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RNA editing introduces nucleotide changes in RNA sequences. Recent studies have reported that aberrant A-to-I
RNA editing profiles are implicated in cancers. Albeit changes in expression and activity of ADAR genes are
thought to have been responsible for the dysregulated RNA editome in diseases, they are not always correlated,
indicating the involvement of secondary regulators. Here, we uncover DAP3 as a potent repressor of editing and
a strong oncogene in cancer. DAP3 mainly interacts with the deaminase domain of ADAR2 and represses editing
via disrupting association of ADAR2 with its target transcripts. PDZD7, an exemplary DAP3-repressed editing target,
undergoes a protein recoding editing at stop codon [Stop —Trp (W)]. Because of editing suppression by DAP3, the
unedited PDZD7"T, which is more tumorigenic than edited PDZD7%°P>"8W is accumulated in tumors. In sum, cancer
cells may acquire malignant properties for their survival advantage through suppressing RNA editome by DAP3.

INTRODUCTION
RNA editing is a widespread co- or posttranscriptional modification
process that introduces changes in RNA sequences encoded by the
genome, contributing to “RNA mutations.” Editing of adenosine to
inosine (A-to-I) in double-stranded RNA (dsRNA), catalyzed by
adenosine deaminase acting on RNA (ADAR) family of enzymes, is
the most common type of RNA editing in mammals (1). In verte-
brates, a family of three ADAR proteins, ADAR], ADAR2,and ADARS3,
has been characterized (I, 2). ADAR] and ADAR2 (ADARSs) cata-
lyze all currently known A-to-I editing sites. In contrast, ADAR3
has no documented deaminase activity. Inosine (I) essentially mimics
guanosine (G); therefore, ADAR proteins introduce a virtual A-to-G
substitution in transcripts. These changes can lead to specific amino
acid substitutions, alternative splicing, microRNA-mediated gene
silencing, or changes in transcript localization and stability (1).
Aberrant editing on specific transcripts and their association
with cancer progression have been found in many cancer types (3).
Protein-recoding type of RNA editing contributes to tumorigenesis
mainly through enhancing the activity of oncogenes or reducing the
activity of tumor suppressors (4-6). AZINI (antizyme inhibitor 1)
is one of the most well-studied ADARI target in cancer. Editing of
AZINI results in a serine (S) to glycine (G) substitution at residue
367, and the edited form AZIN1%%¢7G may undergo protein confor-
mational change and thus has much stronger tumorigenic capa-
bilities than the wild-type (WT) form. RNA editing of AZIN1 was
significantly higher in different cancer types such as hepatocellular
carcinoma (HCC) (5), esophageal squamous cell carcinoma (ESCC)
(7), and colorectal cancer (CRC) (8), which predicted worse prog-
nosis of cancer patients. Editing of noncoding regions or noncoding
RNAs can also promote cancer progression. One example is FAK
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(focal adhesion kinase), which harbors a specific editing site in in-
tronic region, leading to the stabilization of FAK transcripts and
lung adenocarcinoma cell migration and invasion (9). In addition,
editing of microRNAs is also linked to cancer progression. For in-
stance, RNA editing of a tumor-suppressive microRNA pri-let-7d,
which disrupts its biogenesis, is implicated in chronic myelogenous
leukemia (10).

Although the causal relationship between the dysregulated A-to-I
RNA editome and cancer has been well studied in the past decade,
the causes of RNA editing dysregulation in cancer remain to be in-
vestigated. Most studies attempted to simply correlate altered RNA
editing profiles with changes in expression level and/or activity of
ADARs during cancer progression. However, they are not always
correlated with each other in numerous diseases (11), indicative of
the involvement of non-ADAR editing regulators. It is therefore
critical to uncover key secondary regulators that manipulate another
layer of editing regulation and understand their role in cancer. To
date, a couple of regulatory mechanisms of A-to-I RNA editing
have been reported. CREB1 (cyclic adenosine 5'-monophosphate-
responsive element-binding protein 1) (12) and JNK1 (c-Jun
N-terminal kinase 1) (13) can induce ADAR2 expression in neurons
and pancreatic B cells, respectively. Self-editing of ADAR2 pre-
mRNA modulates its own alternative splicing, forming an autoreg-
ulatory loop to tightly control editing level (14). At posttranslational
level, degradation of ADAR proteins can be modulated by PIN1
(peptidylprolyl cis/trans isomerase NIMA-interacting 1), WWP2
(WW domain containing E3 ubiquitin protein ligase 2), and
AIMP2 (aminoacyl TRNA synthetase complex interacting multifunc-
tional protein 2) (15, 16), while sumoylation of ADAR1 by SUMO1
(small ubiquitin-like modifier 1) alters the editing activity of ADARI
(17). Because the A-to-I RNA editing of pre-mRNAs takes place in
the nucleus, changes in subcellular localization of ADARs affect the
editing process. Transportin-1 (TNPO1) and Exportin-5 (XPO5)
mediate the import and export of ADARI to the nucleus, respectively
(18). In addition, homodimerization of ADAR1 or ADAR2 (ADAR1/2)
monomers through their dSRNA binding domain (dsRBD) is also
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essential for editing to occur (19-21). A recent study reported that
SRSF9 (serine/arginine-rich splicing factor 9) could selectively sup-
press brain-specific A-to-I RNA editing by disrupting ADAR2 ho-
modimerization (22). Recognition of editing substrates by ADARs
may depend on the former’s dsSRNA secondary structures. RNA
binding proteins, which are capable of modulating RNA structure,
may therefore affect A-to-I RNA editing. More recently, our group
found DHX9 (DEAH box helicase 9) as the first bidirectional regu-
lator of editing in human, and editing substrate specificity determines
the opposing effects of DHX9 on A-to-I editing (23). All these ob-
servations suggested that the regulation of A-to-I RNA editing is
much more complex than previously appreciated, and identifying
non-ADAR regulators would provide new insights into understand-
ing the interwoven regulatory network of A-to-I RNA editing and
its contribution to cancer.

In this study, we uncovered a previously unidentified ADAR-
interacting protein death associated protein 3 (DAP3) as a potent
repressor of A-to-I RNA editome, and its negative regulation of editing
is possibly one mechanism by which DAP3 promotes cancer devel-
opment. DAP3 is also named as MRPS29 (mitochondrial 28S ribosomal
protein S29). As a subunit of mitoribosome, it is involved in the mito-
chondrial homeostasis and protein synthesis (24, 25). It also func-
tions as a positive mediator of apoptosis induced by IFN-y (interferon-y),
tumor necrosis factor-a, and Fas ligand as well as anoikis induced by
detachment from extracellular matrix (26). Our detailed mechanis-
tic studies indicated that DAP3 localizes in the nucleus and prefer-
entially interacts with the deaminase domain of ADAR2 rather than
ADARI, thereby disrupting the binding of ADAR2 to its target
dsRNA substrates. Despite the controversial role of DAP3 in human
cancers as reported previously (26), we found that DAP3 was over-
expressed in 17 types of cancers and functioned as a strong onco-
gene. Suppression of A-to-I RNA editome by DAP3 is possibly one
mechanism that contributes to the oncogenic effect of DAP3. An
exemplary DAP3-repressed editing of PDZD7 (PDZ domain con-
taining 7) gene was found to contribute to tumorigenesis because of
the accumulation of a more aggressive form PDZD7"" (unedited)
than PDZD7°P*'®W (edited). Together, our study demonstrates
that DAP3 can serve as a potent editing repressor, featuring another
layer of RNA editing modulation in cancer. Cancer cells may ac-
quire malignant properties for their survival advantage through
suppressing RNA editome by DAP3, which is likely to be one of the
critical mechanisms in driving cancer development.

RESULTS

DAP3 interacts with ADARs in the nucleus

Our previous ADARs coimmunoprecipitation coupled with mass
spectrometry (ADARs co-IP-MS) identified DAP3 as a high-
confidence ADAR2-interacting protein in human embryonic kidney
(HEK) 293T cells (23). We further validated their interaction in an
ESCC cell line, EC109, which has been used in our previous RNA
editing studies (7, 23). In agreement with the co-IP-MS data, V5 or
Flag-tagged ADAR?2 could be pulled down by either endogenous or
green fluorescent protein (GFP)-tagged DAP3, respectively (Fig. 1,
A and B), and their interaction was also observed endogenously
in EC109 cells (Fig. 1C). Although DAP3 was not identified as an
ADARI-interacting protein by co-IP-MS because of the low pep-
tide coverage, our co-IP assays indicated a rather weak binding of
ADARI (the p110 isoform) to DAP3, particularly endogenously in
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EC109 cells (Fig. 1, A to C). Despite the fact that DAP3 is known to
be a mitochondrial ribosomal protein, cell fractionation assays con-
firmed that DAP3 could be expressed in both nucleus and cytoplasm
of EC109 cells (Fig. 1D). Immunofluorescence staining further con-
firmed that DAP3 colocalizes with the mitochondrial outer mem-
brane protein TOMM20 and ADAR2 in the mitochondrion and
nucleus of EC109 cells, respectively (fig. S1, A and B). Moreover,
co-IP assays after cell fractionation indicated that the interaction of
DAP3 to ADARs occurs only in the nucleus where the pre-mRNA
editing takes place (Fig. 1E).

The dsRBD or deaminase domain of ADAR1 or ADAR2 is
essential for its binding to DAP3, respectively

To study the exact domain of ADAR1/2 protein responsible for its
interaction with DAP3, we performed co-IP analysis by cotransfect-
ing GFP-tagged DAP3 and V5-tagged ADAR1/2 truncated mutants
(Fig. 2, A and B). The C3 mutant of ADARI, which lacks the second
dsRBD, and the C4 mutant, which is depleted of the first and second
dsRBDs, could not be pulled down, indicating that the second dsRBD
of ADARI is required for its binding to DAP3 (Fig. 2A). In contrast,
C1 and C2 mutants of ADAR?2 lacking the deaminase domain failed
to be pulled down (Fig. 2B), suggesting that DAP3 interacts with
ADAR? though the latter’s deaminase domain. Since the removal of
nuclear localization signal in the N1 and N2 mutants of ADAR2 may
affect the subcellular localization of ADAR?2 protein, we further
confirmed that the interaction between the N1 or N2 mutant and
DAP3 still occurred in the nucleus (fig. S1C). We then examined
whether the interaction between ADAR1/2 and DAP3 is dependent
on RNA molecules. Ribonuclease A (RNase A) treatment markedly
reduced the interaction between DAP3 and ADAR2, but not ADAR1
(Fig. 2, Cand D). To confirm whether the interaction between DAP3
and ADAR? is dependent on RNA, we generated an ADAR2 EAA
mutant that carries point mutations introduced in the lysine-lysine-
x-x-lysine (KKxxK) motifs within the dsRBDs, rendering the EAA
mutants incapable of dSRNA binding (27), and found that endoge-
nous DAP3 protein only pulled down WT ADAR?2, but not the EAA
mutant, suggesting that their interaction is truly dependent on RNA
molecules (Fig. 2E).

Although ADARI1 and ADAR?2 are homologous, they are not
identical, particularly their dsSRBDs. We conducted a sequence
alignment using the BLAST (Basic Local Alignment Search Tool)
Sequence Analysis Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and found that only the first dsSRBDs of ADARI and ADAR?2 pro-
teins could be aligned, sharing 38% amino acid sequence identity,
while the deaminase domains of two ADAR proteins share 37%
amino acid sequence identity. Therefore, involvement of distinct
domains of ADARs in DAP3-ADARs interaction may be attributed
to differences in sequences and structures of ADAR] and ADAR2
proteins. These differences may eventually contribute to the differ-
ential mechanisms by which DAP3 represses ADAR1- and ADAR2-
regulated editing.

DAP3 mainly functions as a potent repressor of A-to-l RNA
editing in cancer cells

It has been reported by us that the dysregulated A-to-I RNA editome
is implicated in ESCC, HCC, and gastric cancer, which might be
partially attributed to the differentially expressed ADARs in tumors
(6, 7, 28). It remains unexplored whether non-ADAR regulators
control another layer of editing regulation during cancer progression.

20f 14


https://blast.ncbi.nlm.nih.gov/Blast.cgi

SCIENCE ADVANCES | RESEARCH ARTICLE

A ADARIV5 ADAR2.VS B Input IP: GFP Cc P
P P EV-GFP + - + - Input 1gG DAP3
- ® L ) DAP3-GFP - + - ol
§' (Er)n % 3 O & Flag-ADAR1 + + + + ADAR']‘p 4| *
£ 2 o0 £ @ A P10 | -—
v [ oaps [ =]
= = «[=
Input IP: GFP Input IgG DAP3
EVGFP + - + -
Flag-ADAR2 + + + +
Flag [ —] DAPS [=—  @m |
D E Nucleus Cytoplasm Nucleus Cytoplasm
o F Input IP: GFP  Input IP: GFP Input _Input
¥ @5 EV.GFP  + -+ - + - T+ - EV-GFP  + -  + -
~ G DAP3-GFP_ - + - ¢ -+ -+ DAP3-GFP -~ + -+
DAP3 [= = | o a-Tubulin E
ADAR1
ADAR1 @D e - -
.-~ Fibrillarin | _
ADARZ | e ADARz\--H .H H ‘
a-Tubulin o
.~ W -

Fibrillarin | s

Fig. 1. DAP3 interacts with ADARs in the nucleus. (A) Co-IP analysis of protein extracts from EC109 cells transfected with V5-tagged ADAR1 or ADAR2. Western blot (WB)
analysis of DAP3-pulldown products was conducted using V5 and DAP3 antibodies. IgG, immunoglobulin G. (B) Co-IP analysis of protein extracts from EC109 cells cotrans-
fected with the indicated tagged ADAR1/2 and DAP3 constructs, using a GFP-trap system. WB analysis of GFP-pulldown products was conducted using Flag and GFP
antibodies. EV-GFP, GFP empty vector. (C) Co-IP analysis of protein extracts from EC109 cells. IP was performed with a DAP3 antibody, followed by WB analysis of DAP3-
pulldown products using ADAR1, ADAR2, and DAP3 antibodies. *, nonspecific band. (D) WB analysis of the nuclear and cytoplasmic fractions of EC109 cells. (E) Co-IP
analysis of the nuclear and cytoplasmic fractions of EC109 cells transfected with DAP3-GFP or EV-GFP. WB analysis of GFP-pulldown products was conducted using the
indicated antibodies (left). a-Tubulin (cytoplasmic control) and fibrillarin (nucleic control) were analyzed in the input after fractionation (right). (A to C and E) One percent

of the total cell lysate was loaded as an input control.

To this end, we stably knocked down DAP3 in two ESCC cell lines,
EC109 and KYSE180, using a lentiviral system and observed that
the depletion of DAP3 had no obvious effect on two isoforms
(p110 and p150) of ADAR1 and ADAR? (Fig. 3A and fig. S2). We went
on to perform the strand-specific RNA sequencing (RNA-seq) analysis
to elucidate the regulatory effect of DAP3 on the global editome
in an unbiased and transcriptome-wide manner. Using our RNA
editing analysis pipeline with two filter criteria, (i) a read coverage
of > 20 and (ii) editing frequency > 10%, we first identified high-
confidence A-to-I RNA editing sites in three RNA-seq datasets from
our scramble control (shScr) EC109 and KYSE180 cells (n = 2),
HEK293T cells (n = 6) (16) and randomly selected normal esophagus
mucosa samples from the Genotype-Tissue Expression (GTEx)
database (n = 10) (29). We found that the extent of A-to-I RNA
editing in our shScr cells was largely comparable with that in nor-
mal esophagus mucosa samples and HEK293T cells (fig. S3). We next
identified DAP3-affected editing sites using our RNA-seq dataset
with two additional criteria: (i) |% editing change| >10% between
both of DAP3-knockdown (sh1 and sh2) and the shScr samples and
(ii) a read coverage of >20 in all samples. Most of the affected sites
resides in 3 untranslated regions (3'UTRs), followed by the intronic
regions (Fig. 3B). In EC109 and KYSE180 cells, 1109 and 2322 affected
sites distributed across 337 and 526 genes, respectively (Fig. 3C
and tables S1 and S2). Ingenuity pathway analysis of these genes
harboring affected editing sites showed that they were functionally
enriched in many key processes relevant to cancer development and
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progression, such as cell cycle, DNA replication, recombination
and repair, and cell death and survival (fig. S4A). Intriguingly,
depletion of DAP3 drastically enhanced the A-to-I editing, as re-
flected by the fact that approximately 95% (1053 of 1109) and 97%
(2261 of 2322) of affected sites were overedited in DAP3-depleted
EC109 and KYSE180 cells, respectively (Fig. 3D and tables S1 and
S2). We randomly selected 27 overedited sites for validation, and
20 of 27 (74%) were validated in both DAP3-depleted EC109 cells
(Fig. 3E and table S3), while among 9 inferred underedited sites,
7 sites were confirmed to be either unaffected or overedited sites
(fig. S4B). CRISPR-Cas9-mediated DAP3 knockout (KO) in EC109
cells further confirmed a strong repressive effect of DAP3 on A-to-I
RNA editome (Fig. 3F and fig. S4C). Of note, the DAP3-mediated
repression on editing is not limited to ESCC, as DAP3 was also
found to repress editing in two HCC cell lines, SNU398 and Huh?7,
and a glioblastoma cell line, U251 (fig. S5, A and B). All these find-
ings support that DAP3 mainly functions as a potent repressor of
A-to-I RNA editing in cancer cells.

DAP3 disturbs ADAR1 homodimerization and inhibits

the binding of ADAR2 protein to its dsRNA substrates

It is critical to decipher the underlying mechanism by which DAP3
represses A-to-I RNA editing without affecting ADAR expression.
HTR2C is a well-characterized editing target, and its dsRNA struc-
ture has been well delineated in many studies (30). In addition,
MAGT1, one of validated editing targets, has multiple editing sites
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Fig. 2. ADAR1 and ADAR2 interact with DAP3 through different domains. (A) Schematic diagrams of full-length (FL), C1, C2, C3, and C4 deletion mutants of ADAR1
p110 isoform (left). Co-IP analysis of protein lysates from EC109 cells transfected with V5-tagged deletion mutants and DAP3-GFP or EV-GFP, using GFP-trap system, fol-
lowed by WB analysis of GFP-pulldown products using GFP and V5 antibodies (right). (B) Schematic diagrams of FL, N1, N2, C1, and C2 mutants of ADAR2 (left). Co-IP and
WB analyses were conducted as described in (A). ¥, nonspecific band; NLS, nuclear localization signal. (C and D) Co-IP analysis was conducted in EC109 cells transfected
with (C) ADAR1-V5 and (D) ADAR2-V5. Before IP assays, protein lysates were treated with (+) or without (-) RNase A, followed by WB analysis of DAP3-pulldown products
using V5 and DAP3 antibodies. Agarose gel demonstrating the successful digestion of total RNA. (E) Co-IP analysis was conducted in EC109 cells transfected with the in-
dicated construct, followed by WB analysis using V5 and DAP3 antibodies. (A to E) One percent of the total cell lysate was loaded as an input control.

within its 3'UTR, and silencing of DAP3 increased the editing level
of these sites (Fig. 3, E and F). Therefore, both HTR2C and MAGT1I
were chosen as editing substrates for the following mechanistic
study. Since binding of ADARs to editing substrates and ADAR
homodimerization are two critical factors required for A-to-I RNA
editing, we first examined whether DAP3 could affect ADAR1/
2-dsRNA binding. RNA immunoprecipitation (RIP) assays indicated
that overexpression of DAP3 significantly repressed the association
of ADAR?2 protein with HTR2C and MAGTI RNA transcripts
in vivo (Fig. 4A). In contrast, DAP3 had no obvious effect on the
association of ADARI with their substrates (Fig. 4B). Furthermore,
we performed RNA electrophoretic mobility shift assay to examine
the effect of DAP3 on the binding of ADAR2 to MAGTI and
HTR2C RNA duplex probes (Fig. 4, C and D, and fig. S6A). Purified
ADAR?2 protein could bind to HTR2C and MAGT1 RNA duplexes,
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and the amount of ADAR2-bound RNA duplexes decreased gradu-
ally by the addition of increasing amounts of DAP3-glutathione
S-transferase (GST) but not the control GST protein (Fig. 4, C
and D). Of note, we found that DAP3 could not directly bind to
these RNA duplexes (fig. S6B), indicative of the fact that DAP3
represses editing via affecting the binding of ADAR2 to dsRNAs,
rather than competing with ADAR?2 for substrate binding. More-
over, we conducted enhanced cross-linking and immunopre-
cipitation followed by high-throughput sequencing (eCLIP-Seq)
analysis and mapped the binding sites of DAP3 on its target RNAs.
We observed that DAP3-binding peaks on edited RNAs were not
in close proximity to the edited sites (the median distance from
DAP3-binding sites to editing sites is 2.5 kb) (fig. S7), suggesting that
DAP3-mediated editing suppression is unlikely because of the
blockage of ADAR2-binding sites or a competitive binding to the
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Fig. 3. DAP3 functions as a potent editing repressor in ESCC cells. (A) WB analysis of the indicated proteins in stable DAP3-knockdown EC109 and KYSE180 cells.
B-Actin (Actin) was used as a loading control. (B) Distribution of DAP3-affected editing sites over annotated genomic regions in EC109 and KYSE180 cells. (C) Venn dia-
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Fig. 4. DAP3 affects ADAR1 homodimerization and inhibits ADAR2-dsRNA association. (A and B) RIP-quantitative polymerase chain reaction (qPCR) analysis of the
binding of HTR2C or MAGTT transcripts to ADAR2 (A) or ADART1 (B) protein in EC109 cells. HTR2C and MAGT1 transcripts were introduced into EC109 cells to reach a detect-
able level for RIP assays. The WB and qPCR analyses of Flag-RIP immunoprecipitates are shown in the top and bottom, respectively. Data are presented as mean + SD of
technical triplicates. (C and D) RNA electrophoretic mobility shift assay analysis of the binding of HTR2C or MAGT1 RNA duplexes to ADAR2 protein in the presence of
DAP3-GST (or GST) protein with an increasing molar ratio of DAP3-GST (or GST) to ADAR2 protein (1:1, 2:1, and 4:1). Relative RNA bound to ADAR2 was calculated as [in-
tensity of bound probe in the presence of ADAR2 and DAP3-GST or GST]/[intensity of bound probe in the presence of ADAR2 alone]. Data are presented as mean + SD
from three independent RNA electrophoretic mobility shift assay experiments. (E and F) Co-IP analysis of protein extracts from EC109 cells cotransfected with V5-tagged
ADART1 (E) or ADAR2 (F) or LacZ control (LacZ-V5), Flag-tagged ADAR1 or ADAR2, and DAP3 or empty vector (EV) control. (A, B, E, and F) Input indicates 1% of the total cell
lysate. (A to D) Statistical analysis is conducted using unpaired, two-tailed Student’s t test (*P < 0.05; **P < 0.01).

‘

editing regions between DAP3 and ADAR?2. In addition, by con-
ducting co-IP assays, we found that DAP3 inhibited ADARI ho-
modimerization (Fig. 4E, lane 6 versus lane 8) but had no obvious
effect on ADAR2 homodimerization (Fig. 4F, lane 6 versus lane 8).
Because of the fact that DAP3 preferentially interacts with ADAR2
endogenously (Fig. 1C) and DAP3 tends to regulate ADARI1- and
ADAR2-regulated editing via differential mechanisms, we focused
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on the functional consequences of DAP3-repressed ADAR?2 editing
in the remainder of our study.

DAP3 is overexpressed in many cancer types

and characterized as an oncogene

To understand the clinical relevance of DAP3 in cancer, we first an-
alyzed DAP3 expression using the RNA-seq data from the Cancer
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Genome Atlas (TCGA) database (31) and observed that DAP3 was
significantly up-regulated in tumor samples as compared to their
corresponding nontumor (NT) tissues across 17 of 22 cancer types
(Fig. 5). Of note, the expression level of DAP3 in esophageal carci-
noma is 1.4-fold of that in NT sample tissues (P = 0.00151) (Fig. 5).
Furthermore, stable knockdown of DAP3 by two short hairpin RNAs
(shRNAs; sh1 and sh2) in EC109 and KYSE180 cells significantly
reduced the frequency of foci formation and decreased the number
of colonies formed in soft agar compared with the scrambled shRNA
(shScr) control (Figs. 6, A to D, and 3A). Subcutaneous injection of
DAP3-depleted EC109 cells into mice led to much smaller tumors
when compared to that of shScr cells during a 17-day observation
period (Fig. 6, E and F). At end point, we confirmed that DAP3 was
expressed at very low level or absent in the xenograft tumors de-
rived from DAP3-depleted cells (Fig. 6G). Knockdown DAP3 in two
HCC cell lines, Huh7 and SNU398, was also found to inhibit tumor-
igenesis (fig. S8, A to D).

To eliminate the off-target effects of sIRNAs against DAP3, we
conducted rescue assays by reintroducing DAP3 into DAP3-depleted
EC109 cells (Fig. 6H). Both in vitro and in vivo tumorigenicity as-
says indicated that the tumor-suppressive phenotypes caused by
DAP3 knockdown were effectively rescued by overexpressing a DAP3
mutant that preserves the native amino acid sequence but contains
seven point mutations within the DAP3 sh1 targeting site (Fig. 6,
I to M). Together, these results suggest that DAP3 is implicated as
an oncogene in cancers, which may not be specific to ESCC and
HCC, but many types of cancers.

The oncogenic role of DAP3 is associated with its regulation
of A-to-l RNA editome

To ascertain whether the negative regulation of RNA editome by
DAP3 contributes to the oncogenic role of DAP3, we first knocked

down ADAR?2 before the overexpression of DAP3 in EC109 cells
and found that silencing ADAR2 alone significantly increased tumor-
igenesis (Fig. 7, A to C), which is consistent with previous studies
(6, 32). Among all groups of cells, shScr cells overexpressing DAP3
showed the strongest oncogenic phenotypes, while in ADAR2-
knockdown cells with DAP3 overexpression, editing of ADAR2-
regulated sites was repressed upon ADAR2 knockdown, such that
the oncogenic effect of DAP3 overexpression through its editing
suppression was significantly attenuated, indicating that the onco-
genic ability of DAP3 is at least partially attributable to its ability to
suppress RNA editing (Fig. 7, A to C). Moreover, we also observed
that cells with both ADAR2 knockdown and DAP3 overexpression
demonstrated slightly but significantly stronger oncogenic pheno-
types than cells with ADAR2 knockdown alone (Fig. 7, A to C), sug-
gesting that DAP3 might also have editing-independent oncogenic
function. Together, these observations suggested that repressing
RNA editing is possibly one mechanism by which DAP3 promotes
tumorigenesis.

It has been reported that protein-recoding type of RNA editing,
which generates protein variants, makes a remarkable contribution
to cancer progression (33). On the basis of our RNA-seq analysis of
DAP3-depleted EC109 cells, we identified a DAP3-affected editing
site within a stop codon (Chr10:102777342) of PDZD?7 gene, which
leads to a substitution of Stop codon (Stop) to tryptophan (Trp/W).
Although PDZD?7 editing, the first and perhaps the only A-to-I
editing event found in vertebrate that impairs stop codon, has been
recently reported (34), the function of PDZD?7 editing remains un-
known. Arising from RNA editing, the original stop codon was by-
passed and the edited form PDZD75°P>18W had an 18-amino acid
extension at its C terminus (Fig. 7D). Although PDZD7 was found
to be regulated by both ADARI and ADAR?2 (fig. S9), we found that
57% (26 of 46) of primary ESCC tumors demonstrated lower editing
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Fig. 5. DAP3 is overexpressed in many cancer types. Expression of DAP3 gene in 22 cancer types from TCGA. Wilcoxon rank sum test was performed to compute the
statistical significance. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adeno-
carcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma;
STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.
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Fig. 6. DAP3 functions as an oncogene. (A and B) Quantification of foci formation (A) or soft agar colony formation (B) in the indicated stable EC109 cells. (C and
D) Quantification of foci formation (C) or soft agar colony formation (D) in the indicated stable KYSE180 cells. (E) Growth curve of tumors derived from the indicated stable
cells in mice. (F) Tumors derived from the indicated stable cell lines at end point (n =8 mice per group). (G) WB analysis of DAP3 protein in xenograft tumors at end point.
(H) WB analysis of DAP3 expression in stable DAP3-depleted EC109 cells without (DAP3 sh1 + EV) or with the restored DAP3 expression (DAP3 sh1 + DAP3). (I and
J) Quantification of foci formation (1) or soft agar colony formation (J) in the indicated stable cells. (K) Growth curve of tumors derived from the indicated stable cells in mice.
(L) Tumors derived from the indicated stable cell lines at end point (n =5 mice per group). (M) WB analysis of DAP3 protein in xenograft tumors at end point (A to D, |, and J)
Data are presented as the mean + SD of duplicate or triplicate wells from a representative experiment. (E and K) Data are presented as the mean + SEM. Statistical signifi-
cance is determined by unpaired, two-tailed Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001).

level than their corresponding NT samples (Fig. 7, E and F, and fig. PDZD7"" (40%) and PDZD7%°"*"8V (60%) (Fig. 7, H to ). Albeit
$10), presumably due to down-regulation of ADAR2 and further both forms of PDZD7 were found to enhance tumorigenicity of
editing repression by DAP3 in tumors. We then confirmed that ESCC cells, EC109 cells expressing more PDZD7 St°P518W became
knockdown of DAP3 was able to restore the editing of PDZD7  less oncogenic than cells expressing PDZD7" " only (Fig. 7, K and L).
(Fig. 7G). Next, to study the functional difference between PDZD7""  We conducted the same experiment in KYSE180 cells and observed
and PDZD75P*8W we generated EC109 cells stably expressing  similar phenotypic changes to those in EC109 cells (fig. S11). These
PDZD7"T (100%) and PDZD75°P*'8W (100%) or coexpressing  observations suggested that cancer cells might acquire malignant
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Fig. 7. Editing of PDZD7 reduces its oncogenic ability. (A) WB analysis of ADAR2, DAP3, and actin expression in the indicated EC109 cells. (B and C) Quantification of
foci formation (B) or soft agar colony formation (C) induced in the indicated cells. (D) Diagram of PDZD7 gene locus indicates an A-to-| RNA editing at Chr10:102777342
leads to a stop codon to tryptophan substitution, generating an 18-amino acid extension at its C terminus. (E) Dot plots showing editing level changes of PDZD7 tran-
scripts between tumors (T) and their corresponding nontumor (NT) samples (n = 46). Red dot: >5%; blue dot: <—5%; gray dot: between —5 and 5%. (F) Sequence chroma-
tograms show the editing of PDZD7 in three representative pairs of ESCC tumors and NT samples. (G) Sequence chromatograms illustrate the editing of PDZD7 in the
indicated cells. (H to J) PDZD7 RNA expression, protein expression, and editing level are analyzed by quantitative reverse transcription PCR (H), WB (I), and Sanger se-
quencing (J) respectively, in EC109 cells stably expressing PDZD7"" and PDZD7°°P*"®" or coexpressing PDZD7"" and PDZD7°*°P*"®", (K and L) Quantification of foci
formation (K) or soft agar colony formation (L) induced in the indicated stable cells. (B, C, K, and L) Data are presented as the mean + SD of triplicate wells from a represen-
tative experiment. Statistical significance is determined by unpaired, two-tailed Student’s t test (*P < 0.05; **P < 0.01).
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properties for their survival advantage through repressing RNA
editome by DAP3, and PDZD?7 serves as an exemplary target for
which DAP3 represses the PDZD?7 editing and prevents cancer cells
from expressing the less oncogenic edited form.

DISCUSSION

A-to-I RNA editing plays an important role in development and
physiology in various organisms from Drosophila to human. Dys-
regulated A-to-I RNA editing is implicated in multiple diseases in
human including cancer. As reported by us and others in the past
decade, dysregulated A-to-I editing is a key driver in the patho-
genesis of various cancers, such as glioma (3, 35), HCC (5, 6), CRC
(8), gastric cancer (28), and ESCC (7, 23). What are the causes of
RNA editing dysregulation remains to be one of long-standing
questions in the area. A poor correlation between the expression lev-
el of principal catalytic enzymes (ADAR1 and ADAR?2) and A-to-I
editing frequency suggests an intricate spatiotemporal mode of reg-
ulation governed by secondary regulators. As previously reported
(19-21), the formation of dsRNA structure, binding of ADARs to
dsRNA substrates, homodimerization of ADAR monomers, and a
recently described mechanism whereby ADAR?2 flips the reactive
adenosine out of the target RNA duplex into the active site (36), are
essential for A-to-I RNA editing to take place. A number of previ-
ously identified editing regulators (e.g., PIN1, SRSF9, and DHX9)
modulate RNA editing through affecting expression of ADARs
(15-17), disrupting ADAR homodimerization (22), altering subcel-
lular localization of ADARs (18), or remodeling structure of target
dsRNA (23). Distinct from these regulators, here, we showed a novel
editing repressor, DAP3, that negatively regulates RNA editome
mainly through interacting with the deaminase domain of ADAR2
protein and inhibiting the association of ADAR2 to its dsRNA sub-
strates. It has been reported that the deaminase domain of ADAR2
requires the binding and recognition of duplex RNA for efficient
RNA editing reaction (37), suggesting that DAP3 may outcompete
dsRNA substrates for binding to the deaminase domain of ADAR2
and thus function as an editing “eraser.” DAP3 was also found to
inhibit ADARI homodimerization in a forced overexpression sys-
tem; however, as evidenced by the fact that DAP3 barely binds to
ADARI endogenously in ESCC cells, DAP3-repressed ADARI ed-
iting might not play a major role in ESCC development. Recent studies
have shown that, upon the ablation of ADARI, unedited endoge-
nous dsRNAs can be detected by MDA5 (melanoma differentiation
associated gene 5) and PKR (protein kinase R), which triggers IFN
induction and transcription of a wide array of IFN-stimulated genes
(38-41). These findings could explain why mutations of ADARI1
lead to the autoimmune disorder Aicardi-Goutiéres syndrome, which
is a fatal childhood encephalopathy with aberrant IFN expression
(42). To further investigate the possible involvement of DAP3 in
regulating the innate immune response in cancer cells through its
repression of ADARI1-regulated editing, we conducted Gene Ontology
analysis of differentially expressed genes after DAP3 depletion
using our DAP3 KD RNA-seq data. As a result, the vast majority
(159 of 161; 98.8%) of IFN-responsive genes were not affected. There-
fore, DAP3 is unlikely to have a major effect on IFN signaling under
the experimental conditions of this study. Nevertheless, involvement
of DAP3 and other regulators in the additional layer of RNA editing
regulation helps to ascertain that the A-to-I RNA editing frequency
is not solely dependent on the expression and activity of ADARs.

Han etal., Sci. Adv. 2020; 6 : eaba5136 17 June 2020

Besides ADARs, many trans-acting enhancers, repressors, and bidi-
rectional regulators work in a synergistic or antagonistic fashion to
ensure proper execution of A-to-I RNA editing machinery and fine-
tune the RNA editing level in different physiological settings.

DAP3 is known to be expressed in mitochondrion and important
for mitochondrial physiology and cell apoptosis (43, 44). However,
the role of DAP3 in human cancers is still controversial (26). In our
study, using the RNA-seq data from TCGA (31), DAP3 was found
to be overexpressed in tumors when compared to their matched NT
samples, across 17 cancer types. Furthermore, knockdown of DAP3
significantly reduced the malignant properties of ESCC and HCC
cells, and this tumor-suppressing phenotype could be markedly res-
cued by recovering DAP3 expression in cancer cells. These findings
support that DAP3 is a strong oncogene in cancer, which is unlikely
to be limited to ESCC and HCC. To relate the tumor-promoting
role of DAP3 with its negative regulation of RNA editome, our gene
ontology analysis suggested that DAP3 tends to affect editing targets
that are involved in cancer-related signaling pathways and processes,
such as cell cycle, DNA replication, recombination and repair, and
cell death and survival. Various forms of genomic, epigenetic, and
transcriptomic alternations have been described in cancer, among
which RNA editing is a unique epigenetic mechanism, but its role in
human cancer development has only recently started to be under-
stood. Several mouse studies suggested that no obvious spontaneous
tumor development was observed in Adarl/Adar2 single- or double-
KO mice and that their phenotypic abnormalities could be largely
rescued by introducing a mutation in both Gria2 alleles (Gria2®'®)
or knocking out the innate immunity genes Ifih1 or Mavs gene, albeit
to different extents (38, 39, 45-48). However, these studies have fo-
cused heavily on defects in nervous system and innate immune re-
sponses, rather than cancer development, and one cannot rule out
the possibility that spontaneous tumors may develop during a long-
term observation. Moreover, editing dysregulation mediated by ab-
errantly expressed ADARs and/or other editing regulators such as
DAP3 in healthy or premalignant cells may trigger cancer initiation
and development by altering the responsiveness to environmental
factors and cancer-causing signals and thus acquiring alterations
leading to cancer. Although the in vivo evidence for the role of RNA
editing in cancer development is still lacking, numerous studies
have demonstrated that dysregulated A-to-I RNA editing is associ-
ated with cancer progression. ADARI is overexpressed in many
types of cancers and characterized as an oncogene; as for ADAR2, it
is down-regulated in many types of cancers and less abundantly ex-
pressed in many tissues than ADARI. Because of down-regulation
of ADAR2 in tumors, decreased editing pattern was also observed
in in ESCC, HCC, and gastric cancer and associated with cancer
progression (6, 28, 32). As abovementioned, we found that DAP3
preferentially interacts with ADAR2 in ESCC cells and contributes
to cancer progression at least partially through repressing ADAR2-
regulated RNA editome, which was further confirmed by our obser-
vation that DAP3 demonstrated a much less oncogenic effect when
ADAR?2 was silenced to repress RNA editome. On the basis of our
observations, we could not deny other mechanisms involved in
DAP3-driven tumorigenesis considering its role in mitochondrial
physiology and cell apoptosis (24, 43, 44). Given that we observed
thousands of editing events repressed by DAP3, it is possible that
some of the DAP3-repressed editing events may have opposing effects;
however, the overall effect mediated by DAP3-repressed editing con-
tributes to tumorigenesis.
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It is well accepted that protein-recoding RNA editing events,
which can alter codon usage, are highly conserved and biologically
important. Although only few recoding-type editing events that
markedly alter protein functions were found so far, they have been
demonstrated to be essential for normal development or associated
with human diseases (I). In cancer, aberrant recoding editing on
specific transcripts [e.g., AZIN1 (5, 7), AR (4), COPA (6), GluA2
(49), and PODXL (28)] is proved to be exploited by tumor cells to
promote cancer progression. On the basis of our RNA-seq analysis,
a previously functionally uncharacterized recoding editing target,
PDZD7, was found to be regulated by DAP3. RNA editing of
PDZD?7 gene leads to a substitution of stop codon (TAG) to trypto-
phan (TGG) at residue 518, and the edited form PDZD75P>18W hag
an 18-amino acid extension at the C terminus of PDZD7 protein.
As the less tumorigenic form PDZD7%°P*'8W was suppressed by
DAP3, the more malignant WT form PDZD7"" was accumulated
in the majority of ESCC tumors, contributing to tumor progression.
This suggests that cancer cells might acquire malignant properties
for their survival advantage through repressing RNA editome by
DAP3. However, the mechanism responsible for the functional dif-
ference between PDZD7" T and PDZD7%"P*'8W s still under our
investigation. Nevertheless, PDZD7 may only represent as one of
the DAP3-regulated editing targets, and we believe that DAP3 plays
a pivotal role in cancer at least partially via reshaping the cancer
RNA editome. Functional contributions of other DAP3-repressed
editing targets to ESCC or other types of cancer remain for our fur-
ther investigation.

In this study, we revealed the role of a novel ADAR-interactor
DAP3 in reshaping the A-to-I RNA editome and its contribution
to cancer. Mechanistically, we demonstrated that DAP3 disrupted
ADAR2-dsRNA substrates association to function as a potent RNA
editing repressor. Our findings highlight the importance of the ad-
ditional layer of RNA editing regulation in cancer and identify key
editing events, such as the PDZD?7 stop codon editing, which drive
cancer progression. The next step is to investigate whether the in-
tervention of DAP3 expression, the disruption of DAP3-ADARs
interaction, or the restoration of tumor-suppressive form of editing
targets in tumors could block cancer progression.

MATERIALS AND METHODS

Cell culture

EC109, KYSE180, and SNU398 cells were cultured in HyClone
RPMI 1640 medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS) at 37°C in a humidified incubator
containing 5% CO,. Huh7, HEK293T, and U251cells were cultured
in high-glucose Dulbecco’s modified Eagle’s medium (Biowest)
supplemented with 10% FBS at 37°C in a humidified incubator con-
taining 5% CO,.

Generation of stable knockdown and overexpression cells

The DAP3-knockdown stable EC109, KYSE180, SNU398, and Huh7
cell lines were established using lentiviral transduction, followed by
puromycin selection. The pLKO-DAP3-sh1 (5 GCTTATCCAGC-
TATACGATAT3’) and pLKO-DAP3-sh2 (5’ATCCTGGTTTC-
CAACTATAACS3') constructs were used for the lentivirus packag-
ing. For the DAP3 rescue experiment, the DAP3 mutant (DAP3
shl-resistant) construct was generated by introducing seven syn-
onymous mutations (5’ ATACCCTGCAATCAGGTAT3’) at the
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DAP3 shl-targeting sites using site-directed polymerase chain reac-
tion (PCR) mutagenesis. EC109 cell lines stably expressing DAP3
after ADAR2 knockdown were established by the transduction of
packaged lentiviral pLKO shScr or ADAR2 shRNA constructs fol-
lowed by transduction of CSII-CMV-DAP3 constructs. EC109 and
KYSE180 cells stably expressing WT and edited PDZD7 were estab-
lished by the transduction of packaged lentiviral CSII-CMV-PDZD7""
and CSII-CMV-PDZD7%°P*8W constructs, followed by the puro-
mycin selection.

Coimmunoprecipitation

For the pulldown of DAP3 and V5-tagged protein, EC109 cells were
lysed with prechilled lysis buffer [50 mM tris-HCI, (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 1x EDTA-
free cOmplete protease inhibitor (Roche)]. The lysates were pre-
cleared with Dynabeads Protein G (Invitrogen) at 4°C overnight. The
precleared lysates with incubated with anti-DAP3 (Abcam, ab2637)
or anti-V5 (Bio-Rad, MCA1360) antibodies for 4 hours at 4°C and
subsequently with Dynabeads Protein G at 4°C overnight. The Dyna-
beads Protein G (Invitrogen) with bound proteins were washed with
150 mM NaCl with 1x EDTA-free cOmplete protease inhibitor six
times and boiled with 2x protein loading buffer for 10 min at 95°C
to elute bound proteins. Western blot (WB) analysis was performed
to detect co-IP products. For the RNase A treatment before the im-
munoprecipitation, the total lysates were incubated with RNase A
(0.1 pg/ml) (Thermo Fisher Scientific) at 37°C for 10 min.

For the pulldown of GFP-tagged protein, a GFP-trap system
(ChromoTek) was used according to the manufacturer’s protocol.
EC109 cells were lysed with prechilled lysis buffer [10 mM tris-HCI
(pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40, and 1x
cOmplete protease inhibitor] and incubated with GFP-trap beads at
4°Cfor 1 hour. The GFP-trap (ChromoTek) beads with bound proteins
were washed with washing buffer [10 mM tris-HCI (pH 7.5), 150 mM
NaCl, 0.5 mM EDTA, and 1x cOmplete protease inhibitor] six times
and boiled with 2x protein loading buffer for 10 min at 95°C to
elute bound proteins. WB was performed to detect co-IP products.

WB analysis

Protein lysates were denatured and separated on SDS—polyacrylamide
gel electrophoresis gels, transferred onto polyvinylidene difluoride
membranes, and immunoblotted with a primary antibody at 4°C
overnight, followed by incubation with a secondary antibody at room
temperature for 1 hour. The following antibodies are used in this
study: anti-DAP3 (1:1000; Abcam, ab2637), anti-ADAR1 (1:1000;
Abcam, ab88574), anti-ADAR2 (1:500; Sigma-Aldrich, SAB1405426),
anti-B-actin (1:5000; Santa Cruz Biotechnology, sc-47778), anti-GFP
(1:1000; Santa Cruz Biotechnology, sc-9996), anti-V5 (1:1000; Bio-Rad,
MCA1360), anti-Flag-horseradish peroxidase (1:10,000; Sigma-
Aldrich, A8592), anti-fibrillarin (1:1000; Abcam, ab4566), anti-o-
tubulin (1:1000; Santa Cruz Biotechnology, sc-5286), and anti-PDZD7
(1:1000; Abcam, ab169060).

Cell fractionation assays

Nuclear and cytoplasmic fractions of EC109 cells were isolated using
the Nuclear Extract Kit (Active Motif, Carlsbad, CA) following the
manufacturer’s protocol. Equal amount of nuclear and cytoplasmic
fractions was used for WB and co-IP analysis. The anti-fibrillarin
(Abcam, ab4566) and anti-a-tubulin (Santa Cruz Biotechnology,
sc-5286) antibodies were used to check fractionation purity.
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Generation of DAP3-KO cells by CRISPR-Cas9 system

DAP3 single-guide RNAs (sgRNAs) were designed using the CRISPR
design tool from The Massachusetts Institute of Technology (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 clone. WB was performed to confirm
DAP3 KO at protein level.

DAP3 expression profiling in TCGA samples

RNA-seq data (fastq files) of 11,374 samples across 33 cancer types
from TCGA were downloaded from the dbGaP repository, under
accession phs000178.v11.p8 (https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs000178.v11.p8). Each sample was
processed as follows: Raw reads were aligned to the reference human
genome (hgl9) by using STAR (v2.5.2a) (50). The gene expression
quantification was performed by using featureCounts (v1.5.0-p3)
(51) to obtain raw counts, which were then normalized by dividing
with the total number of uniquely mapped reads in the correspond-
ing sample and multiplying by a factor of 100 million. The distribu-
tion of normalized and log,-scaled expression levels for DAP3 was
compared by using Wilcoxon rank sum test between tumors and
NT samples, selecting the cancer types represented by at least five
NT samples (22 of 33 cancer types). A P value less than 0.05 was
regarded as significant up/down-regulation of DAP3 between tu-
mors and NT samples.

RNA electrophoretic mobility shift assay

The HTR2C and MAGT1 RNA probes were generated by in vitro
transcription using RiboMAX Large Scale RNA Production Systems
(Promega). ADAR?2 proteins were purified by M2 beads pulldown
and eluted by 3xFlag peptides. Recombinant human GST protein
(ab81793, Abcam) and DAP3-GST fusion protein (H00007818,
Novus) were purchased from Abcam and Novus, respectively. RNA
probe was dephosphorylated using Shrimp Alkaline Phosphatase
(New England Biolabs) and then 5’-end-labeled with **P using
7-32P-ATP (PerkinElmer) and T4 PNK (New England Biolabs) fol-
lowed by G25 column purification (GE Healthcare). Labeled RNA
probes were heated for 5 min at 80°C and placed on ice immediately
to release secondary structure. Labeled RNA probes (0.5 pmol) were
incubated with proteins [40 ng of ADAR2 and GST or DAP3-GST
proteins with an increasing molar ratio (1:1, 1:2, and 1:4)] in binding
buffer containing 10 mM Hepes (pH 7.3), 20 mM KCl, 1 mM MgCl,,
1 mM dithiothreitol, transfer RNA (100 ng/ul), and SUPERase-In
RNase Inhibitor (0.2 U/ul) (Invitrogen) at room temperature for 30 min.
Samples were subjected to electrophoresis on 4 or 6% native acryl-
amide gels, followed by gel drying and gel exposure to BioMax MS
film (Carestream Health). Probe sequences can be found in table S4.

RIP-quantitative PCR analysis

The HTR2C and MAGT1 minigenes were cloned into pcDNA3.1
plasmid and cotransfected with Flag only, Flag-ADAR2, CSII-CMV-
EV, or CSII-CMV-DAP3 plasmids into EC109 cells. Cells were
lysed by prechilled lysis buffer [50 mM tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1% Triton X-100 x cOmplete protease inhibitor (Roche),
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and SUPERase-In RNase Inhibitor (0.1 U/ul) (Invitrogen)] and in-
cubated overnight with M2 magnetic beads at 4°C. Then, the M2
magnetic beads were washed six times with tris-buffered saline buf-
fer [50 mM tris (pH 7.5), 150 mM NaCl, and SUPERase-In RNase
Inhibitor (0.02 U/ul) (Invitrogen)]. Bound proteins were eluted with
2x protein loading buffer after boiling at 95°C for 10 min. WB was
performed to examine pull-down efficiency. RNAs bound to the
M2 magnetic beads were eluted with buffer RLT and purified with
the RNeasy Mini Kit (Qiagen). Complementary DNA (cDNA) was
synthesized using the Advantage RT-for-PCR Kit (Takara), and
quantitative PCR (qPCR) was performed using GoTaq gPCR Master
Mix (Promega). Enrichment of pulled-down RNAs was normalized
to the input RNA expression levels. Primer sequences can be found
in table S4.

RNA editing detection by Sanger sequencing

The cDNA was PCR-amplified using FastStart Taqg DNA Polymerase
(Roche) and purified using the PCR Purification Kit (Qiagen). The
purified PCR products were Sanger-sequenced and visualized by
SnapGene Viewer. The RNA editing frequency was calculated on
the basis of the peak area of adenosine and guanosine determined
by Image]. Validated DAP3-affected editing sites are listed in table
S3. Primer sequences can be found in table S4.

Foci and soft agar colony formation assay

For foci formation assay, EC109, KYSE180, and SNU398 cells were
seeded at a density of 1 x 10° per well in six-well plates. Huh7 cells
were seeded at a density of 3 x 10° 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 treat-
ment was shown.

For soft agar assay, EC109 (1 x 10° per well), KYSE180 (1 x 10°
per well), SNU398 (5 x 10° per well), and Huh7 (9 x 10° 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 representa-
tive image viewed under a microscope for each treatment was shown.

In vivo tumorigenicity assay

For in vivo tumorigenicity assay, 0.5 x 10° EC109 cells were sub-
cutaneously injected into the left or right flank of 4- to 6-week-old
nonobese diabetic scid gamma mice (#n > 5). Tumor growth was
monitored and tumor length (L) and width (W) were measured at
indicated time points. Tumor volume was calculated by the formula
V=0.5x L x Wx W. All animal experiments were approved by and
performed in accordance with the Institutional Animal Care and
Use Committees of National University of Singapore.

RNA-seq and identification of editing events

A bioinformatics pipeline adapted from a previously published
method (52) was used to identify RNA editing events as previously
described (23). For each sample, raw reads were mapped to the
reference human genome (hg19) and a splicing junction database
generated from transcript annotations derived from University of
California Santa Cruz, RefSeq, Ensembl, and GENCODE (v19) by
using Burrows-Wheeler aligner with default parameters (BWA-
MEM algorithm, v0.7.15-r1140) (53). To retain high-quality data,

120f 14


http://crispr.mit.edu
http://crispr.mit.edu
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000178.v11.p8
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000178.v11.p8

SCIENCE ADVANCES | RESEARCH ARTICLE

PCR duplicates were removed (samtools rmdup function, v1.4.1)
(53) 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 used 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 Project (54), NHLBI GO Exome Sequenc-
ing Project (http://evs.gs.washington.edu/EVS/), and dbSNP v138
(55)] 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 re-
peats were all removed. Candidate variants located in the reads that
map to the nonunique regions of the genome by using the BLAST-
like alignment tool (56) 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 analy-
ses. The genomic regions of the editing variants and the associated
genes were annotated by using ANNOVAR (v2016) (57) with the
refGene table.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/25/eaba5136/DC1

View/request a protocol for this paper from Bio-protocol.
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