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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 deiciency in human embryonic stem cells (hESCs) 
signiicantly 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-deicient hESCs 
upon neural induction. Genome-wide iCLIP studies identiied 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 indings reveal that ADAR1, but not its 
editing activity, is critical for hESC differentiation and neural induction by regulating miRNA biogenesis via direct 
RNA interaction.

Keywords: ADAR1; RNA editing; embryonic stem cell; neural induction; miRNA

Cell Research (2015) 25:459-476. doi:10.1038/cr.2015.24; published online 24 February 2015

*These three authors contributed equally to this work.

Correspondence: Li Yang
a
, Ling-Ling Chen

b

a
E-mail: liyang@picb.ac.cn

b
E-mail: linglingchen@sibcb.ac.cn

Received 7 August 2014; revised 9 November 2014; accepted 1 December 

2014; published online 24 February 2015

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 ly [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 deiciency has remained elu-

sive. In addition, while ADAR1-deicient 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 deiciency 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 eficien-

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 signiicant 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 eficiency 
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 signiicant 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 

deiciency on differentiation with a protocol summarized 
in Supplementary information, Figure S2A [36-38]. 

Briely, 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 deiciency.
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 signiicantly represses neural induction and neuronal differentiation. (A) Generation of ADAR1 
KD H9 stable cell lines. Western blotting (WB) conirms 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 signiicant 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 deinitive NE cells 
from ADAR1 KD H9 cells is less eficient 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 lattened (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 speciication 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 signiicant reduction of neurite out-
growth (Figure 1I). Furthermore, although differentiation 

of these NE cells into FB neurons and MNs was signii-

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 deiciency not only inhibited hESC differentia-

tion into neural lineages, but also retarded the formation 

of different neuron types. 

Repression of neuron-speciic 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 

“deinitive 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 deinitive 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 

eficiency 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-speciic gene expression in ADAR1 KD H9 cells upon FB neuron differentiation. Heat map showing the hierarchical 
clustering of expression proiles of differentially expressed genes (DEGs) as measured by RNA-seq. Pairwise distances were 
measured by Pearson correlation coeficient (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 signiicantly 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 signiicance value of 0.01 after Benjamini-Hochberg correction. (E) Veriication of RNA-seq using RT-qPCR 
analysis. Error bars represent ± SD of triplicate experiments. Also see Supplementary information, Figure S3, Tables S1 and 
S2.
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were not shown to have signiicant 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-conidence A-to-I RNA editing sites 
was signiicantly 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 deiciency 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 

proiles, 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 

identiied (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 irst 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 signiicantly 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 irst 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 irst 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 signiicant 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 speciic. To further conirm 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 signiicantly 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 puriied Flag-ADAR1 
inhibited pri-miR302a processing to miR302a (Figure 

4D). Together, these assays conirmed 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-
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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 puriied 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-deicient 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 conirms 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 conirms 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 deines 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 speciicity. iCLIP clusters, signiicant (purple 
points) or non-signiicant (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 identiied an unex-

pected non-enzymatic role of ADAR1 in ESC differenti-

ation and neural induction in a human context. We found 

that ADAR1 deiciency in hESCs signiicantly 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-speciic 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 identiied 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-deicient 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 signiicantly 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 beneicial, 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 signiicant 
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-deicient H9 cells could be rescued by intro-

ducing the catalytically inactive ADAR1-E912A but not 

the RNA-binding-deicient 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-speciic 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-speciic 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 irst 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 speciic 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 speciic 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]. Briely, 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 

irst 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 puriication. In addition, in vitro processing 

assays were also performed in ADAR1 KD HeLa cell lysate in 

the presence or absence of the puriied 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 puriied Flag-ADAR1. The reactions were 
performed at 37 °C for 30 min followed by RNA puriication. All 
puriied 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 



474

ADAR1 regulates miRNA biogenesis via direct RNA interactionnpg

Cell Research | Vol 25 No 4 | April 2015

protocol (Ambion) [60]. Briely, 50 µg of total RNAs were mixed 
with lysis/binding buffer, miRNA homogenate additive and etha-

nol. After being passed through ilter cartridge, iltrate was collect-
ed for short RNA puriication, and long RNA fraction was obtained 
from the ilter membrane followed by a series of puriication 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 quantiied by miRDeep2 [63] 
pipeline. Briely, 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 deined 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 identiied 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-conidence 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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Supplementary information, Data S1 Experimental Procedures

Plasmids construction

Plasmids for different shRNAs were constructed into pLVTHM. A scramble shRNA 

plasmid was used as a negative control. Two efficient shRNAs were used to knock down 

ADAR1 in H9 cells, KD1 (sh4146): GAGGCAGAAACCTAAGAAG and KD2 (sh4974):  

GTTGACTAAGTCACATGTAAA(Toth et al., 2009). 

To rescue ADAR1 expression, the full-length cDNA of ADAR1 p110 along with a N-

flag tag was amplified from pcDNA3-ADAR1 plasmid (a gift from Dr. Yong Liu) with 

PhantaTM Super-Fidelity DNA Polymerase (vazyme) and inserted into plenti-EGFP vector 

by BamH I and Not I. Plasmids expressing ADAR1-E912A(Lai et al., 1995; Ota et al., 

2013) and ADAR1 EAA(Valente and Nishikura, 2007), were then constructed using 

Quikchange site-directed mutagenesis kit (Stratagene) with mutated gene-specific primers. 

For the 3'-UTR luciferase reporter assay, full-length or partial 3'-UTRs of various 

genes (Figure S6) were amplified from genomic DNAs of H9 cells with PrimeSTAR HS 

DNA Polymerase (Takara). PCR products were inserted into psiCHECK-2 vector 

(Promega) by Xho I and Not I. Mutagenesis of predicted miRNA-targeting sites was 

generated using the site-directed mutagenesis kit described above. 

To study whether ADAR1 plays a role in the regulation of miR302s transcription, a 

DNA fragment of ~600bp containing the promoter of pri-miR302(Barroso-delJesus et al., 

2008) was amplified and ligated into pGL3-basic vector (Promega) by MluI and BglII. All 

primers used were listed in Table S6 and all constructed plasmids were verified by Sanger 

sequencing.
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hESCs maintenance and differentiation

H9 hESCs were maintained on irradiated-MEF feeder cells and passaged weekly as 

described previously(Yin et al., 2012). H9 cells were induced to differentiate into the 

region-specific neural cells according to the published protocols(Boisvert et al., 2013; Li et 

al., 2005; Li et al., 2009b; Wang et al., 2013; Zhang et al., 2010). Briefly, for forebrain 

neural cells induction, hESCs were detached from MEF cells and suspended in hESCs 

medium without FGF2 for 4 days in Petri dish. After the aggregates floated in neural 

induction medium (NIM) consisting of DMEM/F12, N2 supplement, 1xNEAA and heparin 

for additional 2-3 days, the aggregates were induced to adhere to laminin-coated 

substrate, and primitive neuroepithelial (NE) would be observed on days 8-10, followed by 

the definitive NE cells in the center of colonies occurring at days 14-17 of differentiation. 

The definitive NE were gently blown off (day 17) and suspended in NIM for one week and 

then replated on laminin-coated substrate for terminal differentiation. For motor neuron 

generation, primitive NE at day 10 was administrated with RA (0.1 µM) for caudalization. 

After isolation of definitive NE, RA, purmorpahmine and B27 supplement were added to 

NIM for ventralization. Samples from day 0 (d0), day 10 (d10), day 17 (d17) and day 35 

(d35) were collected for subsequent analyses.

Lentivirus production and infection of hESCs

Lentiviral particles were produced by transient cotransfection of 20 µg transfer vector 

constructs (pLVTHM or plenti constructs), 15 µg of psPAX2 and 10 µg pMD2.G into 293FT 

cells (Invitrogen) at 1.25 × 107 cells in a 15-cm dish. The supernatant containing lentivirus 

particles was harvested at 48 and 72 hr after transfection, filtered through Fast PES filter 

unit (0.2 µm pore size, Thermo fisher Scientific). Subsequently viral particles were 
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concentrated 100-fold by sucrose gradient ultracentrifugation and resuspended in PBS 

containing 0.1% BSA, and stored at -80oC ultra cold freezer until use. 

To infect hESCs with shRNA lentivirus, 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 concentrated lentivirus, 5 µg/ml polybrene 

(sigma) and 10 µM Y-27632 (Tocris) at 37oC for 1 hr in a 15 ml-conical tube and were then 

seeded onto Matrigel coated culture dishes. 24 hr 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. 4 days after 1st infection, cells were split and cultured for 5 additional days. 

GFP-positive colonies were mechanically detached and cultured individually. To obtain a 

pure and stable ADAR1 KD H9 cell population, the RNAi cells were further split and 

selected for more than 3 passages. ADAR1 KD H9 cells were infected with lentiviral 

particles that express ADAR1-wt, ADAR1-E912A, or ADAR1-EAA using the same method 

described above to rescue ADAR1 knockdown. 

5-Bromo-2-deoxyuridune (BrdU) incorporation assay

50,000 H9 cells or H9 cells with different treatments were seeded onto 12-well plates 

coated with Matrigel in MEF-condition medium containing 8 ng/ml bFGF and were cultured 

for 4 days. On the 4th day, cells were incubated with fresh medium containing BrdU (final 

10 µM) for 4 hr and then fixed with 4% paraformaldehyde (PFA) for 10 min. After the 

treatment with 1.5 M HCl for 30 min, BrdU incorporation was detected by 

immunocytochemistry with mouse anti-Brdu (1:1000; Millipore) and Cy3 conjugated goat 

anti-mouse IgG. Images were collected using a fluorescence microscope (BX41, 

Olympus). Cell nucleus was stained with DAPI (Sigma). Statistics of BrdU-incorporated 

cells were calculated in random image fields by comparing the number of Brdu positive 

cells to total 1000 counted cells.
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Cloning formation efficiency

H9 cells or H9 cells with different treatments were incubated in MEF-condition 

medium containing 10 µM Y-27632 for 1 hr and then digested with Accutase into single cell 

suspention. Cells were seeded at the density of 3,000/well on 24-well Matrigel-coated 

plates and grew overnight in the same media with Y-27632. 24 hr later, the old medium 

was replaced by a standard conditioned medium without Y-27632. 5 days after the initial 

seeding, cells were fixed with 4% PFA and staining with the Alkaline Phosphatase 

Detection kit (Millipore). The cloning efficiency was calculated by comparing the number of 

colonies to the initially seeded cells.

Teratoma formation assay

After acclimatization for 7 days in the laboratory, the NOD/SCID mice were injected with 5 

× 106 cells into the thigh muscle (3 mice per group). The animals were euthanized after 10 

weeks, and the tumors were fixed in 4% PFA overnight, and then embedded in paraffin 

and sectioned at 6 µm thickness. For morphometric analysis of the toratoma, the slides 

were deparaffinized using xylene and ethanol (absolute, 95%, 90%, 80%, 70% diluted in 

water) and stained with hematoxylin and eosin (H&E) stain. Before scarification of the 

mice, diameter of the hind leg was measure using traditional caliper method. The care and 

treatment of animals were approved by the Institution Animal Care and Research Advisory 

Committee at Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological 

Sciences, Chinese Academy of Sciences.

RNA extraction, reverse transcription, and qPCR 

Total RNAs were extracted using Trizol regent (Invitrogen) according to the 
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manufacturer’s instructions. To discriminate pri-/pre-miRNAs, the large-sized RNA fractions  

(>200 bp) and small fraction RNAs (<200 bp) were isolated with mirVana miRNA Isolation 

Kit (Ambion). First-strand cDNA was synthesized according to the manufacturer’s 

recommendations (Invitrogen) and PCR was done with 2X Taq Plus Master Mix (Vazyme 

biotech co.,ltd.). Quantitative PCR for cDNAs was performed using the SYBR Green PCR 

Master Mix (Applied Biosystems), and reactions were run on an ABI Prism@7500 

Sequence Detection System. Expression values were normalized to gapdh mRNAs. For 

miRNA detection, mature miRNAs were reverse transcribed and then quantified using 

miScript PCR starter kit (Qiagen). All primers used for miRNA quantification were listed in 

Table S6. Expression values were normalized to U6. 

RNA editing analysis by Sanger sequencing 

First-strand cDNAs were synthesized using SuperScriptTM Ⅲ Reverse transcriptase 

(Invitrogen) from 2 µg total RNA with gene-specific (for IRAlus containing mRNAs) or 

random primers. Individual PCR products that detect UTRs of mRNAs and pri-miRNAs 

were amplified from cDNAs and were subjected to Sanger sequencing. The Sanger 

sequencing results were further aligned with genomic DNAs to examine the edited 

Adenosines.  

Luciferase reporter assay

For 3' UTR luciferase reporter assays, HeLa cells were seeded in 96-well plate and 

cotransfected with 50 nM miRNA mimics (Ribobio) together with 50 ng psiCHECK-2 

reporter vectors (Promega) using Lipofectamine 2000 (Invitrogen). 48 hr after transfection, 

luciferase activity was measured using Dual-Glo luciferase assay system (Promega) using 

Synergy 2 Multi-Mode Microplate Reader (BioTek). The relative luciferase level was 
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calculated according to the manufacturer’s instructions. To study the effect of ADAR1 on 

miR-302 promoter, 100 ng of pGL3basic empty vector or pGL3 inserted with the miR-302 

promoter sequences and 50 ng of pRL-TK were transfected into scramble shRNA or 

ADAR1 shRNA treated cells. And luciferase activity was measured using the same method 

described above 24 hr after transfection.

Individual-nucleotide resolution UV cross-linking and immunoprecipitation (iCLIP) 

We followed the standard iCLIP protocol(Konig et al., 2010) with slight modifications. 

ADAR1 KD H9 cells infected with Flag-ADAR1 or Flag-ADAR1-E912A were washed with 

cold 1xPBS, then UV cross-linked at 400mJ/cm2 followed by immunoprecipitaiton with 8 

µg anti-flag antibody at 4°C for 2 hours. Beads with protein-RNA complexes with 5 µg 

yeast tRNAs were treated with 5 Kunz U/ml of micrococcal nuclease for 5 min at 37°C, 

and RNA 3’ ends were dephosphorylated by PNK at pH6.5. Then pre-adenylated linker L3 

(3’ modification with biotin) was linked to 3’ end of RNA at 16°C overnight. 5’ end of RNA 

was labeled with [γ-32P] ATP and eluted with 1x Nupage loading buffer (Invitrogen) at 70°C 

for 10 min. Protein-RNA complexes were purified by monomeric avidin beads (Fischer 

Scientific) and eluted again with 1xNuPAGE loading buffer. Complexes were separated on 

4-12% NuPAGE Bis-Tris gel (Invitrogen), transferred to a nitrocellulose membrane and 

exposure to a Fuji film at －80℃. Protein-RNA complexes were digested with proteinase 

K, and RNA were reverse transcribed by Superscript III reverse transcriptase (Invitrogen) 

with Rclip primers. cDNAs were separated on 6% TBE-urea gel, then three bands were cut 

at 120-200 nt (high), 85-120 nt (medium) and 70-85 nt (low). cDNAs were circularized by 

Circligase II (Epicentre). Single-stranded cDNAs were hybridized with cut_oligo, and then 

digested by BamHI. Linearized cDNAs were PCR amplified and purified on PAGEs to 

obtain iCLIP libraries, which were subjected to Illumina HiSeq 2000 at CAS-MPG Partner 

Institute for Computational Biology Omics Core, Shanghai, China.
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Sequencing read mapping and peak calling for iCLIP

High-throughput sequencing reads were separated according to 4-nt experimental 

barcodes. 3-nt barcodes for identifying PCR duplicates were registered and removed, 

followed by trimming relevant sequencing adapters. Trimmed reads were aligned against 

the GRCh37/hg19 human reference genome with the UCSC Genes annotation (hg19 

knownGene.txt updated at 2013/6/30) using TopHat2(Kim et al., 2013) 2.0.9 (parameters: -

a 6 --microexon-search -m 2). Mapped reads with same genomic locations and the same 

3-nt barcode, were combined. Peak calling and the false discovery rate (FDR) calculating 

were determined according previous work(Konig et al., 2010). In brief, the genomic 

location of 5' end of each combined read was considered as the cross-link site, and the 

binding counts for each cross-link site were calculated. To determine the FDR for each 

cross-link site, binding counts within -5nt to +5nt of each cross-link site were merged to 

represent the height of this site, and the background height distribution was computed 

through randomly placing the same number of binding counts within the gene for 10000 

iterations. Modified FDR(Yeo et al., 2009) for each cross-link site was computed against 

the background height distribution, and cross-link sites with FDR < 0.05 were defined as 

iCLIP clusters.

To evaluate the distribution of ADAR1 binding sites on pri-miRNAs, 936 annotated 

pri-miRNA sequences were extracted from UCSC according to UCSC hg19 sno/miRNA 

track (pre-miRNA sequences from miRBase Release 15.0 plus +/- 50nt). iCLIP reads were 

aligned to these pri-miRNA sequences using Bowtie 0.12.9 with parameters -v 3 -k 1 --

best. PCR duplicates removing and cluster identification were also employed, the same as 

the strategy used in iCLIP-seq genome-wide analysis. 
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Gene expression analysis

RNA-seq reads of each library were mapped to hg19 reference genome using 

TopHat2(Kim et al., 2013) with parameters “-g 1 --coverage-search --microexon-search -G 

knowGene.gtf -m 2”, respectively. The genome sequence and known gene annotations for 

hg19 were downloaded from UCSC genome browser database (http://genome.ucsc.edu/) 

(updated on 5/23/2012). Bedgraph files were generated using bedtools 

genomeCoverageBed(Quinlan and Hall, 2010) from BAM files, followed by performing 

UCSC tool bedGraphToBigWig (http://hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/) 

to generate bigwig files, which were uploaded to UCSC genome browser for visualization. 

Expression for each known gene from RefSeq was determined by covered reads and 

normalized with RPKM (reads per kilobase of exon model per million mapped reads).

miRNA expression analysis

We use miRDeep2(Friedlander et al., 2012) pipeline to quantify miRNA expression. 

Briefly, small RNA-seq reads were trimmed to remove 3' adapters, mapped to the genome 

(hg19), and piped up for miRNA expression. Besides 1,499 known miRNAs annotated in 

miRBase v.20(Kozomara and Griffiths-Jones, 2014), 1,281 new miRNA candidates were 

also identified in this analysis with miRDeep2. The homologies of expressed human 

miRNAs were determined by matching the 2-8th seed sequences to 5' end of known 

miRNAs from other 5 species (Gorilla, Rhesus macaque, Mouse, Rat, Gallus gallus) in 

miRBase v.20.
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Function enrichment of selected gene sets

Enriched GO terms for each gene sets were determined by Fisher exact test, 

followed by Benjamini-Hochberg correction(Benjamini, 1995). GO annotations were 

downloaded from ftp://ftp.ncbi.nlm.nih.gov/gene/DATA on 4/14/2011, and assigned GO 

terms were filtered as described method(Xia et al., 2006). 

Genome-wide A-to-I RNA editing analysis

Over 1.4 million reported editing sites were obtained from different datasets(Pinto et 

al., 2014; Zhu et al., 2013) after removing redundancy. To determine A-to-I editing level in 

these sites, RNA-seq reads were uniquely mapped to human genome hg19 and its exon 

junctions by bwa(Li and Durbin, 2009) with parameters “bwa aln -n 6 -t 40 -R 2; bwa 

samse -n 1”, and mismatches at all reported A-to-I sites were piped up with samtools(Li et 

al., 2009a). High confidence A-to-I sites were obtained by stringent cutoff criteria as 

described previously(Zhu et al., 2013), including i) at least two individual reads with A-to-I 

variants, ii) expression level is greater than 2 HPB (equivalent with RPKM for genes), and 

iii) A-to-I mismatch signal is greater than 95% at each reported A-to-I mismatch site. 

Mismatches in both ends of reads within 6 nt were removed to avoid mapping errors (Xue 

et al, unpublished). 

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(Alon et al., 2012). Briefly, 

raw reads were trimmed to remove adapters with cutadapt(Martin, 2011) and 2 more 

nucleotides at 3’ end, uniquely mapped to the reference genome hg19 with “bowtie -n 1 -m 

1”, and then aligned to mature miRNAs with “bowtie -n 1 -m 1”. High quality bases (Phred 

score ≥ 30) at 19 known miRNA A-to-I sites were piled up with samtools (Li et al., 2009a), 
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and further determined by requiring i) expression level of host miRNA is greater than 1 

RPM in at least one sample; ii) A-to-I editing level is greater than 0.1%.
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