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Precise regulation of microRNA (miRNA) expression is critical for diverse physiologic and pathophysiologic processes.

Nevertheless, elucidation of the mechanisms through which miRNA expression is regulated has been greatly hindered by

the incomplete annotationof primarymiRNA(pri-miRNA) transcripts.While a subset ofmiRNAs arehosted inprotein-cod-

ing genes, the majority of pri-miRNAs are transcribed as poorly characterized noncoding RNAs that are 10’s to 100’s of ki-

lobases in length and low in abundance due to efficient processing by the endoribonucleaseDROSHA,which initiatesmiRNA

biogenesis. Accordingly, these transcripts are poorly represented in existing RNA-seq data sets and exhibit limited and inac-

curate annotation in current transcriptome assemblies. To overcome these challenges, we developed an experimental and

computational approach that allows genome-wide detection and mapping of pri-miRNA structures. Deep RNA-seq in cells

expressing dominant-negative DROSHA resulted in much greater coverage of pri-miRNA transcripts compared with stan-

dard RNA-seq. A computational pipeline was developed that produces highly accurate pri-miRNA assemblies, as confirmed

by extensive validation. This approachwas applied to a panel of human andmouse cell lines, providing pri-miRNA transcript

structures for 1291/1871 human and 888/1181 mouse miRNAs, including 594 human and 425 mouse miRNAs that fall outside

protein-coding genes. These new assemblies uncovered unanticipated features and new potential regulatorymechanisms, in-

cluding links betweenpri-miRNAsanddistantprotein-coding genes, alternative pri-miRNAsplicing, and transcripts carrying

subsets of miRNAs encoded by polycistronic clusters. These results dramatically expand our understanding of the organiza-

tion of miRNA-encoding genes and provide a valuable resource for the study of mammalian miRNA regulation.

[Supplemental material is available for this article.]

MicroRNAs (miRNAs) are a broad class of ∼18–24 nt RNA mole-
cules that play a critical role in regulating gene expression in
diverse physiologic settings and diseases by negatively regulating
the translation and stability of target messenger RNAs (mRNAs)
(Bartel 2009). Over the past decade, significant progress has been
made in identifyingmiRNA targets and dissecting themechanisms
throughwhich they are regulated bymiRNA-directed protein com-
plexes (Pasquinelli 2012; Gurtan and Sharp 2013). However,much
less is known about how miRNA expression is regulated (Winter
et al. 2009; Schanen and Li 2011). Through examination ofmature
miRNA levels, it is well established thatmiRNA abundance is tight-
ly controlled during development and across tissues (Landgraf
et al. 2007; Chiang et al. 2010). Moreover, dysregulated expression
of specific miRNAs plays a causative role in a number of human
diseases, including cancer and cardiovascular disease (Di Leva
et al. 2014; Olson 2014). Indeed, key transcription factors and
signaling pathways have been shown to strongly regulate miRNA
expression under diverse physiologic and pathophysiologic condi-
tions (Lotterman et al. 2008). Nevertheless, a major bottleneck in

the dissection of the mechanisms through which these pathways
control miRNA levels has been our incomplete understanding of
miRNA gene structures.

miRNAs are initially transcribed by RNA polymerase II as long
primary transcripts (pri-miRNAs) that can extend hundreds of ki-
lobases in length (Cai et al. 2004; Lee et al. 2004). The mature
miRNA sequences are located in introns or exons of pri-miRNAs,
within regions that fold into imperfect hairpin structures
(Rodriguez et al. 2004). The RNA-binding protein DGCR8 and
the RNase III enzyme DROSHA together recognize and cleave the
hairpins, generating ∼60–80 nt precursors (pre-miRNAs) that are
subsequently exported to the cytoplasm where they are processed
into mature miRNAs by DICER. Once loaded into the Argonaute
family of RNA-binding proteins, miRNAs select mRNA targets for
repression (Ha and Kim 2014). While a subset of miRNAs are host-
ed in well-characterized protein-coding genes, the majority of pri-
miRNAs are transcribed as poorly characterized noncoding tran-
scripts (Rodriguez et al. 2004). Due to the nature of rapid and
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efficient DROSHA/DGCR8 processing, the abundance of pri-
miRNAs is very low at steady state. Therefore, elucidation of pri-
miRNA structure has remained a significant challenge. A further
understanding of the organization of miRNA transcription units
will likely reveal new transcriptional and post-transcriptional reg-
ulatory mechanisms that influence miRNA biogenesis and poten-
tially uncover newopportunities tomanipulatemiRNA expression
for experimental or therapeutic applications.

Previous studies have systematically identified genomic loca-
tions of the promoters and transcription start sites (TSSs) of
miRNAs by integrating chromatin signatures such as H3K4me3
histone modifications, nucleosome position, cap analysis of gene
expression (CAGE) tags, and high-throughput TSS sequencing
(TSS-Seq) (Marson et al. 2008; Ozsolak et al. 2008; Megraw et al.
2009; Chien et al. 2011; Marsico et al. 2013; Georgakilas et al.
2014; Xiao et al. 2014). Nevertheless, while providing valuable in-
formation regarding the boundaries of miRNA transcription units,
these approaches do not provide annotation of the often complex
splicing patterns of miRNA primary transcripts, and thus provide
an incomplete picture of miRNA gene structure. Moreover,
miRNA promoters that are located at great distances from the ma-
turemiRNA sequence are not easily associated with a givenmiRNA
transcription unit and alternative promoter usage can be difficult
to discern. Finally, without an understanding of the structure of
the pri-miRNA itself, it is impossible to determine whether
miRNAs encodedby polycistronic clusters are always cotranscribed
orwhether transcripts carrying subsets of the clusteredmiRNAs are
produced through use of alternative promoters, polyadenylation
sites, or even through alternative splicing.

In recent years, high-throughput RNA sequencing (RNA-seq)
has emerged as a powerful tool for transcriptome reconstruc-
tion (Martin and Wang 2011; McGettigan 2013). Unfortunately,
due to their low abundance, pri-miRNAs are poorly represented
in standard RNA-seq data sets, thus preventing comprehensive an-
notation of their structures using existingmethodologies. To over-
come this limitation,we developed a highly effective experimental
and computational approach that allows genome-wide mapping
of miRNA primary transcript structures. By performing deep
RNA-seq in cells expressing a dominant-negativeDROSHAmutant
protein, we demonstrated dramatic enrichment of intact pri-
miRNAs, resulting in much greater coverage of these transcripts
compared with standard RNA-seq. This strategy permitted the re-
construction of pri-miRNA structures in a high-throughput man-
ner. We applied this approach to human and mouse cell lines of
diverse origins, thereby significantly improving the existing anno-
tation of mammalian miRNA genes. These new assemblies re-
vealed new regulatory mechanisms for many miRNAs, including
previously unknown connections between pri-miRNAs and dis-
tant protein-coding genes, alternative pri-miRNA splicing, and
pri-miRNA transcripts that produce subsets of miRNAs encoded
by polycistronic clusters. This new genome-wide map of pri-
miRNA structure provides a valuable resource for investigating
the mechanisms that control miRNA expression in normal physi-
ology and disease.

Results

Pri-miRNAs are poorly represented in standard

RNA-seq data sets

In order to globally reconstruct pri-miRNA structures, we first ex-
amined existing RNA-seq data sets to determine whether they

could be used for this purpose. The Illumina BodyMap 2.0 repre-
sents a collection of RNA-seq data sets generated from 16 human
tissues, each sequenced very deeply (∼80 million 50-bp paired-
end reads per sample) (www.ebi.ac.uk/arrayexpress; ArrayExpress
ID: E-MTAB-513). As described in greater detail below, we deter-
mined that StringTie, a transcriptome assembler that we recently
described (Pertea et al. 2015), outperforms other existing assembly
algorithms for pri-miRNA reconstruction. We therefore utilized
StringTie to assess pri-miRNA assembly using Illumina BodyMap
data.

Although assemblies were attempted for all human pri-
miRNAs, the quality and extent of pri-miRNA reconstruction
was assessed by examining a well-annotated set of miRNAs that
are highly conserved among mammals (Chiang et al. 2010).
Nonconserved human miRNAs were excluded from this perfor-
mance analysis since these are frequently expressed at low levels,
and there is no current consensus regarding which of these repre-
sent bona fide miRNAs as opposed to nonfunctional RNAs that
spuriously enter the miRNA processing pathway (Chiang et al.
2010; Kozomara and Griffiths-Jones 2014). A total of 295 human
miRNAs, produced from 183 transcription units, are classified as
conserved among mammals (Supplemental Fig. S1). Of these 183
transcription units, 80 represent well-annotated protein-coding
genes, whereas the remaining 103 are intergenic. While the struc-
tures of 29 of these intergenic pri-miRNAs are annotated in RefSeq,
the majority (74 of 103) have no existing annotation. Assembly of
all 16 BodyMap data sets using StringTie, which comprised the
analysis of over 1.2 × 109 reads, resulted in the assembly of only
11 additional novel pri-miRNA structures covering the set of con-
served miRNAs (Supplemental Table S1). These results indicate
that standard RNA-seq libraries are inadequate for transcriptome-
wide reconstruction of pri-miRNA structures.

DROSHA inhibition facilitates pri-miRNA assembly

During miRNA biogenesis, pri-miRNAs are first processed in the
nucleus by the microprocessor complex composed of DROSHA
and DGCR8. We reasoned that the low steady-state abundance
of pri-miRNAs, and their poor representation in standard RNA-
seq libraries, is most likely due to their rapid degradation following
microprocessor-mediated cleavage. Therefore, we hypothesized
that slowed or disrupted DROSHA/DGCR8 activity may result in
an enrichment of pri-miRNAs in RNA-seq libraries and thereby
facilitate pri-miRNA assembly. To test this concept, a trans-domi-
nant-negative DROSHAmutant protein (TN-DROSHA) containing
inactivating mutations in critical residues in the catalytic RNase
IIIa and IIIb domains (Heo et al. 2008) was ectopically expressed
in HEK293T cells, and nuclear RNA was analyzed by quantitative
real time PCR (qRT-PCR). Amplicons spanning pre-miRNA hair-
pins in the primary transcripts that encode the miR-15a/16-1
and miR-17-92 clusters (DLEU2 and MIR17HG, respectively) were
strongly enriched following TN-DROSHA expression, indicating
efficient inhibitionofmicroprocessor activity (Fig. 1A). Important-
ly, distant regions of these pri-miRNAs that do not span the pre-
miRNA hairpins also showed significant enrichment, suggesting
that the entire pri-miRNA was stabilized.

Next, we subjected the same nuclear RNA from TN-DROSHA
expressing HEK293T cells to Illumina RNA sequencing to test its
suitability for transcriptome-wide pri-miRNA assembly. After gen-
erating a very deep RNA-seq data set (193,346,087 100-bp paired-
end reads), we evaluated several transcriptome assemblers, such
as StringTie, Cufflinks (Trapnell et al. 2010), IsoLasso (Li et al.
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2011), and Scripture (Guttman et al. 2010), to assess their perfor-
mance for this application (Supplemental Table S2). By evaluating
the assembly of pri-miRNAs that are annotated in RefSeq, we
found that StringTie correctly assembled the highest number of
pri-miRNA transcripts in considerably less time than the other as-
semblers. We therefore used StringTie for all subsequent pri-
miRNA assembly experiments.

When RNA-seq data from TN-DROSHA expressing HEK293T
cells were used, pri-miRNA assembly was dramatically improved
compared with results obtained using the Illumina BodyMap.
From this single cell line, 24/74 conserved intergenic pri-miRNAs
that lack existing annotation were assembled. When com-
bined with RefSeq annotation, 53/103 conserved intergenic pri-
miRNAs in total were defined, essentially doubling the available
annotation of conserved non-protein-coding pri-miRNAs. Reads
mapping to miRNA loci were highly enriched for those that span
splice sites, allowing reconstruction of multi-exonic pri-miRNA
structures. Illustrative of these improved assemblies, three multi-
exonic transcripts that encode miR-221 and miR-222 were recon-
structed using RNA-seq data generated from TN-DROSHA-express-
ing HEK293T cells, while few reads mapping to these transcripts
were present in Illumina BodyMap data (Fig. 1B). These transcript
assemblies were validated by confirming the predicted exon–exon
junctions using reverse-transcriptase PCR (RT-PCR) with primers
near the 5′ and 3′ ends of the transcripts (Supplemental Fig. S2).
Notably, although the 5′ ends of these transcripts are ∼25- to
100-kb upstream of the MIR221 and MIR222 sequences, analysis
of ENCODE chromatin immunoprecipitation sequencing (ChIP-
seq) data (Ernst et al. 2011) revealed precise colocalization with
H3K4me3 promoter marks (Fig. 1B), supporting the correct identi-
fication of these transcription start sites. These results demonstrate

that inhibition of microprocessor activity by expression of TN-
DROSHA greatly improves pri-miRNA assembly in RNA-seq data.

Genome-wide annotation of pri-miRNAs

Having established an experimental and computational strategy
suitable for pri-miRNA reconstruction, we next sought to apply
this approach to generate a genome-wide map of human and
mouse pri-miRNA structures. Since miRNA expression is often
cell-type- and tissue-specific (Olive et al. 2015), we selected for
analysis a panel of eight human cell lines (A-172, A-673,
HCT116, HEK293T, HepG2, MCF-7, NCCIT, and primary fibro-
blasts) and six mouse cell lines (C2C12, CT-26, Hepa1-6, Neuro-
2a, mouse embryonic fibroblasts [MEF], and E14TG2a embryonic
stem cells) derived from a diverse array of cell types. Transfection
conditions were optimized for each cell line and TN-DROSHA
was introduced, followed by RNA-seq and StringTie transcriptome
reconstruction (Fig. 2A). On average, ∼180 million 100-bp paired-
end reads were generated per sample (Supplemental Table S3).

Using these data, pri-miRNA assemblies were provided for
1291/1871 (69%) of human miRNAs and 888/1181 (75%) of
mouse miRNAs that are annotated in miRBase version 20. This in-
cludes assemblies for 594 human and 425 mouse miRNAs that are
not hosted by annotated protein-coding genes. As mentioned
above, nonconserved intergenic miRNAs are generally very low
in abundance and consensus is lacking regarding which of these
represent true miRNA genes. Therefore, to more accurately assess
the quality of these pri-miRNA assemblies, we focused on the
pri-miRNA transcripts that encode the set of 295 human and 297
mouse miRNAs that are conserved among mammals (Chiang
et al. 2010), which represents a more reliable set of bona fide

Figure 1. DROSHA inhibition facilitates pri-miRNA assembly. (A) qPCR analysis of pri-miRNA abundance in HEK293T cells with or without expression of
TN-DROSHA. The assayed transcripts DLEU2 andMIR17HG are depicted in the top panel with green arrows indicating the location of primers. qPCR results
are shown in the bottom panel with error bars representing standard deviations derived from three independent measurements. (B) Visualization of RNA-
seq data from Illumina Human BodyMap 2.0 (kidney and liver) and TN-DROSHA-transfected HEK293T cells. The Integrative Genomics Viewer (IGV) was
used to visualize mapped read alignments. Segments of reads that are aligned to the genome are shown in gray, while blue lines represent spliced sequenc-
es. StringTie assembled transcripts produced from this locus are shown at the bottom of the panel. Plots representing H3K4me3 histone marks and evo-
lutionary conservation were generated using the UCSC Genome Browser (human genome GRCh37/hg19 assembly). The y-axes for UCSC Genome
Browser tracks shown in this and all other figures represent the default vertical viewing range settings.
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miRNAs. A total of 38% (39 of 103) of human and 39% (41 of 104)
of mouse conserved non-protein-coding pri-miRNAs were success-
fully reconstructed in at least one cell line (Fig. 2B). When com-
bined with existing RefSeq data, annotation for 66% and 59% of
conserved intergenic miRNA genes was provided in total for hu-
man and mouse, respectively. These new assemblies are supplied
as Gene Transfer Files (GTF), which can be directly visualized in
standard genome browsers (Supplemental Data), and can also be
viewed in the UCSC Genome Browser (see Data access).

General characteristics and conservation of pri-miRNAs

Using these improved pri-miRNA maps, we examined the charac-
teristics that typify miRNA-encoding genes. As expected, of the
conserved miRNAs that are hosted within protein-coding genes,
a large majority of pre-miRNA hairpins are located in introns
(75% in human and 83% in mouse) (Fig. 2C). For conserved inter-
genic miRNAs, the frequency of intronic miRNAs drops to ∼40%,
with the remainder in exons or regions that may be intronic or ex-
onic due to alternative splicing (Fig. 2D). In some cases, intergenic
miRNAs are hosted in unspliced noncoding RNAs (6% in human
and 8% in mouse).

In cases where orthologous human andmouse intergenic pri-
miRNAs were assembled, we frequently observed conservation of
the organization of these miRNA-encoding loci. The locations of
pri-miRNA promoters were particularly highly conserved, with
the 5′ ends of these transcripts almost always mapping to ortholo-
gous regions in the human and mouse genomes when pri-miRNA
assemblies were available for both species. Representative exam-
ples of conserved pri-miRNAs are shown in Figure 3. For instance,

we identified two distinct pri-miRNAs
that encode human miR-101-1 that each
utilized different transcription start sites
located ∼9 kb upstream of the miRNA
(Fig. 3A). The presence of CpG islands
and H3K4me3 histone marks near the
transcript 5′ ends support these assem-
blies. Likewise, two transcription start
sites were also mapped to a GC-rich re-
gion 9 kb upstream of the sequence that
encodes mouse miR-101a (Fig. 3A).
Both the human and mouse pri-miRNA
transcripts are composed of two exons,
with the miRNA located in exon 2.
These transcript structures were con-
firmed by RT-PCR (Supplemental Figs.
S3,S4). Human and mouse miR-324 are
also representative of miRNAs encoded
by transcription units with conserved or-
ganization, and, as discussed in greater
detail below, represent a class of pri-
miRNAs that are transcribed as 5′ exten-
sions of annotated protein-coding genes
(Fig. 3B).

Classification of miRNA gene

structures

Examination of miRNAs that are not
hosted within protein-coding genes re-
vealed that their primary transcripts
could be cataloged into three broad clas-

ses (Supplemental Table S1), each described below and illustrated
in Figure 4.

Class I: independent noncoding transcription units

Approximately 60%–70% of newly defined noncoding pri-
miRNAs that host conserved miRNAs do not overlap any existing
annotated genes and likely represent independent transcription
units (Supplemental Table S1). For example, MIR30A and
MIR30C-2 are intergenic miRNA genes with no existing annota-
tion of their primary transcripts (Fig. 4A). Our assemblies revealed
two putative overlapping pri-miRNAs that initiate and terminate
at distinct sites. The 5′ ends of both transcripts colocalize with
ENCODE H3K4me3 ChIP-seq signals and were validated using 5′

rapid amplification of cDNA ends (RACE) (Supplemental Fig.
S5). 3′ RACE was used to confirm the distal termini of the tran-
scripts while RT-PCR verified their exonic structure (Supple-
mental Figs. S5,S6). Although it is generally assumed that
clusteredmiRNAs such as these are always cotranscribed, it is note-
worthy that use of the upstream promoter produces a transcript
that encodes miR-30a but not miR-30c-2. These results suggest
that production of miR-30a is uncoupled from miR-30c-2 in
some settings. As discussed further below, we found additional ex-
amples of pri-miRNA transcripts that produce subsets of clustered
miRNAs.

Class II: extended protein-coding transcripts

In addition to completely independent transcription units, we un-
expectedly observed that several pri-miRNAs are produced as ex-
tended isoforms of annotated protein-coding genes (Fig. 4B;

Figure 2. General characteristics of human and mouse pri-miRNAs. (A) Overview of the experimental
workflow used to generate pri-miRNA assemblies. (B) Proportion of conserved non-protein-coding hu-
man and mouse pri-miRNAs annotated in this study or in RefSeq in at least one cell type. (C,D)
Intronic or exonic locations of conserved miRNAs transcribed within protein-coding (C) or non-pro-
tein-coding genes (D).
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Supplemental Table S1). This configuration is illustrated by
MIR505, which is located ∼100 kb upstream of the gene that en-
codes the ATP11C protein. Remarkably, we observed that the pre-
dominant promoter that drives ATP11C transcription is located
upstream of MIR505, with the miRNA hairpin located within in-
tron 1 of the extended transcript. Indeed, ENCODE H3K4me3
ChIP-seq signal is significantly higher at the extended transcript
5′ end compared with the RefSeq annotated ATP11C promoter.
RT-PCR confirmed the existence of the extended miRNA-hosting
transcript (Supplemental Fig. S7). Additional examples of similarly
organized pri-miRNAs encoding miR-181c/181d and miR-219-1
are provided in Supplemental Figure S8.

Class III: extended annotated noncoding transcripts

The third class of pri-miRNAs that we observedwere a set that over-
lap annotated RefSeq noncoding RNAs. This type of transcript is
exemplified by the pri-miRNA that encodes miR-99b, let-7e, and
miR-125a (Fig. 4C). These miRNAs are located immediately up-
stream of an annotated noncoding RNA, SPACA6P. In our assem-
blies, a longer transcript that encompasses both the miRNAs and
SPACA6P was detected. RT-PCR confirmed the transcript structure
predicted by our data (Supplemental Fig. S9). It is likely that the ex-
isting annotation of SPACA6P actually represents the 3′ cleavage
product of theMIR99B/MIRLET7E/MIR125A pri-miRNA that is pro-
duced by DROSHA processing, since the 5′ end of SPACA6P is im-
mediately adjacent to the 3′ end of the pre-miR-125a hairpin. We

speculate that this class of pri-miRNAs is
largely composed of transcripts that are
incompletely annotated in RefSeq.

Pri-miRNA structures reveal novel

regulatory mechanisms

Inspection of pri-miRNA gene structure
using our assemblies uncovered new po-
tential regulatorymechanisms that likely
influence the production of specific
miRNAs. These mechanisms include
alternative promoters, partially tran-
scribed miRNA clusters, and alternative
splicing, each discussed in turn below
and summarized in Supplemental Tables
S4 and S5.

Alternative promoters

Perhaps unsurprisingly given the incom-
plete existing annotation of pri-miRNA
genes, our assemblies frequently identi-
fied alternative promoters that drive
miRNA expression in different cell types.
This phenomenon is exemplified by the
gene that encodes let-7a-3 and let-7b.
This pri-miRNA, annotated in RefSeq as
MIRLET7BHG, initiates 27 kb upstream
of the miRNA sequences, in a region
rich in H3K4me3-modified histones
(Fig. 5A). We observed two additional
transcription start sites further upstream,
also associated with H3K4me3. These
transcript structures and 5′ endswere val-
idated by RT-PCR and RACE (Supple-

mental Figs. S10 and S11). While all cell lines tested used the
most upstream promoter, the alternative downstream transcrip-
tion start sites were differentially utilized in a cell-line-specific
manner. These results suggest that these distinct promoters may
be differentially regulated. Of the 103 human intergenic conserved
miRNA transcription units, we documented that at least 25 have
multiple alternative promoters (Supplemental Table S4), indicat-
ing that this is a very common mode of miRNA regulation.

Transcription of subsets of clustered miRNAs

ManymiRNA sequences are clustered in the genome and it is gen-
erally assumed that miRNAs that are located within ∼50 kb of one
another are cotranscribed as polycistronic transcripts (Baskerville
and Bartel 2005; Liang et al. 2007). Unexpectedly, we observed
multiple examples of pri-miRNA transcripts that encode subsets
of clustered miRNAs (Supplemental Tables S4,S5). The transcripts
that host miR-30a and miR-30c-2, described above (Fig. 4), repre-
sent examples of this phenomenon. Another interesting example
is the miRNA cluster that encodes miR-100, let-7a-2, and miR-
125b-1. Notably, the clustering of thesemiRNAs and even their or-
der in the cluster is conserved between mammals and Drosophila,
suggesting that their coordinated regulation has been subject to
strong evolutionary selection (Roush and Slack 2008). Our assem-
blies confirmed the existence of a previously annotated RefSeq
transcript, MIR100HG, which encompasses all three human
miRNAs in the cluster (Fig. 5B). The 5′ end of this pri-miRNA is

Figure 3. Examples of evolutionarily conserved pri-miRNAs. (A) Genomic loci encoding human and
mouse miR-101-1. StringTie assembled transcripts, as well as H3K4me3 marks, CpG islands, and con-
servation tracks from the UCSC Genomic Browser (hg19 and mm10) are shown. (B) Genomic loci en-
coding human and mouse miR-324 as in A. The RefSeq protein-coding transcript DLG4 is shown in
blue.
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supported byH3K4me3 data. In addition, we identified three addi-
tional alternative transcription start sites also corroborated by
H3K4me3 histone modifications. Use of the most downstream
promoter produces a transcript that encodes only miR-125b-1.
RT-PCR and 5′ RACE confirmed the accuracy of all of these pri-
miRNA transcript assemblies (Supplemental Figs. S12, S13).
These findings demonstrate that production of individual
miRNAs in polycistronic clusters can be uncoupled through the
use of alternative promoters.

Alternative splicing

A previous analysis of existing expressed sequence tags (ESTs) and
mRNAs revealed a class of pre-miRNA sequences that span intron–
exon junctions such that splicing prevents processing of these
miRNA hairpins by the microprocessor complex (Melamed et al.
2013). We were able to confirm the existence of pri-miRNAs
with this configuration using our assemblies (Supplemental
Table S4). For example, the pre-miR-205 hairpin spans the splice
donor site immediately upstreamof the final exon of an annotated
pri-miRNA,MIR205HG (Fig. 5C). Use of this splice site disrupts the
pre-miR-205 sequence and is thusmutually exclusivewith produc-
tion of the mature miRNA. Interestingly, we found alternatively
spliced isoforms that utilize a distinct 3′ terminal exon, placing
the pre-miRNA hairpin within an intron, a location permissive
for miRNA processing. RT-PCR confirmed the use of both alterna-
tive terminal exons (Supplemental Fig. S14). These observations

lend further support for the regulation of miRNA biogenesis by al-
ternative splicing.

Discussion

Investigation of miRNA functions in numerous biological settings
has advanced our understanding of the roles of miRNAs in devel-
opment and disease and the downstream targets that they regulate
(Vidigal and Ventura 2015). On the other hand, considerably less
is known about the pathways that govern miRNA biogenesis at
transcriptional and post-transcriptional levels. Elucidation of
such miRNA regulatory mechanisms has been hindered by the
poor annotation of pri-miRNA gene structures. Indeed, a frequent
misperception is thatmiRNApromoters are located in the genomic
sequence immediately adjacent to pre-miRNA hairpins when, in
fact, these promoters are often located 10’s to 100’s of kilobases up-
stream (Cai et al. 2004; Chang et al. 2007). Clearly, dissection of
cis- and trans-regulation of miRNA transcription requires an accu-
rate description of the relevant transcription units. Putative post-
transcriptional regulatory mechanisms may also be overlooked
without an understanding of the splicing patterns or polyadenyla-
tion sites of pri-miRNA transcripts. In light of these limitations, we
set out to establish a resource of miRNA gene structures that could
be easily accessed by investigators in the field in order to improve
the study of miRNA regulation. Herein, we describe a novel exper-
imental and computational approach that we developed to
achieve this goal.

Figure 4. Classification of newly annotatedmiRNA genes. (A) Class I pri-miRNAs, represented by the transcripts that encodemiR-30a andmiR-30c-2, are
independent noncoding transcription units with no existing annotation. (B) Class II pri-miRNAs, represented by the transcript that encodes miR-505, are
extensions of annotated protein-coding transcripts. The RefSeq protein-coding transcript ATP11C is shown in blue. (C) Class III pri-miRNAs, represented by
the transcript that encodes miR-99b, let-7e, and miR-125a, are extensions of annotated noncoding transcripts. The RefSeq noncoding transcript SPACA6P
is shown in blue.
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Having demonstrated that comprehensive pri-miRNA anno-
tation cannot be easily accomplished using existing RNA-seq
data, we devised a multi-step strategy to enable genome-wide pri-
miRNA reconstruction. First, a dominant-negative DROSHA pro-
tein that globally impairs pri-miRNA processing is expressed,
thereby stabilizing pri-miRNA transcripts and dramatically im-
proving their coverage in RNA-seq libraries. Next, StringTie, an ad-
vanced transcriptome assembler that is capable of accurately
reconstructing pri-miRNAs, is used. Since miRNA expression is of-
ten cell-type-specific, we applied this strategy to a panel of human
and mouse cell lines of diverse origins, thereby successfully anno-
tating ∼70% of pri-miRNAs in these species. We anticipate that
near complete assembly of annotatedmiRNAs is possible by apply-
ing this approach to additional cell types.

Multiple lines of evidence support the accuracy of the new
pri-miRNA annotations provided here. First, the 5′ ends of the as-
sembled transcripts are frequently located within regions enriched
in H3K4me3 histone marks and CpG islands, features that are as-
sociated with RNA polymerase II promoters (Mikkelsen et al.

2007). Moreover, we extensively validated new pri-miRNA assem-
blies using 5′ and 3′ RACE as well as RT-PCR, demonstrating strong
concordance between predicted and actual pri-miRNA structures.
Additionally, mature miRNAs are highly conserved and we rea-
soned that their gene structures would tend to be conserved as
well. Indeed, in cases where orthologous pri-miRNAs were anno-
tated in human and mouse, we frequently found similar gene
structures and promoter locations. Overall, these findings support
the reliability of these new pri-miRNA assemblies.

This newmap of pri-miRNA structure has revealed previously
unrecognized potential regulatorymechanisms formanymiRNAs.
In particular, we found that alternative promoter usage is a fre-
quent feature of miRNA genes, underscoring the need for a thor-
ough understanding of a given miRNA transcription unit to fully
dissect its cis- and trans-regulation. Unexpectedly, we also found
several examples of pri-miRNAs that are contiguous with down-
stream protein-coding genes, suggesting possible coordinated ex-
pression. In light of these findings, it will be interesting to
investigate whether the miRNAs and proteins encoded by these

Figure 5. Representative examples of newly identified miRNA regulatory mechanisms. (A) Pri-miRNA genes frequently utilize multiple alternative
promoters, as exemplified by the transcript that encodes let-7a-3 and let-7b. The RefSeq noncoding transcript MIRLET7BHG is shown in blue. (B)
Pri-miRNAsmay host subsets of clusteredmiRNAs, as illustrated by transcripts that encodemiR-100, let-7a-2, andmiR-125b-1. The RefSeq noncoding tran-
scriptMIR100HG is shown in blue. (C ) miRNAsmay span splice sites and therebymay be regulated by alternative splicing. The pri-miRNA that encodesmiR-
205 is shown as a representative example of this configuration. The RefSeq noncoding transcript MIR205HG is shown in blue.
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linked transcripts function within or control common cellular or
developmental pathways. In addition, analysis of pri-miRNAs
spanning polycistronic clusters revealed that these miRNAs are
not always cotranscribed, even in cases where the clustered organi-
zation is deeply conserved, such as themiRNA cluster that encodes
miR-100, let-7a-2, and miR-125b-1. These results indicate that ex-
pression of these apparently linked miRNAs may be uncoupled in
some settings. Finally, our data confirm previous analyses that
identified miRNAs that span splice sites (Melamed et al. 2013),
supporting a role for alternative splicing in regulating the expres-
sion of specific miRNAs.

In summary, our results highlight the importance of precise
annotation of miRNA gene structures, provide assemblies for a
large majority of human and mouse pri-miRNAs, and offer an ex-
perimental framework for further reconstruction of the remaining
pri-miRNAs yet-to-be described. We anticipate that these annota-
tions will be highly valuable for ongoing efforts to dissect mecha-
nisms of miRNA regulation in diverse biological settings.

Methods

Cell culture

E14TG2a embryonic stem cells were cultured in GMEM with 1%
nonessential amino acids, β-mercaptoethanol, and leukocyte in-
hibitory factor. A-172, A-673, C2C12, HEK293T, Hepa1-6, MCF-
7, and MEF cell lines were cultured in DMEM. CT-26 and NCCIT
cells were cultured in RPMI 1640. HCT116 cells were cultured in
McCoy’s 5A. HepG2, human primary fibroblasts, and Neuro-2a
were cultured in EMEM. All media was supplemented with 10% fe-
tal bovine serum (FBS) and Antibiotic-Antimycotic.

Plasmids

To generate pcDNA5/FLAG-HA-DGCR8, FLAG-HA-DGCR8 was
amplified from pFLAG/HA-DGCR8 (Landthaler et al. 2004) and
cloned into the HindIII site of pcDNA5/FRT (Life Technologies).
To construct the TN-DROSHA expression plasmid, E1045Q and
E1222Q mutations were introduced into pcDNA3.1/V5-His-
DROSHA (Rakheja et al. 2014) using the QuikChange Lightning
Site-Directed Mutagenesis kit (Stratagene). This plasmid also
carries synonymous mutations at codons T438-L444 that render
it resistant to commonly used siRNAs. Primer sequences for muta-
genesis are provided in Supplemental Table S6.

RNA preparation

Cells were cotransfected with pcDNA3.1/V5-His-TN-DROSHA
and pcDNA5/FLAG-HA-DGCR8 under optimized conditions
(Supplemental Table S7), and harvested 48 h after transfection.
To isolate nuclear RNA, cells were lysed on ice for 5 min in
10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 0.2 mM EDTA, and
0.05% NP-40; and nuclei were spun at 2500g for 3 min and then
resuspended in QIAzol for RNA isolation using the miRNeasy kit
with DNase I digestion according to the manufacturer’s instruc-
tions (Qiagen).

RT-PCR, qPCR, and RACE

RNA was reverse-transcribed using the QuantiTect Reverse
Transcription Kit (Qiagen) prior to PCR amplification. qPCR was
performed using an ABI 7900HT Sequence Detection System
with the SYBR Green PCR core reagent kit (Life Technologies).
Eukaryotic 18S rRNA endogenous control (Life Technologies)
was used as an internal standard. RACE was performed using the

GeneRacer kit (Life Technologies). Primer sequences are provided
in Supplemental Table S6.

RNA-seq library preparation and sequencing

RNA-seq libraries were generated using the Illumina TruSeq RNA
Sample Preparation Kit v2 according to the manufacturer’s proto-
col, and sequenced in one lane of a HiSeq 2000 using the 100-bp
paired-end protocol.

Alignment of reads and transcriptome assembly

Reads with a length shorter than 25 nt were first filtered and dis-
carded using fqtrim (http://ccb.jhu.edu/software/fqtrim/index.
shtml). The remaining reads were aligned to the human (hg19)
or mouse (mm10) reference genome using TopHat2 (Kim et al.
2013). The alignments were assembled using StringTie-v0.97
(Pertea et al. 2015).

fqtrim command line

fqtrim -A -p 5 -l 25 -o trimmed.fq.gz R1.fastq.gz,R2.fastq.gz.

tophat command line

tophat2 -p 10 -o tophat -G known_genes.gff3 –transcriptome-in-
dex=./tindex –library-type fr-firststrand hg19 R1.trimmed.fq.gz
R2.trimmed.fq.gz >& run.tophat.

stringtie command line

stringtie accepted_hits.bam -p 10 -S -g 0 -f 0.1 -o accepted_hits.gtf.

Data access

The RNA-seq data sets from this study have been submitted to the
NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/
sra) under accession number SRP057660. Human and mouse as-
semblies are available in the Supplemental Data, and can also be
viewed in the UCSC Genome Browser using the following link:
http://www4.utsouthwestern.edu/mendell-lab/resources.html.
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