
ADAR1 overexpression, three editing sites (sites #1, #2 and #3)
within RCMs could be detected with editing frequencies ranging
from 19% to 28.6% (Fig. 3c). Moreover, the site #1 is located in a
previously reported ADAR1 binding motif44 (Fig. 3c). All these
findings suggest that ADAR1 indeed binds and edits the dsRNA
structure formed between RCMs located in the flanking introns of
circCHEK2.

To explore whether editing of RCM has an effect on
circCHEK2 expression, we generated a circCHEK2 minigene
containing the partial sequence of CHEK2 gene, including the
entire exons 3-9, part of exon 2, exon 10 and flanking introns 2
and 9 (Fig. 3d). We transfected the circCHKE2 minigene together
with the wildtype ADAR1 or DeAD mutant into cells. Like
endogenous circCHEK2, exogenous circCHEK2 derived from the
minigene was also regulated by ADAR1 dependent on the latter’s
editing function (Fig. 3e). Increased editing was observed at the
same editing sites within the flanking intronic sequence of the
exogenous pre-mRNA (Fig. 3c). It is known that cellular
machineries recognize inosine as guanosine (G), due to their
high structural similarity. To further understand whether all three

Fig. 1 ADAR1 and ADAR2 regulate circRNA biogenesis bidirectionally. a Workflow for identification of ADARs-regulated circRNAs (ARcircs). b Heat
maps indicating the fold change in expression of candidate circRNAs, upon modulation of ADAR1 or ADAR2 expression through lentivirus-based
knockdown (KD) or overexpression (OE). A relative decrease in the KD or OE samples is indicated as blue, while an increase is indicated as red.
c Doughnut chart depicts the percentage of circRNAs regulated specifically by either ADAR1 or ADAR2, or by both ADAR proteins. 10 × 10 dot plot
illustrates the number of common circRNAs which are regulated by ADAR1 and ADAR2 in either same or opposite direction. d Scatterplots displaying the
fold changes in expression levels of all 37,916 detected circRNAs (upper) or their corresponding host genes (lower), upon overexpression of ADAR1/2
versus empty vector control in EC109 cells. A total of 20 randomly selected circRNAs from (b) and their corresponding host genes are indicated as red
dots. Blue dots indicate ADAR1 and ADAR2. e, f Quantitative real-time PCR (qRT-PCR) validation of the indicated circRNAs. g Correlation between fold
change calculated from circRNA-Seq and qRT-PCR validation data. Dash lines show 95% confidence interval. CircRNAs not validated are showed in grey
color. e–g Data are presented as the mean ± S.D. of technical triplicates from a representative experiment of 2 independent experiments (unpaired, two-
tailed Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001). Exact P values and source data are provided in Source Data file.
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editing sites are involved in such regulation, we introduced an A-
to-G mutation into the minigene at each editing site to mimic a
fully edited site. Intriguingly, each single, double, or triple
combination of these mutations led to increased expression of
minigene- circCHEK2 (Fig. 3f). Of note, these three editing sites
demonstrated synergistic effect on promoting circCHEK2 biogen-
esis (Fig. 3f). Collectively, ADAR1-mediated editing of RCMs can
promote circCHEK2 biogenesis.

A-to-I editing may alter circRNA production via stabilizing or
destabilizing dsRNA formed between RCMs. As dsRNA
between circRNA flanking introns is one of the key factors for
circRNA biogenesis, we next asked whether ADAR1-mediated
editing of RCMs alters the secondary structure. Based on the in
silico secondary structure prediction, all three edited adenosines
form A:C mismatches in the dsRNA, and editing at A:C mis-
matches which changes A:C to I(G)-C may enable a more perfect
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secondary structure, which potentially facilitates circRNA pro-
duction (Fig. 4a). It has been known that tightly folded RNAs
travel more rapidly than unfolded RNAs of the same length or
molecular weight45. To test our hypothesis, we generated RNA
probes containing the circCHEK2 RCM sequence with or without
single, double, or triple A to G mutations at the three editing sites
and performed native polyacrylamide gel electrophoresis (PAGE).
As expected, probes with mutations at all three editing
sites (edt123) migrated more rapidly on gel (Fig. 4b), suggesting
that editing may enable RCMs within the flanking intronic
sequence to form a more compact structure to stabilize the
dsRNA.

To obtain more experimental evidence supporting that editing
of RCMs can alter dsRNA structure, we selected 6 additional
editing-dependent ARcircs identified by circRNA-Seq (Supple-
mentary Data 3), including 3 ADAR1/2-promoted circRNAs
(circASH1L, circANKLE2-1 and circRNF114) and 3 ADAR1/2-
repressed circRNAs (circSYNC, circDHX34 and circRHOT1).
From our RNA-Seq data, all 6 ARcircs have editing sites within
their RCMs demonstrating ≥ 10% increase in editing frequency
upon overexpression of the corresponding ADAR protein. Using
the same strategy, we found that the majority of editing sites
within RCMs of circASH1L, circANKLE2-1 and circRNF114 locate
at A:C mismatches where editing was predicted to lead to more
compact dsRNA structures (Fig. 4c); on the contrary, upon
editing, RCMs of circSYNC, circDHX34 and circRHOT1 hypothe-
tically form looser dsRNA structures via changing A-U base pairs
to weaker G.U wobble base pairs or affecting the structures of
neighboring regions (Fig. 4d). Intriguingly, native PAGE analysis
showed that for circASH1L, circANKLE2-1 and circRNF114, the
edited RCM probes with A-to-G mutations at all editing sites
(indicated by arrows, Fig. 4c, d) migrated faster in the gel than the
unedited/wildtype probes (Fig. 4e, left panel); while for circSYNC,
circDHX34 and circRHOT1, the edited probes migrated slightly
slower than the unedited/wildtype probes (Fig. 4e, right panel).
Therefore, there could be a universal editing-dependent mechan-
ism by which ADARs regulate circRNA biogenesis via editing-
medicated change in the secondary structure formed by flanking
introns.

A-to-I editing enhances PTBP1 binding to flanking introns of
circCHEK2 to promote its biogenesis. Other than causing
structural changes, A-to-I editing of intronic sequence has been
proved to be a regulator of splicing by creating or modifying
auxiliary cis-acting elements for splicing factor binding15,17. Since
the canonical machinery of spliceosome also functions in cir-
cRNA biogenesis, we next asked whether editing could facilitate

the binding of splicing regulators and affect back-splicing via
changing cis-acting elements. To this end, we predicted RBPs
which demonstrate binding preference near circCHEK2 editing
sites using RBPmap46. Two RBPs, TDP43 and PTBP1 with a
respective binding motif near the editing site #1 and #2, are of
particular interest (Fig. 5a). RNA pulldown assay was performed
by incubating the whole cell lysates with the wildtype (WT) or
triple mutant (edt123) RNA probe. Intriguingly, PTBP1 was
found to bind more strongly to the edt123 than the WT probe,
while TDP43 did not show any distinct binding preference
between 2 probes (Fig. 5b and Supplementary Fig. 3a). We further
performed PTBP1 RIP assay in EC109 cells with or without
overexpression of ADAR1 and found that binding of PTBP1
to the circCHEK2 RCM region was significantly enhanced upon
overexpression of ADAR1 (Fig. 5c). Intriguingly, the proportion
of edited RCM transcripts (shown by editing frequencies of
all 3 editing sites) was increased in PTBP1 RIP products
when compared to the ‘Input’ samples, particularly in ADAR1-
overexpressing cells (Fig. 5d), further confirming that editing
enhances PTBP1 binding to the circCHEK2 RCM region.

Next, we determined the regulatory effect of PTBP1 and
TDP43 on circCHEK2 biogenesis. In the absence of PTBP1
knockdown, there was an approximately 5-fold higher expression
of circCHEK2 derived from the triple mutant (edt123) minigene
than the WT counterpart; however, upon knockdown of PTBP1,
the difference in the efficiency of circCHEK2 production between
edt123 and WT minigene was significantly attenuated (Fig. 5e
and Supplementary Fig. 3b). However, such changes were not
observed upon silencing of TDP43 (Fig. 5f and Supplementary
Fig. 3c). Endogenously, silencing of PTBP1 also reduced the
promoting effect on circCHEK2 biogenesis caused by ADAR1
overexpression (Fig. 5g and Supplementary Fig. 3d). Previous
study reported that PTBP1 could affect the translation of ADAR1
in glioma cells47, which may serve as an additional regulatory
mechanism of PTBP1 on circCHEK2. However, we did not
observe any obvious reduction in ADAR1 protein level upon
silencing of PTBP1 (Supplementary Fig. 3e). All these data
suggested that besides editing-mediated change in the secondary
structure formed by circCHEK2 flanking introns, editing can also
enhance PTBP1 binding to the flanking introns and promote
circCHEK2 biogenesis.

Editing can alter RBP binding sites in the flanking introns of
circRNAs in a transcriptome-wide manner. Inspired by our
observations, we next sought to investigate whether editing-
mediated changes in binding sites of RBPs may serve as a general
mechanism to regulate circRNA biogenesis. With the same

Fig. 3 ADAR1 binds and edits circCHEK2 RCM to promote circCHEK2 biogenesis. a Genome browser tracks of CHEK2 loci reveal ADAR1 binding peaks
(top) from ADAR1-fRIPseq data and predicted RCM pairs within circCHEK2 flanking introns (bottom). Black arrow: the circular junction site of circCHEK2 in
a 5’-3’ direction. Reads mapped to exonic or intronic regions (GENCODE annotation) are colored in red or blue, respectively. Potential match pairs are
indicated in different colors and the pair with the highest BLAST score is defined as “Identified RCM”. b RIP-qPCR analysis of the association of ADAR1
protein to the circCHEK2 RCM region in EC109 cells transfected with FLAG empty vector (FLAG EV) or FLAG-ADAR1 (FLAG AR1). WB and qPCR analyses
of FLAG-RIP immunoprecipitates are shown in the left and right panels, respectively. c Secondary structure formed by RCMs of circCHEK2, as predicted by
RNAfold (left). Location of a reported ADAR1 binding motif is indicated by blue line. Blue arrows indicate 3 editing sites identified within RCMs of
circCHEK2. Base-pair probabilities are shown by a color spectrum (middle). Pie charts illustrating the editing frequency (indicated by red slice) of each
editing site in the indicated samples (right). Editing frequency of each editing site was measured using TA cloning (see Methods). d Schematic diagram
illustrating the structure of circCHEK2 minigene. A 20-bp sequence of exon 3 was scrambled to distinguish minigene-produced transcripts from
endogenous transcripts. e Fold change in expression of minigene-produced circCHEK2 and linear CHEK2, upon overexpression of WT or DeAD ADAR1,
compared to EV control. f Fold change in expression between circCHEK2 and linear CHEK2 derived from the WT or mutated minigenes carrying A-to-G
mutation(s) at editing sites. Edt1, A-to-G mutation at site #1; edt12, A-to-G mutations at sites #1 and #2, and so forth. b, e, f Data are presented as the
mean ± S.D. of 3 biological replicates. Each dot represents the mean value of technical triplicates from an independent experiment. Data is presented as
mean ± S.D. of 3 biological replicates. Statistical significance is determined by paired, two-tailed Student’s t-test (*, P < 0.05; n.s., not significant). Exact P
values and source data are provided in Source Data file.
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stringent filter (Fig. 2a), we identified 571 editing sites distributed
within flanking introns of 92 editing-dependent ARcircs. We next
retrieved the sequence surrounding editing sites (±10 nt) and
analysed RBP binding motifs before and after editing using
RBPmap46, followed by the calculation of the number of cir-
cRNAs which have altered RBP binding sites on flanking introns
due to editing. We found that among 132 analysed RBPs with

annotated binding sites in RBPmap, 129 RBPs, including PTBP1
and those which have been shown to regulate circRNA biogenesis
such as MBNL15, FUS48, SFPQ49, HNRNPL50, KHSRP50, and
QKI6, were found to have editing-mediated changes in their
binding sites at flanking introns of more than 10 editing-
dependent ARcircs (Fig. 5h and Supplementary Data 4), implying
that altering RBP binding affinity is an important mechanism for
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editing to regulate circRNA biogenesis. Taken together, editing
can not only alter the stability of secondary structure formed
between RCMs, but also affect RBP binding to flanking intronic
sequences, leading to changes in circRNA production.

ADARs-mediated circRNA regulation exists in multiple cancer
types. ADAR1 and ADAR2 are ubiquitously expressed in many
tissue types11. We wondered if ADARs function as potent reg-
ulators of circular transcriptome in multiple cancer types. To
address this, we selected five validated ARcircs and detected their
expression changes upon overexpression of the wildtype or
mutant form of ADAR1/2 in MB231 (breast cancer cell line),
MKN28 (gastric tubular adenocarcinoma cell line), SNU398
(hepatocellular carcinoma cell line), and HCT15 (colorectal
cancer cell line). Intriguingly, we observed the same pattern of
editing-dependent or independent regulation of ARcircs in these
cell lines as EC109 cells (Fig. 6a–d and Supplementary Fig. 4a, b).
We then investigated the expression pattern of circCHEK2 and
the association between expression levels of ADAR1 and cir-
cCHEK2 in 17 matched pairs of primary HCC and non-tumor
(NT) liver samples as well as 20 matched pairs of primary col-
orectal cancer (CRC) and NT colon samples. We found that 41%
(7 out of 17) and 60% (12 out of 20) of HCC and CRC patients
demonstrated a ≥ 2-fold increase in circCHEK2 expression in
tumors compared to their NT samples, respectively (Fig. 6e, f,
upper panels). Next, both HCC and CRC patients were stratified
into two groups: ADAR1-down and ADAR1-up, based on the
decreased or increased expression of ADAR1 in tumors compared
to their matched NT samples, respectively (Fig. 6e, f, lower
panels). We found that in the ADAR1-down or ADAR1-up group
of HCC patients, 3 out of 6 (50%) or 6 out of 11 (54.5%) showed
≥ 2-fold decrease or increase in circCHEK2 expression in tumors,
respectively (Fig. 6e). Likewise, in the ADAR1-down or ADAR1-
up group of CRC patients, 4 out of 6 (67%) or 8 out of 14 (57%)
showed ≥ 2-fold decrease or increase in circCHEK2 expression in
tumors, respectively (Fig. 6f). These findings suggested that
ADARs-mediated circRNA regulation is most likely present in
multiple cancer types.

Impacts of ARcircs on tumorigenesis. To investigate the
potential involvement of ARcircs in tumorigenesis, we utilized
CasRX (also known as RfxCas13d) system51,52 and designed
guide RNAs (gRNAs) against the back-splicing junction sequence
of each ARcirc for a specific and efficient knockdown without
affecting their host genes expression (Fig. 7a). In 2 different types
of cancer cell lines EC109 and SNU398, knockdown of cir-
cCHEK2, circGALK2, and circSLC39A8 significantly reduced the
tumorigenic ability of cells, as manifested by decreased fre-
quencies of focus formation and colony formation in soft agar,
suggesting that these ARcircs have a cancer-promoting role
(Fig. 7b–e). We further provided in vivo evidence that circCHEK2
knockdown in EC109 and SNU398 cells led to a significant

reduction in tumor growth rate than the control counterparts
(Fig. 7f, g). All these data suggested that these ARcircs are of
functional relevance to multiple types of cancers.

Discussion
Although several previous studies reported that RNA editing
enzymes ADARs function as repressors of circRNA biogenesis8,13

or have no major regulatory effect on circRNAs9, our study
demonstrates that ADARs are potent regulators of circular
transcriptome and they can regulate over a thousand of circRNAs
in both directions through and beyond their editing functions.
However, it remains unknown what mechanisms determine the
direction of circRNA regulation by ADARs. One key factor is the
position of the edited adenosine within a dsRNA. Previously
proposed model suggested that ADARs destabilize the secondary
structure through altering A-U base pairs located in the dsRNA
stem, leading to repression of circRNA biogenesis. Here, we
provided experimental evidence that adenosines at A:C mis-
matches, which gain editing preference than those at A-U pairs14,
can stabilize the dsRNA structure formed between flanking
introns, promoting circRNA biogenesis. It has been known that
canonical splicing signals and spliceosomal machinery are
required for back-splicing, and editing at cis-acting elements (e.g.,
branch point site, splicing enhancers/silencers) can result in
changes of splicing pattern15–17. Therefore, the location of editing
sites within the host gene transcript may influence circRNA
expression. In this work, we demonstrate that ADAR1-mediated
A-to-I editing can enhance binding of splicing factor PTBP1 to
the flanking intron of circCHEK2, rendering increased expression
of circCHEK2. Although PTBP1 is well documented as a
pyrimidine-rich sequence binding protein, a previous study also
showed that guanosine containing triplets contribute to PTBP1
binding53. This explains our observation that A-to-I (G) sub-
stitutions within circCHEK2 RCMs could enhance PTBP1 bind-
ing. Moreover, we provided a large-scale prediction of editing-
mediated changes on RBP binding motifs on flanking introns of
ARcircs and found that upon editing, most analyzed RBPs have
altered binding sites in flanking introns of more than 10 editing-
dependent ARcircs, further suggesting that editing may regulate
circRNA biogenesis through affecting RBP binding in a
transcriptome-wide manner. One should note that there may be
other editing-dependent and -independent mechanisms under-
pinning the regulation of circRNAs by ADARs, such as altering
the circRNA turnover and splicing.

RNA editing, alternative splicing, polyadenylation, and back-
splicing are crucial RNA processing steps that expand tran-
scriptome diversity. As each step heavily involves base-pairing
(e.g., dsRNA formation of IRAlu elements), it is not surprising
that these processes undergo extensive crosstalk. These dsRNAs
recruit RBPs, dramatically increasing the complexity of RNA
processing network. One example is DHX9, which regulates RNA
editing as a binding partner of ADARs and also suppresses cir-
cRNA biogenesis via unwinding dsRNAs formed by IRAlu

Fig. 4 A-to-I editing alters the dsRNA structure formed by RCMs within flanking introns of circRNAs. a Predicted secondary structures formed by
circCHEK2 RCM with or without A-to-I(G) editing by RNAfold. Partial RNA structures which contain editing sites and neighboring sequences are shown.
Blue and red arrows indicate unedited/wildtype (WT) adenosines and edited/mutated (edited) sites, respectively. b Migration on native polyacrylamide
gel of RNA probes containing the circCHEK2 RCM sequence with or without A-to-I(G) editing at each editing site. Simplified secondary structure of
each probe is shown. Calculation of the relative migration rate was discussed in Methods. Data are presented as the mean ± S.D. of biological triplicates.
c, d Predicted secondary structures formed by RCMs of ADAR1/2-promoted circRNAs (circASH1L, circANKLE2-1 and circRNF114) c and ADARs-repressed
circRNAs (circRHOT1, circSYNC and circDHX34) d by RNAfold, with or without editing. Partial RNA structures which contain editing sites and neighboring
sequences are shown. Blue and red arrows indicate WT adenosines and edited sites, respectively. e Migration on native polyacrylamide gel of RNA probes
containing the wildtype (WT) and edited (edt) partial RCM sequences of the indicated circRNAs. Representative result of n = 2. a, c, d Base-pair
probabilities are shown by a color spectrum. Source data are provided in Source Data file.
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elements9,54. Interestingly, co-depletion of ADAR1 and DHX9
leads to synergistic effect on circRNA production. This implies
the possibility that DHX9 plays as a regulator of circRNA bio-
genesis by tunning the editing frequency. Besides DHX9, recent
studies on other non-ADAR editing regulators24,55 indicate an

additional layer of editing-dependent regulation of circRNA
biogenesis.

Depending on their binding sites along RNA transcripts,
ADARs can protect mRNA from degradation, regulate precursor
microRNA processing and alter splicing pattern56. Herein, we
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Fig. 5 A-to-I editing enhances PTBP1 binding to intron and promote circCHEK2 biogenesis. a In silico prediction of PTBP1 (red line) and TDP43 (black
line) binding to unedited (WT) or triple mutated (edt123) RCM sequence of circCHEK2 using RBPmap. b WB analysis of RNA pull-down products showing
the binding affinity of PTBP1 and TDP43 to the WT or edt123 RNA probes. c RIP-qPCR analysis of the binding of PTBP1 protein to the circCHEK2 RCM region
in EC109 cells transfected with ADAR1 or empty vector control (EV). WB and qPCR analyses of PTBP1 RIP immunoprecipitates are shown in the left and
right panels, respectively. d Pie charts illustrating the editing frequency (indicated by red slice) of each editing site (#1, #2, #3) in the indicated Input or RIP
samples. Editing frequency of each editing site was measured using TA cloning (see Methods). e, f Left panels: Fold change in expression of circCHEK2
produced by minigenes with or without A-to-G mutations at three editing sties, upon knockdown of PTBP1 c or TDP43 d. Right panels: qPCR analysis
showing the knockdown efficiency of PTBP1 and TDP43. g Left panel: Fold change in expression of endogenous circCHEK2 with or without lentivirus-
mediated overexpression of ADAR1 in EC109 cells, upon knockdown of PTBP1. Middle panel: qPCR analysis showing the knockdown efficiency of PTBP1 in
the indicated cells. Right panel: qPCR analysis illustrating the efficiency of ADAR1 overexpression in the indicated cells. b, c, e, f, g Each dot represents the
mean of technical triplicates. Data are presented as mean ± S.D. of 3 biological replicates (paired, two-tailed Student’s t-test. n.s., not significant; *P < 0.05;
**P < 0.01). h Number of editing-dependent ARcircs of which flanking introns have editing-mediated changes in the binding sites of each RBP. Black dots
indicate RBPs included in this analysis and the number in the bracket denotes the number of circRNAs with altered binding motifs of the corresponding RBP
due to editing in flanking introns. Those which have been previously reported to regulate circRNA biogenesis are highlighted in blue. PTBP1 is highlighted in
red. Exact P values and source data are provided in Source Data file.
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Fig. 6 ADARs-mediated circRNA regulation exists in multiple cancer types. a–d Fold change in expression of 5 validated ARcircs upon overexpression of
WT, EAA, or DeAD form of ADAR1 or ADAR2, compared to the EV control, in MB231 a, MKN28 b, SNU398 c, and HCT15 d. Each dot represents the mean
value of technical triplicates. Data are presented as the mean ± S.D. of 3 biological replicates. Statistical significance was calculated by paired, two-tailed
Student’s t-test; *, P < 0.05; **, P < 0.01; ***, P < 0.001. e, f Fold change in expression levels of circCHEK2 (upper panels) and ADAR1 (lower panels) between
17 primary HCC tumors e and 20 primary CRC tumors f and their matched NT liver and colon samples. Upper panels, cases demonstrating ≥2 fold higher
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data are provided in Source Data file.
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mapped the identified RNA editing sites by RNA-Seq as well as
RCMs of ARcircs to the region near the back-splicing sites. Our
results implied the importance of base-pairing of flanking introns
in circRNA biogenesis, consistent with previous studies7,8.
However, we found that unlike RNA binding, RNA editing is not
always required for ADARs-mediated regulation of circRNAs.
Nevertheless, the precise editing-independent mechanisms
remain further investigations.

Circular RNAs were long considered as by-products of aberrant
splicing without biological functions. Only until recently, plenty of
circRNAs were found to play critical roles in multiple aspects of
cellular and physiological functions, and the dysregulated circRNAs
have been implicated in tumorgenesis3,57. However, how ADARs-
mediated changes in circRNA production contribute to cancer
remain elusive. Herein, we provided extensive evidence supporting
that the editing-dependent and/or independent regulation of cir-
cRNA expression by ADAR proteins is present in multiple types of

cancer cell lines and more importantly, the association between
expression levels of ADARs and circCHEK2 could also be found in
HCC and CRC patient samples. We further showed these ARcircs
are not merely by-products but indeed affect tumorigenesis, which
poses an additional important function of ADARs in cancer. Of note,
in our study, circSLC39A8 exhibits an oncogenic role; however, the
biogenesis of circSLC39A8 could be repressed upon overexpression of
ADAR1 which is largely characterized as an oncogene56. In fact, the
tumor promoting effect of ADAR1 is most likely arising from
functional changes of multiple target genes via ADAR1’s editing-
dependent and independent functions. The effect of ADAR1 or
ADAR2 on tumorigenesis may differ depending on their target genes
and/or cell or tissue types. For example, ADAR1-mediated protein-
recoding editing of antizyme inhibitor 1 (AZIN1) promotes
hepatocarcinogenesis21; however, ADAR1-mediated editing can also
suppress tumorigenesis by recoding Gamma-aminobutyric acid
receptor subunit alpha-3 (GABRA3) in breast cancer58. Likewise,
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each ARcirc may have its distinct cancer-related functions and thus,
one should note that contribution of ADARs-regulated circRNA
biogenesis to cancer is unlikely to be attributed to one single ARcirc.

In sum, by identifying more than a thousand circRNAs regu-
lated by ADARs, we uncover that ADARs could regulate cir-
cRNAs in both direction via editing-dependent and editing-
independent mechanisms. We provide experimental evidence
that ADAR1/2 can edit RCM of ARcirc, altering the secondary
structure formed between RCMs within the flanking introns and
enhanced binding of RBP to the site of action. Moreover, ADARs-
mediated circRNA regulation is most likely to be present in the
same manner across different types of cancer cells, including
breast, esophagus, liver, stomach and colon. We show that these
ARcircs were not merely by-products of back-splicing, but
functional molecules influencing tumorigenesis. These findings
improve our understanding of the interaction between ADARs
and circRNA biogenesis and its biological importance, particu-
larly in the context of cancer.

Methods
Ethical statement. Our research complies with all relevant ethical regulations. All
animal experiments were approved by the Institutional Animal Care and Use
Committees of National University of Singapore (NUS; Singapore) with the pro-
tocol numbers R16-1644 and R20-1586. All human tissue samples used in this
study were approved by the committees for ethics review at Sun Yat-Sen Uni-
versity, the National University of Singapore, and the National University Hospital,
Singapore. Written informed consent for all patients were provided for the use of
their clinical specimens for medical research.

Cell lines. EC109 cells were kindly provided by Professor TSAO, George Sai Wah
(Director, Faculty Core Facility, Li Ka Shing Faculty of Medicine); SNU-398,
HCT15 and MB231 cells were purchased from the American Type Culture Col-
lection (ATCC); MKN28 cells were obtained from Japanese Collection of Research
Bioresources Cell Bank. MB231 cells were maintained in Dulbecco’s Modified Eagle
Medium (Biowest) while the rest cell lines were maintained in Roswell Park
Memorial Institute (RPMI) medium (Biowest), all supplemented with 10% fetal
bovine serum (FBS; Thermo Scientific) and incubated at 37 °C with 5% CO2.

Identification of circRNAs by circRNA sequencing. The expression level of
ADAR1 or ADAR2 was modulated (forced overexpression or silencing) using a
lenti-viral system in EC109 cells. RNA extraction was performed using RNeasy
Mini kit (Qiagen) and subjected to rRNA depletion and RNase R treatment to
digest all the linear RNAs. Samples were purified with Beckman RNAClean beads,
the retrieved RNA was fragmented using divalent cations at an elevated tem-
perature. Libraries were prepared using the TruSeq library preparation protocol
(Illumina) using a modified protocol. Fragments were purified with Beckman
AMPure beads and resolved in EB buffer for end repair and adding A at the 3’ end.
Y-adaptor was added afterwards. The product was then amplified to construct the
cDNA library and sequenced on an Illumina HiSeq4000 or NovaSeq6000
instrument.

High-confidence circRNAs were identified by using an established in-house
bioinformatics pipeline59. First, raw reads were mapped to the reference
human genome (hg19) by STAR (v2.5.2a)60 with the chimeric junction
reads option on (--chimSegmentMin 20). The gtf file from the GENCODE61

(gencode.v27lift37.annotation.gtf) was used for the gene and junction annotations.
The expression of the circRNAs were quantified as read counts that map to the
junctions, resulting in a total of 37,916 circRNAs having >= 1 read in at least 1 out
of the 3 samples. To identify differentially expressed circRNAs in ADAR1/2
overexpressed and silenced samples compared to the control, the below criteria
were applied:

1. Total reads in both (EV+ADAR OE) and (Scr + ADAR KD) >= 10,
2. Fold change in circRNA expression (ADAR versus EV) <= 0.5 (suppressing)

or >= 2 (promoting), and
3. Fold change in circRNA expression (shADAR versus shScr) <= 0.5

(promoting) or >= 2 (suppressing).
As a result, we identified 1,406 circRNAs which are potentially regulated by

ADARs (Supplementary Data 1).
To conduct a reliable comparison of the performance for circular RNA

identification between our in-house pipeline and the other two commonly used
benchmark methods- CIRI2 (v2.0.6) and CIRCexplorer2 (v2.3.0)26–28, we
considered annotated circRNAs wherever possible and required the junction
positions to be identical (chr-start-end).

To identify editing-dependent ARcircs using circRNA-Seq datasets of the
DeAD mutant or EV control-overexpressing EC109 cells (DeAD or EV), the
following criteria were applied:

(1) Total reads in (EV+DeAD) ≥ 10;
(2) The resultant list of circRNAs was overlapped with ARcircs presented in

Fig. 1b and Supplementary Data 1;
(3) We obtained a total of 1,073 ARcircs fulfilling (1) and (2). We next defined

“editing-dependent ARcircs” using the following filter criteria: there is no or minor
change (0.8 < fold change < 1.25) in expression between the EV and DeAD-
overexpressing cells or the pattern of change in expression upon overexpression of
DeAD mutants is opposite to that of the corresponding wildtype ADAR1/2 when
compared to the EV control. The remaining ARcircs which are 1) regulated by the
wildtype or DeAD form of ADAR1 or/and ADAR2 in the same direction and 2)
demonstrate ≥1.25-fold change in expression upon overexpression of DeAD
mutant versus EV control are defined as “editing-independent ARcircs”
(Supplementary Data 3).

Identification of high-confidence A-to-I editing events from the total RNA
sequencing data. A bioinformatics pipeline adapted from a previously published
method62 was used to identify RNA editing events from total RNA-Seq data by
using CSI NGS Portal (https://csibioinfo.nus.edu.sg/csingsportal)59. For each
sample, raw reads were mapped to the reference human genome (hg19) with a
splicing junction database generated from transcript annotations derived from
UCSC, RefSeq, Ensembl and GENCODE61 by using Burrows–Wheeler Aligner
with default parameters (bwa mem, v0.7.17-r1188)63. To retain high quality data,
PCR duplicates were removed (samtools markdup -r, v1.9)64 and the reads with
mapping quality score < 20 were discarded. Junction-mapped reads were then
converted back to the genomic-based coordinates. An in-house perl script was
utilized to call the variants from samtools pileup data and the sites with at least two
supporting reads were retained. The candidate events were filtered by removing the
single nucleotide polymorphisms (SNPs) reported in different cohorts (1000
Genomes Project65, NHLBI GO Exome Sequencing Project, and dbSNP v13866)
and excluding the sites within the first six bases of the reads caused by imperfect
priming of random hexamer during cDNA synthesis. For the sites not located in
Alu elements, the candidates within the four bases of a splice junction on the
intronic side, and those residing in the homopolymeric regions and in the simple
repeats were all removed. Candidate variants located in the reads that map to the
non-unique regions of the genome by using BLAST-like alignment tool67 were also
excluded. At last, only A-to-G editing sites based on the strand information from
the strand-specific RNA-Seq data were considered for all the downstream analyses.
The genomic regions of the editing variants and the associated genes were anno-
tated by using ANNOVAR (v2018)68 with the refGene table. As reported by us
previously15, ADARs-mediated global editing changes has been confirmed by
analysing the same RNA-Seq dateaset of ADARs OE or KD cells.

To identify high-confidence editing events, the editing sites were required to be
supported by ≥10 reads in ≥1 sample, and ADAR1/2-overexpressing samples to
result in more than 10% change in the editing level compared to the control. This
resulted in 41,151 high-confidence editing sites from the RNA-Seq of our EC109
cell lines used in further analyses. To analyze the sequence preference for the
neighbour nucleotide surrounding editing sites, the sequence context of these
editing sites was extracted using “bedtools getfasta”, i.e. editing site plus 2
neighbour nucleotides on either side in a strand-specific manner. Then the
nucleotide frequencies were converted to a position probability matrix and the
sequence logo was plotted by using the “seqLogo” package (v1.56.0).

In silico prediction of RCMs within flanking intronic sequences. To identify
RCMs, we adopted a previously published method8. We used circRNAs exhibiting
>2 or <0.5-fold change upon ADAR1 or ADAR2 overexpression with total reads in
EV and ADAR1/2 more than 50 in circRNA-seq for RCM identification, which
results in 1,118 circRNAs in total (Supplementary Data 2). First, a BLAST69

alignment was performed for each intron pair flanking circRNA junctions to
identify all the potential candidates. The RCM with the top BLAST score for each
circRNA was retained yielding 1,043 circRNAs with at least 1 RCM. The circRNAs
with short flanking introns (< 1500 bp) were further removed leaving 886 cir-
cRNAs as the final list. The intronic region spanning 1500 bp upstream and
1500 bp downstream of the circRNA back-splicing junctions was considered to plot
the distribution of RCM coverage, which is defined as the sum of the number of
top-scoring RCMs at each base across all 886 circRNAs.

To investigate if there is an enrichment of RNA editing events within RCMs as
previously reported8, 41,151 high-confidence RNA editing sites identified from the
RNA-Seq data were overlapped with the flanking introns of 886 circRNAs
identified from the circRNA-Seq. The density plots showing the distribution of
editing sites were generated within the same region as the plot illustrating the
distribution of the RCM coverage mentioned above, but we used the density
distribution rather than coverage since each editing site indicates a single
nucleotide variation whereas RCMs are regions of variable length. In addition, we
have also analyzed the distribution of 2,576,459 A-to-I RNA editing sites
downloaded from RADAR database36 within the same regions.

Plasmid constructions. Minigene fragments were amplified from human placenta
genomic DNA (Sigma) (for intronic sequences) or EC109 cDNA (for exonic
sequences) using PrimeSTAR Max DNA polymerase (Clontech) with overlapped
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primers and ligated into one piece of DNA, followed by ligation into pcDNA3.1+
vector. KAPA HiFi polymerase (KAPA Biosystems) was used to introduce point
mutations into minigene using primers with corresponding mutation(s).

Overexpression plasmids were obtained by cloning coding sequences of protein,
which were amplified by PrimeSTAR Max DNA polymerase (Clontech), into
pLenti6 vector. ADARs-targeting short hairpin RNAs (shRNAs) were designed
using RNAi Platform (Broad Institute) and were cloned into pLKO.1_puro plasmid
using AgeI and EcoRI restriction sites.

CasRX system (pXR001: EF1a-CasRx-2A-EGFP and pXR003: CasRx gRNA
cloning backbone) was a gift from Patrick Hsu (pXR001: Addgene plasmid
#109049, http://n2t.net/addgene:109049, RRID:Addgene_109049; pXR003:
Addgene plasmid #109053, http://n2t.net/addgene:109053, RRID:Addgene_
109053)51,52. Guide RNA (gRNA) sequences were designed using sequence of
circRNAs around BSJ with a length of 21 bp and cloned into pXR003 plasmid using
BbsI restriction sites.

Plasmids transfection. A total of 2 µg plasmids (protein overexpression construct,
shRNA plasmids or minigene plasmids) or a mixture of 1ug pXR001 and 1ug
pXR003 plasmids were transfected into cells a well of 12-well plate using Lipo-
fectamine 2000 (Invitrogen) with a ratio of 1:2 (DNA:reagent).

RNA extraction and RT-qPCR. RNA was extracted using RNeasy mini kit
(Qiagen) with on column treatment of DNaseI. cDNA was synthesized using
Advantage RT-for-PCR kit (Clontech) with random hexamer primers and subse-
quently qPCR was performed with GoTaq DNA polymerase (Promega). Fold
change was calculated by 2^-ΔΔCtsample. ΔCt= Cttarget – Ctactin; ΔΔCt= ΔCtsample-
averageΔCtcontrol. Primers used in RT-qPCR are listed in Supplementary Data 5.

Western blot. Cells were lysed with RIPA buffer (Sigma) supplemented with 1x
cOmplete EDTA-free protease inhibitor cocktail (Roche) and concentrations of
total protein were quantified using Bradford assay (Biorad). 10% SDS-PAGE were
used to separate proteins, followed by transferred onto polyvinylidene difluoride
membranes (Millipore) and incubated with primary antibodies (1:1,000 dilution)
overnight at 4 °C and secondary antibodies (1:10,000 dilution) at room temperature
for 1 h. Enhanced chemiluminescence (GE Healthcare) was used to visualize the
blots. Primary antibodies used in this study are as listed: anti-PTBP1 (Abcam,
ab133734), anti-TDP43 (Proteintech, 10782-2-AP), anti-ADAR1 (Abcam,
ab88574), anti-FLAG-HRP (Sigma, A8592), anti-β actin HRP (Santa Cruz Bio-
technology, sc-47778HRP), anti-mouse IgG HRP-linked (Cell Signaling Technol-
ogy Cat# 7076, RRID:AB_330924), anti-rabbit IgG HRP-linked (Cell Signaling
Technology Cat#7074, RRID:AB_2099233). ImageJ (1.51J8) was used to measure
band density of blots.

RNA immunoprecipitation (RIP). A 10-cm dish of EC109 cells was transfected
with 10 µg of FLAG, FLAG-ADAR1, plenti6, or plenti6-ADAR1 plasmid indivi-
dually. After 48 h culturing, cells were collected and lysed in buffer containing
50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100 supple-
mented with cOmplete protease inhibitor (Roche) and SUPERase·In RNase Inhi-
bitor (Invitrogen). For FLAG-RIP, lysates were then incubated with anti-FLAG M2
magnetic beads (Sigma) overnight at 4 °C with rotation followed by six times of
washing with 1× TBS buffer (0.5 M Tris, 1.5 M NaCl). For PTBP1 RIP, the lysates
were pre-cleared using 50 μL protein A-agarose suspension (Roche) at 4 °C for
overnight. A total of 2 μL anti-PTBP1 antibody was then added into the lysate and
incubate at 4 °C for 1 h, followed by overnight incubation at 4 °C with the addition
of 50 μL protein A-agarose suspension. The beads were then washed with washing
buffer [150 mM NaCl, 0.04 U/μL SUPERase·In RNase Inhibitor (Invitrogen)] for 6
times with each time for 10 min at 4 °C. 10% of beads was used for protein elution
while the rest was subjected to RNA extraction using RNeasy miniprep kit (Qia-
gen). Extracted RNA was reverse-transcribed using Advantage RT-for PCR kit
(Clontech) with random hexamer and subsequently qPCR was performed. Input
indicates 1% of the total cell lysate. %input = 2-ΔCt ×100%; ΔCt= CtRIP – [Ctinput -
dilution factor]. Sequences of primers are listed in Supplementary Data 5.

Analysis of editing frequency by TA cloning. The region containing editing
site(s) was amplified using PCR method, followed by purification using PCR
product purification kit (Qiagen). Purified PCR products were then ligated into
pGEM-T easy vector (Promega) using T4 quick ligase (Promega). A total of 20–28
individual plasmids were sent for Sanger sequencing. The number of unedited ‘A’
or edited ‘G’ clones was counted, followed by the calculation of the percentage of
edited clones by ‘G/(A+G)’. The percentage of edited clones (a readout of ‘editing
frequency’) was determined and shown by pie chart (represented by red slice).

In vitro transcription. PCR was used to generate DNA template for in vitro
transcription with a primer pair containing T7 promoter sequences (5′-
CGAAATTAATACGACTCACTATAGG at forward) and sequence of interest.
DNA template was subjected to in vitro transcription with RiboMAX™ Large Scale
RNA Production Systems (Promega) according to the manufacturer’s protocol.
Synthesized RNA probes were then purified by RNeasy mini kit (Qiagen).

Native PAGE analysis. Each RNA probe (50 pmol) was first dephosphorylated
using rSAP (New England Biolabs), followed by 32P labelling with γ-32P-ATP
(Perkin Elmer) and T4 PNK (New England Biolabs). Labelled probes were then
purified by G25 column (GE healthcare). 0.5 pmol labelled RNA probe were
incubated at 95°C for 5 min and then gradually cool down to help form secondary
structure. Probes were then loaded on 4% or 8% native polyacrylamide gel, fol-
lowed by gel drying and gel exposure to BioMax® MS film (Carestream Kodak).
Sequences of probes are listed in Supplementary Data 5. For circCHEK2, position of
probe with lowest migration rate was labelled as 0, while position of probe with the
highest migration rate was labelled as 1. The related migration rate of each probe
was measured by: (Distance between the probe with 0)/(Distance between 1 and 0).

Whole cell extraction. Whole cell extraction was performed with the kit (Active
motif) according to the manufacturer’s protocol.

RNA pull-down assay. RNA probe was generated as discussed above but only with
an addition of 3′-aptamer at reverse primer. For each reaction, 50 µl Dynabeads
MyOne C1 (Invitrogen) was used to incubate with 25 µg RNA probe in 300 µl
binding buffer (100 mM NaCl, 10 mM MgCl2, 50 mM Hepes, 0.5% Igegal CA-630,
and pH 7.4) for 30 min at 4 °C with rotation for probe binding to the beads. Beads
were then washed washing buffer (250 mM NaCl, 10 mM MgCl2, 50 mM Hepes,
0.5% Igegal CA-630, and pH 7.4,) for 10 min at 4 °C for three times. 1 mg whole
cell extract was supplemented with 4ul 10 mg/ml yeast tRNA (Invitrogen) and
SUPERase In (Invitrogen). The mixture was added to the beads and topped up to
300 µl with washing buffer, followed by incubation for 30 min at 4 °C with rotation.
After washing three times, beads were subjected to 2× Laemmli buffer (Sigma) at
95 °C to elute proteins followed by western blot (WB). Sequences of probes are
listed in Supplementary Data 5.

RBPmap analysis. The ±10nt sequences surrounding editing sites were retrieved.
The sequence with A or G at each editing site was used as input for RBP motif
analysis using RBPmap46. Briefly, for each sequence, if the RBP binding affinity
(Z-score) is changed because of an A-to-G mutation, the RBP binding motif is
affected by the editing site. The number of circRNAs which have altered RBP
binding sites on flanking introns due to editing was calculated using our in-house
script.

Foci formation assay. A total of 1,000 cells were seeded in each well of 6-well
plates after transfection and incubated at 37 °C for 7-9 days. Plates were stained
with crystal violet solution (0.1% crystal violet, 20% methanol in PBS) to visualize
colonies. Colonies were calculated using OpenCFU70. Triplicate independent
experiments were conducted with technical triplicates.

Soft agar assay. A total of 2,000 cells (EC109) or 5,000 cells (SNU398) were
seeded into 0.4% low-melting agarose (Lonza Rockland) in each well of 6-well
plates with 0.6% low-melting agarose at the bottom. Plates were incubated at 37 °C
for 2 weeks and stained with crystal violet solution (0.05% crystal violet, 20%
methanol in PBS) for visualization. Colonies were calculated using OpenCFU70.
Triplicate independent experiments were conducted with technical triplicates.

In vivo tumorigenicity assay. Four-six-weeks-old male and female NOD scid
gamma (NSG) mice (The Jackson Laboratory, RRID:IMSR_JAX:005557) were
maintained in pathogen–free (SPF) facility in NUS Comparative Medicine
Department. Less than 5 mice with same sex were housed in a cage at 20–25 °C and
50% humidity with a 12 h light/dark cycle. A total of 6 female mice (EC109) or 4
female + 1 male mice (SNU398) were used to subcutaneously inject with one
million (EC109) or two million (SNU398) cells into the right and left flanks. Tumor
growth was monitored by measuring the length and width at indicated day points.
Tumor volume was determined by the formula: 0.5 × length × width2. All animal
experiments were approved by and performed in accordance with the Institutional
Animal Care and Use Committees of National University of Singapore (NUS;
Singapore).

Human tissues. A total of 17 matched pairs of primary HCC and adjacent non-
tumor (NT) tissues were obtained from the Sun Yat-Sen University Cancer Centre
(Guangzhou, China), between 2002 and 2007. A total of 20 matched pairs of
primary CRC and adjacent NT colon tissues were obtained from the National
University Hospital, Singapore.

Quantification and statistical analysis. All quantitative data represent the
mean ± SD. Statistical significance was accessed with paired or unpaired two-tailed
Student’s t-tests using Prism 8 (GraphPad software). For all figures: n.s., not sig-
nificant; ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29138-2

14 NATURE COMMUNICATIONS |         (2022) 13:1508 | https://doi.org/10.1038/s41467-022-29138-2 | www.nature.com/naturecommunications

http://n2t.net/addgene:109049
http://n2t.net/addgene:109053
www.nature.com/naturecommunications


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

Data availability
The circRNA-Seq data generated in this study have been deposited in the Gene
Expression Omnibus (GEO) under accession code GSE164681. The EC109 RNA-Seq
data have been published previously and is also available at GEO under accession
GSE13165815. Human genome reference hg19 was obtained from GENCODE. A-to-I
editing sites from RADAR database were obtained from http://RNAedit.com.
Information on SNPs was obtained from 1000 Genomes Project (https://
www.internationalgenome.org/), NHLBI GO Exome Sequencing Project, and dbSNP
v138. The data supporting the findings of this study are available from the corresponding
authors upon reasonable request. Source data for the figures and supplementary figures
are provided as a Source Data file. Source data are provided with this paper.

Code availability
The codes used in the data analysis are available in Supplementary Software.
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ARTICLE

Multilayered control of splicing regulatory
networks by DAP3 leads to widespread alternative
splicing changes in cancer
Jian Han 1✉, Omer An 1, Xi Ren1, Yangyang Song 1, Sze Jing Tang 1, Haoqing Shen 1, Xinyu Ke1,

Vanessa Hui En Ng 1, Daryl Jin Tai Tay 1, Hui Qing Tan 2, Dennis Kappei 1,3,4, Henry Yang 1 &

Leilei Chen 1,4,5✉

The dynamic regulation of alternative splicing requires coordinated participation of multiple

RNA binding proteins (RBPs). Aberrant splicing caused by dysregulation of splicing regulatory

RBPs is implicated in numerous cancers. Here, we reveal a frequently overexpressed cancer-

associated protein, DAP3, as a splicing regulatory RBP in cancer. Mechanistically, DAP3

coordinates splicing regulatory networks, not only via mediating the formation of ribonu-

cleoprotein complexes to induce substrate-specific splicing changes, but also via modulating

splicing of numerous splicing factors to cause indirect effect on splicing. A pan-cancer

analysis of alternative splicing across 33 TCGA cancer types identified DAP3-modulated mis-

splicing events in multiple cancers, and some of which predict poor prognosis. Functional

investigation of non-productive splicing of WSB1 provides evidence for establishing a causal

relationship between DAP3-modulated mis-splicing and tumorigenesis. Together, our work

provides critical mechanistic insights into the splicing regulatory roles of DAP3 in cancer

development.
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RNA-binding proteins (RBPs) participate in every aspect of
RNA processing and regulation, from RNA transcription,
splicing, cleavage, and polyadenylation to RNA modifica-

tions, degradation, transportation, and translation. Each of these
processes involves multiple RBPs which form regulatory networks
to execute the dynamic control of the transcriptome and pro-
teome complexity. The spatiotemporal regulation of RNA pro-
cessing by RBPs is vital for normal development and physiology,
so that any disruption in RNA processing may lead to human
diseases1. Aberrant RNA splicing is frequently observed in almost
all types of cancers and each cancer hallmark may be affected by
aberrant splicing2. Alternative splicing in cancer cells can switch a
gene from a tumor-suppressive or non-oncogenic isoform to an
oncogenic isoform. For instance, mutually exclusive alternative
splicing of the PKM pre-mRNA generates either an exon 9
inclusion isoform PKM1, or an exon 10 inclusion isoform PKM2.
Through upregulation of heterogeneous nuclear ribonucleopro-
teins (hnRNPs) that repress PKM exon 9 inclusion, cancer cells
express high level of the PKM2 isoform to maintain aerobic
glycolysis3. Alternative splicing is also a prevalent mechanism to
regulate gene expression by altering the stability and degradation
of mRNA transcripts. Inclusion of “poison exons” that contain
premature termination codons can trigger nonsense-mediated
decay (NMD), a translation-dependent RNA surveillance process
that degrades mRNAs4. For example, mutation of SRSF2 alters its
RNA-binding recognition and thereby promotes mis-splicing and
NMD of EZH2, results in impaired hematopoietic differentiation
in myelodysplastic syndromes (MDS) development5.

Next-generation sequencing reveals that aberrant splicing often
occurs at a genome-wide scale in cancer cells, with numerous genes
alternatively spliced to drive cancer initiation and progression.
Although cis-acting mutations can lead to deficient pre-mRNA
splicing by inactivating a splice site within the pre-mRNA, most
cancer-driven or associated splicing events are resulted from altered
expression and/or function of splicing factors and regulators due to
trans-acting mutations or other genomic and epigenomic mechan-
isms. For example, genomic amplification of a proto-oncogene and
splicing factor SRSF1 is observed in many cancer types, which leads
to a malignant transformation of rodent fibroblasts to sarcomas by
inducing an oncogenic isoform of RPS6KB16. In addition to iden-
tifying changes in splicing regulatory cis-elements in RNA, it is
therefore critical to delineate the precise mechanisms underpinning
misregulation of trans-acting splicing regulators that bind to RNA
and their functional relevance to cancer.

RBPs can form complex and interlaced RNA processing reg-
ulatory networks via direct binding to RNA or protein–protein
interactions with other RBPs. Different RBPs may share a high
degree of sequence recognition similarity and therefore work in a
cooperative or competitive mode7,8. Many RBPs, and particularly
splicing factors, auto- or cross-regulate expression of themselves
or other RBPs through alternative splicing coupled with NMD
(AS-NMD) respectively, increasing the complexity of splicing
regulatory networks9,10. In this study, we identify death-
associated protein 3 (DAP3) as an RNA splicing regulator and
uncovered its multilayered control of cancer transcriptome.
DAP3 binds extensively to endogenous RNAs in vivo and
demonstrates an RNA-binding preference for coding sequences
(CDS) with a significant enrichment in splicing-associated motifs
such as the 5’ splice site consensus sequence and SR-protein
hexamer motif. DAP3 can not only facilitate the association of
splicing factor proline and glutamine rich (SFPQ) and Non-POU
domain containing octamer binding (NONO) with target RNAs
for splicing modulation, but also modulate the expression of
numerous splicing factors via AS-NMD, leading to global changes
in splicing. Notably, such widespread splicing changes modulated
by DAP3 can be observed in multiple cancer types and are of

clinical relevance and prognostic values. By further investigations
of functional importance of DAP3-driven splicing events in
cancer using in vitro and in vivo models, our study provides
critical mechanistic insights into the role of DAP3 in cancer
development as a critical regulator of RNA splicing.

Results
RNA-binding landscape of DAP3 indicates its potential role in
RNA splicing. It has previously been shown that DAP3 interacts
with RNA editing enzymes adenosine deaminases acting on RNA
(ADARs) and functions as a potent repressor of adenosine-to-
inosine (A-to-I) RNA editing in cancer cells11. Surprisingly,
however, DAP3 does not directly bind to the regions proximal to
editing sites11 and the RNA-binding landscape of DAP3 remains
largely unclear so far. Herein, we performed a comprehensive
transcriptome-wide analysis of RNA-binding sites of DAP3 using
our eCLIP-Seq data11 (GEO accession number: GSE144318) and
found that DAP3 binds extensively to endogenous RNAs in vivo
with 9699 genes showed DAP3-bound peaks in both biological
duplicates (Supplementary data 1). No presence of four selected
RBPs including SFPQ, NONO, U2AF35, and U2AF65 in the
DAP3 eCLIP elutes confirmed that our eCLIP experiment could
specifically pull down DAP3-bound RNAs (Supplementary
Information; Supplementary Fig. 1a, b). Further analysis showed
that ~70% of DAP3-bound peaks were mapped to exons (37,624
out of 53,596 peaks and 45,575 out of 64,555 peaks in biological
duplicates DAP3-1 and DAP3-2, respectively) (Fig. 1a; Supple-
mentary data 1). Of note, DAP3 demonstrated a strong RNA-
binding preference for CDS appearing slightly skewed towards 5’
end of CDS (Fig. 1b). Moreover, although DAP3 binds pre-
dominately to protein-coding RNAs (~80% of eCLIP peaks), ~6%
of eCLIP peaks was mapped to non-coding RNAs (ncRNAs),
such as two well-known ncRNAs NEAT1 and MALAT1 (Fig. 1c).
We also observed that DAP3 can bind to multiple regions of one
gene, such as 5’UTR, first intron and CDS of ARHGEF16 gene
and different sites within TARDBP 3’UTR (Fig. 1c). We also
conducted a comparative analysis of gene structure between
DAP3-bound and unbound genes and did not observe any sig-
nificant difference in the number of exons or isoforms between
two groups of genes (Supplementary Fig. 2a, b). Further, the de
novo motif analysis of DAP3-binding sites by HOMER12 showed
the top three enriched DAP3 RNA-binding motifs: GAAGAAGAU,
C(A/U)(A/U)C repeats, and AGGUAAGU (Fig. 1d). The most
enriched motif GAAGAAGAU contains a representative GAAGAA
hexamer, which is an exonic splicing enhancer (ESE) essential for
constitutive and alternative splicing13. The presence of AGGUAA
GU motif, the 5’ splice site consensus sequence in vertebrates14,
indicates DAP3 could bind to the exon–intron splice junctions
(Supplementary Fig. 3a, b). We next selected two target transcripts
SCYL1 and ATAD3A for the RNA electrophoretic mobility shift
assay (REMSA), due to the presence of top ranked DAP3 RNA-
binding motifs in their eCLIP peaks (Supplementary Fig. 3c). We
confirmed the direct binding of DAP3 to these target RNAs in vitro
(Fig. 1e).

Gene ontology (GO) enrichment analysis revealed that DAP3
tends to bind and affect genes associated with RNA processing
(e.g., splicing and degradation), DNA metabolic process and
mitotic cell cycle regulation (Fig. 1f). All these observations
indicate a potential role of DAP3 in modulating RNA splicing.

DAP3 modulates widespread alternative splicing. To investigate
the role of DAP3 in RNA splicing modulation, we quantified
splicing changes caused by DAP3 depletion in two esophageal
squamous cell carcinoma (ESCC) cell lines EC109 and KYSE180,
from previously published total RNA-Seq data11 using rMATS
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pipeline15. Compared to the scramble controls, alternative spli-
cing events in DAP3-depleted cells [|Δpercent spliced-in
(ΔPSI) | ≥ 10%, false discovery rate (FDR) < 0.05, and splice
junction read coverage ≥20] were defined as DAP3-modulated
splicing events. Intriguingly, we identified 7400 and 11,820
DAP3-modulated splicing events in 3262 and 4582 genes in
EC109 and KYSE180 cells, respectively (Fig. 2a; Supplementary
data 2 and 3). Approximately half of the DAP3-modulated spli-
cing events are skipped exon (SE), followed by mutually exclusive
exon (MXE; ~20%), alternative 5’ splice site (A5SS; ~10%),
alternative 3’ splice site (A3SS; ~10%), and intron retention (IR;
~10%) in both cell lines (Fig. 2a; Supplementary data 2 and 3).

DAP3 was inclined to repress exon skipping (58% and 71% of
DAP3-repressed vs. 42% and 29% DAP3-promoted SE events in
EC109 and KYSE180, respectively), intron retention (72% and
77% vs. 28% and 23%), and usage of distal A5SS (65% and 58%
vs. 35% and 42%) and A3SS (65% and 65% vs. 35% and 35%)
events (Fig. 2b). Based on the observation that half of the DAP3-
modulated splicing events belongs to SE, we further analyzed
whether there is a preferential regulation of constitutively inclu-
ded, excluded or alternatively spliced exons by DAP3. SE events
identified in the EC109 and KYSE180 scramble control cells
(108,399 and 110,895 in EC109 and KYSE180, respectively) were
stratified into groups based on their PSI values (Supplementary
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Fig. 4a). We found that less than 1% of SE events in “PSI= 0%”
(i.e., constitutively excluded) group and less than 3% of SE
events in “PSI= 100%” (i.e., constitutively included) group were
modulated by DAP3; while 15–25% of SE events detected in the
remaining groups with basal PSI values ranging from 20 to 80%
were modulated by DAP3. These findings indicate that compared
to constitutively included or excluded exons, those with basal PSI

values ranging from 20 to 80% are preferentially affected by
DAP3.

A combined analysis of the DAP3 eCLIP-Seq and RNA-Seq
datasets of EC109 cells showed that 67% (2180/3262) or 52%
(5121/9828) of genes with or without DAP3-modulated alternative
splicing were bound by DAP3, respectively, demonstrating a
significant enrichment of DAP3-binding peaks in genes undergoing
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DAP3-modulated splicing (Fisher’s test, p < 2.2e-16; Fig. 2c). Our
further randomization analysis confirmed that such a binding
enrichment was not due to the difference in expression level or
sample size between these two groups of genes (Supplementary
Information; Supplementary Fig. 4c and d). Based on these
observations, binding of DAP3 to its target RNA transcripts may be
required for at least a subset of DAP3-modulated alternative
splicing events. To further understand whether the binding affinity
of DAP3 to RNA targets is associated with the strength of its
splicing regulation, we divided DAP3-bound genes based on the
fold enrichment of their eCLIP peaks into four groups (≥4, ≥8, ≥12,
and ≥16 fold) and examined the percentage of bound genes with or
without DAP3-modulated splicing among all DAP3-bound genes.
We found that the proportion of bound genes undergoing DAP3-
modulated splicing remains within the range of 20–25% among
different groups (Supplementary Fig. 4e), indicating an increased
binding affinity of DAP3 does not potentiate its splicing regulation.

Further analysis of the eCLIP peak coverage for all five types of
DAP3-modulated splicing events indicated a strong tendency of
binding to exons rather than introns (Fig. 2d). The HOMER12

motif enrichment analysis of sequences from DAP3-modulated
cassette exons identified a top ranked AGGUAAGU motif
(Supplementary Fig. 4f), which matches with the third enriched
motif from DAP3-bound sequences (Fig. 1d) and the second
enriched motif identified from sequences of DAP3-binding peaks
located within the region from the upstream to downstream
constitutive exon of DAP3-modulated splicing event (Supple-
mentary Fig. 4g).

Next, a total of 20 DAP3-modulated splicing events were
experimentally validated inDAP3-knockdown (KD) cells (Figs. 2e,
f, 4b, and 5g). Five of which were chosen for further verification
in DAP3-knockout (KO) cells (Fig. 2e and g). To provide
experimental evidence that DAP3 binding to target RNA is
required for its splicing regulation, we selected one of the DAP3
target genes WSB1 for further investigation. We first constructed
a wildtype (wt) minigene consisting of WSB1 exons 5–6 and
intervening introns. Based on the identified DAP3 eCLIP peaks
on WSB1 gene, we generated two deletion mutant minigenes by
deleting a 58 bp DAP3-binding sequence on WSB1 exon E6a/b
(del mut1) or a 9 bp GATGAAGTA DAP3-binding motif (del
mut2) (Fig. 2h). We found depletion of DAP3 led to the inclusion
of previously unannotated exon E6a and E6b in the wt minigene
(Fig. 2i), consistent with the splicing change of endogenousWSB1
upon DAP3 depletion (Fig. 2f). However, such splicing changes
were not observed in WSB1 transcripts derived from del mut1 or
del mut2 minigene upon DAP3 knockdown (Fig. 2i). Next, RNA
pulldown assays using RNA probe consisting of the WSB1 wt
exon E6b (E6b wt), the 58nt DAP3-binding sequence-depleted

exon E6b (E6b del mut1), or the 9nt GATGAAGTA binding
motif-depleted exon E6b (E6b del mut2) further confirmed the
deleted sequences were required for DAP3 binding (Fig. 2j).
These findings suggest that for genes undergoing DAP3-
modulated splicing such as WSB1, the binding of DAP3 to its
target RNA is required for its splicing regulation.

Moreover, given that one-third (1082/3262) of genes with
DAP3-modulated alternative splicing events was not bound by
DAP3, it is possible that DAP3 may also modulate splicing
through RNA-binding-independent mechanisms. Because A-to-I
RNA editing could potentially affect splicing16, we further
intersected DAP3-regulated editing sites with DAP3-modulated
splicing events and found only 1–2% of splicing events having
editing sites detected in the region from the upstream to
downstream constitutive exon of an alternatively spliced event
(Supplementary Fig. 4h and i). Although this does not exclude the
possibility that DAP3-regulated RNA editing in nascent RNAs
could impact pre-mRNA splicing, editing-mediated alternative
splicing does not stand as a dominant mechanism of DAP3-
mediated splicing regulation.

GO analysis suggested that genes undergoing DAP3-modulated
alterative splicing were functionally enriched in pathways asso-
ciated with DNA replication, mitotic cell cycle phase transition,
and RNA processing (Supplementary Fig. 5). Together, these
findings provided solid evidence that DAP3 is a critical regulator of
widespread alternative RNA splicing and dramatically reshapes
transcriptome in cancer cells by altering thousands of alternative
splicing events.

DAP3 facilitates the association of splicing regulators SFPQ
and NONO with target RNAs for splicing modulation. To
dissect the mechanism by which DAP3 functions as an RBP to
modulate splicing, we first explored whether DAP3 interacts with
other RBPs, such as splicing factors, to facilitate or block their
binding to target RNAs. We performed immunoprecipitation
coupled to mass spectrometry (IP-MS) in combination with
SILAC (stable isotope labelling with amino acids in cell culture)
to detect and quantify DAP3-interacting proteins (Fig. 3a). We
identified two well-known RNA splicing regulators SFPQ and
NONO among the top DAP3-interacting proteins in both for-
ward and reverse SILAC experiments (Fig. 3b; Supplementary
data 4). Reciprocal co-IP analysis further confirmed that DAP3
interacted with SFPQ and NONO (Fig. 3c–e), and their interac-
tions were not abolished by RNase A treatment prior to the co-IP
experiments (Fig. 3f). Of note, by examining three exemplary
target transcripts WSB1, SSBP3, and RHBDD2, we noticed that
opposite to the effect of DAP3 depletion, overexpression of SFPQ

Fig. 2 DAP3 depletion leads to widespread splicing changes in cancer cells. a Pie charts showing the distribution of each type of significantly altered
splicing events in DAP3-depleted EC109 and KYSE180 cells compared to the scramble controls detected by rMATS15. SE skipped exon, MXE mutually
exclusive exons, A5SS alternative 5’ splice site, A3SS alternative 3’ splice site, IR intron retention. b Percentage of DAP3-modulated splicing events
demonstrating increased or decreased PSI upon DAP3 depletion in EC109 and KYSE180 cells. c Venn diagram showing the numbers of genes which
underwent DAP3-modulated splicing and genes containing DAP3 eCLIP peaks in EC109 cells. Bar chart showing the percentage of genes with or without
DAP3-modulated splicing that are bound by DAP3 (two-sided Fisher’s Test). d The binned DAP3 eCLIP peak coverage across the splice junctions of five
types of DAP3-modulated splicing events in EC109 cells. e Western blot analysis of DAP3 protein expression in the indicated DAP3 knockdown (KD, sh1,
and sh2), knockout (KO) and their control [scramble (Scr) and wildtype (WT)] samples. f, g Semiquantitative RT-PCR analyses of five randomly selected
DAP3-modulated splicing events. h IGV browser tracks of the DAP3 eCLIP peaks spanning exon 5–6 and intervening introns of WSB1 gene. Significant
peaks are marked by blue and green bars. Schematic diagram illustrates the genomic fragments inserted into the wildtype (wt) and mutant WSB1 splicing
minigenes. del mut1, lacking a 58 bp DAP3-binding sequence in exon E6a/b; del mut2, lacking a 9 bp DAP3-binding motif in exon E6a/b. i Semiquantitative
RT-PCR analyses of splicing changes of exogenous WSB1 transcripts derived from the indicated minigenes in Scr control and DAP3-KD cells. j RNA
pulldown assay detecting the binding of DAP3 to WSB1 exon E6b wt, del mut1, and del mut2 RNA probes. WB analysis of DAP3 proteins in RNA pulldown
(eluate) products and flow-through (FT) fractions. f, g, i Data are represented as mean ± s.d. of n= 3 biologically independent samples. Statistical
significance is determined by unpaired, two-tailed Student’s t-test (*p < 0.05, **p < 0.01). Exact p-values and source data are provided in Source Data file.
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and NONO alone or together significantly promoted skipping of
WSB1 exon E6a/E6b, whereas repressed skipping of SSBP3 exon 6
and RHBDD2 exon 2 (Fig. 3g; Supplementary Fig. 6a). Moreover,
introduction of SFPQ and NONO into DAP3-depleted cells
reversed splicing changes of WSB1, SSBP3, and RHBDD2 caused
by DAP3-KD (Fig. 3h; Supplementary Fig. 6b). These observa-
tions prompted us to examine whether DAP3 might form a
splicing regulatory complex with SFPQ and NONO to interact
with mRNA transcripts and modulate RNA splicing coopera-
tively. To this end, after experimental verification of the asso-
ciation of DAP3 with WSB1, SSBP3, and RHBDD2 (Fig. 3i;
Supplementary Fig. 7), we found that in the absence of DAP3, the
association of SFPQ and NONO to these transcripts were

significantly reduced (Fig. 3j; Supplementary Fig. 6c). Altogether,
we demonstrated that DAP3 complexes with the splicing reg-
ulators SFPQ and NONO in an RNA-independent manner and
facilitates their association with target RNA transcripts for
splicing modulation.

DAP3 modulates splicing of numerous splicing factors. As
described above, approximately one-third of transcripts which
undergo DAP3-modulated alternative splicing do not have
DAP3-binding sites detected by eCLIP-Seq (Fig. 2c). We next
explored whether DAP3 could modulate alternative splicing via
other mechanisms independent of RNA binding. We first looked
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into over 300 genes which are involved in mRNA processing and
have their splicing modulated by DAP3 (Supplementary Fig. 5),
including genes encoding the spliceosomal small nuclear ribo-
nucleoproteins (SNRPA, SNRPA1, SNRPB, SNRPE, SNRPG, and
SNRNP27), RNA-binding motif proteins (RBM3, RBM4, RBM5,
RBM6, RBM7, RBM10, RBM15, RBM23, RBM28, and RBM39),
Serine/Arginine-rich (SR) splicing factors (SRSF1, SRSF3, SRSF5,
SRSF7, SRSF10, and SRSF11), heterogeneous nuclear ribonu-
cleoproteins (HNRNPC, HNRNPD, HNRNPK, HNRNPH1, and
HNRNPH2), and DEAD-box helicases (DDX5, DDX19B, DDX23,
DDX39A, DDX42, and DDX46), and found that many of which
form functional protein association networks associated with
various steps of RNA processing such as splicing and poly-
adenylation (Fig. 4a). We then went on to show that depletion of
DAP3 truly promoted skipping of RBM6 exon 6, NSRP1 exon 2,
AKAP17A exon 5b, FMR1 exon 12, and HNRNPH1 exon 4, as
well as the usage of a distal 3’SS of SNRPB exon 7 and a distal 5’SS
of PRPF4B exon 12 and TIA1 exon 8; while repressed skipping of
RBM4 exon 3 and the usage of a distal 3’SS of TIAL1 exon 3
(Fig. 4b). It is well-known that splicing factors can autoregulate their
own expression or cross-regulate other splicing factors through
alternative splicing coupled nonsense-mediated decay (AS-NMD)9,10.
Hypothetically, among 10 selected DAP3-modulated splicing factors,
DAP3 can trigger the NMD of RBM6, HNRNPH1, AKAP17A, and
TIA1 by introducing a premature termination codon (PTC). As
expected, cycloheximide (CHX) treatment or UPF1 knockdown
significantly restored the expression of these PTC-containing iso-
forms (Fig. 4c and d). On the other hand, there was no obvious
NMD observed in the remaining six splicing factors (Supplementary
Fig. 8), suggesting that these alternatively spliced isoforms are
translated into protein variants that might have distinct functions or
activities.

To further investigate whether the DAP3-triggered NMD of
splicing factors indeed contributes to DAP3-modulated splicing,
RBM6, a known cancer-related splicing regulator17 was selected
for further investigation. Skipping of RBM6 exon 6 causes an
open reading frameshift and introduces a PTC on exon 8
(Fig. 5a). DAP3 was found to bind to RBM6 exon 6 and flanking
exons and introns (Fig. 5b). Consistent with the observation that
DAP3 depletion promoted NMD of RBM6 mRNA transcript
(Fig. 4c and d), the mRNA level of the canonical exon 6-included
RBM6 isoform was significantly reduced in DAP3-KD cells
(Fig. 5c). A reduction in protein expression of RBM6 was also
confirmed upon DAP3 depletion (Fig. 5d). By performing RNA-
Seq analysis of RBM6 KD cells, we identified a total of 94 alternative
splicing events, which were modulated by RBM6 and DAP3 (defined
as “co-modulated” targets) (Fig. 5e and f; Supplementary data 5).

Notably, DAP3-KD-induced splicing changes in five validated co-
modulated targets could be rescued by the restoration of RBM6
expression (Fig. 5g and h; Supplementary Fig. 9). Altogether, our
results indicated that DAP3 could modulate genome-wide changes in
splicing indirectly via affecting the expression of splicing factors/
regulators.

Clinical relevance of DAP3-modulated mis-splicing in cancers.
It has been reported that DAP3 is overexpressed in a broad range of
cancer types and appears to have strong oncogenic effect11. We next
conducted a pan-cancer analysis of alternative splicing across 33
cancer types using the TCGA Spliceseq dataset18 to study whether
DAP3-modulated splicing events are frequently dysregulated in dif-
ferent cancer types and evaluate their clinical significance. Of 20
experimentally validated DAP3-modulated splicing events (Figs. 2f,
4b, and 5g), 18 of them (90%) were detected in almost all 33 TCGA
cancer types with varying PSI values (Supplementary Fig. 10). To
examine whether these DAP3-modulated splicing events are dysre-
gulated in cancers, we compared the PSI values of these splicing
events between tumors and non-tumor (NT) samples in several
representative cancer types, which demonstrate significantly higher
expression of DAP3 in tumors as reported previously11. We found
that DAP3-modulated splicing events (e.g., WSB1, SNRPB, TIAL1,
TBL1X, SSBP3, and CADM1) were significantly dysregulated in
tumors compared to NT samples in multiple cancer types, such as
esophageal carcinoma (ESCA), breast invasive carcinoma (BRCA),
colon adenocarcinoma (COAD), glioblastoma multiforme (GBM),
liver hepatocellular carcinoma (LIHC), and stomach adenocarcinoma
(STAD) (Fig. 6a). Moreover, lower PSI values of WSB1, TBL1X, and
SNRPB gene in tumors were significantly correlated with the shorter
overall survival (OS) time of patients with ESCA and LIHC, whereas
the higher PSI values of TIAL1 and CADM1 in tumors predicted
poorer prognosis in patients with LIHC and COAD (Fig. 6b). It is
known that different cancer types display diverse alternative splicing
landscapes19. We further conducted a comparative analysis of DAP3-
modulated alternative splicing using the RNA-Seq datasets of DAP3-
depleted ESCC cells and 13 matched pairs of tumors and NT samples
from the TCGA ESCA. Same as DAP3-depleted ESCC cells, SE is the
major type of differentially regulated splicing type in ESCA tumors,
followed by MXE, A5SS, A3SS and IR (Figs. 2a; 6c). Among 3811
differentially spliced events (across 1606 genes) detected in tumors
(FDR< 0.05, |ΔPSI | ≥ 10%), 14% (535/3,811) of which were identi-
fied as “DAP3-modulated splicing events” (Fig. 6c–e; Supplementary
data 6). For example, DAP3-modulated splicing of WSB1, SNRPB,
TIAL1, and TBL1X gene were significantly altered in tumors com-
pared to their matched NT samples (Fig. 6f). All these observations

Fig. 3 DAP3 facilitates the binding of splicing factors SFPQ and NONO to target RNAs. a Flowchart of the immunoprecipitation coupled to mass
spectrometry (IP-MS) in combination with SILAC (stable isotope labelling with amino acids in cell culture) to detect DAP3 interactors. b Scatterplot of
DAP3-immunoprecipitated proteins retrieved from both forward and reverse SILAC-based IP-MS. DAP3 and several top interactors (e.g., SFPQ and
NONO) are highlighted. c Co-IP analysis of protein extracts from the WT and DAP3-KO EC109 cells. IP was performed with a DAP3 antibody, followed by
western blot analysis of DAP3-pulldown products using DAP3, SFPQ, and NONO antibodies. d, e Co-IP analysis of protein extracts from EC109 cells. IP
was performed with a SFPQ (d) or NONO (e) antibody, followed by western blot analysis of SFPQ or NONO-pulldown products using the indicated
antibodies. IgG antibody was used as negative control. f Co-IP analysis of protein extracts from EC109 cells. RNase A treated (RNase A+) or untreated
(RNase A−) protein lysates were used for IP using DAP3 antibody, followed by western blot analysis of DAP3-pulldown products using the indicated
antibodies. IgG antibody was used as negative control. Agarose gel demonstrating the successful digestion of total RNA. g Semiquantitative RT-PCR
analyses of the indicated splicing events upon overexpression of SFPQ or NONO alone or together in EC109 cells. h Semiquantitative RT-PCR analyses of
the indicated splicing events upon overexpression of SFPQ or NONO in DAP3-KD EC109 cells. i RIP-qPCR analysis of the association between DAP3 protein
and the indicated mRNA transcripts (WSB1, SSBP3, and RHBDD2). Data are represented as mean ± s.d. of n= 4 biologically independent samples. j RIP-
qPCR analysis of the binding of SFPQ or NONO to the indicated mRNA transcripts in DAP3-KO and WT EC109 cells that were transfected with Flag-tagged
SFPQ or NONO, respectively. RIP was conducted using anti-Flag M2 beads. g, h, j Data are represented as mean ± s.d. of n= 3 biologically independent
samples. g–j Statistical significance is determined by unpaired, two-tailed Student’s t-test (*p < 0.05, **p < 0.01). Exact p-values and source data are
provided in Source Data file.
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suggest that prevalent dysregulations of DAP3-modulated splicing
events are clinically relevant to multiple cancer types.

DAP3 increases WSB1 expression via repressing AS-NMD of
WSB1 to promote tumorigenesis. We next looked for experi-
mental evidence that supports a functional link of DAP3-modulated
mis-splicing to tumorigenesis. Here, we were particularly interested
in one of the DAP3 target genes, WSB1 (WD repeat and SOCS
box-containing protein 1) which is an E3-ubiquitin ligase that
promotes ATM ubiquitination and degradation to drive tumori-
genic progression20, with the following reasons including (1) dif-
ferentially spliced-in tumors of multiple cancer types (Fig. 6a), (2)

lower PSI value in tumors predicts poor prognosis (Fig. 6b), and (3)
hypothetically, its expression can be affected by DAP3 via AS-NMD
(Fig. 7a). As shown in Fig. 2f and g, inclusion of a non-canonical
exon E6a or E6b by usage of cryptic splicing sites at intron 5 in the
WSB1 mRNA transcript was promoted by DAP3-KD or KO. While
exon E6b has an additional 12-nucleotide sequence at 3’ end than
exon E6a, inclusion of either E6a or E6b introduces a PTC that may
lead to selective degradation by NMD (Fig. 7a). Suppression of
NMD by either CHX treatment or UPF1 knockdown significantly
restored the expression of E6a/E6b-included WSB1 isoform, con-
firming that inclusion of exon E6a or E6b truly introduces a PTC-
containing isoform and triggers NMD (Fig. 7b). Both KD and KO
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Fig. 4 DAP3 orchestrates splicing regulatory networks by modulating alternative splicing of splicing factors. a Functional protein association networks
of genes that are involved in mRNA processing and have their splicing modulated by DAP3 were identified in Metascape45(http://metascape.org).
b Semiquantitative RT-PCR analyses of splicing changes of 10 representative splicing factors RBM6, RBM4, FMR1, PRPF4B, SNRPB, TIAL1, NSRP1, AKAP17A,
TIA1, and HNRNPH1 upon DAP3 depletion in EC109 and KYSE180 cells. c, d Semiquantitative RT-PCR analyses of splicing changes of RBM6, HNRNPH1,
AKAP17A, and TIA1 upon inhibition of NMD in EC109 cells. Cells were treated with CHX or vehicle control (DMSO) for 6 h (c) or transfected shUPF1 or the
scramble control (Scr) for 48 h (d). b–d Data are represented as mean ± s.d. of n= 3 biologically independent samples. Statistical significance is
determined by unpaired, two-tailed Student’s t-test (*p < 0.05, **p < 0.01). Exact p-values and source data are provided in Source Data file.
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of DAP3 significantly decreased the expression of WSB1 at mRNA
and protein levels through repressing the skipping of E6a/E6b
(Fig. 7c–e). Conversely, overexpression of DAP3 increased WSB1
protein expression (Fig. 7f). Restoring DAP3 expression in KO cells
could rescue WSB1 expression (Supplementary Fig. 11a). As a
downstream target of WSB120, the protein expression of ATM was
negatively regulated by DAP3-mediated change in WSB1 protein
expression (Fig. 7d–f).

Previously we have shown DAP3-promoted tumorigenesis11,
but whether DAP3-modulated splicing contributes to its onco-
genic function is not clear. As shown above, DAP3 depletion
caused AS-NMD of WSB1 to suppress WSB1 expression. There-
fore, we hypothesized that DAP3-modulated AS-NMD of WSB1
might contribute to the oncogenic function of DAP3. To this end,
we examined the changes in tumorigenic ability of WT or DAP3-
KO cells after restoring WSB1 expression by performing in vitro

foci formation and anchorage independent soft agar assays and
in vivo xenograft assay (Fig. 7h–k). Overexpression of WSB1 in
WT EC109 cells promoted tumorigenesis in vitro and in vivo
when compared to WT cells expressing empty vector control
(Fig. 7h–k), indicating the oncogenic role of WSB1 in cancer cells.
While KO of DAP3 significantly repressed the tumorigenicity,
reintroduction of WSB1 gene into DAP3-KO cells significantly
attenuated DAP3-KO-induced suppression of tumorigenicity both
in vitro and in vivo (Fig. 7h–k). Similarly, restoring WSB1
expression in the DAP3-KD cells also partially rescued the reduced
tumorigenicity (Supplementary Fig. 11b–e). These data indicate
that DAP3 depletion represses tumorigenesis at least partially
through promoting AS-NMD of WSB1 gene. In sum, our
functional investigation of nonproductive splicing of WSB1
supports a causal relationship between DAP3-modulated mis-
splicing and tumorigenesis.
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Fig. 5 DAP3 positively regulates RBM6 expression via repressing AS-NMD of RBM6. a Schematic diagram depicting skipping of RBM6 exon 6 causes a
shift in the open reading frame, resulting in the introduction of a PTC into RBM6 transcript and possible NMD. b Visualization of RNA-Seq data of DAP3-
depleted EC109 and KYSE180 cells and DAP3 eCLIP-seq peaks spanning the RBM6 gene locus using IGV. Significant peaks are marked by purple and
orange bars. c qRT-PCR analysis of expression of the RBM6 exon 6-included isoform after DAP3 depletion in EC109 and KYSE180 cells. ACTB was used as a
housekeeping gene internal control. Data are represented as mean ± s.d. of technical triplicates. d Western blot analysis of RBM6 protein expression after
DAP3 depletion in EC109 cells. e Western blot analysis of RBM6 protein expression after RBM6 knockdown in EC109 cells. f Heatmap showing the co-
modulated splicing events upon knockdown of DAP3 and RBM6. g Semiquantitative RT-PCR analyses of five randomly selected splicing events co-
modulated by DAP3 and RBM6. Data are represented as mean ± s.d. of n= 3 biologically independent samples. h Semiquantitative RT-PCR analyses of the
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c, g, h statistical significance is determined by unpaired, two-tailed Student’s t-test (*p < 0.05, **p < 0.01). Exact p-values and source data are provided in
Source Data file.
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Discussion
It is known that high level of fidelity required for splicing needs
additional action of a complex interplay of RBPs that bind
adjacent to splicing sites and promote recruitment of the spli-
ceosome or outcompete spliceosomal components for binding to
target RNAs21. Even modest changes in the abundance or activity
of individual RBPs or core spliceosomal proteins can result in

aberrations or mistakes in splicing, which may be deleterious to
cells and may result in cell death or cellular transformation8,22. In
this study, through application of eCLIP-Seq, RNA-Seq, and
proteomics analyses, we characterize DAP3 as a widespread
alternative splicing regulatory RBP which modulates thousands of
splicing events and dissect its associated regulatory mechanisms
and functional relevance to cancer. DAP3, which is overexpressed
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Fig. 6 Clinical relevance of DAP3-modulated mis-splicing in multiple cancer types. a Boxplots showing the PSI values of six experimentally validated
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rMATS analysis15. d Venn diagram showing the number of significantly altered spliced events identified by RNA-Seq analysis of both DAP3-depleted ESCC
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Euclidean distance used). The color spectrum indicates PSI values. f Boxplots showing the PSI values of four representative DAP3-modulated splicing
events in 13 matched pairs of ESCA tumors and NT tissues. a, f The box extends from the 25th to 75th percentiles. The line in the middle of the box is
plotted at the median. The whiskers indicate min to max. Exact p-values and source data are provided in Source Data file.
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in multiple cancer types, has been proven to be a cancer-
promoting gene11. DAP3 has been reported to interact with
ADAR proteins and repress A-to-I RNA editing; however, it does
not bind proximal to the editing site within target RNA11. Here,
our eCLIP-Seq analysis revealed a widespread binding of DAP3 to
RNAs transcribed from 9699 genes (approximately one-third of
the total number of genes in the human genome). Many of these
bound genes are critical regulators of mRNA processing including
splicing and polyadenylation, gene expression, and mitotic cell
cycle regulation. Of note, we found that DAP3 has an RNA-
binding preference for exonic sequences with two identified top
enriched binding motifs that are splicing regulatory sequence
motifs, GAAGAA and AGGUAAGU. The purine-rich GAAGAA
hexamer, appearing to be one of the strongest ESEs critical for
constitutive and alternative splicing13, has also been found as an
internal exonic binding motif of SR proteins, such as SRSF123,24,
transformer 2 alpha homolog (TRA2A), and transformer 2 beta
homolog (TRA2B)25. The RNA-binding preference of DAP3
towards the GAAGAA hexamer may partially explain why DAP3
tends to promote exon inclusion in both cancer cell lines. The
other motif AGGUAAGU is a consensus sequence at the 5’ splice
site, which is complementary to the nucleotides 4–11 of
U1RNA14. In concordance with this finding, we observed that
DAP3 could modulate approximately a thousand A5SS events
with a slight preference for the proximal 5’ splice site. However,
such regulations may also be controlled via other cis- and/or
trans-acting mechanisms such as the strength of 5’ splice sites
and/or involvement of other splicing factors/regulators, which
bind to the 5’ splice sites.

Although we found a significant enrichment of DAP3-binding
peaks in genes undergoing DAP3-modulated splicing and pro-
vided experimental evidence supporting the binding of DAP3 to
its target gene WSB1 is required for DAP3-mediated splicing
change in WSB1, it is unlikely that extensive splicing changes
mediated by DAP3 are simply through its binding to splicing
consensus sequence or regulatory elements. Moreover, we also
showed that the binding affinity of DAP3 to RNA targets is not
associated with the strength of its splicing regulation. In this

study, we delineated two distinct mechanisms of how DAP3
functions in splicing regulation (Fig. 8). First, DAP3 directly
binds to target RNA and mediates the recruitment of splicing
factors such as SFPQ and NONO to the binding sites via
protein–protein interaction independent of their interactions with
RNA. SFPQ and NONO belong to the multifunctional Droso-
phila behavior/human splicing (DBHS) family of proteins with
highly conserved N-terminal RNA recognition motifs (RRMs).
Although they are not essential components for spliceosome
assembly, numerous studies have identified them as spliceosome-
associated proteins and play an important role in alternative
splicing26–30. Using a proteomic approach, we identified SFPQ
and NONO as DAP3 interactors. A previous study has demon-
strated a SFPQ interacting RBP, Dido3, is required to recruit
SFPQ to its target exon for efficient alternative splicing31. Simi-
larly, we observed that loss of DAP3 could significantly com-
promise the association of SFPQ and NONO with their target
RNA transcripts, indicating DAP3 functions as an important
mediator to facilitate binding of SFPQ and NONO to RNA.
Overexpression of SFPQ and NONO could readily rescue splicing
changes of several exemplary DAP3 target transcripts WSB1,
SSBP3, and RHBDD2 in DAP3-depleted cells. Another mechan-
ism of DAP3-modulated splicing involves indirect modulation of
splicing by fine-tuning the splicing pattern of hundreds of spli-
cing factors, as supported by our eCLIP-Seq and RNA-Seq data.
These splicing factors include key components of splicing
machinery, such as spliceosomal small nuclear ribonucleoproteins
and heterogeneous nuclear ribonucleoproteins, as well as
important splicing regulators, such as SR splicing factors, RBM
proteins, and DEAD-box helicases. These splicing factors form
dynamic splicing regulatory networks, which control splicing of
tens of thousands of target genes. DAP3 alters the expression of
these splicing factors via nonproductive splicing or isoform
switching, thereby coordinately modulating splicing of multiple
genes via their respective splicing factors. This is exemplified by
DAP3-mediated AS-NMD of RBM6 gene in this study. Depletion
of DAP3 induces skipping of RBM6 exon 6, causing a frameshift
in its coding sequence and triggers NMD, indicating a positive
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regulation of DAP3 on RMB6 expression. Similar to DAP3,
RBM6 also preferentially binds to exonic sequences; however, it
has a distinct binding preference for sequences with CUCUGAA
motif17. DAP3 cross-regulates RBM6, which in turn leads to a
cascade of secondary splicing changes, expanding the repertoire
of DAP3-affected splicing events. However, we also observed
approximately a hundred splicing events that are discordant in
DAP3-depleted and RBM6-depleted cells. Because splicing reg-
ulation often involves numerous RBPs and we showed DAP3-
modulated splicing of hundreds of RBPs, it is possible that the
modulation of these discordant splicing events involves other
DAP3-modulated RBPs other than RBM6 alone. Therefore, the
overall effects of these discordant splicing events after DAP3
depletion were not dominated by RBM6 downregulation.

The precise coordination and regulation of RNA processing by
RBPs is essential for maintaining cellular homeostasis, which may
otherwise result in various diseases including cancer. Our pre-
vious study demonstrated that DAP3 is overexpressed in multiple
cancer types11. In this study, we demonstrate that many DAP3-
modulated splicing events were significantly altered in patients’
tumors and such changes demonstrate prognostic values in
multiple cancer types. Here we conducted detailed functional
analyses of the AS-NMD of WSB1 gene, whose alternative spli-
cing could account for the oncogenic phenotypic changes driven
by DAP3. WSB1 contains seven WD40 repeats and a SOCS box at
the C-terminus and functions as an E3-ubiquitin ligase in ubi-
quitination and proteasomal degradation32. It regulates the
metastatic potential of renal carcinoma, osteosarcoma, and hor-
mone receptor negative breast cancer by modulating pVHL,
RhoGDI2, metalloproteinase (MMP) activity, vascular endothelial
growth factor (VEGF) secretion33–35. More importantly, it ubi-
quitinates ATM for degradation to overcome oncogene-induced
senescence, thereby playing an important role in tumor
initiation20. Besides transcriptional regulation by oncogenic
transcription factors, such as c-Myc, HIF-1, and CREB-ATF36,37,
our study provides another mechanism of WSB1 expression
regulation in cancer cells, which is via DAP3-modulated alter-
native splicing. DAP3 suppresses the nonproductive splicing of
WSB1, which is prone to NMD. Since DAP3 is widely over-
expressed in cancer cells, such DAP3-driven stabilization of
WSB1 mRNA transcripts may be a key step in tumor initiation.

In sum, our findings demonstrate that DAP3 coordinates
splicing regulatory networks to modulate global alternative spli-
cing in cancer via both RNA–protein and protein–protein
interactions. Targeting DAP3-driven splicing events and blocking
the splicing regulatory ability of DAP3 and/or specifically tar-
geting DAP3-driven splicing events may hold great promise for
cancer treatment.

Methods
Cell culture. EC109 and KYSE180 cells were cultured in HyClone RPMI 1640
medium (Thermo Fisher Scientific) supplemented with 10% FBS at 37 °C in a
humidified incubator containing with 5% CO2. HEK293T cells were cultured in
DMEM high glucose medium (Biowest) supplemented with 10% FBS at 37 °C in a
humidified incubator containing with 5% CO2.

Generation of stable knockdown (KD) and overexpression cells. The DAP3-KD
stable EC109 and KYSE180 cell lines were established using lentiviral transduction,
followed by puromycin selection. The pLKO-DAP3-sh1 (5’GCTTATCCAGCTATAC
GATAT3’), pLKO-DAP3-sh2 (5’ATCCTGGTTTCCAACTATAAC3’), pLKO-RBM6-
sh1 (5’GACTGGTCTTCAGATACAAAT3’) and pLKO-RBM6-sh2 (5’ACGGAACAC
AAGTAGACTTTA3’) constructs were used for the lentivirus packaging. EC109 cells
stably expressing Flag-tagged WSB1 were established by transduction of packaged
lentiviral CSII-CMV-Flag-WSB1 constructs, followed by the puromycin selection.

Generation of DAP3-knockout (KO) cells using CRISPR/Cas9 system. DAP3
sgRNAs were designed using the CRISPR design tool from The Massachusetts
Institute of Technology (MIT) (http://crispr.mit.edu). The DAP3 sgRNA

(ATAGCTCTCGGACTCTCAAC) targeting exon 3 of DAP3 was cloned into the
pX330A vector. EC109 cells were transfected with either empty vector or vector
expressing DAP3 sgRNA and split into single cell. Clones grew from single cell
were lysed by DirectPCR Lysis Reagent (Viagen Biotech) followed by the detection
of indels in each single clone by T7EI assays. PCR products were TA cloned and
Sanger sequenced to confirm the biallelic KO of DAP3 in each individual clone.
Western blot analysis was performed to confirm DAP3-KO at protein level.

eCLIP-Seq data analysis. The eCLIP experiment was performed as previously
described38. Briefly, 20 million of EC109 cells were UV crosslinked, fragmented
and immunoprecipitated using a DAP3 antibody (Abcam, ab2637) or control IgG
(Invitrogen, 02-6202). Next, the bound protein-RNA products were subjected to gel
electrophoresis and membrane transfer. Bound RNAs on the membrane corre-
sponding to the protein size of DAP3 and 70 kDa above were extracted and further
processed with adaptor ligation. The cDNA library was prepared by revere tran-
scription and sequenced by paired-end 100 bp sequencing performed on the Illu-
mina HiSeq 4000 platform. The sequencing data were processed as previously
described and clusters identified in IP samples were compared against paired size-
matched input to obtain significantly enriched peaks using a Fisher’s Exact test (or
Yates’ Chi-Square test if all observed and expected values were above 5), with p-
values reported not corrected for multiple hypothesis testing7,38. Peaks with fold
enrichment (four fold) and significance (p-value <0.001) in immunoprecipitation
versus paired size-matched input sample were defined as significant binding peaks.
The eCLIP-seq data were first utilized in our previous study11 (GEO accession
number: GSE144318); however, the comprehensive analysis of eCLIP-seq data were
provided only in the present study. The gene ontology pathway enrichment ana-
lysis was done using WebGestalt39 portal (http://www.webgestalt.org/). The sig-
nificance of enrichment for GO sets were evaluated by the pipeline default
hypergeometric test.

Coverage plots of eCLIP peaks across transcripts and splice junctions. To
understand the distribution of DAP3-binding peaks on transcripts, a previous
method was adapted to generate the coverage plot for the eCLIP-Seq peaks40. To
increase the reliability of this analysis, we only considered “expressed genes” which
have TPM (transcripts per million) ≥ 1 in each of 10 RNA-Seq datasets of EC109
cells generated by our team previously, resulting in 8170 such genes. The gene
annotations for reference human genome (hg19) were downloaded from UCSC
Table Browser41 (“knownGene” table), and only the longest isoform was con-
sidered as the representative transcript per gene. Next, each gene was split into 183
bins excluding the introns (13 for 5’UTR, 100 for CDS, and 70 for 3’UTR) pro-
portional to the median 5’UTR, CDS, and 3’UTR lengths of the representative
transcripts of expressed genes in EC109 cells. Finally, by using the significant peaks
from the DAP3 eCLIP-Seq output, the cumulative peak coverage for each bin was
calculated for these genes in a strand-specific manner with “bedtools coverage”42

and used to generate the final plot.
Similarly, the coverage plots for splice junctions were generated as described

above. For each type of splicing events (SE, A5SS, A3SS, MXE, IR) identified by
rMATS, the schematic representation of exons, introns and splice junctions
involving the AS event is depicted as Fig. 2d. Based on the above schematic, each of
the exonic and intronic regions were split into 100 bins, and the coverage of
significant AS events in each bin was calculated in a strand-specific manner by
using “bedtools coverage”. In case multiple events of the same type were present in
the same gene, each was regarded as a different event as long as the upstream or
downstream boundaries were different, otherwise the longest inclusive form of the
alternatively spliced exon was considered. The cumulative coverage of the
significant peaks from DAP3 eCLIP-Seq output was then plotted for each type of
AS events.

Differential gene expression and alternative splicing analysis of RNA-Seq
data. Gene expression profiling and differential expression analysis were per-
formed by using CSI NGS Portal43 (https://csibioinfo.nus.edu.sg/csingsportal).
Strand-specific RNA-Seq was performed as previously described11. Briefly, clean
reads were aligned to the reference human genome (hg19) by using STAR44 with
default parameters. The differential alternative splicing (AS) events between DAP3-
KD duplicates and the scrambled control were identified by using rMATS15 for five
major types (SE, A5SS, A3SS, MXE, IR). The FDR was calculated using the default
parameters based on the Benjamini–Hochberg approach. In the rMATS output,
only significant AS events were further considered defined as: sum(IJC_KD1,
SJC_KD1) ≥ 20; sum(IJC_KD2, SJC_KD2) ≥ 20; sum(IJC_Scr, SJC_Scr) ≥ 20;
abs(IncLevelDifference) ≥ 0.1; FDR < 0.05. The GO pathway enrichment analysis of
DAP3-modulated alternatively spliced gene was done using WebGestalt39 portal
(http://www.webgestalt.org/). The protein–protein interaction network analysis of
DAP3-modulated alternatively spliced RBPs was done using Metascape45 portal
(http://metascape.org).

RNA-Seq datasets of 13 matched pairs of ESCA tumor and NT tissues from the
TCGA were used for transcriptome-wide splicing analysis using the same rMATS
pipeline. Differentially spliced events in tumors relative to NT samples were
identified based on the following filter criteria: |ΔPSI (tumor vs normal)| ≥ 0.1 and
FDR < 0.05. The heatmap of differentially spliced events was generated using
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hierarchical clustering (average linkage and Euclidean distance used) on Morpheus
(https://software.broadinstitute.org/morpheus).

Motif enrichment analysis. Motif enrichment analyses of DAP3 eCLIP peak
sequences, sequences of DAP3-modulated cassette exons and sequences of DAP3
eCLIP peaks located within the region from the upstream to downstream con-
stitutive exon of DAP3-modulated splicing event were performed using “findMo-
tifsGenome.pl” function in HOMER12 for “de novo” motif enrichment with the
flag “-rna”. The background is randomly selected sequences from the reference
genome, corrected for sequence content (GC content and other bi-nucleotide
composition, http://homer.ucsd.edu/homer/motif/ and http://homer.ucsd.edu/
homer/motif/rnaMotifs.html for details). Statistics was derived from binomial test
against the random genomic background using the HOMER default setting.

TCGA SpliceSeq analysis of DAP3-modulated splicing events. Data from the TCGA
SpliceSeq analysis18 of 33 cancer types were downloaded from http://bioinformatics.
mdanderson.org/TCGASpliceSeq. Out of the 20 validated DAP3-modulated splicing
events, 18 were manually mapped into the splicing events identified in TCGA Spli-
ceSeq dataset according to the alternative splice site locations. The PSI values of each
splicing event in tumor and NT samples were compared and statistical significance
was determined by two-sided nonparametric Mann–Whitney test. For the OS analysis,
we segregated the TCGA patients based on the PSI values of each DAP3-modulated
splicing event. The patients with the top 25th percentile of PSI values were defined as
“PSI high” group, while patients demonstrating the bottom 25th percentile of PSI as
the “PSI low” group. The OS benefit was estimated by the log-rank test and presented
by a Kaplan–Meier plot.

RNA purification and semiquantitative RT-PCR. Total RNA was purified using
RNeasy Mini Kit (Qiagen) with RNAse-Free DNase Set (Qiagen) to digest con-
taminating DNA. Reverse transcription was performed using SensiFAST™ cDNA
synthesis kit (Bioline) and PCR was performed using exTEN 2× PCR Master Mix
(Axil Scientific). RT-PCR products were subjected to electrophoresis in 2–3%
agarose gel with ethidium bromide and visualized. Molecular weight markers (unit:
bp) are labelled in gel images. Band intensity were measured by ImageJ for PSI
calculation. Primer sequences are listed in Supplementary data 7.

Splicing minigene assay. The genomic DNA fragment spanning from exon 5 to
exon 6 of WSB1 gene was cloned into pcDNA3.1(+) plasmid and deletion mutants
were generated by mutagenesis cloning using PrimeSTAR Max DNA Polymerase
(Takara). Minigene plasmids were transfected into cells using lipofectamine 2000.
After 48 h total RNA was purified using RNeasy Mini Kit (Qiagen) with RNAse-
Free DNase Set (Qiagen) to digest contaminating DNA. Reverse transcription was
performed using SensiFAST™ cDNA synthesis kit (Bioline) and PCR was per-
formed using pcDNA3.1(+) forward and reverse primers by exTEN 2× PCR
Master Mix (Axil Scientific). Primer sequences are listed in Supplementary data 7.

RNA pulldown assay. RNA probe was generated by RiboMAX™ Large Scale RNA
Production Systems (Promega) using DNA template containing 5′-T7 promoter,
WSB1 exon E6b wt or deletion mutant sequences, and 3′-aptamer. A total of 10 µg
RNA probe was incubated with 20 µl Dynabeads MyOne C1 (Invitrogen) in 300 µl
binding buffer (100 mM NaCl, 10 mM MgCl2, 50 mM Hepes, pH 7.4, and 0.5%
Igegal CA-630) for 30 min at 4 °C with rotation followed by three washes with
washing buffer (250 mM NaCl, 10 mM MgCl2, 50 mM Hepes, pH 7.4, and 0.5%
Igegal CA-630). For each reaction, 1 mg whole-cell extract was diluted in 300 µl
washing buffer and supplemented with 2 µl 10 mg/ml yeast tRNA (Invitrogen) and
SUPERase•In™ RNase Inhibitor (Invitrogen). RNA immobilized beads were incu-
bated with protein mixtures for 30 min at 4 °C with rotation. After three washes,
bound proteins were eluted in 2× Laemmli buffer (Sigma) at 95 °C and analyzed by
western blot. Primer sequences are listed in Supplementary data 7.

Co-immunoprecipitation (Co-IP). For the pulldown of DAP3, SFPQ and NONO
protein, EC109 cells were lysed with prechilled lysis buffer (50 mM Tris-HCl, pH
7.5; 150 mM NaCl; 1% Nonidet P40; 0.5% sodium deoxycholate; 1× EDTA-free
cOmplete protease inhibitor (Roche)). The lysates were precleared with Dyna-
beads™ protein G (Invitrogen) at 4 °C overnight. The precleared lysates with
incubated with anti-DAP3 (abcam, ab2637), anti-SFPQ (Santa Cruz, sc-271796)
and anti-NONO (Santa Cruz, sc-166702) antibodies for 4 h at 4 °C and subse-
quently with Dynabeads™ protein G at 4 °C overnight. The Dynabeads™ protein G
(Invitrogen) with bound proteins were washed with 150 mM NaCl with 1× EDTA-
free cOmplete protease inhibitor for six times and boiled with 2× protein loading
buffer for 10 mins at 95 °C to elute bound proteins. Western blot analysis was
performed to detect co-IP products. For the RNase A treatment prior to the
immunoprecipitation, the total lysates were incubated with 0.1 μg/μl RNase A
(Thermo Fisher Scientific) at 37 °C for 10 min.

Western blot analysis. Protein lysates were denatured and separated on SDS-
PAGE gels, transferred onto polyvinylidene difluoride membranes, and immuno-
blotted with a primary antibody at 4 °C overnight, followed by incubation with a
secondary antibody at room temperature for 1 h. The following antibodies are used

in this study: anti-DAP3 (1:1000, Abcam, ab2637), anti-β-actin (1:5000, Santa
Cruz, sc-47778), anti-SFPQ (1:1000, Santa Cruz, sc-271796) and anti-NONO
(1:1000, Santa Cruz, sc-166702), anti-WSB1 (1:1000, Novus, NBP2-82049), anti-
ATM (1:1000, Santa Cruz, sc-377293), and anti-RBM6 (1:1000, Santa Cruz, sc-
376201). β-Actin (ACTB) was used as a loading control. Molecular weight markers
(unit: kDa) are labelled in blots.

Immunoprecipitation coupled to mass spectrometry (IP-MS) in combination
with SILAC (stable isotope labelling by amino acids in cell culture). The DAP3-
KO EC109 cells were cultured in “light” (84 mg/ml Arg-0 and 146 mg/ml Lys-0)
media, and the WT cells were culture in “heavy” (84 mg/ml Arg-10 and 146 mg/ml
Lys-8) media in the “forward” experiment for five consecutive passages. In the
“reverse” experiment, the light and heavy labels were swapped. SILAC incor-
poration rates were >98% in both WT and KO samples. IP was performed using
anti-DAP3 (abcam, ab2637). In the “forward” or “reverse” experiment, the IP
products of the WT-heavy and KO-light or WT-light and KO-heavy samples were
mixed at 1:1 ratio, respectively. The MS data acquisition and analysis were per-
formed as described previously46. The MS data are provided in Supplementary
data 4.

RNA electrophoretic mobility shift assay (REMSA). The RNA probes were
generated by in vitro transcription using RiboMAX™ Large Scale RNA Production
Systems (Promega) and biotin-labelled using Biotin 3’ End DNA Labeling Kit
(Thermo Fisher Scientific). Recombinant protein was prepared as described16.
REMSA was performed using LightShift® Chemiluminescent RNA EMSA Kit,
according to the manufacturer’s protocol (Thermo Fisher Scientific). Briefly, bio-
tinylated RNA probes were heated for 5 min at 80 °C and placed on ice immedi-
ately to release secondary structure. The biotinylated RNA probes (0.5 pmol) were
incubated with 40 ng of Flag-DAP3 proteins in the binding buffer containing
10 mM HEPES (pH 7.3), 20 mM KCl, 1 mM MgCl2, 1 mM DTT, 100 ng/μl tRNA,
and 0.2U/μL SUPERase·In™ RNase Inhibitor (Invitrogen) at room temperature for
30 min. In the RNA competition assay, a 100-fold molar excess of unlabelled RNA
probes were preincubated with the reaction mixture at room temperature for 5 min
before adding biotinylated probes. Samples were subjected to electrophoresis on a
5% native acrylamide gel, transferred to Amersham Hybond-NX (GEHealthcare)
membrane, and detected by chemiluminescence. The probe sequences (motifs
highlighted in red) are provided in Supplementary data 7.

RNA immunoprecipitation (RIP)-quantitative PCR (qPCR) analysis. Cells were
lysed by prechilled lysis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1% Triton, 1×complete protease inhibitor (Roche), and 0.1U/μl SUPERase·In™
RNase Inhibitor (Invitrogen)) and incubated overnight with M2 magnetic beads at
4oC. Then the M2 magnetic beads were washed six times with TBS buffer (50 mM
Tris (pH 7.5), 150 mM NaCl, and 0.02U/μl SUPERase·In™ RNase Inhibitor (Invi-
trogen)). Bound proteins were eluted with 2× protein loading buffer after boiling at
95 °C for 10 min. Western blot was performed to examine pulldown efficiency.
RNAs bound to the M2 magnetic beads were eluted with buffer RLT and purified
with RNeasy Mini Kit (Qiagen). cDNA was synthesized using SensiFAST™ cDNA
synthesis kit (Bioline) and qPCR was performed using GoTaq® qPCR Master Mix
(Promega). Enrichment of pulled down RNAs were normalized to the input RNA
expression levels. Primer sequences are listed in Supplementary data 7.

Foci and soft agar colony formation assay. For foci formation assay, EC109 cells
were seeded at a density of 1 × 103 per well in six-well plates. Medium was replaced
every 3 days. Visible colonies in each well were stained with crystal violet solution
(0.1% crystal violet; 25% methanol) and quantified. A representative image of a
stained well for each treatment was shown.

For soft agar assay, EC109 (1 × 103 per well) cells resuspended in 0.4% low-
melting agarose were seeded on top of 0.6% low-melting agarose in six-well plates
and incubated for 2 weeks. Visible colonies were stained with crystal violet solution
(0.005% crystal violet; 25% methanol) and quantified. A representative image
viewed under microscope for each treatment was shown.

In vivo tumorigenicity assay. NOD scid gamma (NSG) mice (The Jackson
Laboratory, RRID:IMSR_JAX:005557) were maintained in pathogen-free (SPF)
facility in NUS Comparative Medicine Department. Less than five mice with same
sex were housed in a cage at 20–25 °C and 50% humidity with a 12 h light/dark
cycle. For in vivo tumorigenicity assay, 0.5 × 106 EC109 cells were subcutaneously
injected into the left or right flank of 4- to 6-week-old NOD scid gamma (NSG)
mice (Fig. 7j: n= 3 males and n= 3 females for each group; Supplementary
Fig. 11e: n= 2 males and n= 3 females for each group). Tumor growth was
monitored, and tumor length (L) and width (W) measured at indicated time
points. Tumor volume was calculated by the formula V= 0.5 × L ×W ×W. All
animal experiments were approved by and performed in accordance with the
Institutional Animal Care and Use Committees (IACUC) of National University of
Singapore. All tumors were harvested before or on the day of reaching the IACUC
approved tumor size (15 mm at the largest diameter).
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Statistics and reproducibility. Bioinformatic statistics used default settings for
each individual pipeline and portal. All other statistical analyses were performed
using Graphpad Prism v9.2.0 or Microsoft Excel 2019. All tests used in the study
were two-sided and the exact p-values are provided in source data file. The number
of replicates were provided in the figures and legends. Western blot and REMSA
experiments were performed at least twice with similar results and representative
data are shown.

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

Data availability
The datasets generated and used in this study are available in the GEO repository,
Accession ID: GSE123020 (RNA-Seq), GSE172078 (RNA-Seq), and GSE144318 (eCLIP-
Seq). Databank URL: http://www.ncbi.nlm.nih.gov/geo/. All the other data are available
within the article and its Supplementary Information. Source data are provided with
this paper.

Code availability
The bioinformatics pipelines for RNA-Seq, eCLIP-Seq, and rMATS are available online
at the CSI NGS Portal43 (https://csibioinfo.nus.edu.sg/csingsportal). Bioinformatics code
for downstream analysis is available upon reasonable request.
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