
10436–10451 Nucleic Acids Research, 2017, Vol. 45, No. 18 Published online 29 July 2017
doi: 10.1093/nar/gkx667

An RNA editing/dsRNA binding-independent gene
regulatory mechanism of ADARs and its clinical
implication in cancer
Lihua Qi1,2,†, Yangyang Song1,†, Tim Hon Man Chan1, Henry Yang1, Chi Ho Lin3,
Daryl Jin Tai Tay1, HuiQi Hong1, Sze Jing Tang1, Kar Tong Tan1, Xi Xiao Huang1, Jaymie
Siqi Lin1, Vanessa Hui En Ng1, Julien Jean Pierre Maury4, Daniel G. Tenen1,5,* and
Leilei Chen1,6,*

1Cancer Science Institute of Singapore, National University of Singapore, Singapore, 2Duke-NUS Medical School,
National University of Singapore, Singapore, 3Centre for Genomic Sciences, the University of Hong Kong, Hong
Kong, 4Institute of Molecular and Cell Biology, A*STAR, Singapore, 5Harvard Stem Cell Institute, Harvard Medical
School, Boston, MA, USA and 6Department of Anatomy, National University of Singapore, Singapore

Received July 17, 2016; Revised July 17, 2017; Editorial Decision July 18, 2017; Accepted July 19, 2017

ABSTRACT

Adenosine-to-inosine (A-to-I) RNA editing, cat-
alyzed by Adenosine DeAminases acting on double-
stranded RNA(dsRNA) (ADAR), occurs predomi-
nantly in the 3′ untranslated regions (3′UTRs) of
spliced mRNA. Here we uncover an unanticipated
link between ADARs (ADAR1 and ADAR2) and the ex-
pression of target genes undergoing extensive 3′UTR
editing. Using METTL7A (Methyltransferase Like 7A),
a novel tumor suppressor gene with multiple editing
sites at its 3′UTR, we demonstrate that its expression
could be repressed by ADARs beyond their RNA edit-
ing and double-stranded RNA (dsRNA) binding func-
tions. ADARs interact with Dicer to augment the pro-
cessing of pre-miR-27a to mature miR-27a. Conse-
quently, mature miR-27a targets the METTL7A 3′UTR
to repress its expression level. In sum, our study un-
veils that the extensive 3′UTR editing of METTL7A is
merely a footprint of ADAR binding, and there are a
subset of target genes that are equivalently regulated
by ADAR1 and ADAR2 through their non-canonical
RNA editing and dsRNA binding-independent func-
tions, albeit maybe less common. The functional sig-
nificance of ADARs is much more diverse than previ-
ously appreciated and this gene regulatory function
of ADARs is most likely to be of high biological im-
portance beyond the best-studied editing function.
This non-editing side of ADARs opens another door
to target cancer.

INTRODUCTION

Adenosine DeAminases acting on dsRNA (ADAR) are
highly conserved family of enzymes catalysing adenosine to
inosine deamination (A-to-I editing) (1,2). There are three
ADAR proteins (ADAR1, ADAR2 and ADAR3) in hu-
man which all share a common modular structure charac-
terized by two to three N-terminal dsRNA binding domains
(dsRBDs) and a conserved C-terminal catalytic deaminase
domain (3,4). Being the best-studied function associated
with ADAR1 and ADAR2 (ADARs), A-to-I RNA edit-
ing contributes to multi-level gene regulation depending on
where it occurs. ADAR3, which has no documented deami-
nase activity, is only reported in central nervous system (5).
The Caenorhabditis elegans genome encodes 2 ADAR pro-
teins, ADR-1 and ADR-2 (6), while Drosophila has a single
Adar gene encoding a deaminase with two dsRBDs, similar
to the mammalian ADAR2 (7). In coding regions, A-to-I
RNA editing can lead to a codon change and the conse-
quent alterations of protein-coding sequences since inosine
is interpreted by the ribosome as guanosine (3). The differ-
ential editing frequencies of these recoding sites are found
to impact on human diseases such as neurological disease
and cancer (8–14). In non-coding regions, the vast major-
ity of A-to-I RNA editing sites are in introns and repetitive
Alu elements embedded in 3′ untranslated regions (3′UTRs)
(15–17). The biological significance of editing within non-
coding regions of RNA is still poorly understood. Previ-
ously described fates of mRNAs undergoing extensive A-
to-I editing at their 3′UTRs are via RNA editing-dependent
mechanisms including nuclear retention, nuclease-mediated
degradation, and alteration of microRNA (miRNA) tar-

*To whom correspondence should be addressed. Tel: +65 6516 8435; Fax: +65 6516 1873; Email: csicl@nus.edu.sg
Correspondence may also be addressed to Daniel G. Tenen. Tel: +65 6516 8239; Fax: +65 68739664; Email: csidgt@nus.edu.sg
†These authors contributed equally to this work as first authors.

C© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com



Nucleic Acids Research, 2017, Vol. 45, No. 18 10437

geting (18–22), thereby influencing the expression of target
genes.

ADARs have been found to be critical for normal de-
velopment through and/or beyond A-to-I editing in differ-
ent genetically modified animal models. Notably, the early
post-natal lethality of the Adar2–/– mouse could be rescued
by homozygous replacement of endogenous Gria2 (Gluta-
mate Ionotropic Receptor AMPA Type Subunit 2) with a
pre-edited allele, suggesting the editing activity of ADAR2
is essential for normal mouse development (23). Whether
ADAR1 editing activity is similarly responsible for the em-
bryonic lethality of Adar1–/– mouse is still being eluci-
dated. Recent studies have shown that the embryonic lethal-
ity of Adar1–/– mouse might be resulted from the activa-
tion of innate immune responses (24–26). Mannion et al.
have reported that dsRNAs containing multiple IU pairs
(IU-dsRNAs), which resembled hyper-edited Alu dsRNAs,
were found to inhibit the interferon pathway that is aber-
rantly activated in Adar1–/– mouse embryonic fibroblasts
(25). Similarly, the embryos of editing-deficient knock-in
mice (AdarE861A/E861A) died at ∼E13.5 due to the inability to
hyper-edit long dsRNAs present in 3′UTRs of endogenous
transcripts and the consequent activation of MAVS (Mito-
chondrial Antiviral Signalling Protein)-mediated interferon
signalling, which might be relevant to Adar1–/– mouse phe-
notype (24). Besides these studies, a more recent study has
identified MDA5-MAVS which is regulated by the p150
isoform of ADAR1, as the specific innate immune path-
way responsible for both the dysregulation of interferon-
stimulated genes (ISGs) and the embryonic lethality of
Adar1–/– mice (26). However, in their study, whether these
observed phenotypes are relevant to the editing or other
non-editing activities of ADAR1 is still under investigation
(26). Furthermore, the primary microRNA (pri-miRNA)
cleavage by Drosha/DGCR8 complex was found to be in-
hibited by ADARs independent of their editing activities
in both cell culture and the Drosophila models (27). An-
other very recent study by Anantharaman et al. has shown
that the association of ADAR2 with RNA could stabi-
lizes Cat2 transcribed nuclear RNA (Ctn RNA) by limiting
the binding of HuR and PARN [Poly(A)-specific ribonu-
clease] in an editing-independent manner (28). Combining
these editing-independent observations with the fact that
an editing-incompetent ADAR family member is present in
different species (e.g. ADAR3 in humans; Adar3 in mouse;
ADR-1 in C. elegans) (6,29,30), it is most likely that ADARs
can exert important functions as RNA binding proteins or
through the formation of binding complexes with other pro-
teins, beyond functioning as editing enzymes per se.

Hepatocellular carcinoma (HCC) is the most common
type of liver malignancy, and accounts for approximately
700,000 cancer associated deaths per year worldwide (31).
As reported previously, the deregulated RNA editing en-
zyme ADARs, as reflected by overexpression of ADAR1
and downregulation of ADAR2, occurs in >50% of patients
with HCC (8), rendering a disrupted RNA editing balance
in both coding and non-coding regions (8,9). Moreover, the
recurrent editing of AZIN1 (antizyme inhibitor 1) which
converts the codon 367 from serine to glycine has been
demonstrated to predispose HCC development (9). How-
ever, most of A-to-I RNA editing occurs in the non-coding

regions, and is enriched in 3′UTRs (32). The contributions
of 3′UTR editing by ADARs to cancer development have
not yet been fully illustrated. Moreover, whether major reg-
ulatory mechanisms of ADARs on the expression of target
genes with promiscuously edited 3′ UTRs are independent
or dependent of their RNA editing capability, remain to be
further explored.

To this end, we carried out the first systematic analysis of
A-to-I editing events within 3′UTRs using our previously
published RNA-Sequencing (RNA-Seq) datasets of three
matched pairs of primary hepatocellular carcinoma (HCC)
tumors and their adjacent non-tumor (NT) liver specimens
(8,9), followed by the evaluation of a direct link between
RNA editing at 3′UTRs and the expression of target tran-
scripts. Surprisingly, a majority of target pre-mRNA tran-
scripts with extensive editing at their 3′UTRs were found
to be regulated by ADARs independent of their deaminase
and dsRNA binding functions, providing new insights that
the multiple A-to-I editing at 3′UTRs might be merely a
footprint of ADAR binding, which is dispensable for the
regulation of target gene expression. As a target gene with
multiple editing sites at its 3′UTR, METTL7A could be reg-
ulated through a non-canonical regulatory mechanism of
ADARs in which ADARs act as a modulator of the RNAi
machinery rather than RNA editing. We also found that the
downregulation of METTL7A by ADARs has biological
implication in cancer development.

MATERIALS AND METHODS

Cell lines

SNU-398, SNU-449, and HEK293T cell lines were pur-
chased from the American Type Culture Collection
(ATCC). Huh-7 was purchased from Japanese Collection
of Research Bioresources Cell Bank (JCRB). SNU-398 and
SNU-449 cells were cultured in Roswell Park Memorial In-
stitute (RPMI) medium (Gibco BRL, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS)
(Gibco BRL). Huh-7, SMMC-7721 and HEK293T cells
were maintained in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% FBS. All cell lines used
in this study were regularly authenticated by morphologi-
cal observation and tested for mycoplasma contamination
(MycoAlert, Lonza Rockland, ME, USA). The cells were
incubated at 37◦C in a humidified incubator containing 5%
CO2.

Clinical samples

Total of 15 paired human primary HCC and adjacent NT
liver tissues that were surgical removed and snap frozen in
liquid nitrogen were obtained from the tissue repository of
National University Hospital (NUH), Singapore. All pa-
tients gave written informed consent for the use of their
clinical specimens for medical research. All samples used in
this study were approved by the Institutional Review Board
of National University of Singapore (NUS-IRB) (Reference
Code: B-14-239E).
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Publically available databases

Two publicly available datasets for survival data analysis of
patients with HCC with respect to METTL7A expression:
RNA-Seq datasets (including 370 HCC tumors and 50 ad-
jacent NT liver samples) from TCGA (LIHC) (33) (https:
//tcga-data.nci.nih.gov/tcga/) and microarray gene expres-
sion datasets (including 81 HCC tumors and 80 adja-
cent NT liver samples) from GEO54236 (10) (http://www.
ncbi.nlm.nih.gov/gds). Prior to the survival analysis, raw
RNA-Seq counts were normalized using the total numbers
of mappable reads across all samples, while the microar-
ray data normalization was performed using the Cross-
Correlation method (34). Normalized and log2 transformed
METTL7A expression data was subjected to the survival
analysis using Kaplan–Meier plots and log-rank tests. The
median tumoral METTL7A expression was used to define
METTL7A-high and METTL7A-low groups of patients
with HCC for both datasets. The METTL7A expression in
tumors and matched NT tissues were compared using the
Mann–Whitney U test.

Luciferase reporter assay

The pmirGLO Dual-Luciferase expression vector was pur-
chased from Promega (Promega Corporation, Madison,
WI, USA). Full-length wild-type 3′UTRs of selected candi-
date genes (CCNYL1, TNFAIP8L1, MDMD2, METTL7A,
MTDH and RBBP9) were amplified from normal human
placental genomic DNA and cloned into pmirGLO im-
mediately downstream of the firefly luciferase open read-
ing frame. The third Alu-depleted mutant of METTL7A
3′UTR (�Alu) and the miR-27a seed mutant of METTL7A
3′UTR (Mut) were cloned from wild-type pmirGLO-
METTL7A-3′UTR. Sequences of the cloning primers are
listed in Supplementary Table S2.

The initial screening assay was performed in HEK293T
cells by the co-transfection of pmirGLO-3′UTR reporter
construct and ADAR1/2 expression construct generated
by our previous study (9), at a mass ratio of 1:9 in 96-
well plates. Luciferase activity was measured 48 h after
transfection using the Dual-Glo® Luciferase Assay Sys-
tem (Promega, USA). Dose-dependent titration of the lu-
ciferase reporter assay was performed in HEK293T cells
with 20 ng of pmirGLO-METTL7A-3′UTR and increasing
amount of ADAR1/2 overexpression construct at mass ra-
tios of 1:0.2, 1:0.4, 1:0.8, 1:1.6 and 1:3.2 forty-eight hours
post-transfection, luciferase activity was measured as de-
scribed above. Results were presented as relative firefly lu-
ciferase activity after normalization to internal control re-
nilla luciferase.

Subgrouping of patients with HCC

We examined the protein expressions of ADARs in HCC
tumor and their matched NT specimens by Western blot
analysis. The ImageJ program (available at http://rsb.info.
nih.gov/ij/) was used for densitometric analyses of western
blots. The criteria for the classification of patients into two
groups: ADAR1/2 high (n = 11) and ADAR1/2 low or normal

(n = 4) are shown as follows:

Patients in the ADAR1/2 high group demonstrated higher
protein expression levels (≥2-fold difference) of ADAR1
and ADAR2 in tumors than their matched NT samples
(case nos. 1–3 and 6–10), or undetectable ADAR2 protein
expression in both tumor and NT samples but higher level
of ADAR1 in tumors than their matched NT samples (case
nos. 4 and 11). Patients demonstrating lower (≥2-fold differ-
ence) or similar (<2-fold difference) protein expression lev-
els of ADAR1 and ADAR2 in tumors than their matched
NT samples (case nos. 12–14) or undetectable ADAR2 ex-
pression in both tumor and NT samples but lower or simi-
lar level of ADAR1 in tumors than their matched NT sam-
ples (case no. 15) were classified into ADAR1/2 low or normal

group.

Cell fractionation assays

Nuclear and cytoplasmic fractions of HEK293T cells were
isolated using Nuclear Extract Kit (Active Motif, Carls-
bad, CA, USA) according to the manufacturer’s protocol.
Briefly, 1 ml of cytoplasmic faction with approximately 5 mg
of cytoplasmic proteins and 100 �l of nuclear fraction with
∼250 �g of nuclear proteins were obtained from HEK293T
cells that were cultured in 15-cm dish with 80–90% conflu-
ence. To check the purity of each fraction, an equal amount
(50 �g) of proteins were loaded for Western blot analysis us-
ing specific antibody against Fibrillarin (Abcam, ab4566),
Lamin A/C (Abcam, ab40567), or �-tubulin (Santa Cruz
Biotechnology, sc-5286).

Reciprocal pulldown assays

HEK293T cells that were cultured in 10-cm dish with 50–
60% confluence were transfected with 8 �g of the FLAG-
tagged wild-type or mutated ADAR1/2 plasmid, followed
by the protein extraction 48 h post-transfection. For the
treatment of RNase A prior to the immunoprecipitation,
the total lysates were incubated with 1 �g/ml RNase A (20
mg/ml, Thermo Fisher Scientific, MA, USA) at 37 ◦C for
30 min. To pulldown FLAG-tagged protein, ∼5 mg of to-
tal cell lysates were immunoprecipitated with anti-FLAG
M2 Magnetic Beads (Sigma-Aldrich) for 2 h at 4◦C. In or-
der to determine the binding of endogenous ADARs to
Dicer, Huh-7 cells were analysed by reciprocal pulldown as-
says using the ADAR1, ADAR2 or Dicer-specific antibody.
To pulldown Dicer, ADAR1 or ADAR2 protein from cell
lysates of Huh-7 or pulldown Dicer from the transfected
HEK293T cells, approximately 5 mg of total cell lysates
were precleared with 5�g mouse IgG (Santa Cruz Biotech-
nology, sc-2025) and 40 �l Protein G Dynabeads (Invitro-
gen, CA, USA) on a rotating platform for 1 h at 4◦C.

To conduct pulldown assays for different cell frac-
tions, nuclear fractions, cytoplasmic fractions and total cell
lysates were isolated from HEK293T cells, followed by re-
ciprocal pulldown assays using the ADAR1, ADAR2 or
Dicer-specific antibody. Approximately 5 mg of cytoplas-
mic proteins, 500 �g of nuclear proteins and 5 mg of total
cell lysates were precleared as described above.

Precleared lysates were transferred to a new tube, and 5�g
mouse IgG or the specific antibody against Dicer (Abcam,

https://tcga-data.nci.nih.gov/tcga/
http://www.ncbi.nlm.nih.gov/gds
http://rsb.info.nih.gov/ij/
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ab14601), ADAR1 (Abcam, ab88574) or ADAR2 (Sigma-
Aldrich, SAB1405426) was added and incubated at 4◦C for
overnight, on a rotating platform. After an extensive wash-
ing in washing buffer (150 mM NaCl), the beads were boiled
in 50 �l of 2 × Laemmli Sample Buffer (Bio-Rad, Hercules,
CA, USA) and analyzed by Western blot analysis using an-
tibodies to FLAG, Dicer, ADAR1 and ADAR2. We used
5% of the whole lysates (5% input) as a positive control.

Statistical analysis

The SPSS statistical package for Windows, version 16
(SPSS), and Microsoft Excel (Excel in Microsoft Office 2013
for Windows) were used for data analysis. The expression of
METTL7A in tumors and matched NT tissues were com-
pared using the Mann–Whitney U test. The relative editing
frequencies of 10 representative editing sites at METTL7A
3′UTR in response to overexpression of the control or dif-
ferent ADARs in HEK293T cells were compared using the
Mann–Whitney U test. Kaplan–Meier plots and log-rank
tests were used for overall survival analysis. The unpaired,
two-tailed Student’s t test was used to compare the num-
ber of foci, colony formation, tumor volume and relative
expressions of target genes, the luciferase activities between
any two preselected groups. P < 0.05 was considered statis-
tically significant.

RESULTS

Regulation by ADARs on the expression of target genes un-
dergoing extensive A-To-I editing at 3′UTR sequences

Genes with extensive 3′UTR editing were selected based
on our previously published RNA-sequencing (RNA-Seq)
datasets (8), which have been generated from three paired
primary HCC tumors and their adjacent NT liver speci-
mens (Supplementary Data, Supplementary Figure S1). To
investigate if there exists any functional interaction between
ADARs and the edited 3′UTRs, we constructed a 3′UTR-
luciferase reporter system (Luc-3′UTRs) containing full-
length 3′UTR sequences of 6 selected genes (CCNYL1, TN-
FAIP8L1, MDM2, METTL7A, MTDH and RBBP9) (Sup-
plementary Data, Supplementary Figures S1 and S2, and
Supplementary Tables S1 and S2). Genetic structures of
these six genes are illustrated in Figure 1A. Co-transfection
of Luc-3′UTRs together with the ADAR1-p110 (the iso-
form responsible for pre-mRNA editing (15)) or ADAR2
expression constructs into HEK293T cells demonstrated
that both ADAR1 and ADAR2 had suppressive effects on
the luciferase activities linked to 3′UTRs of TNFAIP8L1
and METTL7A gene, and the luciferase activities associ-
ated with CCNYL1, MDM2 or RBBP9 3′ UTRs were only
inhibited upon ADAR2 overexpression; however, neither
ADAR1 nor ADAR2 demonstrated any effect on MTDH
3′UTR (Figure 1B and Supplementary Figure S3).

Given the significantly reduced luciferase activities by
ADAR1 and/or ADAR2, METTL7A and RBBP9 were se-
lected for further investigation whether they are bona fide
editing targets and more importantly, the suppressive ef-
fects of ADARs on their expression. In the light of the
fact that a double stranded RNA (dsRNA) structure is es-
sential for ADARs binding and A-to-I RNA editing (15),

3′UTR sequences of both METTL7A and RBBP9 were
predicted to form long dsRNA secondary structures using
CentroidFold (35) (Supplementary Figure S4). As expected,
in HEK293T cells transfected with increasing amounts of
either ADAR1 or ADAR2 expression construct, a dose-
dependent reduction in luciferase activity of pmirGLO-
METTL7A-3′UTR correlated negatively with the increase
in the average editing frequency of 10 editing sites in the
METTL7A 3′UTR (Figure 1C-E and Supplementary Fig-
ure S5A). As for RBBP9, we did observe a negative correla-
tion between the luciferase activity of pmirGLO-RBBP9–
3′UTR and the expression level of ADAR2 but not with
ADAR1, in a dose-dependent manner (Figure 1F). Unex-
pectedly, none of 6 edited sites within the RBBP9 3′UTR
demonstrated any increase in editing levels (Supplementary
Figure S5A and B). Altogether, we have shown that the
expression of METTL7A and RBBP9 could be regulated
by ADAR1 and/or ADAR2; however whether this regu-
lation is through an RNA editing-dependent or indepen-
dent mechanism requires further investigation. Although
we observed the significantly reduced 3′UTR-associated
luciferase expression of CCNYL1 and TNFAIP8L1 upon
ADAR1 or/and ADAR2 overexpression (Figure 1B), there
was no obvious change in the editing frequencies of their
3′UTR editing sites (Supplementary Figure S5C). All these
data suggest ADARs are most likely to regulate the expres-
sion of target genes undergoing extensive 3′UTR editing be-
yond their catalytic functions.

RNA editing/dsRNA binding-independent suppression of
ADARs on target genes

To this end, we generated different ADARs mutants devoid
of either the enzymatic activity (DeAD mutants) (36) or
the dsRNA binding capability (EAA mutants) (37), which
are both required for A-to-I RNA editing (Supplementary
Materials and Methods, Supplementary Figure S6). Edit-
ing frequencies of 10 editing sites within 3′UTR of both
endogenous and exogenous METLL7A were examined in
cells transfected with either wild-type or mutant form of
ADARs (Figure 2A and B; Supplementary Figure S7).
Consistent with a previous report (37), ADARs DeAD mu-
tants functioned as dominant negative forms, as they could
compete for homodimerization with endogenous wild-type
ADARs, rendering the wild-type partners inactive. As for
ADARs EAA mutants, there was no significant difference
in the basal editing level of METTL7A 3′UTR when com-
pared to the control (ADAR1 EAA: P = 0.14; ADAR2
EAA: P = 0.47) (Figure 2A and B), which might be at-
tributed to the loss of dimerization ability of EAA mu-
tants (38). Consistent with the data described above (Figure
1B), luciferase activities of pmirGLO-METTL7A-3′UTR
and pmirGLO-TNFAIP8L1–3′UTR could be suppressed
by both wild-type and mutant forms of ADARs (Figure
2C and E). Luciferase activities linked to 3′UTRs of CC-
NYL1 and RBBP9 were only suppressed by different forms
of ADAR2 in HEK293T cells (Figure 2D and F). Simi-
lar effects of different ADAR forms on luciferase activities
of pmirGLO-METTL7A-3′UTR and pmirGLO-RBBP9–
3′UTR were also observed in the HCC cell line SNU-398
(Supplementary Figure S8). To exclude the possibility that
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Figure 1. Regulatory effects of ADARs on target genes undergoing extensive 3′UTR editing. (A) Genetic structures of 6 selected genes. Black boxes
represent the coding sequences (CDS), open boxes represent short interspersed elements (SINEs), and lines indicate untranslated regions (UTRs), using
the RepeatMasker track of the UCSC genome browser (64). ‘+’ and ‘–’ signs indicate the strand specificity (sense or antisense, respectively) of SINEs.
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3′UTR editing may lead to gene expression change, we
deleted the third Alu element of METTL7A 3′UTR which is
required for the formation of secondary structure (Supple-
mentary Figures S4 and S9). Luciferase activities of wild-
type METTL7A 3′UTR and the Alu-depleted (�Alu) mu-
tant were suppressed by the overexpression of ADARs to a
similar extent (Supplementary Figure S10). All these data
strongly suggested a non-canonical regulatory function of
ADARs on gene expression through 3′UTRs independent
of their RNA editing and dsRNA binding capabilities.

Suppression by ADARs on METTL7A expression in HCC
cells and primary tumors

To demonstrate that our observations have biological impli-
cations in cancer development, beyond exogenous luciferase
reporter assays, the METTL7A gene was selected for fur-
ther investigation of ADARs-mediated effects on endoge-
nous gene expression. Both wild-type, DeAD and EAA mu-
tants inhibited endogenous METTL7A expression at both
mRNA and protein levels in the HCC cell line Huh-7, which
has the highest endogenous METTL7A expression among
9 HCC cell lines (Figure 3A and B; Supplementary Fig-
ure S11A). Conversely, specific shRNAs against ADAR1
or ADAR2 increased METTL7A expression in the HCC
cell line SMMC7721, expressing relatively high levels of
ADARs among nine cell lines (Figure 3C; Supplementary
Figure S11B and C). Altogether, ADARs could exert RNA
editing and dsRNA binding-independent suppression on
METTL7A expression in cancer cells.

To study if this non-canonical regulatory mechanism
is of high biological importance during cancer develop-
ment, we went on to examine ADARs-mediated suppres-
sion on METTL7A expression in 15 matched pairs of pri-
mary HCC tumor and their matched NT liver specimens.
Based on the protein expression levels of ADAR1 and
ADAR2 as detected by western blot analysis, patients with
HCC were divided into 2 groups: ADAR1/2 high (n = 11)
and ADAR1/2 low or normal (Materials and Methods). When
compared to their matched NT specimens, all of ADAR1/2
high HCCs demonstrated either lower or absent expression
of METTL7A (Figure 3D); while three out of four (75%)
ADAR1/2 low or normal HCCs demonstrated an increase or
no change in METTL7A expression (Figure 3E). This sug-
gested the ADARs-mediated suppression may be a major
mechanism of METTL7A downregulation in HCCs.

MiR-27a as a mediator between ADARs and METTL7A

In light of the fact that 3′UTR is the major miRNA tar-
geting region, miRNAs are most likely to mediate this non-

canonical regulation of ADARs on METTL7A expression.
Editing-independent effects of ADARs on RNA interfer-
ence (RNAi) and miRNA processing, which were first de-
lineated in Drosophila (27), have been recently observed in
mammalian systems (39).

In order to identify miRNAs targeting METTL7A, the
METTL7A 3′UTR sequence was subjected to miRNA pre-
diction using miRWalk across multiple algorithms (mi-
Randa, miRDB, miRWalk, RNA22 and Targetscan) (40).
Only miRNAs that can be predicted by at least two
algorithms were selected for further investigation. As
seen in Figure 4A, the introduction of miR-27a into
HEK293T cells significantly repressed the luciferase ac-
tivity of pmirGLO-METTL7A-3′UTR, indicating that
miR-27a might truly target the METTL7A 3′UTR. Fur-
ther, the luciferase activity of pmirGLO-METTL7A-
3′UTR was found to be repressed by miR-27a, in a
dose-dependent manner (Figure 4B). Subsequently, the
pmirGLO-METTL7A-3′UTR mutant was constructed by
mutating the seed region (indicated by box; Figure 4C)
in the pmirGLO-METTL7A-3′UTR construct. Transfec-
tion of the pmirGLO-METTL7A-3′UTR mutant into
HEK293T cells completely abolished the inhibition by
miR-27a of the luciferase activity (Figure 4C), indi-
cating a direct interaction between miR-27a and the
METTL7A 3′UTR. Moreover, the expression of endoge-
nous METTL7A protein was also found to be inhibited by
miR-27a in Huh-7 cells (Figure 4D).

If miR-27a is a key mediator for ADARs-mediated sup-
pression of METTL7A, we assumed that the upregulation
of METTL7A caused by the depletion of ADARs could
be suppressed by the introduction of miR-27a into cells. To
this end, shRNA against ADAR1 or ADAR2 together with
pMIRNA1-miR-27a were co-transfected into SMMC7721
cells. As expected, the elevated mRNA and protein ex-
pression of METTL7A in ADAR1/2-knockdown cells was
found to be obviously repressed by miR-27a, but not the
pMIRNA1 control (Figure 4E and F; Supplementary Fig-
ure S12A), suggesting that the ADARs-mediated suppres-
sion of METTL7A is most likely to be mediated by miR-
27a. Besides, editing in 3′UTR of METLL7A was dramati-
cally repressed in ADAR1/2-knockdown cells (Supplemen-
tary Figure S12B and C), which did not affect the suppres-
sion of METTL7A expression by miR-27a, indicating that
editing of the 3′UTR of METLL7A was also not required
for its silencing by miR-27a.

Moreover, we further confirmed that there was no A-
to-I editing occurring in mature miR-27a, primary miR-
27a (pri-miR-27a) and its targeted METTL7A 3′UTR
sequences, ruling out the possibility that the impact of

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
(B) Luciferase activities of pmirGLO-3′UTRs for the indicated genes were measured at 48 h post co-transfection with the indicated expression constructs
into HEK293T cells. RLU, relative luminescence unit. EV, empty vector (C) Quantitative real-time PCR (qRT-PCR) analyses of ADARs expression 48
hours post co-transfection of pmirGLO-METTL7A-3′UTR construct with increasing amounts of ADARs expression constructs into HEK293T cells. (D)
Sequence chromatograms of one editing site in METTL7A 3′UTR in response to the co-transfection as described in (C). From top to bottom, the amount
of ADARs expression construct was gradually increased from 4 to 64 ng. Percentages denote the editing frequencies of the corresponding editing sites (top
panel). The bar chart represents the average editing frequency of 10 editing sites in METTL7A 3′UTR (identified by our RNA-Seq (8)) in each group of
cells (bottom panel). (E, F), Luciferase activity of pmirGLO-METTL7A-3′UTR (E) or pmirGLO-RBBP9–3′UTR (F) measured 48 h post co-transfection
with increasing amounts of ADAR expression constructs into HEK293T cells, as described in (A). Data are presented as the mean ± S.E.M. of six replicates
from a single experiment and representative of three independent experiments (B–F). Statistical significance is determined by unpaired, two-tailed Student’s
t test (B–F) (**P < 0.01; ***P<0.001; n.s., not significant).
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Figure 2. RNA editing/dsRNA binding-independent suppression of target genes by ADARs. (A) Scatter plots showing the relative editing frequencies of
10 editing sites at METTL7A 3′UTR in response to overexpression of different ADARs (wild-type: ADAR1 or ADAR2; DeAD mutant: ADAR1 DeAD
or ADAR2 DeAD; dsRNA-binding mutant: ADAR1 EAA or ADAR2 EAA) in HEK293T cells. The data are presented with median (horizontal line)
and interquartile range (error bar) for each group (Mann–Whitney U test; ***P < 0.001; n.s., not significant). (B) Sequence chromatograms of two editing
sites within METTL7A 3′UTR. Percentages denote the editing frequencies of the corresponding editing sites indicated by arrowheads. (C–F) Luciferase
activity of pmirGLO-METTL7A-3′UTR (C), pmirGLO-RBBP9–3′UTR (D), pmirGLO-TNFAIP8L1–3′UTR (E), or pmirGLO-CCNYL1–3′UTR (F) 48
h post co-transfection with the control empty vector (EV) or different ADARs constructs (wild-type and mutants) in HEK293T cells. Data are presented
as the mean ± S.E.M. of six replicates from a single experiment and representative of three independent experiments (**P < 0.01; ***P < 0.001). Statistical
significance is determined by unpaired, two-tailed Student’s t test (C–F).
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Figure 3. RNA editing/dsRNA binding-independent suppression by ADARs on METTL7A expression in HCC cells and primary tumors. (A) Western
blot analyses of the indicated proteins in Huh-7 cells 72 h after transfection with the wild-type, DeAD or EAA mutants of ADARs (left panel). The bar
chart represents the normalized densitometry unit of METTL7A protein on Western blot (right panel). (B) qRT-PCR analysis of METTL7A mRNA
level measured in the same samples as described in (A). (C) Western blot analyses of the indicated proteins SMMC7721 cells 72 h post-transfection with
shRNAs against either ADAR1 or ADAR2. Value indicates the normalized densitometry unit of METTL7A protein on western blot. (D and E) Western
blot analyses of METTL7A, ADAR1 and ADAR2 proteins in two groups of HCC cases including ADAR1/2 high (D) and ADAR1/2low or normal (E).
Tubulin is the loading control. T, primary HCC tumor; NT, matched non-tumor liver. Data are presented as the mean ± S.E.M. of six replicates from a
single experiment and representative of three independent experiments (A, B). Statistical significance is determined by unpaired, two-tailed Student’s t test
(A, B). (**P < 0.01; ***P < 0.001).

ADARs on METTL7A expression was via the enhance-
ment of miR-27a:METTL7A mRNA interaction arising
from the A-to-I editing of miR-27a and/or its target
METTL7A 3′UTR sequence (Supplementary Figure S13).

ADARs interact with dicer to promote miR-27a expression
independent of RNA editing/dsRNA binding activities

To elucidate the mechanism by which miR-27a func-
tions as a mediator of ADARs-mediated suppression of
METTL7A, we investigated whether the expression of miR-
27a could be affected by different forms of ADARs. Indeed,
mature miR-27a was found to be upregulated upon overex-
pression of wild-type, DeAD or EAA mutants of ADARs in

Huh-7 cells (Figure 5A). We went on to study which stage of
miR-27a biosynthesis could be targeted by ADARs. There
was no obvious increase in the expression of miR-27a pre-
cursors, pri-miR-27a, and pre-miR-27a, upon the overex-
pression of wild-type, DeAD or EAA mutant (Figure 5B
and C). Further, Northern blot analysis for miR-27a con-
firmed that the introduction of both wild-type and EAA
forms of ADARs could process pre-miR-27a to mature
miR-27a more efficiently than the control (Supplementary
Figure S14). All these observations indicated that process-
ing of pre-miR-27a to mature miR-27a is likely to be regu-
lated by ADARs independent of RNA editing and dsRNA
binding.
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Figure 4. MiR-27a as a mediator between ADARs and METTL7A. (A) Schematic diagram demonstrates the predicted miR-27a targeting region on the
METTL7A 3′UTR. The bar chart presents the luciferase activity of pmirGLO-METTL7A-3′UTR 48 h after co-transfection with the indicated miRNAs at



Nucleic Acids Research, 2017, Vol. 45, No. 18 10445

Processing of pre-miRNAs to miRNAs is catalysed by
Dicer in complex with TRBP (Tar RNA binding protein)
(41). Also, it has been recently reported that ADAR1 pro-
mote pre-miRNA processing via binding to Dicer (39).
Therefore, we hypothesized that both ADARs promote
miR-27a processing and expression through interacting
with Dicer. As expected, endogenous Dicer was detected
in FLAG-tagged wild-type, DeAD or EAA mutant pull-
down products (Figure 5D). Reciprocally, FLAG-tagged
wild-type ADARs, DeAD or EAA mutants could also be
detected in anti-Dicer immunoprecipitates (Figure 5D). De-
spite that the EAA mutants were found to lose significant
binding affinity to Dicer, they could still demonstrate the
similar effect to the wild-type and DeAD forms of ADARs
on the expression of miR-27a (Figure 5A). To further con-
firm the less binding affinities of EAA mutants to Dicer
have no effect on the expression of miR-27a, the wild-type,
DeAD, or EAA forms of ADAR1/2 was transfected into
cells in a dose-dependent manner, the expression of ma-
ture miR-27a was found to be gradually increased dose-
dependently (Supplementary Figure S15), suggesting that
although the dsRNA interaction may be involved in the
binding of ADARs to Dicer, it is most likely to be indis-
pensable for augmenting miR-27 processing by ADARs.
Further, the reciprocal pull-down assays indicated endoge-
nous Dicer could interact with both endogenous ADAR1
and ADAR2 in Huh-7 cells (Supplementary Figure S16).
As pre-miRNAs are exported to the cytoplasm and pro-
cessed by Dicer to mature miRNAs, we further investigated
whether the interaction of Dicer to ADAR1/2 indeed oc-
curs in the cytoplasm. As expected, the binding of Dicer to
ADAR1/2 was detected in both cytoplasmic and nuclear
fractions (Figure 5E-H). The observed interaction between
ADAR1 and ADAR2, known to form heterodimer in hu-
man cells (42,43), serves as positive controls.

Taken together, ADARs were found to augment the pro-
cessing of pre-miR-27a to mature miR-27a via binding to
Dicer, in turn targeting the METTL7A 3′UTR and decreas-
ing METTL7A expression.

METTL7A as a novel tumor suppressor in HCC

Having identified a non-canonical function of ADARs
beyond their catalytic and dsRNA-binding capabilities,
we sought to demonstrate that the altered expressions of
target genes has a biological impact on cancer develop-
ment. METTL7A expression was analyzed using RNA-
Seq datasets from the Cancer Genome Atlas (TCGA)

project (33) and a microarray gene expression dataset from
the NCBI Gene Expression Omnibus (GEO) database
(GEO542361) (10). Both datasets confirmed significantly
decreased expression of METTL7A in HCC tumors com-
pared to adjacent NT tissues, and also predicted shorter
overall survival for patients with HCC (Figure 6A, B). We
further analysed the expression level of each of two ADAR
genes individually in METTL7A-high and METTL7A-
low groups of patients using the TCGA dataset. The
METTL7A-low patients demonstrated the significantly
higher expression level of ADAR1 (P < 0.0001; Supplemen-
tary Figure S17). Although there was no statistical signifi-
cance, we could still observe the METTL7A-low patients
had the higher expression level of ADAR2 (P = 0.1353;
Supplementary Figure S17), which might be due to the fact
that the METTL7A expression was inhibited to a greater
extent by ADAR1 than ADAR2 which was much less abun-
dantly expressed than ADAR1 in patient samples.

To further investigate the role of METLL7A in HCC de-
velopment, three HCC cell lines (SNU-398, SNU-449 and
Huh-7) were selected for establishing overexpression and
knockdown cell models and the subsequent functional stud-
ies (Supplementary Figure S18A and B). As detected by
cell culture assays predictive of tumorigenicity, overexpres-
sion of METTL7A in both SNU-449 and SNU-398 cells
(398-M7A and 449-M7A) significantly reduced the cell vi-
ability, frequency of focus formation, and the number of
colonies formed in soft agar when compared to cells trans-
duced with empty vector lentiviruses (398-EV and 449-EV)
(Figure 6C–E). Moreover, xenograft tumors derived from
398-M7A cells, with overexpression of METTL7A, grew
much slower than tumors derived from 398-EV cells during
a 3-week observation period (Figure 6F). Conversely, spe-
cific shRNAs-mediated silencing of METTL7A augmented
the tumorigenicity of Huh-7 cells, as indicated by the in-
creased cell viability and higher frequency of colony for-
mation in soft agar (Figure 6G, H and Supplementary Fig-
ure S18C). As seen in Figure 6I, xenograft tumors derived
from stably knockdown cells (Huh7-shM7A b) grew much
more aggressively than tumors derived from control cells
(Huh7-shCTL), as a consequence of the persistent silenc-
ing of METTL7A during a 4-week observation period (Fig-
ure 6I). All these data suggest that METTL7A downregu-
lation, possibly mainly due to the RNA editing/binding-
independent suppression by ADARs, is closely linked to
HCC development.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
a mass ratio of 1:9 in HEK293T cells. pMIRNA1, empty vector; miR-93 scr, scrambled control (scrambled mature miR-93 seed sequence). (B) Luciferase
activity of pmirGLO-METTL7A-3′UTR measured 48 h post co-transfection with the increasing amount of miR-27a in HEK293T cells (**P < 0.01;
***P<0.001). (C) Schematic diagram showing the mutations being introduced to the predicted miR-27a target site of the METTL7A 3′UTR (top panel).
WT, wild-type; Mut, mutant. The bar chart presents the luciferase activity associated with the wild-type or mutant pmirGLO-METTL7A 3′UTR 48 h after
co-transfection with miR-27a in HEK293T cells (bottom panel). (D) Western blot analysis of METTL7A protein in Huh-7 cells stably overexpressing miR-
27a. Value indicates the normalized densitometry unit of METTL7A protein on western blot. The bar chart presents the densitometry unit of METTL7A
from 3 independent experiments. Tubulin was the loading control. (E) Left panel: Western blot analyses of the indicated proteins in SMMC7721 cells that
were co-transfected with shRNA against ADAR1 (shADAR1 a) or scrambled shRNA (shScr) and pMIRNA1-miR-27a (miR-27a) or pMIRNA1 only
(pmiR). Right panel: The qRT-PCR measurement of mature miR-27a and METTL7A in the same groups of cells described in left panel. (F) Left panel:
Western blot analyses of the indicates proteins in SMMC7721 cells that are co-transfected with shRNA against ADAR2 (shADAR2 a) or shScr and miR-
27a or pMIRNA1. Right panel: The qRT-PCR measurement of mature miR-27a and METTL7A in the same groups of cells described in left panel. Data
are presented as the mean ± S.E.M. of six replicates from a single experiment and representative of three independent experiments (A-C, E: right panel;
F: right panel). Statistical significance is determined by unpaired, two-tailed Student’s t test (A–F) (*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 5. ADARs interact with Dicer to promote miR-27a expression independent of RNA editing/dsRNA binding activities. (A–C) The qRT-PCR
measurement of mature miR-27a (A), pri-miR-27a (B), and pre-miR-27a (C) in Huh-7 cells upon overexpression of empty vector (EV) or different ADARs
expression constructs including the wild-type, DeAD and EAA mutants. Data are presented as the mean ± s.e.m. of triplicates from a single experiment
and representative of 3 independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001). Statistical significance is determined by unpaired, two-tailed
Student’s t test. (D) Reciprocal immunoprecipitation (IP) of ADARs and Dicer is performed in HEK293T cells overexpressing FLAG only or FLAG-
tagged wild-type and mutant form of ADARs, using anti-FLAG antibody conjugated magnetic beads (IP: FLAG; top panel), or Dicer-specific antibody
(IP: Dicer; bottom panel) or mouse IgG (IP: IgG; bottom panel). Western blot analyses of the indicated proteins in FLAG, Dicer or mouse IgG-IPed
products are conducted. (E) The purity of cytoplasmic (Cyto) and nuclear (Nu) fractions of HEK293T is verified by western blot analyses of ADAR1,
ADAR2, Dicer, Lamin A/C, Fibrillarin and �-tubulin. (F–H) Reciprocal IP of endogenous ADARs and Dicer is conducted in the cytoplasmic (Cyto) and
nuclear (Nu) fractions of HEK293T cells using an Dicer (F), ADAR1 (G), ADAR2 (H)-specific antibody (IP: ADAR1, ADAR2 or Dicer) or mouse IgG
(IP: IgG). Western blot analyses of the indicated proteins in ADAR1, ADAR2, Dicer or mouse IgG-IPed products are conducted. Input indicates 5% of
each fraction or total lysates from HEK293T cells. Total lysates (Total) are included in the experiments describe in (E–H) as positive controls.
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Figure 6. METTL7A is a novel tumor suppressor in HCC. (A, B) Box plots showing METTL7A expression in HCC and matched NT liver specimens, as
retrieved from the GEO54236 microarray gene expression datasets in (A), from TCGA (Liver Hepatocellular carcinoma, LIHC) RNA-Seq datasets in (B).
The data are presented as box plots with median (horizontal line), 25–75% (box) and 5–95% (error bar) percentiles for each group and the open dots indicate
the outliers (Mann–Whitney U test). Kaplan–Meier plots for the overall survival rate of patients with HCC in the group with high (METTL7A-high: n = 41
for GEO54236; n = 185 for LIHC) or low METTL7A expression (METTL7A-low: n = 40 for GEO54236; n = 185 for LIHC) which was categorized based
on the median expression of METTL7A in HCCs. The P value is calculated by log rank test. (C) 2,3-bis-(2-Methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide (XTT) assay showing growth rates of the indicated stable cell lines. A490nm and A600nm, absorbance at 490 and 600 nm, respectively (***P
< 0.001). (D) Quantification of foci formation induced by the indicated stable cell lines (**P < 0.01; ***P < 0.001). Scale bar, 1 cm. (E) Quantification
of soft agar colonies induced stable cell lines (*P < 0.05; **P < 0.01). Scale bar, 400 �m. (F) Tumors derived from the indicated cell lines 3 weeks after
subcutaneous injection (n = 5 mice per group, top panel). Scale bar, 0.5 cm. Western blot analysis of METTL7A protein in tumors developed in three
representative mice at end point (middle panel). Growth curves of tumors derived from the indicated stable cell lines over the observation period (bottom
panel). Data are presented as the mean ± S.E.M. *P < 0.05, determined by unpaired, two-tailed Student’s t test. (G) XTT assay showing growth rates of
the stably knockdown cell lines. A490nm and A600nm, absorbance at 490 and 600 nm, respectively (**P < 0.01). (H) Quantification of soft agar colonies
induced stably knockdown cell lines (**P < 0.01). Scale bar, 400 �m. (I) Top panel shows the xenograft tumors derived from the indicated stable cell lines
4 weeks post subcutaneous injection (n = 5 mice per group). Scale bar, 0.5 cm. Western blot analysis of METTL7A protein in tumors developed in four
representative mice at end point (bottom panel). Tubulin was the loading control. All data are shown as the mean ± S.E.M. of triplicate wells with the
same experiment and representative of three independent experiments (C, D, E, G, H), and statistical significance is determined by unpaired, two-tailed
Student’s t test (C–H).
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DISCUSSION

Extensive A-to-I editing at 3′UTR sequences has been as-
sociated with different fates of the edited pre-mRNA tran-
scripts. Due to the distinct base pairing preference between
adenosine and inosine, RNA editing at 3′UTRs can regu-
late the stability of target transcripts by creating or elim-
inating miRNA targeting sites (44,45). Alternatively, the
promiscuously edited 3′UTRs can recruit inosine-specific
nucleases, e.g. the RNA-induced silencing complex (RISC)
subunit Tudor-SN and human endonuclease V, leading
to mRNA degradation (19,20). Certain transcripts with
edited 3′UTRs were shown to be retained in the nucleus
by an inosine-specific nuclear protein complex composed
of P54nrb, splicing factor PSF, and matrin-3 (3,46). All of
the above reported fates of inosine-containing RNAs high-
lighted the importance of inosine in either changing the
base-pairing properties or recruiting inosine-specific pro-
tein complexes, thereby affecting the translational efficiency
of the edited mRNAs. In contrast, a previous study in C.
elegans reported no significant difference in expression of
mRNAs with structured and edited 3′UTRs across different
adr strains (47). Furthermore, mRNAs with edited 3′UTRs
have been demonstrated to associate with translating polyri-
bosomes in both C. elegans and human HeLa cells, indicat-
ing that not all the edited mRNAs are retained in the nu-
cleus (47). Thus, a relevant question is whether RNA edit-
ing is necessary to induce the observed effect of ADARs on
3′UTRs?

Surprisingly, using different ADAR mutants which are
devoid of either RNA editing or dsRNA binding capabil-
ity, we found the promiscuous A-to-I editing within 3′UTRs
of transcripts is most likely to be a footprint of ADARs
binding, which is not required for the manipulation of tar-
get gene expression, at least for a subset of targets. Rela-
tively few protein variants produced by RNA editing have
been demonstrated to be causative of biological pheno-
types observed in animal models with genetically modi-
fied ADARs suggesting that editing-independent functions
of ADARs might also be of importance in the observed
phenotypes (48). Furthermore, a recent study suggested
that the ADAR1 binding to non-Alu regions could affect
3′UTR usage through competing with 3′UTR-binding fac-
tors, such as cleavage and polyadenylation-relevant pro-
teins (49), thereby influencing the expression of target genes.
More importantly, the impact of ADAR1 on 3′UTR us-
age is only dependent on RNA editing for certain 3′UTRs,
but others could be affected by ADAR1 in an editing-
independent manner. In this study, five out of the six se-
lected genes carrying multiple editing sites at 3′UTRs were
found to be regulated by ADAR1 and/or ADAR2 beyond
their deaminase and dsRNA binding functions. Therefore,
the functional significance of ADARs is much more diverse
than previously appreciated and this gene regulatory func-
tion of ADARs may be of biological importance beyond
their better-studied editing function.

Until now, gene regulatory mechanisms of ADARs have
not been clearly understood. Given the fact that ADAR-
mediated A-to-I RNA editing competes for shared dsRNA
substrates with RNAi machinery, interactions between
ADARs and RNAi pathway have gained intensive attention

during the past decade (50). Effects of hyper-editing in pro-
tecting dsRNA from entering RNAi were first confirmed by
biochemical assays, and further observed in C. elegans with
adr-1/adr-2 double mutant models (51,52). Editing of pri-
mary miRNAs has been reported to inhibit miRNA biosyn-
thesis at multiple stages, e.g. Drosha and Dicer cleavage,
the loading to RISC, or redirecting silencing targets (18,53–
56). In contrast to antagonistic effects of ADARs on the
RNAi pathway, a recent study on the impact of ADAR1
on pri-miRNA processing in the nucleus suggested that
ADAR1 might enhance pri-mRNA processing via its inter-
action with the pri-mRNAs prior to Drosha/DGCR8 bind-
ing, which may not rely on RNA editing (49). This finding
complements the previous report that the interaction be-
tween ADAR1 and RISC component proteins revealed an
editing-independent agonistic effect of ADAR1 on miRNA
processing, by forming a complex with Dicer in the cy-
toplasm (39). MiR-27a is known to be an oncogenic mi-
croRNA and is highly expressed in numerous types of can-
cer, including breast (57), ovarian (58), liver (59) and gastric
(60). However, mechanisms that may plausibly account for
altered expression of miR-27a in tumors are not well under-
stood. At genomic DNA level, the amplification was only
found to upregulate miR-27a expression in gastric cancer
cells (61). At epigenetics level, SNPs (single nucleotide poly-
morphisms) and methylation have been reported to be asso-
ciated with the regulation of miR-27a expression. In HCC,
He et al. found that hypomethylation contributes to aber-
rant miR-27a expression (59). Besides, the A→G change of
rs895819 could shorten the stem-loop structure and affect
the processing of miR-27a and increase the gastric cancer
risk (62). While the other functional SNP rs11671784 G→A
variation in miR-27a interrupts the expression of miR-27a,
which decreases chemo-sensitivity of bladder cancer and in-
crease the target RUNX-1 expression (63). Here, our mech-
anistic studies, adding a novel mechanism in which miR-27a
is upregulated in cancer cells, indicated that the interaction
of either ADAR1 or ADAR2 with Dicer augments the pro-
cessing from pre-miR-27a to mature miR-27a and subse-
quent miR-27a targeting of the METTL7A 3′UTR, leading
to reduced expression of METTL7A.

Thus, our study represents the first report that both
ADAR1 and ADAR2 can augment miRNA processing from
pre-miRNAs to mature miRNAs through interacting with
Dicer, independent of RNA editing and dsRNA binding ca-
pabilities of ADARs. Nevertheless, the interaction between
Dicer and ADARs may be mediated by RNA molecules,
as RNase A treatment of cell lysates prior to immunopre-
cipitation resulted in the dramatically decreased binding of
Dicer to ADAR1/2 (Supplementary Figure S19). As re-
ported by our previous studies (9), ADAR1 and ADAR2
were significantly upregulated and downregulated in HCC,
respectively. Besides, the expression of ADAR1 was ∼30-
fold higher than that of ADAR2 in tumors. All these find-
ings could explain although ADAR1 and ADAR2 have
opposing expression patterns in HCC and have the same
inhibitory effect on METTL7A expression via enhancing
miR-27a processing, the expression of METTL7A was still
dramatically decreased in tumors. Therefore, it is likely
that although maybe less common, there are a subset of
genes that are regulated by ADARs via non-canonical
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editing/dsRNA binding-independent mechanism(s), such
as CCNYL1, MDM2, TNFAIP8L1 and RBBP9, which
have been identified in this study. However, for other tar-
get genes, the precise regulatory mechanism(s) of ADARs
will need to be examined on a case-by-case basis. More-
over, as the 3′UTR sequences often carry binding sites for
specific proteins that affect the export, localization, stability
and translation of mRNAs, further investigation will be re-
quired to determine whether the editing of 3′UTRs may be
substantially involved in these processes that are important
for regulating genes in normal cells or in other conditions.

The next question is whether this mechanism may have
important functional relevance in cancer development. As
a target gene undergoing 3′UTR editing, METTL7A was
identified to be a tumor suppressor in HCC. Moreover,
the survival analysis of two individual HCC cohorts indi-
cated the tumoral downregulation of METTL7A predicted
poor prognosis of patients with HCC. Unexpectedly, even
with multiple editing sites in the 3′UTR, the expression of
METTL7A was found to be regulated by ADARs through
miRNA expression modulation in an RNA editing and
RNA binding-independent manner. Also, we found that the
tumoral downregulation of METTL7A was not associated
with the genomic loss of METLL7A gene which is located at
chromosome 12q13.12 (Supplementary Figure S20). Given
the widespread effects of miRNA targeting, METTL7A will
likely not be the only target influenced by ADARs under
this mechanism. Recent studies reported the expression of
miRNAs is globally inhibited in adar1−/− mouse embryos,
in turn altering the expression of miRNA target genes (39).
Also, in human U87MG cells, a gene otology (GO) analysis
of target genes of ADAR1-affected miRNA yields a num-
ber of genes functionally enriched in pathways related to
cell proliferation, growth, apoptosis and cellular response
to stimuli or DNA damage (49).

Our study revealed that the functional essentiality/imp
ortance of ADARs is likely to stem from its involvement
in processes other than RNA editing and dsRNA binding
alone, at least for a subset of target genes relevant to can-
cer development. As we and other have demonstrated, the
enhancement of miRNA processing via the interaction be-
tween ADARs and Dicer (39) or Drosha (49) may func-
tion as a major mechanism responsible for gene regula-
tory function of ADARs beyond their deaminase and RNA
binding activities. Disruption of the interaction between
ADARs and Dicer or Drosha might represent a targetable
approach for rescuing expression of tumor suppressors such
as METTL7A as a novel therapeutic modality in HCC and
other cancers.
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