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Antisense transcription of protein-coding genes has been increasingly recognized as an important regulatory mechanism of

gene expression. However, less is known about the extent and importance of antisense transcription of noncoding genes.

Here, we investigate the breadth and dynamics of antisense transcription of miRNAs, a class of important noncoding

RNAs. Because the antisense transcript of a miRNA is likely to form a hairpin suitable as the substrate of ADARs, which

convert adenosine to inosine in double-stranded RNAs, we used A-to-I RNA editing as ultrasensitive readout for antisense

transcription of the miRNAs. Through examining the unstranded targeted RNA-seq libraries covering all miRNA loci in 25

types of human tissues, we identified 7275 editing events located in 81% of the antisense strand of the miRNA loci, thus

uncovering the previously unknown prevalent antisense transcription of the miRNAs. We found that antisense transcripts

are tightly regulated, and a substantial fraction of miRNAs and their antisense transcripts are coexpressed. Sense miRNAs

have been shown to down-regulate the coexpressed antisense transcripts, whereas the act of antisense transcription, rather

than the transcripts themselves, regulates the expression of sense miRNAs. RNA editing tends to decrease the miRNA ac-

cessibility of the antisense transcripts, therefore protecting them from being degraded by the sense-mature miRNAs.

Altogether, our study reveals the landscape of antisense transcription and editing of miRNAs, as well as a previously un-

known reciprocal regulatory circuit of sense–antisense miRNA pairs.

[Supplemental material is available for this article.]

One of the greatest surprises of recent transcriptome analysis is the
discovery that the mammalian genome is pervasively transcribed
(Kapranov et al. 2002; Carninci et al. 2005) and many of the pro-
tein-coding genes have antisense transcripts expressed in both
physiological (Yelin et al. 2003; Katayama et al. 2005) and patho-
logical contexts (Balbin et al. 2015). These antisense transcripts,
which were initially considered as transcriptional noise, are later
recognized as important regulators of gene expression (Faghihi
and Wahlestedt 2009; Magistri et al. 2012; Castelnuovo et al.
2013; Pelechano and Steinmetz 2013; Canzio et al. 2019). A num-
ber of studies have helped to unveil the regulatory roles of anti-
sense transcription of protein-coding genes (Hongay et al. 2006;
Xu et al. 2011; Zheng et al. 2014; Murray et al. 2015; Brophy and
Voigt 2016; Brown et al. 2018). Antisense transcripts, or the act
of their transcription, can affect all stages of the protein-coding
gene expression process, including transcriptional initiation,
cotranscriptional, and post-transcriptional processes. In contrast,
not as much is known about antisense transcription of noncoding
genes. The presence of antisense transcripts of noncoding genes
has been shown previously, despite less frequently than that of
protein-coding genes (Katayama et al. 2005). However, with a
few exceptions (Lee et al. 1999; Krol et al. 2015; Zong et al. 2016;
Mondal et al. 2018), both the dynamics and functions of antisense
transcription of noncoding genes were poorly understood.

MicroRNAs (miRNAs) are a class of short, endogenous, non-
coding RNAs that play crucial roles in diverse biological processes
(Bartel 2004; Li and He 2012; Olive et al. 2015). miRNA genes are
transcribed as primary miRNAs (pri-miRNAs), each of which con-
tains a local hairpin structure named precursor miRNA (pre-
miRNA) where mature miRNA sequences are embedded (Kim
et al. 2009). Mature miRNAs mediate post-transcriptional gene re-
pression by guiding Argonaute (AGO) proteins to mRNA targets.
Each animal miRNA potentially targets hundreds of protein-cod-
ing genes via partially complementary base pairing (Bushati and
Cohen 2007; Bartel 2009). Despite the importance of miRNAs,
their antisense transcription has not been systematically investi-
gated. Stranded RNA-seq, which preserves transcript strandedness
information, has been used to identify antisense transcripts.
However, because of the overall weak expression of antisense tran-
scripts (Pelechano and Steinmetz 2013), stranded RNA-seq has
limited power to fully characterize the landscape of antisense tran-
scription.Moreover, the strand specificity varies depending on the
quality of the stranded RNA-seq libraries, further affecting the
identification of genuine antisense transcripts. Therefore, we
sought to find an alternative way to profile the miRNA antisense
transcripts (miRNA-ATs) genome-wide. Pre-miRNA hairpins are
known to be bound by adenosine deaminases acting on RNA
(ADARs), which mediate adenosine to inosine editing (Blow
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et al. 2006; Nishikura 2010; Alon et al. 2012). We previously re-
vealed that nearly all pre-miRNA hairpins are edited, and the phe-
nomenon of miRNA editing is prevalent in all tissue types
investigated in human (Li et al. 2018). We hypothesized that if
the antisense strand of a miRNA is transcribed, the region that is
opposite to the pre-miRNA sequence is likely to form a hairpin
structure and be edited by ADARs as well. Thus, we could generate
unstranded targeted RNA-seq data and use A-to-I RNA editing as
readout of gene expression to survey human miRNA-ATs in an ul-
trasensitive and cost-effective manner.

Results

miRNA-ATs identified using RNA editing–based analysis

To test our idea, we profiled 100 unstranded targeted RNA-seq li-
braries generated by the miR-mmPCR-seq method, which covered
all high-confidence pre-miRNA and flanking regions (Li et al.
2018). These libraries were constructed from 25 human adult
and fetal tissues (Supplemental Table S1). In brief, the RNAs of
these samples were reverse transcribed using random hexamer
primers, amplified using a microfluidics-based multiplex PCR ap-
proach, and deeply sequenced. Both miRNAs and miRNA-ATs
could be sequenced if they were expressed. RNA variants were
identified as we previously described (Ramaswami et al. 2012,
2013). We required a 2% editing level cutoff, which allowed us

to removemost low-frequency sequencing errors or somatic muta-
tions. We next inferred the editing type of each site based on the
strand information of the miRNAs. The T-to-C variants should
be attributed to A-to-I editing from miRNA-ATs (Fig. 1A). With
the 2% editing level cutoff, we found that the average A-to-G/
T-to-C mismatches, indicative of A-to-I editing in both strands,
compose ∼90% of all mismatches (Fig. 1B), and the false discovery
rates were estimated to be ∼2.5%–5.2% (Supplemental Fig. S1A).
This result suggests that the majority of the editing sites identified
are real (Ramaswami et al. 2012, 2013). A substantial percentage of
the variants, ranging from 24% to 34%, were inferred as T-to-C
sites in different samples (Fig. 1B). In total, 7275 putative editing
sites that were located in 579 miRNA-ATs were identified
(Supplemental Table S2). These editing events prefer to occur in
the positions opposite to the stem region of the pre-miRNAs (Fig.
1C), suggesting that the antisense sequence might form a hairpin
by itself and was edited by ADARs. Consistently, structure predic-
tion suggests that miRNA-ATs tend to form hairpin structures as
pre-miRNAs (Supplemental Fig. S1B). When comparing the edit-
ing frequencies between sense–antisense pairs, we found that over-
all miRNAs tended to have higher editing frequencies than
miRNA-ATs. In addition,miRNAs that had high-level editing tend-
ed to have a pairedmiRNA-AT with low-level editing, and vice ver-
sa (Supplemental Fig. S2).

To further confirm the T-to-C variants identified are authen-
tic A-to-I editing in miRNA-ATs, we performed five analyses. First,
we randomly selected eight miRNA-ATs, used miRNA-AT-specific
primers for reverse transcription, and performed Sanger sequenc-
ing verification; 89 out of 113 (79%) selected sites were validated
(with ≥10% editing level) (Supplemental Fig. S3A; Supplemental
Table S3). Second, we examined the triplet preferences of the edit-
ing sites.We found that the nucleotides neighboring bothmiRNAs
and miRNA-ATs editing sites showed a pattern consistent with
known ADAR preference (Eggington et al. 2011), as shown by
the underrepresentation of G base in position −1 of the edited
site and overrepresentation of G base in position +1 of the edited
site (Supplemental Fig. S3B). Third, we analyzed stranded mRNA-
seq data of ADAR1 knockout HEK293 and HeLa cells. For both
miRNAs and miRNA-ATs, of the sites that were edited in wild-
type cells, most showed no RNA editing in the knockout cells
(Supplemental Fig. S3C). Fourth, we examined the unstranded tar-
geted RNA-seq libraries generated by mmPCR-seq method
(Methods; Supplemental Table S1), which covered several hundred
editing sites in protein-coding genes. Most of these mRNA editing
sites are nonrepetitive editing sites located in the CDS regions or
3′ UTR regions and reside in nonperfectly matched dsRNA struc-
tures. Therefore, their opposite strands are unlikely to form local
secondary structures, and we predict that very few editing sites
would be observed in their antisense strand, even when they
were expressed. As expected, most observed RNA variants in these
editing loci are A-to-G type (Supplemental Fig. S3D–F). Finally, we
analyzed stranded mRNA-seq data of seven cell lines from the
ENCODE Project (Djebali et al. 2012) and called RNA variants in
3′ UTR Alu regions. Most Alu editing sites in 3′ UTRs are derived
from inverted Alu repeats. Thus, once transcribed, both DNA
strands may form dsRNA structures. We found that, for these re-
gions without antisense transcription, only 4%–7% of the RNA
variants were T-to-C variants (Supplemental Fig. S3G). This result
suggests that most T-to-C variants we observed in miRNA loci
should be related to antisense transcription. Altogether, these ob-
servations suggest that A-to-I RNA editing is widespread and
unique for miRNA-ATs, owing to their local hairpin structures.
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C

Figure 1. Extensive editing of miRNA-ATs. (A) Schematic of miRNA-AT
identification via A-to-I RNA editing detection using miR-mmPCR-seq.
(B) The percentage of A-to-G and T-to-C mismatches among all 12 mis-
match types in miRNA loci in different samples. Sites with editing level
≥2% were used for analysis. Orange and green lines represent the propor-
tions of T-to-C and A-to-G variants, respectively. (C) Metagene profiles de-
picting the editing site distribution surrounding pre-miRNAs and miRNA-
ATs. Position 0 of a miRNA is defined as the central position of the loop
region of a pre-miRNA. Position 0 of a miRNA-AT is defined as the position
opposite to the central position of the loop region of a pre-miRNA. The
negative value is the distance between an upstream position and the cen-
tral position, and the positive value is the distance between a downstream
position and the central position. Percentage of As that were edited at
each position was calculated. Sites with editing level ≥2% were used for
analysis.
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The characterization of miRNA-ATs

The prevalence of RNA editing in miRNA-ATs enables us to use
RNA editing as readout for gene expression of miRNA-ATs, which
helped to identify an average of 183 expressed miRNA-ATs per tis-
sue (Fig. 2A). To ask whether the miRNA-ATs can be detected by
other approaches, we investigated FANTOM5 data sets, which pro-
vide a human transcriptome atlas (Hon et al. 2017). The miRNA-
ATs that have been assembled by the FANTOM5 Consortium
were extracted (Methods), and their expression was examined us-
ing FANTOM5 CAGE data sets (Hon et al. 2017). We found that
miRNA-ATs can be identified in the FANTOM5 data sets, but
with an average of only 51 miRNA-ATs detected per sample (Fig.
2A; Supplemental Table S4). This result highlights the sensitivity
of our approach. Next, we inferred the expression prevalence of
miRNA-ATs across different tissue types, using editing as readout.
The prevalence of amiRNA-ATwas defined as the proportion of tis-
sues with the editing events occurring. We found that a few
miRNA-ATs were expressed in multiple tissue types, whereas

most miRNA-ATs were expressed in only limited tissue types (Fig.
2B). Compared with miRNAs, miRNA-ATs displayed more tissue-
specific expression (Fig. 2B). We also used FANTOM5 CAGE data
sets (Supplemental Fig. S4) to assess the tissue-specific expression
pattern of protein-coding genes, miRNAs andmiRNA-ATs. The tis-
sue specificity index (TSI), a widely used tissue specificity metric
(Kryuchkova-Mostacci and Robinson-Rechavi 2017), was applied.
TSI varies from 0 to 1, where 0 means broadly expressed, and 1 is
specific. Consistent with the editing-based analysis, we found
that miRNA-ATs showed slightly higher TSI values than miRNAs,
and protein-coding genes showed the lowest TSI values (Fig. 2C).
To further understand the expression pattern of sense–antisense
miRNA pairs, we analyzed stranded mRNA-seq data of seven cell
lines from the ENCODE Project (Methods; Djebali et al. 2012).
We found that miRNAs and their paired miRNA-ATs can be inde-
pendently expressed in a given cell type (Supplemental Fig. S5).
Moreover, an average of several dozen coexpressed sense–anti-
sense miRNA pairs were observed per sample (Supplemental Fig.
S5). Because we found some coexpressed sense–antisense miRNA
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Figure 2. The characterization of miRNA-ATs. (A) Comparison of the number of miRNA-ATs detected usingmiR-mmPCR-seq data sets or FANTOM5 data
sets. In miR-mmPCR-seq data sets, a miRNA-AT was defined as transcribed if it has at least 50 reads covered and one A-to-I editing site with editing levels
≥2%. Liver and bone marrow were excluded because fewer than 260 loci were amplified in these two tissues. In the FANTOM5 data sets, a miRNA-AT was
defined as expressed if it has at least 10 reads covered in the CAGE data. The numbers of miRNA-ATs that were present in the FANTOM5 transcript atlas and
expressed in each of the 1897 FANTOM5 samples were shown. (B) Prevalence of the expression of miRNA-ATs or miRNAs across different human tissue
types. Prevalence of a miRNA-AT or miRNA is defined as the percentage of tissues with the miRNA-AT or miRNA expressed. A miRNA-AT or miRNA was
defined as transcribed if it has at least 50 reads covered and one A-to-I editing site with editing levels ≥2%. The numbers of miRNA-ATs or miRNAs
were shown in the y-axis. (C ) Tissue specificity comparison between protein-coding genes, miRNAs, and miRNA-ATs using FANTOM5 data. The tissue spe-
cificity index (TSI) was used. TSI varies from 0 to 1, where 0 means broadly expressed, and 1 is specific. To avoid the confounding effect of protein-coding
genes, miRNAs and miRNA-ATs that are overlapped with protein-coding genes were excluded from this analysis. Moreover, we required that genes were
with counts per million (CPM) ≥1 in at least one FANTOM5 sample. (D) The number of coexpressed sense–antisense miRNA pairs inferred from coediting
data in each sample. A sense–antisense miRNA pair was defined as coexpressed if both have edited sites (≥2%) detected in a given sample. The same sam-
ples as in A were used for analysis. (E) UCSC Genome Browser view of two miRNA loci. The genomic features and stranded mRNA-seq and small RNA-seq
read coverages of the sense–antisensemiRNA pairs were shown from top to bottom: (1) the annotation of the full-length pri-miRNA from FANTOM5, (2) the
read coverage of the pri-miRNA calculated using strandedmRNA-seq, (3) the annotation of thematuremiRNA, (4) the read coverage of thematuremiRNA,
(5) the annotation of the full-length miRNA-AT from FANTOM5, (6) the read coverage of the miRNA-AT calculated using stranded mRNA-seq. Stranded
mRNA-seq of nuclear RNA and small RNA-seq of total cell RNA of GM12878 cells from the ENCODE Project were used for analysis. (F) Expression levels of
mature miRNAs or putative mature miRNAs processed from miRNA-ATs. The top 200 genes were shown.
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pairs from the ENCODE data set, to better characterize the coex-
pression pattern, we used editing as readout to investigate the
coexpression pattern between miRNAs and their antisense tran-
scripts. We found that on average about 116 miRNAs and
miRNA-ATs were coexpressed per sample (Fig. 2D,E). Notably,
because the editing levels of both miRNAs and miRNA-ATs may
vary and be affected by potential competing RNA-binding proteins
of ADARs, this number is a conservative estimate of coexpressed
sense–antisense miRNA pairs.

Because the secondary structure prediction suggested that
miRNA-ATs tended to form hairpin structures, we asked whether
they were processed into mature miRNAs. Small RNA-seq generat-
ed from the same 16 samples used for miR-mmPCR-seq experi-
ments were analyzed. We found that in each sample only several
miRNA-ATs were processed into mature miRNAs (Fig. 2F).
Moreover, we compared miRNA-AT expression levels between nu-
clear and cytoplasmic RNAs of seven cell lines using stranded RNA-
seq data generated from the ENCODE Project (Djebali et al. 2012).
We found that most miRNA-ATs had similar expression levels in
the two subcompartments (Supplemental Fig. S6). These results to-
gether suggest thatmostmiRNA-ATs are not processed intomature
miRNAs. This finding is consistent with the propensity of miRNA
gene predictions to identify the correct strand; because of the con-
tribution of noncanonical base pairs, particularly G:U pairs that
become less favorable A:C in the antisense strand, antisense strand
of most miRNAs will not fold into hairpin structures suitable for
miRNA biogenesis (Lim et al. 2003).

The hypothesis of reciprocal regulation of sense–antisense

miRNA pairs

The observed widespread expression of miRNA-ATs and the con-
siderable number of coexpressed sense–antisense pairs suggest
that the antisense miRNAs might interact with sense miRNAs to
form an elaborate regulatory network. First, a unique characteristic
of sense–antisense miRNA pair is that the antisense transcript
could be directly down-regulated by the coexpressed sense
miRNA via complementary base pairing; miRNAs could regulate
miRNA-ATs regardless of whether miRNA-ATs function depen-
dently or independently of their sense miRNA counterparts.
Second, the act of the transcription of miRNA-ATs could regulate
the expression of sense miRNAs. Third, antisense transcripts of
miRNAsmight regulate the expression or processing of their sense
miRNAs.

To verify this network, we first analyzed the genic locations of
miRNA-ATs by overlapping the genic locations of regions in the
miRNA-ATs that are opposite to the pre-miRNA hairpin with
known gene models. We found that these regions span various
classes of genic regions (Fig. 3A; Supplemental Table S5). Of the
579 miRNA-ATs, 72% are located at the intergenic regions.
Similar to miRNAs, prevalently edited miRNA-ATs prefer to be
within protein-coding genes, whereas the rarely edited miRNA-
ATs tend to be within ncRNAs or located at intergenic regions.
For example,miRNA-215-AT, which is edited inmost of the tissues
we examined (Supplemental Fig. S7A), is located in the intron of a
protein-coding gene (Supplemental Fig. S7B). miRNA-517b-AT,
which is specifically edited in testis (Supplemental Fig. S7C), is lo-
cated at an intergenic region (Supplemental Fig. S7D). Taken to-
gether, miRNA-ATs can be transcribed from intergenic DNA,
ncDNA, and protein-coding gene, and may function dependently
or independently of their sense miRNAs.

Sense miRNAs regulate the expression of miRNA-ATs

To answer whether sense miRNAs down-regulate their paired
miRNA-ATs, we selected 17 miRNA-ATs, of which the regions
that are opposite to the pre-miRNAs are located in intergenic re-
gions, ncRNA, or 3′ UTRof protein-coding genes, for investigation.
Each of the miRNA-AT fragments that are opposite to the sense
pre-miRNAs and flanking sequences was then cloned into a report-
er gene (Methods). Each reporter gene and its paired sense miRNA
were cotransfected into HEK293T cells. We found that 15 out of
the 17 reporter genes were down-regulated by the sense miRNAs
(Fig. 3B). To validate if the sensemiRNAs directly bind the comple-
mentary antisense sequences, we generated deletion mutants that
interfere in the binding for 10 of the 17 miRNA-ATs that were
strongly repressed by the sense miRNAs. As expected, the mutated
reporter genes showed increased expression levels compared with
that of the wild-type miRNA-ATs (Fig. 3B).

To further test if the endogenously expressed miRNAs regu-
late their paired miRNA-ATs, we knocked down DROSHA using
siRNA and verified the knockdown efficiency by real-time PCR
(RT-PCR) (Supplemental Fig. S8). We then measured the expres-
sion of pri-miRNAs, mature miRNAs, and miRNA-ATs using
stranded mRNA-seq and small RNA-seq. Because only a very limit-
ed number of sense–antisense miRNA pairs were well-annotated,
we examined the expression changes of pri-miRNAs, mature
miRNAs, and miRNA-ATs, respectively. As expected, we found
that, on DROSHA knockdown, overall pri-miRNAs showed an in-
creased abundance andmature miRNAs showed a decreased abun-
dance (Fig. 3C,D). Moreover, miRNA-ATs showed an overall
increased abundance on DROSHA knockdown (Fig. 3E), support-
ing the proposed role of miRNAs in down-regulating their paired
miRNA-ATs. We further confirmed our finding using RT-PCR.
Eleven sense–antisense miRNA pairs with both miRNAs and
miRNA-ATs expressed in HeLa cells were selected for quantifica-
tion (Supplemental Fig. S9). We found that the miRNA-ATs were
up-regulated with the down-regulation of their sense miRNAs
(Fig. 3F,G). Moreover, we analyzed the published Ago CLASH
data (Supplemental Fig. S10A; Helwak et al. 2013) and found
that eight mature miRNAs bind to their paired miRNA-ATs
(Supplemental Fig. S10B). Taken together, these results suggest
that sense miRNAs down-regulate the coexpressed miRNA-ATs.

RNA editing modulates sense miRNA–mediated regulation

of miRNA-ATs

It is known that mismatches in the miRNA seed-matching region
may disrupt miRNA targeting. In addition, secondary structures
of miRNA binding regions affect miRNA target recognition,
because there is an energetic cost to free base-pairing interactions
within mRNA to make the target accessible for miRNA binding
(Kertesz et al. 2007). As we have shown that sense miRNAs target
miRNA-ATs, the ample editing events, which were located in
both miRNA seed-matching region and other regions (Fig. 4A),
might modulate target recognition through introducing mis-
matches or altering secondary structures. To answer whether
RNA secondary structures were different between the unedited
and edited sequences, we compared the free energy (ΔG) of the pre-
dicted structures between unedited and edited forms of miRNA-
ATs.We used guanosines, with closest properties to inosines, to re-
place inosines in prediction as previously described (Liddicoat
et al. 2015). We found that the edited forms of miRNA-ATs tend
to have a more stable secondary structure (Fig. 4B). Consistently,
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27% of the unpaired editing site A become paired after editing,
whereas only 4% of the paired A become unpaired after editing
(Fig. 4C). To examine the impact of the editing on modulating
sense miRNA targeting, we experimentally tested six miRNA-ATs
in which the editing events altered predicted secondary structures

and did not locate in the seed-matching
region (Supplemental Fig. S11). These
six miRNA-ATs have been proven to be
targeted by the sense miRNAs (Fig. 3B),
and their sense miRNAs are expressed in
HEK293T cells based on small RNA-seq
data. For each miRNA-AT, the unedited
(one harboring the A nucleotide) or edit-
ed form (oneharboring theGnucleotide)
was cloned into the reporter gene. These
two types of reporter genes were trans-
fected into HEK293T cells separately.
We found that, compared with the uned-
ited reporters, five edited reporters were
less reduced by the coexpressed sense
miRNAs, and one was more reduced
(Fig. 4D). Last, to test if RNA editing
modulates miRNA-mediated regulation
of miRNA-ATs in vivo, we generated
ADAR1 knockout cells and measured
the expression of miRNA-ATs via strand-
ed mRNA-seq. The successful knockout
ofADAR1was confirmed by the observed
loss of editing for most knownmRNA ed-
iting sites (Fig. 4E). For miRNA-ATs of
which the regions that are opposite to
pre-miRNAs are located in the exonic re-
gions and have high-level editing, an
overall decreased expression in knockout
cells was observed (Fig. 4F). Although for
miRNA-ATs with low-level editing or
miRNA-ATs of which the regions that
are opposite to pre-miRNAs are located
in the intronic regions that were not
targeted by the sense miRNAs, no sig-
nificant expression changes between
wild-type and knockout cells was ob-
served (Fig. 4F). Altogether, we revealed
that the editing events in the miRNA-
ATs may modulate miRNA targeting,
and in most cases protect miRNA-ATs
from being degraded by coexpressed
sense miRNAs.

Antisense transcription regulates the

expression of sense miRNAs

Finally, we investigated whether miRNA-
ATs can regulate their sense miRNAs. To
do so, we first classified the sense–anti-
sense pairs into five categories, based on
the orientation of pri-miRNAs and
miRNA-ATs: head-to-head (HTH; 5′-re-
gions overlap), tail-to-tail (TTT; 3′-re-
gions overlap), embedded (EMB;
antisense transcript is fully contained
within the sense transcript), and includ-

ed (INC; sense transcript is fully contained within the antisense
transcript), and undetermined (annotation was not available for
pri-miRNAs and/or miRNA-ATs) (Fig. 5A). The annotation of pri-
miRNAs was obtained from previous studies (Chang et al. 2015;
Bouvy-Liivrand et al. 2017; de Rie et al. 2017). The annotation of
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Figure 3. miRNAs regulate the expression of miRNA-ATs. (A) Annotation of the regions of miRNA-ATs
that are opposite to pre-miRNAs: (intron) intronic region of both protein-coding and noncoding genes;
(ncRNA) noncoding RNAs; (downstream) 1 kb downstream from a gene. All editedmiRNA-ATs, as well as
the prevalently and rarely edited miRNA-ATs, were separately annotated: (prevalently edited) edited in
>70% of the normal tissues; (rarely edited) edited in <10% of the normal tissues. (B) Dual-luciferase re-
porter assays to detect the effect of sense miRNAs on miRNA-ATs. Wild-type or mutant (a deletion of a 7
nt sequences complementary to miRNA seed region) miRNA-AT sequences were inserted into the Renilla
luciferase 3′ UTR. Firefly luciferase was used as a reference reporter. Luciferase reporters with either wild-
type or mutant miRNA-ATs were cotransfected with either miRNA or empty vector, and 48 h later the
luciferase activities were measured: (relative activity) average Renilla luciferase activity normalized to fire-
fly luciferase in four biological replicates; (error bars) SD based on four biological replicates. P-values were
calculated using student’s t-test: (∗∗∗) P<0.001; (NS) not significant. (C–E) Comparison of expression lev-
els of pri-miRNAs (C), mature miRNAs (D), andmiRNA-ATs (E) betweenDROSHA knockdown and control
HeLa cells. HeLa cells were selected because DROSHA was highly expressed (https://www.proteinatlas
.org/ENSG00000113360-DROSHA/cell). pri-miRNA and miRNA-AT expressions were calculated using
stranded mRNA-seq data. Mature miRNA expression was calculated using small RNA-seq data. Only
pri-miRNAs and miRNA-ATs with FPKM ≥1 in at least one sample were used. Only mature miRNAs
with CPM ≥1 in at least one sample were used. P-values were calculated using paired Wilcoxon
signed-rank test: (∗∗∗) P<0.001; (∗) P<0.05; (CPM) counts per million. (F,G) Comparison of the expres-
sion levels of sense-maturemiRNAs (F) ormiRNA-ATs (G) between control andDROSHA knockdownHeLa
cells. FivemiRNAs were not significantly down-regulated onDROSHA knockdown, whichmay be because
these miRNAs can still be effectively processed with reduced DROSHA protein level. (Error bars) SD based
on three biological replicates. P-values were calculated using student’s t-test: (∗) P<0.05; (∗∗) P<0.01.
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full-length miRNA-ATs was obtained from FANTOM5 data sets
(Methods). Of the 579 sense–antisense pairs identified via miR-
mmPCR-seq, ∼13% pairs are with known gene models and all
four categories were identified (Fig. 5B).

The diverse orientations of sense–antisense pairs indicate
the possible different models of miRNA-AT-mediated regulation.
Previous studies suggested that antisense transcripts, or the act of
transcription, may modulate gene expression levels of the pro-
tein-coding genes. To ask whether miRNA-ATs may function in
a similar way, we first examined the relationship of expression
between sense–antisense miRNA pairs, using FANTOM5 CAGE
data. We found an excess of the positive correlation between
sense–antisense pairs (Fig. 5C), which is greater than what would
be expected by chance. Next, we randomly selected nine sense–
antisense pairs for functional assays. CRISPR activation
(CRISPRa) (Chavez et al. 2015) was used to induce the transcrip-
tion of each miRNA-AT. Four gRNAs were designed to target the

putative promoter regions, which were
annotated based on FANTOM5 and EN-
CODE resources (Methods; Fig. 6A; Sup-
plemental Fig. S12). The expression of
three out of the nine miRNA-ATs
were successfully induced >50-fold (Fig.
6B). We then focused on these three
miRNA-ATs and compared the expres-
sion of sense-mature miRNAs between
induced cells and control cells. We
found that two sense-mature miRNAs
(miR-135b and miR-184) had increased
expression levels (>twofold) (Fig. 6C).
The pri-miRNAs of these two miRNAs
also had increased expression levels
(Fig. 6D). The observed effects of
CRISPRa are a combination of the ef-
fects of antisense transcription and
antisense transcripts. To distinguish
the effect of antisense transcription
from that of antisense transcripts, we
performed overexpression experiments.
We cloned each of the two miRNA-ATs
into a construct with a CMV promoter
for ectopic expression (Fig. 6E) and
then examined the expressions of ma-
ture miRNAs. In both cases the mature
miRNAs had subtle expression changes
upon strong overexpression of miRNA-
ATs (Fig. 6F; Supplemental Fig. S13).
Thus in these two cases, the antisense
transcription promotes sense miRNA ex-
pression, and the antisense transcript
had a very weak effect. Last, to further
investigate the possible effect of
miRNA-AT transcripts on sense miRNA
expression, we randomly selected seven
miRNA-ATs (Supplemental Fig. S14),
cloned each of them into a construct
with a CMV promoter for ectopic ex-
pression, and examined sense miRNA
expression. We found that none of
them had a strong effect (Fig. 6G). Tak-
en together, our observations reveal that
the act of antisense transcription, rather

than the transcripts themselves, has a great effect to regulate the
expression of sense miRNAs.

To reveal the potential biological relevance ofmiRNA-ATs, we
selected threemiRNA-ATs of which their pairedmiRNAshave been
shown to be involved in cell proliferation and tumor progression.
CRISPR interference (CRISPRi) was used to repress the transcrip-
tion of eachmiRNA-AT. Of the threemiRNA-ATs, the transcription
of miRNA-27a-AT was successfully repressed (Supplemental Fig.
S15A), and we found that miRNA-27a-AT negatively regulated
the expression of its paired miRNA in HEK293T cells
(Supplemental Fig. S15B). The repression ofmiRNA-27a-AT expres-
sion increased cell proliferation (Supplemental Fig. S15C).
Consistently, inhibition of miRNA-27a by the miRNA inhibitor
led to decreased cell proliferation (Supplemental Fig. S15D).
These results were consistent with the known oncogenic role of
miRNA-27a (Chhabra et al. 2010) and suggested that miRNA-ATs
may play a role in regulating cell proliferation.
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Figure 4. RNA editing modulates miRNA-mediated regulation of miRNA-ATs. (A) The percentage of
miRNA-AT editing sites that occur in the positions opposite to the sense miRNAs. (Outside) Outside of
the region opposite to the mature miRNA. The number of editing sites is indicated above the bar.
miRNA-ATs with their intronic regions targeted by the paired sense-mature miRNAs were excluded.
(B) Comparison of the free energy (ΔG) between unedited and edited regions of miRNA-ATs that are op-
posite to the paired pre-miRNAs. For a miRNA-AT with multiple editing sites, a fully edited form was con-
sidered. miRNA-ATs with their intronic regions targeted by the paired sense-mature miRNAs were
excluded. (C ) The proportion of editing sites with different types of pairing patterns before and after ed-
iting. For each editing site, we predicted the secondary structure of the miRNA-ATs before and after ed-
iting and compared the pairing patterns of this site. (D) Dual-luciferase reporter assays to compare the
effect of sense miRNAs on unedited and edited forms of miRNA-ATs. For each miRNA-AT, the predicted
RNA secondary structures of unedited and edited versions were shown in Supplemental Figure S11.
(Relative activity) Average Renilla luciferase activity normalized to firefly luciferase in four biological rep-
licates; (error bars) SD based on four biological replicates. P-values were calculated using student’s t-test.
(E) Editing level comparison between control and ADAR1 knockout HEK293 cells. All known human ed-
iting sites obtained from RADAR database version 2 were used for analysis. Sites that were edited in con-
trol sample and covered by at least 30 reads in both samples were selected. P-values were calculated using
paired Wilcoxon signed-rank test. (F ) Comparison of miRNA-AT expression levels between control and
ADAR1 knockout HEK293 cells. We required that miRNAs were expressed in HEK293 cells. P-values
were calculated using the paired Wilcoxon signed-rank test. (Level≥10%) The regions of miRNA-ATs
that are opposite to pre-miRNAs are located in the exonic regions and have at least one site with editing
level≥10%; (level < 10%) control set 1, the regions of miRNA-ATs that are opposite to pre-miRNAs are
located in the exonic regions and have all sites with editing level < 10%; (intronic) control set 2, the re-
gions of miRNA-ATs that are opposite to pre-miRNAs are located in the intronic regions.
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Discussion

In this study, using A-to-I RNA editing as readout of gene expres-
sion, we uncovered the prevalence and dynamics of miRNA-ATs
and the coexpression pattern of sense–antisense miRNA pairs ge-
nome-wide. These data serve as a resource that will be leveraged
by the community to guide focused experiments to understand
the regulation of a particular sense–antisense miRNA pair. For ex-
ample, the reciprocal imprinting of protein-coding genes and their
antisense transcripts in imprinted clusters suggests a regulatory
role for antisense RNAs in epigenetic control (Moore et al. 1997;
Sleutels et al. 2002; Nagano et al. 2008). A few novel miRNA-ATs
that were located in imprinted loci and regulated by their sense
miRNAs were identified in this study (Supplemental Fig. S16),
which will be of great interest for the imprinting community.

Based on our observations, we propose that sense–antisense
miRNA pairs form an ingenious regulatory network (Fig. 7). On
the one hand, miRNAs regulate the expression of coexpressed
miRNA-ATs via complementary base pairing. Moreover, RNA edit-
ing of sequences opposite to the pre-miRNA regions inmiRNA-ATs
modulates the sense miRNA targeting. Among the 6158 editing
sites of miRNA-ATs located at nonintronic regions, 893 sites
have editing levels >10%, which can exert a considerable effect
on the regulation of sense miRNA targeting. Notably, because
the editing levels measured are from the unstranded RNA-seq
and both strands may be expressed, the actual editing levels in
miRNA-ATs are likely higher than we reported. On the other
hand, the act of antisense transcription, rather than the transcripts
themselves, regulate the sense miRNAs, probably via modulating
the chromatin architectures of the resided genomic loci (Murray
et al. 2015; Brown et al. 2018). Last, the observed antisense expres-
sion of miRNAs raises the possibility that, analogous to protein-
coding genes, antisense transcription of noncoding RNAs could
be a contributing factor for shaping the tissue-specific expression
of their sense noncoding RNAs.

Methods

miR-mmPCR-seq

Total RNA was extracted with TRIzol and Direct-zol RNA Kits
(ZymoResearch). After two rounds of DNase I treatment, 1 μg of to-
tal RNAwas used to synthesize the cDNA. cDNAwas purified with

Axygen AxyPrepMag PCR clean-up beads (Axygen). Each cDNA li-
brary (300–500 ng) was preamplified using a primer pool (50 μM
each) covering all human miRNAs (Li et al. 2018). Preamplified
product was purified using Axygen AxyPrep Mag PCR clean-up
beads. Preamplified cDNAs and primer pools were loaded into
the 48.48 Access Array IFC (Fluidigm) and amplified as described
before (Li et al. 2018). PCR products of each sample were subject
to 15 cycle barcoding PCR and pooled together. All pools were
combined at equal volumes and purified via Axygen AxyPrep
Mag PCR clean-up beads. All libraries were sequenced on
Illumina MiSeq or NextSeq 500 to produce 150-bp paired-end
reads.

mmPCR-seq

Total RNAwas treatedwithDNase I, and 1 μg of total RNAwas used
to synthesize the cDNA. cDNA was purified with Axygen AxyPrep
Mag PCR clean-up beads (Axygen). Next, 500 ng cDNAs and prim-
er pools that cover 570 sites in protein-coding genes (Zhang et al.
2014) were loaded into the 48.48 Access Array IFC (Fluidigm) and
amplified as described before (Zhang et al. 2014). PCR products of
each samplewere subject to 15 cycle barcoding PCR and pooled to-
gether. All pools were combined at equal volumes and purified via
Axygen AxyPrep Mag PCR clean-up beads. All libraries were se-
quenced on Illumina MiSeq or NextSeq 500 to produce single-
end 150-bp reads.

A-to-I RNA editing site validations by Sanger sequencing

To synthesize the cDNA, 1–5 μg of total RNA was used with Gene-
specific primer with GoScript Reverse Transcriptase kit
(Promega). Next, we performed PCR and conventional Sanger se-
quencing on a set of randomly selected editing sites. A 25-µL PCR
reaction was assembled with 2× rTaq Supermix (Genstar), ∼50 ng
of gDNA (or ∼1 ng cDNA) template, and 200 nM each of the for-
ward and reverse primers. We used the following PCR program: 3
min at 94°C, 35 cycles of 15 sec at 94°C, 30 sec at 60°C, and 30
sec at 72°C. PCR amplicons were sequenced by Beijing TsingKe
Biotech Co., Ltd.

Cell culture

HEK293T andHeLa cell lines were purchased fromCell Bank, Type
Culture Collection, Chinese Academy of Sciences (CBTCCCAS).

BA C

Figure 5. Global pattern of expression of sense–antisense miRNA pairs. (A) Schematic representation of different types of sense–antisense miRNA pairs.
Depending on the positions of the transcripts involved, the pairs are classified as follows: (HTH) head-to-head (5′-regions overlap), (TTT) tail-to-tail (3′-re-
gions overlap), (EMB) embedded (antisense transcript is fully contained within the sense transcript), and (INC) included (sense transcript is fully contained
within the antisense transcript). The arrow indicates transcriptional direction. (Red) pri-miRNA; (blue) miRNA-AT; (slashed lines) pre-miRNA or the region
opposite to the pre-miRNA. (B) The proportion of different types of pairs classified in A. (Undefined) no annotation was found for either pri-miRNA or
miRNA-AT. (C) Distribution of Spearman’s correlation coefficient between sense–antisense miRNA expression. A total of 130 sense–antisense miRNA pairs
with measured expression levels in the FANTOM5 CAGE data were analyzed. Correlation between random pairs of miRNA and miRNA-AT genes is repre-
sented by a gray dashed line (n = 130).
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All cell lines were identity verified using STR analysis and checked
for mycoplasma contamination by CBTCCCAS.

Cells were cultured in DMEMmedium (Gibco) supplemented
with 10% FBS and penicillin/streptomycin (Gibco).

DROSHA siRNA knockdown

DROSHA knockdown was performed as previously described with
some modification (Gregory et al. 2004). siRNAs (AACGAGUA
GGCUUCGUGACUU and AAGGACCAAGUAUUCAGCAAG)
were synthesized by RiboBio. siRNA transfection was performed
with Lipofectamine 3000 (Thermo Fisher Scientific). In brief, cells
were plated in six-well plates to 40% confluence. For each well, 75
pmol of siRNA was mixed with 7.5 μL of Lipofectamine 3000 in
300 μL of Opti-MEM medium. The mixture was added to cells
and incubated for 24 h. After 24 h, a second transfection was per-
formed in the sameway. Total RNAwas prepared 48 h after the sec-
ond transfection and was used for RT-PCR. The primers for the
expression level quantification of DROSHA, mature miRNAs, and
miRNA-ATs are listed in Supplemental Table S6. The locations of
the primers for miRNA-AT quantification were shown in
Supplemental Figure S9.

ADAR1 knockout cells

ADAR1 knockout HEK293 cells were generated via CRISPR-Cas9-
induced mutagenesis. In brief, a sgRNA sequence was designed us-
ing CRISPR-ERA (http://CRISPR-ERA.stanford.edu). The sgRNA
template oligonucleotide was synthesized and cloned into
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Figure 6. The act of antisense transcription, rather than the transcripts
themselves, regulates the expression of sense miRNAs. (A) The various ge-
nomic and chromatin features of a sense–antisense miRNA pair were
shown from top to bottom: (1) the positions of the four gRNAs used for
miRNA-135b-AT activation; (2) the location of the primer pair used to
measure miRNA-135b-AT expression; (3) the annotation of the full-length
miRNA-135b-AT from FANTOM5; (4) the annotation of the pri-mir-135b
transcript from previous studies; (5) transcription levels assayed by RNA-
seq on nine cell lines from ENCODE; (6) three histone marks associated
with regulatory elements and promoter from the ENCODE. (B–D) RNA ex-
pression of miRNA-ATs (B), sense-mature miRNAs (C), and sense pri-
miRNAs (D) in HEK293T cells transfected simultaneously with four
gRNAs targeting the indicated miRNA-ATs along with the dCas9-activator
construct. Control cells were transfected with the indicated guide RNAs
alone. (Error bars) SD based on three biological replicates. P-values were
calculated using student’s t-test. (E,F ) RNA expression of miRNA-ATs (E)
and sense-maturemiRNAs (F ) in HEK293T cells transfectedwith expression
vectors harboring individual miRNA-ATs. Control cells were transfected
with the empty expression vectors. (Error bars) SD based on three biolog-
ical replicates. P-values were calculated using student’s t-test. The expres-
sion level of miR-135b-5p in F was quantified using Qsep1 but not real-
time PCR (Supplemental Fig. S13). (G) RNA expression of sense-mature
miRNAs in HEK293T cells transfected with expression vectors harboring
individual miRNA-ATs. Control cells were transfected with the empty ex-
pression vectors. (Error bars) SD based on three biological replicates. P-
values were calculated using student’s t-test, and no significant changes
were observed between overexpressing and control cells for all miRNAs
studied.

Figure 7. Schematicmodel of the regulatory network of sense–antisense
miRNA pairs. In a cell, a few miRNAs and their antisense transcripts are
coexpressed. miRNA-ATs can be protein-coding genes or ncRNAs that
function dependently or independently of their sense miRNAs. Because
of the mode of miRNA-mediated regulation, the sense-mature miRNAs
may bind to the perfectly complementary sequences in the miRNA-ATs
that are opposite to the pre-miRNA regions and repress their expression.
RNA editing in miRNA-ATs further modulates the repression effect of sense
miRNAs and in most cases, it decreases the accessibility of miRNA-ATs and
protects them from being degraded by the sense-mature miRNAs.
Meanwhile, the act of the transcription and/or the transcripts of miRNA-
ATs may regulate the expression of the sense miRNAs. The reciprocal inter-
actions between miRNAs and miRNA-ATs may ultimately determine the
expression landscape of a substantial fraction of miRNAs and miRNA-ATs
in different types of human tissues or cells.
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lentiCRISPR v2 plasmid (Addgene 52961). The plasmid was trans-
fected into the cells using Lipofectamine 3000 (Thermo Fisher
Scientific) following the manufacturer’s instruction. Transfected
cells were selected using puromycin (1 µg/mL, Sigma-Aldrich).
The loss of ADAR1 was verified by cDNA Sanger sequencing and
western blot.

mRNA and miRNA quantification via RT-PCR

Total RNA was extracted with TRIzol and Direct-zol RNA Kits
(Zymo Research). Total RNAs used for RT-PCR were pretreated
with DNase I. For DROSHA mRNA RT-PCR, 1–5 µg of total RNA
was used to synthesize the cDNA with iScript Advanced cDNA
Synthesis Kit (Bio-Rad). For miRNA-AT or pri-miRNA RT-PCR,
1–5 µg of total RNA was used to synthesize the cDNA with Gene-
specific primer with GoScript Reverse Transcriptase kit
(Promega). For miRNA RT-PCR, 1 µg of total RNA was used to syn-
thesize the cDNA with Mir-X miRNA First Strand Synthesis kit
(Takara). PCR by ChamQ SYBR qPCR Master Mix (Vazyme) for
each cDNA was run in triplicates. Housekeeping gene GAPDH
was used as an internal control for mRNA RT-PCR. RNU6-1 was
used as an internal control for miRNA RT-PCR. Primers are listed
in Supplemental Table S6.

Dual-luciferase reporter assay

The pri-miRNAs were inserted into pcDNA3.1 to generate miRNA
expression vectors. The wild-type miRNA-AT fragments (a region
that is opposite to the paired pre-miRNA and flanking 70-bp se-
quences) were amplified with Phusion High-Fidelity DNA
Polymerase (NEB) using human genomic DNA and inserted into
a multiple cloning region located downstream from the Renilla
translational stop codon (psiCHECK2, Promega). The mutant al-
leles of miRNA-AT fragments were synthesized from Synbio
Technologies LLC and inserted into the same position of the
Renilla gene. Plasmids were transfected into HEK293T cells using
Lipofectamine 3000 (Thermo Fisher Scientific). Renilla and
Firefly luminescences were measured 48 h later using Dual-Glo
Luciferase Assay System (Promega) on GloMax 96 Microplate
Luminometer (Promega). All primers used to construct the report-
er genes are listed in Supplemental Table S6.

Stranded mRNA-seq library construction

Total RNA was extracted with TRIzol and Direct-zol RNA Kits
(Zymo Research). mRNA was selected using Poly(A) mRNA
Magnetic Isolation Module (NEB E7490) and then fragmented
into 150–200 nt fragments by incubation for 8min at 94°C in frag-
mentation buffer (NEBNext Ultra II Directional RNA Library Prep
Kit, NEB). The fragmented RNAwas then used for library construc-
tion, following the manufacturer’s protocol (NEBNext Ultra II
Directional RNA Library Prep Kit, NEB). Libraries were sequenced
on HiSeq X Ten (Illumina) to produce paired-end 150-bp reads.
All libraries were summarized in Supplemental Table S1.

Small RNA-seq library construction

The small RNA-seq libraries were generated using VAHTSTM Small
RNA Library Prep Kit for Illumina (Vazyme) according to the man-
ufacturer’s protocol. Libraries were sequenced on HiSeq X Ten
(Illumina) to produce paired-end 150-bp reads. All libraries were
summarized in Supplemental Table S1.

dCas9-VPR-mediated activation

gRNAs were selected to bind between 1 and 1000 bp upstream of
the transcriptional start site (TSS). miRNA-AT annotations are

from FANTOM5 data. gRNAs were designed using the CRISPR de-
sign tool (Chavez et al. 2015), and all gRNA sequences are listed
in Supplemental Table S7. The locations of all gRNAs were shown
in Supplemental Figure S12. All gRNAs were cloned into the gRNA
expression vector (Addgene 52963).

Cells were plated in 12-well plates to 40% confluence, and
500 ng of dCas9 activator (Addgene 63798) and 40 ng mix of
gRNAs were added to each well with Lipofectamine 3000. For
each gene, four gRNAs were used against the target. Cells were
grown 48 h after transfection before being lysed for RNA purifica-
tion and quantification. All primers used for miRNA and miRNA-
AT quantification are listed in Supplemental Table S6.

Cell proliferation assay

For CRISPRi, cells were plated in 96-well plates to 60% confluence,
and 100 ng of dCas9 plasmid and 10 ng mix of gRNAs were added
to each well with Lipofectamine 3000. For each gene, four gRNAs
were used against the target. The transfected cells were incubated
and collected at different time points.

miRNA inhibitor (hsa-miR-27a-3p inhibitor: GCGGAACUU
AGCCACUGUGAA) was purchased from RiboBio. miRNA inhibi-
tor transfection was performed with Lipofectamine 3000
(Thermo Fisher Scientific). In brief, cells were plated in 24-well
plates to 60% confluence. For each well, 5 nmol of miRNA inhib-
itor was mixed with 1.5 μL of Lipofectamine 3000 in 50 μL of
Opti-MEM medium. The mixture was added to cells and cells
were incubated and collected at different time points.

For each well of cells, the medium was removed and the cells
were frozen in the microplate and stored at −70°C until the sam-
ples were to be assayed. The numbers of cells were counted using
CyQUANT Cell Proliferation Assay Kit (Thermo Fisher Scientific)
following the manufacturer’s instruction.

miRNA-AT cloning and ectopic expression

For each miRNA-AT, we cloned the miRNA-AT to the expression
vector and transfected it into HEK293T cells using Lipofectamine
3000 (Thermo Fisher Scientific). To exclude the confounding ef-
fect from the possible leaky expression of the strand opposite to
themiRNA-AT, a deletionmutation next to the pre-miRNAwas in-
troduced to prevent DROSHA cleavage andmiRNA release for each
miRNA-AT vector. Cells were grown 48 h after transfection before
being lysed for RNA purification and quantification. All primers
used for miRNA and miRNA-AT quantification are listed in
Supplemental Table S6.

Identification of RNA editing sites from miR-mmPCR-seq,

mmPCR-seq data, and ENCODE RNA-seq data

For each sample ofmiR-mmPCR-seq data, wemerged all reads from
technique replicates into a single FASTQ file and called RNA
variants as we previously described (Zhang et al. 2014). In brief,
we trimmed the first 20-bp primer sequences and last 10 bp
of the reads using FASTX toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/). We used BWA (Li and Durbin 2010) to align reads
to the reference genome (BWA –n 6). We took variant positions
in which the mismatch was supported by at least two mismatch
reads with base quality score ≥20 and located at targeted loci.
We further removed all known human genomic variants, includ-
ing all SNPs present in dbSNP (except SNPs of molecular type
“cDNA”; v150), the 1000 Genomes Project, and gDNA of the indi-
viduals used for the editing call. Additional filters were used to re-
move false positivemismatches, and separate filtering criteriawere
used for variants occurring in Alu and non-Alu regions as we previ-
ously described (Ramaswami et al. 2012). We excluded sites with

Reciprocal regulation between miRNAs and miRNA-ATs

Genome Research 669
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.257121.119/-/DC1
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/
http://hannonlab.cshl.edu/fastx_toolkit/


an extreme degree of variation (>97%), which are likely genomic
SNPs. We removed sites in homopolymer runs of ≥5 bp. Finally,
we removed sites in regions that were highly similar to other parts
of the genome using BLAT. We inferred the editing type of each
site based on the strand of annotated miRNA genes.

For each sample of mmPCR-seq data, we used the same pipe-
line for RNA variant call with two modifications. First, wemapped
the reads to a combination of the reference genome and exonic se-
quences surrounding known splicing junctions from available
genemodels. We chose the length of the splicing junction regions
to be slightly shorter than the RNA-seq reads to prevent redundant
hits. Genemodelswere obtained from theUCSCGenome Browser.
Second, we inferred the editing type of each site based on the
strand of annotated protein-coding genes.

To calculate the A-to-G and T-to-C proportions of RNA vari-
ants identified in the 3′ UTR Alu regions without antisense tran-
scription, stranded mRNA-seq reads were first mapped to the
human reference genome (hg19). featureCounts (Version 2.0.0)
was then used to calculate the read counts of the antisense loci
of each of the 3′ UTR Alu regions. The regions with read count =
0 in the antisense strand were selected, and RNA variants in these
regions were then identified using the same pipeline for RNA var-
iant call in mmPCR-seq data.

miRNA-AT loci annotation

To obtain the annotation of miRNA-AT, we searched for overlaps
between the regions opposite to the pre-miRNA region and the
5′ complete transcripts that were constructed by FANTOM5 (Hon
et al. 2017). This FANTOM5 5′ complete transcriptome atlas inte-
grated transcript models from GENCODE release 19, Human
BodyMap 2.0, miTranscriptome, ENCODE, and an RNA-seq as-
sembly from 70 FANTOM5 samples. We also integrated the alter-
native polyadenylation information from a previous study
(Wang et al. 2018) to define the 3′ end of miRNA-ATs.

Small RNA-seq data analysis

Adapter sequences, low-quality bases, and Ns were first trimmed
using cutadapt (Martin 2011). Clean reads were next mapped to
the human reference genome (hg19) with STAR (Version 2.5.2b)
(Dobin et al. 2013). Read numbers were counted by
featureCounts (Version 2.0.0) (Liao et al. 2014), and the CPM val-
ues were calculated using a customPerl script. To visualize the read
coverage, BEDTools (Quinlan and Hall 2010) genomecov was used
to calculate the coverage, and the results were stored in bedGraph
format. The bedGraph files were uploaded to the UCSC Genome
Brower for visualization.

ENCODE RNA-seq data analysis

RNA-seq reads were mapped to the human reference genome
(hg19) with STAR (Version 2.5.2b). The FPKMvalues were calculat-
ed by Cufflinks (Trapnell et al. 2010). The FANOM5 raw annota-
tion GTF file was used as the gene model. To visualize the read
coverage, the BEDTools genomecov was used to calculate the cov-
erage, and the results were stored in bedGraph format. The
bedGraph files were uploaded to UCSC Genome Brower for
visualization.

FANTOM data acquisition

FANTOM5 data (Hon et al. 2017) were downloaded from fan-
tom.gsc.riken.jp/5/suppl/Hon_et_al_2016/data/; transcript anno-
tation file was from https://fantom.gsc.riken.jp/5/suppl/
Hon_et_al_2016/data/assembly/lv1_raw/FANTOM_CAT.lv1_raw

.gtf.gz; and gene expression profile was from https://fantom.gsc

.riken.jp/5/suppl/Hon_et_al_2016/data/expression/expression_
atlas/FANTOM_CAT.expression_atlas.gene.lv1_raw.count.tsv.gz.

CLASH data analysis

Raw CLASH data generated from human HEK293 cells was ob-
tained from a previous study (Helwak et al. 2013). The analysis
was performed as previously described (Helwak et al. 2013) with
some modifications (Supplemental Fig. S10A). In brief, reads
were first cleaned and aligned to both the transcriptome and ge-
nome. Unmapped reads were then extracted and mapped to the
mature miRNA sequences using BLAST. Reads that matched a
miRNA were retained (E-value <0.1; no mismatch allowed; the
best hit selected; named as “miR hit”). The sequence downstream
from or upstream of the miR hit part of a read was next mapped to
the genome using BLAST (E-value <0.1; no mismatch allowed; the
best hit selected; named as “non-miR hit”). We considered a hy-
brid read as an authentic sense–antisense miRNA interaction
read only if (1) the miR hit and non-miR hit were mapped to a
sense–antisense miRNA pair; (2) the two hits were either directly
adjacent in the read, or with up to 4 nt gap or overlap between
hits; (3) the non-miR hit did not match the pre-miRNA region;
and (4) the miRNA loci was the best hit when the hybrid read
was mapped to both the genome and the transcriptome.

RNA-seq data analysis

RNA-seq data were mapped to the human reference genome
(hg19) using TopHat2 (Kim et al. 2013). Gene expression levels
were calculated by Cufflinks (Cufflinks v2.2.1) (Trapnell et al.
2010). Genes with FPKM larger than 5 were used for analysis.
RNA editing level was quantified using RNA-seq data as we previ-
ously described (Ramaswami et al. 2013). All known human edit-
ing sites obtained from RADAR database version 2 (Ramaswami
and Li 2014) were used for analysis.

Free energy analysis

Free energy was calculated using the RNAfold program provided in
the Vienna RNA package (Lorenz et al. 2011). The thermodynam-
ics of inosine base pairing is not defined, so wemodeled secondary
structures by replacing I with G.

Statement for GRCh37 (hg19) used in this study

Because themiRNA information (miRBase v20) and the FANTOM5
data we used are based on GRCh37 Reference Genome (hg19), we
used hg19 for all our analysis. An updated version of reference ge-
nome (GRCh38/hg38) has been available, and themain updates in
hg38 are the inclusion of model centromere sequences and the ad-
dition of alternate loci. Thus our choice of hg19 would not signifi-
cantly affect the conclusions.

Data access

All raw and processed sequencing data generated in this studyhave
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE146947. All codes used in this study are available as
Supplemental Code.
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