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ADAR1 is required for differentiation and neural induction 
by regulating microRNA processing in a catalytically 
independent manner
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Adenosine deaminases acting on RNA (ADARs) are involved in adenosine-to-inosine RNA editing and are impli-
cated in development and diseases. Here we observed that ADAR1 deficiency in human embryonic stem cells (hESCs) 
significantly affected hESC differentiation and neural induction with widespread changes in mRNA and miRNA ex-
pression, including upregulation of self-renewal-related miRNAs, such as miR302s. Global editing analyses revealed 
that ADAR1 editing activity contributes little to the altered miRNA/mRNA expression in ADAR1-deficient hESCs 
upon neural induction. Genome-wide iCLIP studies identified that ADAR1 binds directly to pri-miRNAs to interfere 
with miRNA processing by acting as an RNA-binding protein. Importantly, aberrant expression of miRNAs and phe-
notypes observed in ADAR1-depleted hESCs upon neural differentiation could be reversed by an enzymatically inac-
tive ADAR1 mutant, but not by the RNA-binding-null ADAR1 mutant. These findings reveal that ADAR1, but not its 
editing activity, is critical for hESC differentiation and neural induction by regulating miRNA biogenesis via direct 
RNA interaction.
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Introduction

Adenosine deaminases acting on RNA (ADARs) 
catalyze the chemical conversion of adenosine (A) to 
inosine (I) in double-stranded RNA (dsRNA) substrates. 
As inosines preferentially base pair with cytidines (C), 
they change the primary sequence of RNA and are inter-
preted as guanosine (G) by the translational machinery 
[1, 2]. Three ADAR gene family members (ADAR1-3) 

are found in mammals. ADAR1 and ADAR2 are widely 
expressed and catalytically active in mammals, while 
ADAR3 is considered to be inactive [2]. 

ADARs interact with several types of dsRNA sub-
strates. Short and imperfect RNA duplexes within 
pre-mRNAs can be site-specifically edited, leading to 
recoding of open reading frames or alterations in the pat-
tern of splicing [3-7]. A-to-I editing events occur more 
frequently in noncoding sequences including repetitive 
elements and small RNA precursors. Alu and LINE el-
ements, when positioned as sense and antisense pairs 
nearby one another in the genome, exhibit the potential 
to form long dsRNAs, and these dsRNAs can be hy-
per-edited at multiple adenosines [8-10]. Several studies 
suggest that the hyper-editing in repetitive elements is 
involved in the regulation of gene expression [11-13]. 
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Primary miRNA transcripts fold into imperfect dsRNAs 
that are cleaved by DROSHA-DGCR8 into 60-70-nt long 
pre-miRNAs and subsequently exported to the cytoplasm 
and processed by Dicer to form mature miRNAs [14]. 
Editing of miRNA precursors can interfere with miRNA 
biogenesis [15, 16] or alter target specificity of edited 
mature miRNAs [17, 18]. 

Besides the catalytic activity of ADARs on miRNAs, 
it has been shown that ADARs can modulate the miR-
NA/siRNA pathways independently of the editing activi-
ty in fly [19]. ADARs are also important for maintaining 
many small RNAs in C. elegans through both editing and 
non-editing activities [20]. In addition, lack of ADARs 
in mouse embryos led to a general expansion of the miR-
NA repertoire, which seems unrelated to editing events 
[18]. However, the detailed mechanism(s) by which 
the non-catalytic activity of ADAR1 acts in regulating 
miRNA processing has remained elusive. Recently, two 
research groups showed that ADAR1 interacted with 
different components of the miRNA biogenesis pathway, 
and exerted different effects on miRNA production [21, 
22]. While Nemlich et al. [21] showed that ADAR1 
could interact with nuclear DGCR8, which would be mu-
tually exclusive with the DROSHA-DGCR8 interaction 
and subsequently inhibit miRNA processing, Ota et al. 
[22] showed that ADAR1 could interact with Dicer in 
the cytoplasm to promote miRNA processing in differ-
entiated cells. Although these studies clearly suggest that 
the non-catalytic activity of ADAR1 and the miRNA 
biogenesis pathway are connected at multiple levels, the 
different results also strongly argue that the underlying 
mechanisms still require further investigation. 

ADAR1 is an essential protein. ADAR1-deficient 
mice were embryonically lethal, and showed rapid liver 
disintegration and hematopoietic defects due to wide-
spread apoptosis, which led to the notion that ADAR1 
plays critical roles in the development of non-nervous 
tissues [23, 24]. Moreover, hematopoietic lineage-specif-
ic ADAR1 knockout revealed that ADAR1 played an es-
sential role in hematopoietic stem cell maintenance [25]; 
however, the detailed mechanism underlying embryonic 
lethality caused by ADAR1 deficiency has remained elu-
sive. In addition, while ADAR1-deficient mice exhibited 
little aberrant neuronal phenotype prior to embryonic 
lethality [23, 24], mutations in human ADAR1 gene were 
shown to be associated with Aicardi-Goutières syndrome 
[26], an early-onset encephalopathy that often results in 
severe and permanent neurological damage, indicating 
that ADAR1 may play an important role during neural 
development in humans.

Inner cell mass- or epiblast-derived embryonic stem 
cells (ESCs) can differentiate into cells/tissues of the 

three germ layers according to developmental principles 
[27-29]. Differentiation of human ESCs (hESCs) thus 
provides a way to investigate the regulatory mechanisms 
that facilitate cellular transitions in a human context [30]. 
We generated hESCs lacking ADAR1 and examined 
their ability to differentiate into specific types of neu-
rons, followed by RNA-seq to systematically compare 
mRNA and miRNA changes between wild-type (WT) 
and ADAR1-deficient cells at several differentiation 
time points. While ADAR1 deficiency had little effects 
on hESC pluripotency, it affected embryoid body (EB) 
formation and neural induction. This strong phenotype 
was largely due to the altered expression of self-renewal 
and neural induction suppression-related miRNAs after 
disruption of ADAR1. Strikingly, our data revealed that 
ADAR1 could act as an RNA-binding protein to directly 
interfere with pri-miRNA processing and that the cata-
lytically inert ADAR1 mutant, but not the RNA-binding-
null ADAR1 mutant, rescued the observed differentiation 
defects. 

Results

ADAR1 knockdown has little effect on hESC pluripotency
To determine the effect of ADAR1 on differentia-

tion in a human cell culture model, we knocked down 
ADAR1 in H9 hESCs using lentiviral transduction. We 
used constructs that either constitutively expressed dif-
ferent small hairpin RNAs (shRNAs) directed against 
ADAR1 mRNA, or a mismatch shRNA as a scramble 
control (Supplementary information, Figure S1A). Both 
constructs also co-expressed GFP. GFP-positive hESC 
colonies were manually passaged to isolate individual 
subclones to form stable cell lines (Supplementary infor-
mation, Figure S1B). High ADAR1 knockdown efficien-
cy was achieved following different shRNA treatments 
(Supplementary information, Figure S1A) as revealed by 
subsequent RNA-seq analyses (Supplementary informa-
tion, Table S1) and immunoblotting (Figure 1A). In addi-
tion, we found that several known ADAR1 substrates [11] 
exhibited a significant reduction of A-to-I RNA editing 
level after ADAR1 knockdown (Supplementary infor-
mation, Figure S1C), further confirming the successful 
generation of ADAR1-knockdown H9 cell lines. Results 
shown in the following analyses were mainly obtained 
from a stable ADAR1-knockdown cell line with sh4146 
shRNA (Supplementary information, Figure S1A) that 
targets the 3′ UTR region of ADAR1 (ADAR1 KD here-
after). 

The undifferentiated H9 cells lacking ADAR1 ap-
peared morphologically normal and stained positively 
for pluripotency markers of OCT4 and SSEA4 (Figure 
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1B). Expression of other known pluripotency genes was 
largely unchanged and the expression of marker genes of 
three germ layers remained undetectable (Supplementary 
information, Figure S1D and Table S2). In addition, the 
proliferation of hESCs remained largely unaltered after 
knockdown of ADAR1 (Figure 1C). Meanwhile, ADAR1 
knockdown did not affect the ability of hESCs to differ-
entiate into three germ layers in our teratoma assay (Sup-
plementary information, Figure S1E), although the size 
of ADAR1 KD teratoma is reduced (data not shown). 
These observations suggested that ADAR1 knockdown 
had little effect on pluripotency and self-renewal. How-
ever, we have noticed that the clone formation efficiency 
was lower in ADAR1-knockdown H9 cells than that in 
control cells (Supplementary information, Figure S1F). 
RNA-seq and RT-qPCR results further revealed that 
some key pro-apoptotic genes, such as S100A6 and BAX 
[31-33], were upregulated and the anti-apoptotic gene 
SFRP1 [34, 35] was downregulated in ADAR1-knock-
down H9 cells (Supplementary information, Figure S1G 
and Table S2), suggesting that ADAR1 deficiency can 
promote apoptosis of hESCs under certain stresses, such 
as enzymatic detachment. This is consistent with a pre-
vious report that cells cultured from ADAR1-deficient 
embryos exhibited increased apoptosis when a stress re-
sponse was induced [24].

hESCs lacking ADAR1 exhibited significant defects in EB 
formation, neural induction and neuronal differentiation 

As ADAR1 knockdown has little effect on pluripo-
tency, we then proceeded to study the effect of ADAR1 
deficiency on differentiation with a protocol summarized 
in Supplementary information, Figure S2A [36-38]. 
Briefly, hESCs were induced into the neural lineage by 
generating EBs followed by culturing in neural medium. 
We observed that about 30% more irregular EBs were 
formed in ADAR1-knockdown H9 lines than in controls 
during neural induction (Supplementary information, 
Figure S2B), suggesting that the general differentiation 
was affected by ADAR1 deficiency.

Morphologically normal EBs were manually collected 
and cultured in neural medium for subsequent differ-
entiation. At 10 and 17 days of neural differentiation, 
hESC-derived primitive and definitive neuroepthelial 
(NE) cells with scramble shRNA treatment presented 
typical columnar NE morphology and were organized 
into rosettes [36-38] (Figure 1D and 1E), similar to the 
structure of NE cells from WT hESC induction (as dis-
cussed below and data not shown). Noticeably, although 
differentiating hESCs with stable ADAR1 knockdown 
also formed rosette-like structures, these cells expressed 
low levels of PAX6, SOX1 and FOXG1 (Figure 1D and 
Supplementary information, Table S1), and formed much 

Figure 1 ADAR1 knockdown significantly represses neural induction and neuronal differentiation. (A) Generation of ADAR1 
KD H9 stable cell lines. Western blotting (WB) confirms the stable knockdown of ADAR1 by shRNA targeting ADAR1 in H9 
cells, but not in scramble shRNA-treated H9 cells (Scram). Actin was used as a loading control. (B) Loss of ADAR1 has little 
effect on pluripotency of hESCs. WT, scramble shRNA-treated (Scram) and ADAR1 KD H9 cells were stained with anti-Oct4 
and anti-SSEA4. Nuclei were counterstained with DAPI. Scale bar, 50 µm. (C) Loss of ADAR1 has no significant effect on 
proliferation of hESCs. Left, representative images of proliferating cells with BrdU incorporation in scramble control and 
ADAR1 KD H9 cells. Right, statistical analyses for BrdU+ cells. Scale bar, 50 µm. (D) Columnar NE cells derived from ADAR1 
KD H9 cells express a low level of PAX6. Immunostaining (left) and WB (right) show the expression of PAX6 in scramble 
control and ADAR1 KD H9 lines at neural induction d10 and d17. Scale bar, 50 µm. (E) The generation of definitive NE cells 
from ADAR1 KD H9 cells is less efficient than that from control cells. Left, representative images at d17 neural induction of 
scramble control and ADAR1 KD H9 cells. After EB attachment, columnar NE cells appear in the colony center at d10 and 
proliferate quickly and form multiple layers (red dotted line), whereas cells in the periphery gradually become flattened (between 
black and red dotted line). Right, a and a’ represent the diameter of the NE cluster, and b and b’ represent the diameter of 
the differentiating colony. Ratio of (a+a’)/(b+b’) indicated the approximate percentage of NE cells in the colony. P value from 
one-tail t-test is shown. (F, G) ADAR1 knockdown represses the formation of human FB neurons. Left, representative images 
of d25-d35 neural induction of scramble control and ADAR1 KD H9 cells. Cells were stained with anti-Tuj1. Right, the length 
of neurites in Tuj1+ cells was measured after the indicated differentiation days of control and ADAR1 KD H9 cells towards 
FB neuron differentiation (F). Neural induction of control and ADAR1 KD hESCs at d35 was shown by MAP2 staining (G). 
Scale bar, 50 µm. (H-I) ADAR1 knockdown retards the formation of human MNs. Left, representative images showing the 
repression of the formation of MN clusters derived from ADAR1 KD H9 cells. Right, the percentage of MN clusters derived 
from scramble control and ADAR1 KD H9 cells (H). Left, representative images showing the retardation of MN formation. 
Cells were stained with anti-Tuj1 and anti-HB9. Right, the length of neurites in Tuj1-positive cells was measured in MNs 
(d35) derived from control and ADAR1 KD H9 cells (I). (J) ADAR1 expression was maintained at very low level under ADAR1 
knockdown condition upon neural induction and neuronal specification in H9 cells, as revealed by WB. Actin was used as a 
loading control. In C, E, F, H and I, error bars represent ± SD of triplicate experiments. Also see Supplementary information, 
Figures S1 and S2 and Table S1.
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smaller round aggregates at d17 (Figure 1E). Consistent 
results were obtained with different lines (Supplementary 
information, Figure S2A) and different batches of dif-
ferentiation (data not shown), indicating that the knock-
down phenotype was not due to asynchronized differen-
tiation or different viral integration. As PAX6 is a human 
neuroectoderm cell fate determinant and its expression 
reaches a peak on day 10 after differentiation [38], our 
observation suggests that neural induction was retarded 
by ADAR1 knockdown. 

To further investigate the fates of these NE cells pro-
duced from ADAR1 KD H9 cells, we differentiated NE 
cells into two types of neurons, forebrain (FB) neurons 
or spinal motor neurons (MNs). FB cells were generated 
using a well-established system without any caudalizing 
factors as described [39, 40]. Strikingly, the formation 
of TUJ1- (Figure 1F) and MAP2-positive FB neurons 
(Figure 1G) was dramatically reduced from ADAR1 
KD H9 cells. In addition, the TUJ1-positive FB cells de-
rived from ADAR1 KD H9 cells exhibited much shorter 
growing neurites at all differentiation stages (Figure 1F). 
Meanwhile, although the differentiation efficiency of 
MNs was only about 30%-40% as reported previously 
[37], we found that ADAR1 knockdown also dramat-
ically repressed the formation of MN clusters (Figure 
1H) and HB9-positive MNs (Figure 1I). The resulting 
MNs also exhibited a significant reduction of neurite out-
growth (Figure 1I). Furthermore, although differentiation 
of these NE cells into FB neurons and MNs was signifi-
cantly retarded, they did not differentiate into midbrain 
or hindbrain neurons (Supplementary information, Figure 
S2C). Importantly, the ADAR1 expression in ADAR1 
KD cells remained consistently low levels during all dif-
ferentiation stages examined, as revealed by both protein 
(Figure 1J) and RNA (Supplementary information, Table 
S1) levels. Taken together, these results revealed that 
ADAR1 deficiency not only inhibited hESC differentia-
tion into neural lineages, but also retarded the formation 
of different neuron types. 

Repression of neuron-specific gene expression in ADAR1 
KD H9 cells during differentiation

We have presented strong evidence that the defi-
ciency of ADAR1 significantly repressed human neu-
ral induction (Figure 1). To understand the underlying 
mechanisms by which ADAR1 acts in this process, we 
performed a series of genome-wide transcriptome com-
parisons (Figure 2A and Supplementary information, 
Figure S3A) between the control (WT) and ADAR1 KD 
H9 cell lines at several landmark time points (d0, d10, 
d17 and d35) along FB and MN differentiation pathways 
(Supplementary information, Figure S3A). Such analy-

ses not only allowed parallel and dynamic comparisons 
of gene expression profiles between ADAR1 KD and 
control cells, but also provided a rich source to analyze 
A-to-I RNA editing events catalyzed by ADAR1 upon 
hESC differentiation. 

Hierarchical clustering of gene expression profiles 
(Supplementary information, Table S1) showed that 
WT and ADAR1 KD H9 cells were generally clustered 
together at the same differentiation time points, yet dis-
tinguished from those at other differentiation time points 
towards either FB neuron (Figure 2A) or MN (Supple-
mentary information, Figure S3A). However, noticeable 
exceptions were observed for d17 and d35 FB neurons in 
ADAR1 KD H9 cells (Figure 2A). The sample from d17 
“definitive NEs” derived from ADAR1 KD H9 cells was 
clustered with d10 primitive NEs derived from ADAR1 
KD and WT cells. The sample from d35 “FB neurons” 
derived from ADAR1 KD H9 cells was clustered with 
d17 definitive NEs derived from WT cells (Figure 2A). 
Importantly, many of the altered genes have been report-
ed to be important factors involved in neural develop-
ment and neurogenesis (Figure 2B-2D, Supplementary 
information, Table S1 and Figure S3). Such altered gene 
expression was further confirmed by semi-quantitative 
RT-PCR (data not shown) and RT-qPCR (Figure 2E) 
in samples collected from independent differentiation 
experiments. Together, these altered gene expression sig-
natures clearly suggest a delayed neural differentiation 
after human ADAR1 expression was repressed in hESCs 
as we have observed (Figure 1 and Supplementary infor-
mation, Figure S2). 

When ADAR1 KD H9 cells were differentiated to 
MNs, a delayed gene expression pattern towards this lin-
eage differentiation was also observed (Supplementary 
information, Figure S3A). Importantly, consistent with 
the aberrant MN formation from ADAR1 KD H9 cells 
(Figure 1H and 1I), genes related with MNs and their 
functions were also clustered (Supplementary informa-
tion, Figure S3B-S3D). Given that the differentiation 
efficiency of MNs is only about 30%-40% [37, 41], we 
focused on the differentiation to FB neurons for our sub-
sequent analyses.

ADAR1 knockdown represses A-to-I RNA editing in gen-
eral, but such altered editing sites do not correspond to 
the expression of genes related with neural induction and 
neurogenesis

We next asked what contributed to the retarded gene 
expression upon neural differentiation after knockdown 
of ADAR1 in H9 cells. ADAR1 is known for its A-to-I 
RNA editing activity. To our surprise, the most altered 
genes associated with neuron function (Figure 2B) 
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Figure 2 Effects of ADAR1 knockdown on gene expression in H9 cells upon FB neuron differentiation. (A) Repression of 
neuron-specific gene expression in ADAR1 KD H9 cells upon FB neuron differentiation. Heat map showing the hierarchical 
clustering of expression profiles of differentially expressed genes (DEGs) as measured by RNA-seq. Pairwise distances were 
measured by Pearson correlation coefficient (PCC). Different gene clusters are labeled beside the gene tree with different 
colors. The data shown in the maps are logarithm transformed expression values (ln(RPKM)). (B) ADAR1 KD hESCs exhibit 
clusters of repressed neuronal gene expression upon FB neuron differentiation. A representative cluster (#14) containing 102 
genes was significantly repressed in ADAR1 KD H9 cells after the induction of NE (d10; P = 1.9e-7 for d17, or P < 2.2e-16 
for d35, Student’s t-test). (C) Histograph of RNA-seq results showing that FoxG1 was repressed during hESC differentiation 
into neurons with ADAR1 knockdown. (D) Cluster 14 was enriched for genes with neuronal functions. The enrichment P value 
cut-off is set to a significance value of 0.01 after Benjamini-Hochberg correction. (E) Verification of RNA-seq using RT-qPCR 
analysis. Error bars represent ± SD of triplicate experiments. Also see Supplementary information, Figure S3, Tables S1 and 
S2.



Tian Chen et al.
465

npg

www.cell-research.com | Cell Research

were not shown to have significant A-to-I ratio changes 
between ADAR1 KD and WT cells (data not shown). 
We then took advantage of the RNA-seq datasets to ge-
nome-widely profile A-to-I RNA editing and their cor-
responding mRNA changes during neural differentiation 
under WT and ADAR1 KD conditions. Although the 
total number of high-confidence A-to-I RNA editing sites 
was significantly reduced in all stages of differentiations 
after depletion of ADAR1 (Supplementary information, 
Figure S4A and data not shown), the majority of select-
ed high-confidence editing events were largely located 
in non-exon regions (43% in RefSeq introns, 30% in 
non-RefSeq regions, and 26% in RefSeq exons, Sup-
plementary information, Figure S4B). Among those in 
RefSeq exons, only 68 A-to-I editing sites were located 
in coding exons (Supplementary information, Figure 
S4B and Table S3). However, expression of their host 
genes of these 68 A-to-I editing sites remained largely 
unchanged after ADAR1 knockdown (Supplementary 
information, Figure S4C, S4D and Table S1), suggesting 
that the editing activity of ADAR1 on mRNAs did not 
contribute to the observed retarded gene expression upon 
neural differentiation in ADAR1 KD hESCs.

ADAR1 knockdown dramatically alters miRNA reper-
toires

Our data revealed that RNA edit ing has l i t t le 
correlation with mRNA expression changes in ADAR1 
KD H9 cells (Supplementary information, Figure S4 and 
data not shown), which is in consistency with recent re-
ports in other organisms [18-20]. We hypothesized that 
ADAR1 deficiency may lead to an altered miRNA rep-
ertoire, which in turn regulates mRNA expression in H9 
cells and during differentiation. We therefore performed 
small RNA-seq from the same aliquots used for polya-
denylated RNA-seq described in Figure 2. This allowed 
us to perform not only an analysis of miRNA expression 
profiles, but also a comprehensive network analysis be-
tween miRNA and mRNA transcriptomes after ADAR1 
knockdown (Figure 3A). 

In total, we obtained 5-12 million mapped small RNA-
seq reads (Supplementary information, Table S4). By an-
alyzing the reported A-to-I sites in mature miRNAs [42], 
we found that the occurrence of RNA editing was either 
very low (6/19) or undetectable (data not shown), and the 
expression of host miRNAs remained unchanged after 
ADAR1 knockdown. This suggests that the frequency of 
A-to-I editing in mature miRNAs and the probability of 
re-targeting of mRNAs were limited in undifferentiated 
and differentiated hESCs. 

To further evaluate the role of ADAR1 in miRNA pro-
duction, we applied miRDeep2 to annotate both known 

miRNAs from miRBase (v20) and previously unreport-
ed miRNA candidates. Using the default miRDeep2 
pipeline, 1 960 known miRBase (v20) miRNAs were 
identified (Figure 3B). With the expression cutoff at 100 
RPM, about 16% (305 out of 1 960, Supplementary in-
formation, Table S5) of known miRNAs were selected 
for further analysis. Importantly, our data revealed that 
the expression of some key miRNAs was altered after 
ADAR1 knockdown and these could be categorized into 
two distinct groups according to their expression patterns. 

The first group of miRNAs was reported to be highly 
expressed in undifferentiated hESCs but significantly 
downregulated upon differentiation, such as miR302s 
[43-45]. In our studies, these miRNAs were upregulated 
in undifferentiated H9 cells after ADAR1 knockdown. 
Upon neural induction, their expression exhibited a de-
layed downregulation in ADAR1 KD cells compared to 
WT cells (Figure 3C, 3D and Supplementary informa-
tion, Figure S5A and Table S5). In addition, the repres-
sion on miR302s by ADAR1 was specific, as the ex-
pression of other miRNAs was not altered after ADAR1 
depletion (Supplementary information, Figure S5B). It 
is well known that self-renewal-related miR-302s pro-
mote ESC proliferation and suppress differentiation [45, 
46]; thus the delayed downregulation of miR-302s upon 
ADAR1 depletion could lead to the suppression of hESC 
differentiation. Furthermore, some miRNAs, such as 
miR-96 and miR-200s, that repress neural induction [36], 
were also upregulated in ADAR1 KD samples (Supple-
mentary information, Table S5). This is in agreement 
with the notion that ADAR1 knockdown resulted in de-
layed neural induction (Figure 1). 

The other group contains miRNAs such as let-7s, 
which are known to be highly expressed in differentiated 
cells [47, 48]. In WT H9 cells, the expression of these 
miRNAs was low or undetectable in early stages of dif-
ferentiation, but significantly upregulated in later stages 
of differentiation. Strikingly, their expression was re-
markably repressed in ADAR1 KD cells upon neural in-
duction (Figure 3E, 3F and Supplementary information, 
Table S5). However, as we observed reduced expression 
levels of transcription factors, such as PAX6, in day-
10 NE cells (Figure 1D), whether this cluster of altered 
miRNAs was a cause or a consequence of neural differ-
entiation inhibition by ADAR1 knockdown requires fur-
ther investigation. Nevertheless, the downregulation of 
let-7 family expression after ADAR1 knockdown is con-
sistent with a recent report that ADAR1 forms a complex 
with DICER to promote let-7 miRNA processing [22]. 

ADAR1 knockdown promotes processing of pri-miR302s 
to mature miR302s
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Figure 3 ADAR1 knockdown alteres miRNA expression. (A) A schematic depiction of miRNA analysis. Known miRNA A-to-I 
editing sites [42] were first examined from our small RNA-seq data sets. miRNA expression was further evaluated with miRD-
eep2. Predicted regulatory targets of all highly expressed miRNAs were retrieved by TargetScan. The correlation of miRNA 
and mRNA expression was calculated by PCC using the paired RNA-seq and small RNA-seq data sets (Supplementary 
information, Table S4). (B) Selection of highly expressed miRNAs. About 1 960 known miRNAs were retrieved with default 
miRDeep2 pipeline. 305 highly expressed (≥ 100 RPM) known miRNAs (Supplementary information, Table S5) were subject-
ed to further analysis. (C) Downregulation of the miR302 cluster is delayed in ADAR1 KD H9 cells upon differentiation into FB 
neurons. Each colored dot represents the expression level of a corresponding miR302 family miRNA (P = 4.5e-8 for d0, 2.4e-
7 for d10, 1.4e-11 for d17 or 1.8e-4 for d35, pairwise t-test). (D) Expression of hsa-miR-302a-5p at differentiation time points 
examined in WT and ADAR1 KD H9 cells. (E) Upregulation of the let-7 cluster expression is repressed in ADAR1 KD H9 cells 
upon differentiation to FB neurons. Each colored dot represents the expression level of a corresponding let-7 family miRNA 
(P = 1.2e-5 for d35, pairwise t-test). (F) Expression of hsa-let-7c-5p at differentiation time points examined in WT and ADAR1 
KD H9 cells. Also see Supplementary information, Figure S4.
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It is worth noting that knockdown of ADAR1 affect-
ed self-renewal-related miRNAs, such as miR302s, in 
undifferentiated H9 cells (Figure 3C and 3D). It is thus 
important to decipher how ADAR1 regulates miR302 
maturation. We first excluded the role of transcriptional 
regulation of ADAR1 on miRNA processing. On one 
hand, loss of ADAR1 had no effect on the expression of 
oct4, sox2, nanog and rex1 (Supplementary information, 
Figure S1D and Table S1), which are known as upstream 
regulators of the pri-miR302 promoter [45], excluding 
the possibility that the upregulation of miR302s is caused 
by upregulation of ESC-specific transcriptional factors 
in ADAR1 KD H9 cells. On the other hand, we found 
that knockdown of ADAR1 had no significant effect on 
the promoter activity of pri-miR302 (Supplementary 
information, Figure S5C), suggesting that ADAR1 is 
unlikely to be involved in the transcriptional regulation 
of pri-miR302. Furthermore, Sanger sequencing of pre-
cursors of these altered miRNAs (such as pri-miR302s, 
pri-miR-200, pri-miR-96, etc.) revealed that none of the 
examined transcripts was edited in undifferentiated H9 
cells (data not shown), indicating that the editing activity 
of ADAR1 plays a limited role in the maturation of these 
miRNAs in hESCs. 

Then, at which step ADAR1 could interfere with 
miR302 processing? We found that both pri- and pre-
miR302s were significantly reduced after ADAR1 
knockdown in H9 cells (Figure 4A), suggesting that 
ADAR1 regulates the initial processing of pri-miR302s. 
Meanwhile, the abundance of other unaffected miRNAs, 
such as miR30a and miR30e, remained unaltered at their 
pri-/pre-miRNA levels after ADAR1 knockdown, indi-
cating that the regulatory effect of ADAR1 on miR302s 
is specific. To further confirm the notion that ADAR1 can 
inhibit processing of pri-miR302s, we expressed pri-mi-
R302a in either WT or ADAR1 KD HeLa cells, in which 
the expression of endogenous miR302s was undetect-
able. While the mature miR302a produced from exoge-
nous pri-miR302 was significantly increased in ADAR1 
KD HeLa cells, the amounts of pri- and pre-miR302a 
were reduced in ADAR1 KD HeLa cells, compared with 
those in WT HeLa cells (Figure 4B). Similar results were 
also obtained from the in vitro processing assays with in 
vitro transcribed (IVT) pri-miR302a. We observed that 
the lack of ADAR1 in the cell lysate promoted the pro-
cessing of pri-miR302a to miR302a (Figure 4C). Con-
sistently, addition of the partially purified Flag-ADAR1 
inhibited pri-miR302a processing to miR302a (Figure 
4D). Together, these assays confirmed that ADAR1 could 
inhibit pri-miR302 processing by its non-enzymatic ac-
tivity in hESCs.

ADAR1 acts as an RNA-binding protein that directly in-
hibits processing of pri-miR302s

To gain better insight into the mechanism, we fur-
ther rescued undifferentiated ADAR1 KD H9 hESCs 
with WT or mutant ADAR1 proteins (Figure 5A), and 
performed a series of experiments in these lines to de-
cipher how ADAR1 interferes with miRNA processing 
pathway independently of its catalytic activity. 

It was recently reported that ADAR1 could either 
bind with DICER [22] or DGCR8 [21] to regulate miR-
NA processing. Interestingly, we found that ADAR1 
in hESCs was predominately localized to the nucleus 
(data not shown) as previously reported [49]. Consistent 
with its nuclear localization, ADAR1 interacted with 
endogenous DGCR8 (Figure 5B), but its interaction with 
DICER was barely detectable under our experimental 
conditions. In addition, both the catalytically inactive 
ADAR1 mutant (E912A) [22, 50] and the RNA-binding-
null ADAR1 mutant (EAA) [51] acted in a similar man-
ner in the association with DGCR8 (Figure 5B and data 
not shown), indicating that these ADAR1 mutations do 
not affect its association with DGCR8. 

While the expression of all key components of the 
Microprocessor remained unchanged in ADAR1 KD H9 
cells (Supplementary information, Table S1), introducing 
WT ADAR1 or catalytically inactive ADAR1-E912A 
mutant, but not RNA-binding-null ADAR1-EAA mutant, 
into ADAR1 KD H9 cells restored the expression of 
miR302s, but not those unaltered miRNAs, to their nor-
mal levels (Figure 5C). These results clearly suggest that 
catalytically inert ADAR1 plays a key role in the regu-
lation of some self-renewal-related miRNAs in H9 cells 
and that the RNA-binding activity of ADAR1, rather 
than its interaction with components of the Microproces-
sor, is more important for miR302 processing.

We further identified that both ADAR1-WT and 
ADAR1-E912A associated with the polycistronic pri-
mary transcript of miR302s, while ADAR1-EAA did not 
(Figure 6A). UV crosslinking and immunoprecipitation 
coupled with high-throughput sequencing (iCLIP-seq) in 
H9 cells were then performed to identify ADAR1-bind-
ing sites globally (Supplementary information, Figure 
S5D and S5E). Our iCLIP datasets revealed that both 
Flag-ADAR1 and Flag-ADAR1-E912A bound directly 
to multiple apical regions of the hairpin of pri-miR302s 
(Figure 6B), consistent with the notion that ADAR1 is a 
dsRNA-binding protein. As the direct binding of DGCR8 
to apical junctions of pri-miRNAs is essential for pro-
cessing and that two DGCR8 dimers clamp a pri-miRNA 
hairpin using their RNA-binding heme domain to acti-
vate DROSHA cleavage [52, 53] (Figure 6C), the binding 
of ADAR1 to the same stem region of pri-miR302s sug-



468
ADAR1 regulates miRNA biogenesis via direct RNA interactionnpg

Cell Research | Vol 25 No 4 | April 2015

Figure 4 ADAR1 knockdown promotes the processing from pri-miR302s to mature miR302s. (A) Knockdown of ADAR1 led 
to reduced expression of pri-miR302s (top, normalized to gapdh mRNA) and pre-miR302s (bottom, normalized to U6), but 
not miR191, miR30a and miR30e. Error bars represent ± SD of triplicate experiments. (B) Pri-miR302a processing in WT or 
ADAR1 KD HeLa cells. Long (> 200 nt) pri- and short (< 200 nt) pre-miRNAs were fractionated according to their sizes and 
were then used for RT-qPCR to quantify the relative abundance of pri- or pre-miR302a. Mature miRNA was measured from 
total RNAs with miScript II RT-qPCR. Error bars represent ± SD of triplicate experiments. (C) ADAR1 knockdown promotes 
miR302 maturation. IVT pri-miR302a was incubated with either WT or ADAR1 KD HeLa cell lysates. After incubation, RNAs 
were extracted for northern blot with denaturing PAGE gels. Pre-mixtures without incubation were loaded as controls. Note 
that matured miR302a was more abundant after the incubation with ADAR1 KD HeLa cell lysate than that with WT cell lysate. 
Triplicated experiments were performed and one representative is shown. (D) ADAR1 inhibits pri-miR302 processing. IVT 
pri-miR302a was incubated with ADAR1 KD HeLa cell lysates in the presence or absence of partially purified Flag-ADAR1 
according to the protocol published previously [57]. After incubation, RNAs were extracted for northern blot with denaturing 
PAGE gels. Note that the processing of miR302a was repressed with the addition of ADAR1. Triplicated experiments were 
performed and one representative is shown. The relative abundance of pri-miR302a and mature miR302a was determined 
using Image J and labeled underneath. Also see Supplementary information, Figure S5.
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gests that ADAR1 functions as an RNA-binding protein 
to compete with DGCR8, resulting in an inhibitory effect 
on miRNA processing in hESCs (Figure 6C). In addition, 
iCLIP reads were generally enriched in highly expressed 
primary miRNAs (Supplementary information, Figure 
S6A, S6B and Table S6), and the majority of reads were 
shown in the primary transcripts of upregulated miRNAs 
caused by ADAR1 knockdown (Figure 6D and Supple-
mentary information, Figure S6 and Table S6). 

Interestingly, the genome-wide analysis of human 
ADAR1 iCLIP signals also revealed that ADAR1 could 
bind both miRNA and other annotated RefGene re-
gions (Supplementary information, Figure S6C and 
S6D). Comprehensive evaluation of ADAR1 binding on 
pri-miRNAs suggests that there was no sequence spec-
ificity for the binding (Figure 6E), and ADAR1 might 

bind via its RNA-binding domain to structured pri-miR-
NAs. Such binding could be readily examined in highly 
expressed pri-miRNAs, such as pri-miR302s (Figure 6B) 
and pri-miR1260s (Supplementary information, Figure 
S6A, S6B and Table S6). 

Catalytically inactive ADAR1-E912A rescues retarded 
neural induction and aberrant miRNA expression upon 
differentiation of ADAR1 KD H9 cells

Consistent with the important role of the non-enzy-
matic ADAR1 acting as an RNA-binding protein in regu-
lating self-renewal-related miRNAs in hESCs (Figures 5 
and 6), the catalytically inactive ADAR1-E912A, but not 
the RNA-binding-deficient ADAR1-EAA, could rescue 
aberrant EB formation in ADAR1 KD H9 cells (Figure 
7A). Importantly, ADAR1-E912A could rescue the phe-

Figure 5 The RNA-binding property of ADAR1 affects miR302 processing from pri-miR302s. (A) Rescue of ADAR1 expres-
sion in H9 cells by Flag-ADAR1, Flag-E912A or Flag-EAA. Left, a drawing showing the generation of ADAR1-rescued ADAR1 
KD H9 cells by lentiviral infection. Right, WB confirms their expression in ADAR1 KD H9 cells. (B) Immunoprecipitation of 
Flag-ADAR1, Flag-E912A (catalytically inactive mutant), or Flag-EAA (RNA-binding-null mutant) from HEK293 cells extracts, 
followed by immunoblotting with ADAR1, DGC8 and DICER antibodies. (C) Flag-E912A, but not Flag-EAA, reversed the up-
regulation of miR302s in ADAR1 KD H9 cells. RT-qPCR revealed the expression of miR302s, miR30a, miR30e and miR577 
(normalized to U6) in control, ADAR1 KD, KD+Flag-ADAR1, KD+Flag-E912A and KD+Flag-EAA H9 lines. Error bars repre-
sent ± SD of triplicate experiments. P values from one-tail t-tests are shown. Also see Supplementary information, Figure S5.
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Figure 6 ADAR1 binds to pri-miR302s and interferes with processing. (A) UV crosslinking RIP confirms that both Flag-
ADAR1 and Flag-E912A, but not Flag-EAA, are associated with the polycistronic primary transcript of miR302s. Note that 
non-altered miRNAs, such as miR191 and miR30e, were not precipitated by ADAR1 proteins. qPCR primers for pri-miR302 
detection are labeled as black arrows in B. Error bars represent ± SD of triplicate experiments. (B) iCLIP-seq defines that 
Flag-ADAR1- and Flag-E912A-binding sites are located within pri-miR302 hairpins. Individual Flag-ADAR1 and Flag-E912A 
iCLIP-seq reads (in blue) or iCLIP binding counts (in black) were aligned to pri-miR302s, with the mature miRNA boundaries 
depicted below (orange and gray bars). The iCLIP clusters are depicted as purple rectangles. (C) Two DGCR8 dimers clamp 
a pri-miRNA hairpin and activate Drosha cleavage (middle) [52]. The binding of ADAR1 to hairpins of pri-miR302s competes 
with DGCR8 binding, resulting in an inhibitory effect on pri-miR302 processing (right). (D) The majority of Flag-ADAR1 and 
Flag-E912A iCLIP reads are located in pri-miRNA regions of the upregulated miRNA targets after ADAR1 knockdown in H9 
cells. (E) Flag-ADAR1 and Flag-E912A bind to pri-miRNAs with no sequence specificity. iCLIP clusters, significant (purple 
points) or non-significant (blue points), were scattered evenly on pri-miRNAs for both Flag-ADAR1 (right panel, top) and Flag-
E912A (right panel, bottom). Also see Supplementary information, Figures S5, S6 and Table S6.

notype of retarded neural differentiation caused by the 
loss of ADAR1 (Figure 7B). These observations strongly 
suggest that the RNA-binding property of ADAR1 is es-
sential for hESC differentiation and neural induction.

In addition to miR302s, other miRNAs, such as miR-
96 and miR-200 that suppress neural induction, were 
also upregulated in ADAR1 KD samples (Supplementary 
information, Table S5). miR-96 and miR-200 families 
are known to suppress neural differentiation by targeting 
key neural transcription factors PAX6 and ZEB1 [36]. 
Consistent with their upregulation (Supplementary in-
formation, Table S5), we observed that pax6 and zeb1 
mRNAs were significantly downregulated in ADAR1 
KD H9 cells upon differentiation (data not shown). Thus, 
the upregulated miR-96 and miR-200s in differentiated 
ADAR1 KD H9 cells may lead to the suppression of 
neural induction. Importantly, the observed aberrant ex-
pression of miR-96 and miR-200 (Figure 7C) and their 
targeted mRNAs (data not shown) could be rescued by 
introducing catalytically inactive ADAR1. We thus sug-
gest that non-enzymatic ADAR1 participates in the reg-
ulation of these miRNA-mRNA networks during hESC 
differentiation and neural induction. However, we were 
unable to obtain iCLIP signals of ADAR1 binding to 
primary transcripts of miR-96 and miR-200, most likely 
due to their low expression (about 50-1 000-fold lower 
than miR302s) in undifferentiated H9 cells. 

Discussion

ADAR1 deficiency is embryonically lethal in mice, 
showing rapid liver disintegration and hematopoietic 
defects [23-25] by an unknown mechanism. This has led 
to the notion that ADAR1 is critical for development of 
some non-nervous tissues. Here we identified an unex-
pected non-enzymatic role of ADAR1 in ESC differenti-
ation and neural induction in a human context. We found 
that ADAR1 deficiency in hESCs significantly affected 

EB formation and neural induction (Figures 1 and 7) by 
regulating miRNA maturation (Figures 3-7). This regula-
tion was dependent on ADAR1 RNA-binding ability, but 
independent of ADAR1 catalytic activity, as the neuron 
induction retardation and aberrant miRNA biogenesis 
could be largely rescued by the catalytically inactive 
ADAR1-E912A but not the RNA-binding-null ADAR1-
EAA (Figures 5 and 7). Mechanistically, we found that 
ADAR1 directly binds to stem regions of some pri-miR-
NAs, such as pri-miR302s, and interferes with Micropro-
cessor processing (Figure 6 and Supplementary informa-
tion, Figure S6). Together, our studies have uncovered an 
important role of human ADAR1 in hESC differentiation 
and neural induction by regulating the maturation of 
miRNAs via direct RNA interaction independent of its 
editing activity (Figure 7D). 

It is well known that site-specific A-to-I RNA editing 
can interfere with miRNA pathways [15, 16, 18, 42, 54]. 
Recent studies reported that non-enzymatic ADAR1 par-
ticipates in small RNA biogenesis in different organisms 
[19, 20]. ADAR1 was suggested to interact with DICER 
to promote miRNA processing [22] or to form a complex 
with DGCR8 to inhibit pri-miRNA processing [21]. We 
found that ADAR1 binds directly to pri-miR302s, com-
petes with DGCR8 and thus inhibits miRNA processing 
(Figure 6). While it remains unknown how ADAR1 se-
lects its pri-miRNAs targets, the binding sites of ADAR1 
on pri-miRNAs appear to be degenerate. For example, 
ADAR1 largely binds to apical junction regions of pri-
miR302s (Figure 6), but it binds to the predicted DRO-
SHA cleavage sites of pri-miR1260s (Supplementary in-
formation, Figure S6). In addition, genome-wide analysis 
of human ADAR1 iCLIP signals revealed that ADAR1 
could bind pri-miRNAs without sequence specificity 
(Figure 6E). Although so far little is known on how the 
selectivity of ADAR1 binding to different pri-miRNAs 
is achieved, these observations are consistent with the 
notion that ADAR1 prefers to bind dsRNAs, but with 
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Figure 7 Catalytically inactive Flag-E912A rescues the retarded neural induction and aberrant miRNA expression upon dif-
ferentiation in ADAR1 KD H9 cells. (A) Flag-E912A, but not Flag-EAA, could reverse the aberrant EB formation derived from 
ADAR1 KD H9 cells. Left, representative images of EBs derived from different H9 cell lines. Right, the percentage of mor-
phologically normal EBs derived from different H9 cell lines (n > 200). (B) Flag-E912A restored the repressed neural induc-
tion in ADAR1 KD H9 cells. Left, representative images of MAP2+ FB neurons derived from different H9 cell lines. Right, the 
percentage of MAP2+ cells derived from different H9 cell lines (n > 200). (C) Flag-E912A reversed the upregulation of neural 
induction repression-related miRNAs in ADAR1 KD H9 cells at d10 upon neural induction, as revealed by RT-qPCR (nor-
malized to U6). (D) A model for ADAR1 regulation in hESC self-renewal and differentiation. ADAR1 inhibits the processing of 
pri-mi302s and other miRNAs in hESCs upon differentiation by acting as a dsRNA-binding protein. In A, B and C, error bars 
represent ± SD of triplicate experiments. P values from one-tail t-tests are shown.

little sequence specificity. Importantly, it was recently 
reported that two DGCR8 dimers clamp a pri-miRNA 
hairpin using their RNA-binding heme domain to ac-
tivate DROSHA cleavage [52] (Figure 6C), thus the 
ADAR1 binding to pri-miRNA hairpin can compete with 
DGCR8 to inhibit pri-miRNA processing. Finally, as no 
A-to-I editing was identified in primary miR302s (data 
not shown), it further suggests that ADAR1 binding may 
not always lead to adenosine deamination; for instance, 
ADAR1 may bind to dsRNAs formed across introns and 
promote exon circularization [55]. 

Depletion of ADAR1 led to the upregulation of self-re-
newal-related miRNAs, such as miR302s, in undifferen-
tiated hESCs (Figures 4 and 5). In addition, such inhibi-
tion of miR302 maturation by ADAR1 can be even stron-

ger upon differentiation (Figure 3C and 3D), when less 
miR302 primary transcripts are produced, resulting in an 
additional layer of processing regulation to facilitate a 
rapid downregulation of miR302s upon differentiation. 
Importantly, loss of ADAR1 also resulted in an increased 
expression of neural induction suppression-related miR-
NAs upon neural induction (Figure 7). Interestingly, this 
general upregulation of miRNAs after ADAR1 depletion 
is consistent with a recent study that the lack of ADARs 
in mouse embryos led to a general increase in miRNA 
numbers and changes in miRNA abundance seemed un-
related to editing events [18]. 

We have also observed that the expression of some 
miRNAs was remarkably repressed during neural differ-
entiation in ADAR1-deficient hESCs. For instance, let-
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7 family miRNAs were significantly downregulated in 
ADAR1 KD samples in late stage of neuronal differenti-
ation (Figure 3E and 3F). This is consistent with a report-
ed role of ADAR1 in promoting let-7 miRNA processing 
observed in HEK293 cells and growing mouse embryos 
[22]. However, as loss of ADAR1 significantly repressed 
the neural induction of hESCs (Figure 1), we cannot ex-
clude the possibility that the downregulation of let-7 was 
indirect and caused by neural differentiation repression 
by ADAR1 depletion.

Importantly, the role of catalytically inactive ADAR1 
in miRNA biogenesis seems to be evolutionarily con-
served. It has been shown that at least 40% of miRNAs 
have altered levels in ADAR mutant C. elegans strains, 
although editing in small RNAs is rare [20]. Interest-
ingly, a recent report found that despite the presence of 
a few sites in which editing is clearly beneficial, human 
RNA editing sites in coding regions are generally non-
adaptive and evolutionarily poorly conserved, arguing 
against the physiological significance of these editing 
events in human [56]. Strikingly, the observations that 
ADAR1-deficient mice exhibited embryonic lethality 
[23-25] and that ADAR1 KD hESCs exhibited significant 
differentiation defects (Figure 1) clearly demonstrate that 
ADAR1 is highly likely to be crucial for mammals. As 
we have observed that ADAR1 acts as an RNA-binding 
protein that interferes with miRNA processing in hESCs 
(Figures 3-6) and that the retarded neural differentiation 
in ADAR1-deficient H9 cells could be rescued by intro-
ducing the catalytically inactive ADAR1-E912A but not 
the RNA-binding-deficient ADAR1-EAA (Figure 7), we 
suggest that the RNA-binding activity of ADAR1 is es-
sential for development apart from its editing activity.

Materials and Methods

Plasmid construction
Plasmids used in a number of experiments were constructed 

using different vectors by standard molecular cloning protocols. 
Mutants were generated using Quikchange site-directed mutagene-
sis kit (Stratagene) with mutated gene-specific primers. All primers 
used were listed in Supplementary information, Table S7.

hESC maintenance, differentiation and lentivirus infection
H9 hESCs were maintained on irradiated-MEF feeder cells and 

passaged weekly as described previously [58]. H9 cells were in-
duced to differentiate into the region-specific neural cells accord-
ing to the published protocols [37-41]. To infect hESCs with lenti-
virus, H9 cells grown on Matrigel (BD Biosciences) were digested 
into single cells with Accutase (Millipore). Cells were incubated 
with MEF-condition medium (MEF-CM) containing 10 µl concen-
trated lentivirus, 5 µg/ml polybrene (Sigma) and 10 µM Y-27632 
(Tocris) at 37 °C for 1 h in a 15 ml-conical tube and were then 
seeded onto Matrigel-coated culture dishes. 24 h later, cells were 

fed with pre-warmed MEF-CM containing 5 µg/ml polybrene for 
15 min and then infected the second time on the plates. Four days 
after the first infection, cells were split and cultured for 5 addition-
al days. GFP-positive colonies were mechanically detached and 
cultured individually.

Immunocytochemistry and western blotting
H9 cells or H9 cells differentiated into specific lineages were 

fixed in 4% PFA for 10 min and permeabilizd in 0.5% Triton 
X-100 for 10-15 min. After blocking with 1% BSA for 30 min, 
cells were sequentially incubated with specific primary antibodies 
overnight at 4 °C, and the second antibody for 1 h at 37 °C. Nuclei 
were counterstained with DAPI. The images were collected on a 
confocal microscope (Nikon). Primary antibodies used were an-
ti-OCT-4 (1:200, Santa Cruz Biotechnology), anti-SSEA4 (1:100, 
Millipore), anti-PAX6 (1:300, Covance), anti-Tuj1 (1:1 000, 
Sigma), anti-MAP2 (1:500, Millipore) and anti-HB9 (1:50, Devel-
opmental Hybridoma Bank). For western blotting analyses, equal 
amount of proteins were subjected to SDS-PAGE analysis. Pri-
mary antibodies used were anti-ADAR1 (L-15; 1:200, Santa Cruz 
Biotechnology), anti-PAX6 (1:1 000, Covance) and anti-β-actin 
(1:50 000, Sigma).

RNA isolation and sequencing
Total RNAs from cultured cells were extracted with Trizol 

(Invitrogen) according to the manufacturer’s instruction, followed 
by DNase I treatment at 37 °C for 30 min (Ambion, DNA-freeTM 
Kit). Polyadenylated RNA-seq libraries were prepared from 5 µg 
of total RNAs with Illumina TruSeq Stranded Total RNA HT Sam-
ple Prep Kit, and the same aliquots of total RNAs were also used 
to generate small RNA libraries with Illumina TruSeq Small Sam-
ple Prep Kit. All mRNA and small RNA libraries were subjected to 
deep sequencing with Illumina HiSeq 2000 at CAS-MPG Partner 
Institute for Computational Biology Omics Core, Shanghai, China. 
Total and mapped read numbers were listed in Supplementary in-
formation, Table S4. 

In vitro processing assays
In vitro processing assay was carried out as described previous-

ly [57]. Briefly, pri-miR302 was IVT with the DIG RNA Labeling 
Mix (Roche) and AmpliScripe T7/SP6-flash Transcription Kit 
(Epicentre). 2 ng of Dig-labeled RNA was used for each in vitro 
processing assay. The same number of WT and ADAR1 KD HeLa 
cells was used to prepare the cell lysates. Pre-mixed reaction was 
first aliquoted, followed by adding either WT or ADAR1 KD HeLa 
cell lysates. In vitro processing assays were performed at 37 °C for 
1 h, followed by RNA purification. In addition, in vitro processing 
assays were also performed in ADAR1 KD HeLa cell lysate in 
the presence or absence of the purified Flag-ADAR1. Pre-mixed 
reaction with ADAR1 KD HeLa cell lysate was first aliquoted 
to three individual tubes, followed by adding mock (lysis buffer 
only), control (IgG) or purified Flag-ADAR1. The reactions were 
performed at 37 °C for 30 min followed by RNA purification. All 
purified products were detected by northern blot on PAGE gels as 
described [59].

RT-qPCRs with fractionated pri-/pre-miRNAs
Pri-miRNAs and pre-miRNAs were separated as long (> 200 

nt) or short (< 200 nt) RNA fractions according to the standard 
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protocol (Ambion) [60]. Briefly, 50 µg of total RNAs were mixed 
with lysis/binding buffer, miRNA homogenate additive and etha-
nol. After being passed through filter cartridge, filtrate was collect-
ed for short RNA purification, and long RNA fraction was obtained 
from the filter membrane followed by a series of purification steps. 
The fractionated RNAs were used for RT-qPCR. RT-qPCR of ma-
tured miRNA was performed with miScript II RT Kit (QIAGEN) 
according to the manufacturer’s instructions.

Individual-nucleotide resolution UV crosslinking and immu-
noprecipitation (iCLIP) and UV-crosslinking RNA immuno-
precipitation (RIP)

iCLIP was carried out according to the standard protocol [61] 
with ADAR1 KD H9 cells infected with Flag-ADAR1 or Flag-
E912A. See details in Supplementary information, Data S1. 
UV-crosslinking RIP was carried out as described previously [59] 
with primers listed in Supplementary information, Table S7. 

Gene expression and miRNA expression analyses
RNA-seq reads of each library were mapped to hg19 reference 

genome using TopHat2 [62]. Expression for each known gene 
from RefSeq was determined by covered reads and normalized 
with RPKM. miRNA expression was quantified by miRDeep2 [63] 
pipeline. Briefly, small RNA-seq reads were trimmed to remove 3′ 
adapters, mapped to the genome (hg19) and piped up for miRNA 
expression. 

Differential gene expression (DEG) and gene cluster analy-
ses

DEG was defined with several parameters (P < 0.01 (wald test), 
fold change ≥ 2 or ≤ 0.5, and expression level ≥ 5 RPKM in at 
least one sample). DEGs were identified by gene expression com-
parison between WT and ADAR1 KD H9 cells at the same induc-
tion time points (d0, d10, d17 and d35). A customized pipeline was 
applied to obtain different gene clusters. In brief, an unsupervised 
hierarchical clustering for DEG genes was performed in cluster 3.0 
[64, 65], and the cluster tree was manually divided to obtain about 
30 gene clusters. The cluster results were shown by Java Treeview 
1.0.12 [65, 66]. 

Genome-wide A-to-I RNA editing analysis
To determine A-to-I editing level, RNA-seq reads were unique-

ly mapped to human genome hg19 and its exon junctions by bwa 
[67] and mismatches at all reported A-to-I sites were piped up 
with samtools [68]. High-confidence A-to-I sites were obtained by 
stringent cutoff criteria as described previously [69]. For A-to-I 
editing in matured miRNAs, 19 known sites were examined from 
our small RNA-seq data sets with similar strategy as described 
previously [42]. 

Accession numbers
Raw sequencing datasets for mRNAs, miRNAs and iCLIP 

can be accessed from the NCBI Sequence Read Archive by 
Gene Expression Omnibus accession numbers GSE56152 and 
GSE63709. 
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