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ABSTRACT

In human, nearly half of the known microRNAs (miRNAs) are encoded within the introns of protein-coding genes. The embedment
of these miRNA genes within the sequences of protein-coding genes alludes to a possible functional relationship between intronic
miRNAs and their hosting genes. Several studies, using predicted targets, suggested that intronic miRNAs influence their hosts’
function either antagonistically or synergistically. New experimental data of miRNA expression patterns and targets enable
exploring this putative association by relying on actual data rather than on predictions. Here, our analysis based on currently
available experimental data implies that the potential functional association between intronic miRNAs and their hosting genes
is limited. For host-miRNA examples where functional associations were detected, it was manifested by either autoregulation,
common targets of the miRNA and hosting gene, or through the targeting of transcripts participating in pathways in which the
host gene is involved. This low prevalence of functional association is consistent with our observation that many intronic
miRNAs have independent transcription start sites and are not coexpressed with the hosting gene. Yet, the intronic miRNAs
that do show functional association with their hosts were found to be more evolutionarily conserved compared to other
intronic miRNAs. This might suggest a selective pressure to maintain this architecture when it has a functional consequence.
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INTRODUCTION nucleus and cytoplasm before they reach their mature func-

MicroRNAs (miRNAs) are small RNA molecules, ~22 nucle- tional forrr'1. The prl-mlRNA, which COHS.IStS of astem of 33—
. . . . . 35 base pairs (bp), a terminal loop, and single-stranded RNA
otides (nt) in length, which play important roles in post-tran-

.. . ; . men h the 5" and 3’ sides, is cr Drosha, an
scriptional regulation of gene expression. MiRNAs have been segments at both the 5 & d 3 sides, is cropped by osia, a
. . . . . RNase III enzyme leaving the smaller (~65 nt) hairpin-
discovered in most metazoan organisms as well as in some vi- . . .
. . shaped precursor miRNA (pre-miRNA). The pre-miRNA
ruses, and most of them were shown to function as negative . . . .
. . is exported into the cytoplasm where it is cleaved by Dicer
regulators of gene expression. They carry out their regula-

torv function while assembled with Areonaute info miRNA  t© its mature form, which is then loaded onto Argonaute to
rory o . gonaute form the miRISC (Ha and Kim 2014). Roughly half of the
induced silencing complexes (miRISCs), guiding the RISCs . . . . . .
to tareet mRNAs with complementary sequences. Down- miRNAs are encoded in intragenic regions, mainly in the in-
& Omplementary seque } trons of protein-coding and noncoding genes, as well as with-
regulation of gene expression by miRNAs is achieved by trans- in exons of noncoding genes (Rodriguez et al. 2004; Hinske
lational repression and mRNA degradation, initiated by dead- 8 T8 : S
enylation, followed by decapping and 5'-3" exonucleolytic et al. 2010). C.lusterls of several mlRNAs,.enco.ded V.v1th1n N
decay (Jonas and Tzaurralde 2015). Multitudes of data exist 0 ESTOME tebiom: ave o been dentfied in borh
detailing the interactions and effects of miRNAs in numerous M;gRN As residing in infrons resent an in.terestil; eno-
cellular processes (Inui et al. 2010), including organism devel- . . 5 b 58
opment (Asli et al. 2008) and the immune system (Lee et al mic architecture not common in eukaryotes, where two or
2014). In ad ditio.n impairment of miRNA function was. more different molecules are encoded within the same
ShOWI.l to be associa’te d with various diseases (Li et al. 2014) gene. This organization is reminiscent of bacterial operons,
MiRNAs are mainly transcribed by RNA polym.erase Ii where, often, operon genes are involved in the same cellular

as large RNA precursors called primary miRNAs (pri- process. It is furthermore reminiscent of a recently-discov-
miRNAs), which undergo several steps of processing in the ered functional module in prokaryotes, where a protein-cod-

ing gene hosts a regulatory small RNA (sRNA) in its 3'UTR,
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and both may function in the same cellular process (Chao
and Vogel 2016; Melamed et al. 2016). Such organization de-
fines a multilayered functional module encoded in a single
gene, where the encoded protein can be involved in transcrip-
tional regulation or protein—protein interaction while the
hosted sRNA functions as a post-transcriptional regulator.
If the production of the two molecules derived from a single
gene is coupled, this architecture guarantees tight coordina-
tion between the two regulation layers. However, in case
they are transcribed independently, such coordination is
not guaranteed. Indeed, sSRNAs produced from 3’ UTRs of
protein-coding genes were classified into two groups: Type
I, which are transcribed independently of their host mRNA
and seem to hold an independent function; and type II,
which are processed out of their host transcript and
whose function seems to support the function of their host
mRNA (Miyakoshi et al. 2015; Melamed et al. 2016). In eu-
karyotes, small nucleolar RNAs (snoRNAs) provide an exam-
ple of type II organization, where many of them are encoded
in the introns of genes encoding ribosomal proteins, and
their transcription is dependent on the transcription of the
host gene (Boivin et al. 2017). As snoRNAs are involved in
modifications of ribosomal RNAs, their embedment in ribo-
somal genes suggests a genomic organization underlying
modules that coordinate the expression of protein compo-
nents of the ribosome and the expression of noncoding
RNAs regulating the biogenesis of RNA components of the
ribosome. Since at least half of the miRNAs are encoded
within protein-coding transcripts, it is intriguing to investi-
gate whether their embedment within protein-coding genes
might have functional consequences, and to explore the ex-
tent and types of possible functional associations in host-
miRNA modules. Potentially, miRNAs can affect their hosts’
function at multiple junctures. Most directly, an intronic
miRNA can post-transcriptionally autoregulate its host
by targeting the host gene’s transcript. Another form of
functional association between the host and the intronic
miRNA can be through the regulation of common targets,
where the regulatory effects of the miRNA and host gene
can be either synergistic or antagonistic. Finally, miRNAs
may be associated with their host function by targeting genes
involved in pathways in which the host gene is involved.
The role of intronic miRNAs in regulating their host
mRNA, as well as their involvement in the same pathways
as their hosts, has been previously explored to some extent
using predicted targets of miRNAs (Hinske et al. 2010;
Lutter et al. 2010; Gao et al. 2012). Recent high-throughput
advances in miRNA target identification, along with experi-
mental data of transcription start sites (TSS) and of regulato-
ry interactions the hosting genes are involved in, open the
way to study the functional associations between protein-
coding mRNAs and their hosted miRNAs using experimental
data. Transcriptome-wide experimentally validated targets of
miRNAs were first reported by using the high-throughput
CLASH method (Helwak et al. 2013), and subsequently by
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similar methods, iPAR-CLIP (Grosswendt et al. 2014) and
CLEAR-CLIP (Moore et al. 2015). These methods involve
crosslinking of Argonaute and bound RNAs, ligation of the
RNAs, sequencing, and identification of chimeric fragments
representing miRNA-target pairs. The iPAR-CLIP study also
looked for RNA chimeras in other data sets, which might be
generated by an endogenous ligase, and support miRNA-tar-
get pairs (Grosswendt et al. 2014). The data generated by
CLASH, as well as other similar methods, provide purely ex-
perimentally determined networks of direct interactions
between miRNAs and their targets. In contrast, other high-
throughput methods either identify Arognaute-bound mRNA
transcripts and miRNAs, but require computational predic-
tion to identify the miRNA-target pairs (Chi et al. 2009;
Hafner et al. 2012), or find targets of a specific miRNA
(Tan et al. 2014; Pickl et al. 2016). In addition, a recent anno-
tation of cell-specific TSSs of miRNAs based on H3K4me3
and DNase I hypersensitivity sites enables the assessment of
the cotranscription of the hosting gene and its intronic
miRNA based on experimental data (Hua et al. 2016). In
the current study, we set out to uncover the extent of possible
involvement of intronic miRNAs in their hosts’ function, us-
ing experimentally validated targets (Helwak et al. 2013;
Grosswendt et al. 2014; Moore et al. 2015), experimental ex-
pression data of miRNA and hosting genes (Landgraf et al.
2007; Uhlén et al. 2015; Panwar et al. 2017) and TSSs based
on experimental data (Hua et al. 2016). We find that many
of the intronic miRNAs are transcribed independently of
their hosting genes and that functional coordination between
protein-coding genes and their hosted miRNAs seems to be
less widespread than anticipated.

RESULTS

Characteristics of intronic miRNAs

We organized a data set of intronic miRNAs and characterized
their sequence and expression properties. We determined
intronic miRNAs using the human hairpin pre-miRNA coor-
dinates from miRBase V21 (Kozomara and Griffiths-Jones
2014), and the coordinates of the introns of protein-coding
genes with the same strand orientation as the miRNA accord-
ing to the RefSeq human genome annotation (build hg38;
Pruitt et al. 2005). A total of 866 pre-miRNAs were found
to be encoded within the introns of 786 protein-coding genes.
Among these, 158 pre-miRNAs were found to be clustered in
67 introns.

Evolutionary conservation

An evolutionary conservation score was computed for
each intronic miRNA by recording the positional
phastCons100ways conservation score (Siepel et al. 2005)
and averaging it over all positions of the hairpin pre-
miRNA sequence (Fig. 1). The distributions of conservation
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FIGURE 1. Evolutionary conservation of hairpin precursor miRNAs.
The conservation score of each hairpin pre-miRNA is represented by
the mean of phastCons100ways scores over its nucleotide sequence.
(A) The distribution of the conservation scores of the intronic pre-
miRNAs (white bars) is similar to the distribution of the nonintronic
human pre-miRNAs (black bars). (B) Clustered intronic miRNAs
(white bars) are statistically significantly more conserved than nonclus-
tered intronic miRNAs (black bars; Wilcoxon rank sum test, P <3.2 X
107%). (C) Intronic miRNA that were found to be clustered in the
same homologous transcripts in both mouse and human (white bars)
are statistically significantly more conserved than other clustered
intronic miRNAs (black bars; Wilcoxon rank sum test, P < 1.8 X 107%).

scores of intronic and nonintronic hairpin pre-miRNAs were
similar, both had a mean conservation score near 0, and ~20%
were shown to have a score close to 1 (Fig. 1A). Among the
intronic miRNAs, those encoded in clusters were more con-
served than those that were not in clusters (Wilcoxon rank
sum test, P<3.2x 1075 Fig. 1B). Intronic miRNAs were
also searched for in the mouse transcriptome. Five-hundred
seventy-nine intronic pre-miRNAs were found in 500 pro-
tein-coding genes. One-hundred seventeen mouse host genes
were also host genes in human, 91 of which have the same

intronic miRNAs in human and in mouse. Of the 158 clus-
tered intronic pre-miRNAs in human, 45 were also found to
be clustered in the homologous gene in mouse, and were
shown to be more highly conserved than the other clustered
intronic miRNAs (Wilcoxon rank sum test P< 1.8 x 1075
Fig. 1C). In Caenorhabditis elegans, 58 intronic pre-miRNAs
were found in 55 protein-coding genes, with only one host-
intronic miRNA homolog between human and C. elegans.

Transcription of intronic miRNAs and their host genes

Previous studies reported conflicting data as to the correspon-
dence between the expression level of the hosting gene and the
hosted miRNA. While some studies, using small data sets,
found correlation between the expression patterns of the
intronic miRNAs and their hosting genes (Baskerville and
Bartel 2005; Hinske et al. 2010; Franca et al. 2016), other stud-
ies using more extensive data have demonstrated a low corre-
lation between the two (Monteys et al. 2010; Marsico et al.
2013; Budach et al. 2016). To examine the association be-
tween the transcription of the hosting gene and hosted
miRNA, we first surveyed TSS data of intronic miRNAs
from a recent study by Hua et al. (2016). The study identified
cell-specific TSSs for over 80% of miRNAs recorded in
miRbase (Kozomara and Griffiths-Jones 2014) in 54 cell lines,
based on H3K4me3 and DNase I hypersensitivity sites in
addition to conservation and other sequence features. Fur-
thermore, for intronic miRNAs, Hua and coworkers defined
the TSSs as host dependent or independent relying on the dis-
tance of the intronic miRNA’s candidate TSS from its host
TSS. These data have enabled us to examine the span of cell
lines in which the hosted miRNAs shared their TSSs with
the hosting genes, and from this to infer the scale at which
their expression is coordinated. To this end we computed
the Jaccard index, which provides a measure ranging from 0
to 1 for the extent of shared TSSs of a host-miRNA pair
over all cell lines where data were available for the respective
pair (0: no shared TSS in any cell line; 1: shared TSS in all
cell lines, Fig. 2A). Of the 638 intronic miRNAs in that data
set, 332 intronic miRNAs were found to be transcribed solely
by independent promoters in all cell lines checked, 242 were
transcribed independently in some cell lines but also with
the host transcript in other cell lines, and 64 intronic miRNAs
were transcribed solely by the host genes’ promoters in the
given data. This distribution was not dependent on the num-
ber of cell lines for which data were available (Fig. 2B). In total,
out of 17888 combinations of intronic miRNA and cell line
for which data were available, in 3311 combinations the
intronic miRNAs were found to share TSSs with their hosts.
Our results suggest that in the majority of cases the intronic
miRNAs are transcribed independently of their hosts.

To further explore the association between the transcrip-
tion patterns of the hosting genes and hosted miRNAs we
turned to analyze expression data. Initially, we used miRNA
expression data from Landgraf et al. (2007) and host gene
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FIGURE 2. Coexpression and cotranscription of intronic miRNAs with their host genes. (A) Distribution of Jaccard index of host dependent TSSs for
638 intronic miRNAs over 54 cell lines, indicating little cotranscription of miRNA and host. (B) Distribution of the Jaccard index in A is independent
of the number of cell lines in which data were available. Intronic miRNAs with TSS data were divided into three groups according to their Jaccard index
for TSSs as follows: Jaccard index of 0 (left); Jaccard index above 0 and below 1 (center); Jaccard index of 1 (right). Box plots were made for each group
showing the distribution of the number of cell lines in which each intronic miRNA had TSS data. It is clear that the low/high Jaccard indices are not
due to small/large number of cell lines for which data were available. (C) Distribution of Jaccard index of coexpression of 149 intronic pre-miRNAs
with their hosts over 28 cell lines based on pre-miRNA expression data from Landgraf et al. (2007), indicating little coexpression of miRNA and host.
(D) Similarly, distribution of Jaccard index of coexpression of 829 intronic pre-miRNAs with their hosts over 14 cell lines based on miRNA expression
data from miRmine (Panwar et al. 2017), also indicating little coexpression.

expression data based on RNA-seq data in the Human Protein
Atlas (Uhlén et al. 2015). We had expression data for 149
intronic pre-miRNAs and their hosts in 28 different cell lines,
which we could use in our analysis (Materials and Methods).
A Jaccard index of coexpression was calculated for each host-
miRNA pair (without taking into account the level of expres-
sion). Our analysis found that most intronic miRNAs for
which expression data were available were not coexpressed
with their hosts. Only 38 of the intronic miRNAs with expres-
sion data were found to be coexpressed with their host gene
in at least one cell line, and even within those 38 host-
miRNA pairs the average value of the Jaccard Index was low
(0.190, Fig. 2C). We repeated this analysis with more recent
miRNA expression data from the database miRmine, which
contains data curated from publicly available human
miRNA-seq studies (Panwar et al. 2017). The data include
samples from 16 different human tissues, and 24 human
cell lines, of which six human tissues and eight cell lines coin-
cide with tissues and cell lines in the RNA-seq data of the
Human Protein Atlas (Uhlén et al. 2015). Hence, the coex-
pression of 829 intronic miRNA-host pairs were compared
in those 14 tissues and cell lines (Fig. 2D). Similar to the coex-
pression analysis based on Landgraf et al. (2007) data (Fig.
2C), here too the majority of intronic miRNAs (533/829)
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were not coexpressed with their hosts, with only 26 having a
Jaccard coexpression score >0.5.

Intronic miRNAs known as mirtrons have been shown to
bypass processing by Drosha through the utilization of the
splicing machinery (Ruby et al. 2007; Westholm and Lai
2011). Using computational analysis of small RNA expres-
sion data, Wen et al. (2015) listed 478 loci in human that
have the potential to generate splicing-derived miRNAs,
235 of which were included in our data set of 866 intronic
pre-miRNAs. Based on their biogenesis, it is conceivable
that the transcription and expression of these splicing-de-
rived intronic miRNAs will be more coupled with their
host transcripts compared to canonically derived intronic
miRNAs. Hence, we repeated the analysis of all the studied
characteristics separately for the mirtrons and compared
them to other intronic miRNAs (Supplemental Fig. S1).
While mirtrons were found to be less evolutionarily conserved
than other intronic miRNAs, they did not differ from the
other intronic miRNAs in the distribution of the Jaccard in-
dex for shared TSS and coexpression (Supplemental Fig. S1).
These results are consistent with results of previous analyses
showing that the expression of quite a few mirtrons is uncou-
pled with that of the hosting genes (Wen et al. 2015) and that
more than half of the mirtrons for which the TSS was
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determined had independent TSSs (Marsico et al. 2013), sug-
gesting that the processing of these miRNAs might involve
multiple alternative mechanisms (Marsico et al. 2013). In
the subsequent analyses all intronic miRNAs for which rele-
vant data were available were included.

While our analyses suggest that in general intronic
miRNAs are most often transcribed independently and are
not coexpressed with their hosts, there are instances of shared
TSSs and of coexpression in specific tissues, which might al-
lude to functional associations between the hosting genes and
the embedded miRNAs. To look into such possible associa-
tions we investigated the targets of the intronic miRNAs, to
evaluate their involvement in specific regulatory circuits
and in cellular pathways. Below we describe possible types
of functional associations between hosting genes and hosted
miRNAs, assess their extent, and provide actual examples of
such scenarios.

Extent and examples of potential functional associations
between intronic miRNAs and their hosts

Intronic miRNAs can potentially influence their host genes’
function in multiple ways, including autoregulation of the
host gene transcript, regulation of the host gene targets or
interactors, and regulation of components of pathways involv-
ing the host gene. Previous studies based on predicted targets
of miRNAs investigated the functional role of intronic
miRNAs on their host (Hinske et al. 2010; Lutter et al. 2010;
Gao et al. 2012); however, the predictions are not cell specific
such that the extent of the interactions in the frame of a cell is
unclear. Hence, we turned to analyze the functional role of
intronic miRNAs in a specific cell line using experimentally
validated targets obtained by CLASH (involving Argonaute-
1 purification), applied to HEK293 cells, CLEAR-CLIP
(involving Argonaute-2 immunoprecipitation), applied to
Human HUH?7.5 cell line, and the iPAR-CLIP analysis applied
to several data sets (based on either Argonaute-1 or Argo-
naute-2 immunoprecipitation) over a number of human
cell lines (Helwak et al. 2013; Grosswendt et al. 2014; Moore
etal. 2015). The CLASH interactome in HEK293 cells includes
361 mature miRNAs, out of which 193 are intronic miRNAs
encoded in 129 protein-coding genes, providing a model sys-
tem that nicely represents the fraction
of intronic miRNAs in the total miRNA
repertoire. These 193 intronic miRNAs

mRNAs. In the latter study, the data came from a number of
data sets which used different cell lines, including HEK293
(Kishore etal. 2011; Memczak et al. 2013), human embryonic
stem cells (Lipchina et al. 2011), EBV-infected lymphoblas-
toid cell lines (Skalsky et al. 2012), and primary effusion lym-
phoma cell lines (Gottwein et al. 2011), and is also at the same
scale as the CLASH network. We thus carry out our main anal-
ysis using the CLASH data and refer to the two other studies
for comparison.

Autoregulation: intronic miRNAs may target
their hosts’ transcripts

An intronic miRNA can regulate its host directly by targeting
the host gene transcript, and thereby allow for the adjustment
and maintenance of host transcript levels (Fig. 3). Examples of
this form of negative feedback have been observed in a few
small-scale studies (Dill et al. 2012; Han et al. 2012; Kos
et al. 2012; Liu et al. 2013; Chamorro-Jorganes et al. 2014;
Hinske et al. 2015; Qian et al. 2016). A previous study by
Hinske et al. (2015), using predicted targets, found that
~20% of intronic miRNAs target their host. Predicted targets,
however, do not take into account coexpression of the
miRNAs with their hosts in specific cell lines, and therefore
it would be informative to study this question using the exper-
imentally determined targets. Of the 193 mature miRNAs in-
cluded in the CLASH interactome, only two were found to
regulate their host genes’ transcripts directly: hsa-miR-615-
3p was found to target HOXC4, and hsa-miR-93-3p was
found to target MCM?7. Chuang et al. (2012) found the ex-
pression of hsa-miR-93-3p and MCM? to be inversely related
in leiomyomas. MCM7 encodes the MCM?7 protein, which is
part of the MCM complex, the putative replicative helicase es-
sential for cell cycle replication initiation and elongation
(Rebhan et al. 1998). Hence, miR-93-3p may play an essential
role in regulating replication and cell cycle progression. No
evidence was found for miR-615-3p regulation of HOXC4
in any publication to date. Based on the coexpression of
miR-615-3p and HOXC5 (a gene that shares a 5 intron
with HOXC4), Quah and Holland (2015) speculated that
miR-615-3p and HOXC5 have complementary functions,
but the possibility of autoregulation has not been discussed.

interact with 3929 targets in the CLASH
network. The scale of the CLEAR-
CLIP interactome is similar to that of
the CLASH and includes 436 mature
miRNAs, out of which 188 are intronic
miRNAs that interact with 3663 mRNA

RNA
processing

5 _hjt-_-__ 3

s Splicing Y

.
A am

—| Negative Interaction
==» Molecular Process

v Host mRNA transcript

SL Hairpin Intronic miRNA

4T Mature intronic miRNA

transcripts. Grosswendt et al. (2014)
identified by iPAR-CLIP analysis a net-
work of 273 pre-miRNAs out of which
121 are intronic and interact with 2336

FIGURE 3. Autoregulation of a host gene by an intronic miRNA (schematic representation). An
intronic miRNA is transcribed and processed into a mature miRNA that may interact with the
transcript of its host gene.
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Considering our previous findings that intronic miRNAs are
generally not transcribed with their hosts, it is not surprising
that we have few examples of intronic miRNAs targeting their
hosts. In accord with that we also find a relatively small num-
ber of autoregulatory intronic miRNAs in the other two ex-
perimental human data sets, two out of 121 in Grosswendt
et al. (2014) data and 17 out of 188 in the CLEAR-CLIP
data (Moore et al. 2015). While based on the available data,
autoregulation of the hosts by intronic miRNAs seems to be
rare, it is possible that in other cell systems miRNAs may be
more extensively cotranscribed with their hosts, and in those
systems there may be more cases of autoregulation.

Shared targets: intronic miRNAs may target transcripts whose
genes/proteins are targeted by the host

Another form of functional association between the host and
the intronic miRNA can be through the regulation of com-

mon targets (Fig. 4). Host genes can encode proteins that
function as transcription factors (TFs) or that interact with
other proteins either transiently or stably. In the case of
host genes that encode TFs, their intronic miRNAs can in-
fluence their function by base-pairing with the transcripts
of the target genes (Fig. 4A). If the TF positively regulates
its target, then the miRNA antagonizes its host’s function,
defining a circuit similar in functionality to a mixed incoher-
ent feed forward loop, which might be suitable when short
pulses of expression are needed (Alon 2007). On the other
hand, if the host TF negatively regulates transcription of
its target, then the intronic miRNA acts in collaboration
with the host gene, accelerating down-regulation by provid-
ing an additional, post-transcriptional, layer of regulation,
similar to the dynamics achieved by mixed coherent feed
forward loops (Nitzan et al. 2017). In case of host genes
that encode proteins that interact with other proteins, their
intronic miRNAs can affect their function by targeting the
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FIGURE 4. Intronic miRNAs may target transcripts whose genes/proteins are targeted by the host protein. (A) Schematic representation of a host
protein that functions as a TF. The edge from the TF represents either positive or negative regulation. A host TF can positively/negatively regulate the
transcription of a gene, while its intronic miRNA represses the transcript of the same gene, thus functioning antagonistically/synergistically to its host’s
function. (B) Schematic representation of a host protein involved in protein—protein interaction. The edge from the protein represents either positive
or negative interaction. An intronic miRNA may affect its host antagonistically/synergistically by repressing the transcript of a gene whose protein
product is positively/negatively regulated by interaction with the host protein. (C) Hsa-miR-326 and ARRBI, both in interaction with ARRDCI pro-
vide an example of a host protein interaction that is affected by its intronic miRNA antagonistically: ARRB1 protein is responsible for the regulation of
agonist mediated G protein coupled receptors (GPCR) by mediating receptor sensitization and desensitization. ARRB1 forms a dimer with ARRDC1
to internalize and ubiquitylate the NOTCH receptor. hsa-miR-326 targets ARRDCI transcripts. A study by Kefas et al. (2009) found that hsa-miR-326
targets and inhibits both NOTCHI and NOTCH?2, and that knockdown of NOTCH leads to increased expression of hsa-miR-326.
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transcripts of the proteins that they interact with (Fig. 4B).
Here too, the effect of the intronic miRNA on its host can
be either synergistic or antagonistic, depending on the con-
sequence of the interaction of the host protein with its asso-
ciated protein.

We analyzed these theoretical functional circuits by com-
piling target data of host genes encoding TFs (based on the
TRRUST reference database of human transcriptional regula-
tory interactions [Han et al. 2015]), and examining them in
view of the relevant intronic miRNAs’ targets (from the
CLASH network [Helwak et al. 2013]). Out of 786 miRNA
hosting genes, 45 genes were annotated as encoding TFs in-
cluded in the TRRUST database and of those 45, seven
were included in the CLASH network. Protein—protein inter-
actions for the analysis were taken from the Biogrid Database
(Chatr-Aryamontri et al. 2017), and examined in view of the
relevant miRNA targets from the CLASH interactome
(Helwak et al. 2013). Of the 17,997 proteins included in the
Biogrid Database for human interactions, 682 were encoded
by genes hosting miRNAs, and of those, 328 were included in
the CLASH interactome, and were involved in 12,049 interac-
tions in the Biogrid database. For both TFs and protein—pro-
tein interactions, the number of targets or interactors of the
host that were found to be shared with intronic miRNA tar-
gets was assessed for statistical significance by the hypergeo-
metric test (Supplemental Table S1). The tests took into
account the total number of targets or interactors of the
host protein expressed in HEK293 cells according to the
RNA-seq data of the Human Protein Atlas (Uhlén et al.
2015), as well as the total number of targets of the intronic
miRNA. The analysis of host TFs and their intronic
miRNAs yielded no statistically significant results. In addi-
tion, there were no cases found where an intronic miRNA
regulated a TF that regulated its host gene. There were three
host-miRNA pairs with protein interaction data for the
host, where the overlap between the host interactors and
the targets of the intronic miRNA was statistically significant
(hypergeometric test, P < 0.05 after multiple hypotheses cor-
rection; Table 1). Accordingly, in the two other human data
sets, four (Grosswendt et al. 2014) and two (Moore et al.
2015) intronic miRNAs were found to statistically signifi-
cantly share target/interactors with their hosts. One example

TABLE 1. Intronic miRNAs and host genes with shared targets/interactors

of an antagonistic relationship found in our analysis was be-
tween ARRBI and its intronic miRNA hsa-miR-326 in the
NOTCH pathway (Fig. 4C). The NOTCH pathway plays a
key role in nervous system development and in brain tumors
and thus requires tight regulation. Hsa-miR-326 can regulate
NOTCH on two planes; by base-pairing with NOTCH mRNA
it maintains the NOTCH levels, and by targeting ARRDCI it
regulates the level of NOTCH’s signaling pathway. Kefas et al.
(2009) found that transfection of hsa-miR-326 in glioma cell
lines led to the reduction of tumorigenicity of the cells, thus
strengthening the potential role that hsa-miR-326 plays in the
pathway.

Intronic miRNA targets may participate in the same
pathways as the hosts

Intronic miRNAs can target transcripts of genes that encode
proteins involved in the same pathway as the host protein.
Thus, they can affect the host function synergistically by tar-
geting the transcripts of proteins antagonistic to the hosts’
function (Fig. 5A; Barik 2008; Lai et al. 2016), or antagonis-
tically, by targeting transcripts of proteins that cooperate
with the host’s function (Fig. 5B). We aimed to understand
the capacity of these interactions by determining in which
pathways this interchange occurred and whether the effects
were synergistic or antagonistic to the host. Data of the pro-
teins involved in each pathway were taken from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa et al. 2016). Each pathway that included a host
protein was checked for proteins whose transcripts were tar-
gets of the relevant intronic miRNA based on the CLASH
network (Helwak et al. 2013). Statistical significance was
computed for each pathway by cumulative hypergeometric
distribution that took into account the number of pathways
that the host participates in, as well as the number of path-
ways the intronic miRNA’s targets participate in, in refer-
ence to the total number of pathways found in the KEGG
database for human. Out of the 293 human pathways found
in KEGG, there were 23 pathways in which nine host-
intronic miRNA pairs were found to participate together;
however, none were statistically significant (Supplemental
Table S2).

Host Common Host miRNA Cumulative PhastCons100ways mean
miRNA gene interactors/targets interactors/targets targets hypergeometric conservation score
hsa-miR-186-5p  ZRANB2 ARRB1, HDGF, SRPK1 235 1.26x 1072 0.98%1.0°
hsa-miR-326 ARRB1 ARRDCT, FASN, HSPA1B, 243 41 3.44x1073 0.97%1.0°

PKM2, THRAP3
hsa-miR-339-5p  CZORF50  PAXIP1, RPAT 76 1.42x 1072 0.72%/1.0°

?Score calculated for pre-miRNA.
bScore calculated for mature miRNA.
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FIGURE 5. Intronic miRNAs may target transcripts of proteins that participate in the same pathway as their hosts. (A) Synergistic effects. (Left) An
intronic miRNA may repress the transcripts of a protein that negatively affects the downstream product of the host. (Right) In the case of a host protein
participating in a pathway that branches out into subpathways, an intronic miRNA can aid its host by repressing the transcripts of a protein that is part
of an alternate subpathway. (B) Antagonistic effects. (Left) An intronic miRNA can be antagonistic to its host’s function by repressing the transcript of
a protein that lies in a pathway upstream of the host protein. (Right) An intronic miRNA may repress the transcript of a protein that interacts with a

protein in a pathway downstream from the host protein.

To further survey the span of the host-miRNA parallel
functional output, we analyzed pathways from the KEGG
database in which both targets of TF host genes (targets
taken from TRRUST database) and targets of their intronic
miRNAs were involved. We identified 32 statistically signifi-
cant unique pathways shared between the targets of five
intronic miRNAs and the targets of their respective transcrip-

tion-factor-encoding hosting genes (Table 2). Statistical sig-
nificance was computed for each pathway through Z test by
normal distribution approximation of the binomial distribu-
tion (Supplemental Fig. S2). Here too, antagonistic or syner-
gistic interactions were observed between intronic miRNAs
and their hosts, including: DNMT3A and hsa-miR-1301-3p
(Fig. 6); and NFYC and hsa-miR-30c-5p (Fig. 7). One

TABLE 2. Intronic miRNAs hosted in genes encoding TFs that participate in pathways with targets of the host protein

Number of pathways with statistically

PhastCons100ways mean

Intronic miRNA Host gene significant shared targets conservation score
hsa-miR-1301-3p DNMT3A 2 0.98%1.0°
hsa-miR-30c-5p NFYC 19 0.98%1.0°
hsa-miR-30e-5p NFYC 6 0.98%/1.0°
hsa-miR-30e-3p NFYC 1 0.98%1.0°
hsa-miR-33b-5p SREBF1 4 0.79%/0.98"

Score calculated for pre-miRNA.
Score calculated for mature miRNA.
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pathway in which hsa-miR-1301-3p was
found to share targets with its host
DNMT3A was the prostate cancer path-
way (Fig. 6A), in accord with a recent
study showing that overexpression of
hsa-mir-1301 promoted prostate cancer
proliferation (Bi et al. 2016).

miRNAs that are functionally
associated with their host genes are
evolutionarily conserved

We classified the intronic miRNAs into
two groups, miRNAs that showed func-
tional association with their hosts (a total
of seven out of 193 intragenic miRNAs in
the CLASH network, Tables 1, 2) and

FIGURE 6. MiRNA and host targets are involved in common pathways. (A) DNMT3A-hsa-miR-
1301-3p cancer promoting coherent regulatory circuit. DNMT3A activates the transcription of
MDM?2 proto-oncogene, which represses p53 and thus prevents apoptosis. hsa-miR-1301-3p syn-
ergistically supports DNMT3A by repressing CREBBP, a cofactor of p53. A number of other path-
ways were also found to be statistically significantly enriched in targets of the host DNMT3A and
targets of its hosted miRNA, hsa-miR-1301-3p (Table 2). (B) In the FOXO signaling pathway,
DNMT3A activates MDM2, which leads to the ubiquitination and eventual proteolysis of the
FOXO protein (Fu et al. 2009). hsa-miR-1301-3p collaborates with its host function by repressing
CREBBP, a cofactor of FOXO (Daitoku et al. 2011).

those that did not (the rest). Comparison
of the distributions of conservation
scores of the two groups showed that
the miRNAs functionally associated with
their hosts are statistically significantly
more conserved than the rest of the
intronic miRNAs (Fig. 8, Wilcoxon rank
sum test P<4.42x107%), supporting
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FIGURE 7. MiRNA and host targets are involved in common pathways. (A) NFYC-hsa-miR-30c-5p circuit in the PI3K-AKT signaling pathway. The
PI3K-AKT signaling pathway is responsible for regulating the cell cycle and thus leads to different downstream responses, including metabolism, pro-
tein synthesis, glycolysis, apoptosis, and cell cycle progression among others. NFYC activates transcription of both CCND2 and CDKNIB, promoting
G1/S transition. hsa-miR-30c-5p antagonizes NFYC by targeting HSP90AAI and RACI, thus leading to the repression of AKT, which results in the
promotion of FOXO, which then represses CCND2, thus preventing G1 progression. In addition, AKT also represses CDKN1B, thus the repression of
AKT promotes CDKN1B, once again, preventing G1 transition (Rebhan et al. 1998). (B) NFYC-hsa-miR-30c-5p circuit in the focal adhesion pathway.
NFYC activates transcription of CCND2, which promotes cell proliferation in the focal adhesion pathway. hsa-miR30c-5p antagonizes its host by
targeting MAP2K1 and RACI, which transcribe proteins found upstream of CCND2 in the focal adhesion pathway.
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FIGURE 8. MiRNAs that are functionally associated with their hosts
are evolutionarily conserved. MiRNAs functionally associated with their
hosts (white bars) show higher sequence conservation than the other
intronic miRNA sequences (black bars; Wilcoxon rank sum test, P <
4.42 x 10™*). Conservation analysis was conducted on the hairpin pre-
miRNA sequences.

their functional importance. Analysis of the other studied
characteristics (cotranscription and coexpression) resulted
in no statistically significant difference between the two
miRNA groups.

DISCUSSION

Intronic miRNAs are highly abundant in various organisms
(Meunier et al. 2013). By surveying several genomes it was
shown that 36%—65% of the miRNA genes are encoded with-
in introns, while introns constitute ~22%-45% of a genome,
thus alluding to a possible evolutionary advantage of this ge-
netic architecture (Meunier et al. 2013). It is possible that the
prevalence of miRNAs in introns may simply be a result of
the expediency of miRNAs to be derived from already tran-
scribed noncoding regions, such as the intron. On the other
hand, it is possible that host genes might offer an initial evo-
lutionary advantage to miRNAs by providing a suitable envi-
ronment for their integration into transcriptional networks,
as suggested by Franca et al. (2016). A conceivable conjecture
would have been that the intronic miRNAs and hosting genes
are functionally related and cooperate in the same cellular
mechanisms. We aimed to assess this conjecture and the ex-
tent of the functional association between the hosting genes
and hosted miRNAs using experimental expression data of
miRNAs as well as experimentally validated targets.
Theoretically, miRNAs can be functionally associated with
their hosts in a variety of ways. Yet, a prerequisite for all the
various types of possible functional associations between
intronic miRNAs and hosts is their coexpression. In principle,
intronic miRNAs can be transcribed in association with the
host, or independently, as observed for prokaryotic sSRNAs
embedded in 3'UTRs of protein-coding genes (Miyakoshi
et al. 2015). Intronic miRNAs can be transcribed and spliced
out of the mRNA, generating pri-miRNA that is subsequently
processed by Drosha and DGCRS8 to produce the pre-miRNA,
or they can be transcribed from promoters that are indepen-
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dent of the promoters of the hosting genes. The first scenario
guarantees coexpression of the hosting gene and hosted
miRNA, while coexpression is less probable but still possible
by the second scenario. Examples of independent transcrip-
tion of intronic miRNAs have been reported in previous stud-
ies of various organisms. In Drosophila melanogaster, Xiong
et al. (2009) demonstrated transcription of an intronic
miRNA, miR-281, independently of its host gene ODA. In
mouse, Polster et al. (2010) revealed discordant expression be-
tween miR-103 and miR-107 and their pantothenate kinase
host genes. In addition, recent studies using sequencing tech-
nologies, such as rapid amplification of cDNA ends (RACE),
showed that intronic miRNAs can be transcribed indepen-
dently of their host transcripts (Ramalingam et al. 2014).
Moreover, identification of DNA features of promoters using
CHIP-seq has also supported the understanding that intronic
miRNAs may have promoters independent of their hosts
(Ozsolak et al. 2008; Wang et al. 2009). Here, we assessed
the coexpression of miRNA and hosting gene in human by an-
alyzing both experimental data of TSSs and cell line specific
expression data of miRNAs and protein-coding genes. Our ex-
amination of cell specific intronic miRNA TSSs based on the
analysis of Hua et al. (2016), as well as findings in other papers
(Monteys et al. 2010; Marsico et al. 2013; Budach et al. 2016),
suggest that the majority of the intronic miRNAs are indepen-
dently transcribed in many cell lines. Consistently, using the
available expression data we also found that many intronic
miRNAs are not coexpressed in the same tissues as their host-
ing genes. These findings by themselves, without turning yet
to target data, might suggest that functional association be-
tween miRNAs and their hosting genes is narrower than ex-
pected. These findings also emphasize the importance of
using experimental data in the next phase of the analysis rather
than predictions, as predicted targets indicate potential
miRNA-mRNA interactions without taking into account
the cotranscription of the miRNA and its target in a cellular
context.

Initial large scale studies of the functional association be-
tween intronic miRNAs and host genes in eukaryotes were
based on prediction of miRNA targets (Hinske et al. 2010;
Gao et al. 2012) and argued that intronic miRNAs widely af-
fect their host function. In the current study, using a model
system based on the experimentally determined network of
miRNA-target interactions in HEK293 cells (Helwak et al.
2013), we found that a small number of intronic miRNAs
out of the 193 intronic miRNAs included in the CLASH net-
work are functionally associated with their hosts. This small
number is further supported by the CLEAR-CLIP miRNA
target data obtained in a hepatoma cell line (Moore et al.
2015) and by the data from Grosswendt et al. (2014). On
the one hand, since in all three studies the intronic
miRNAs constitute ~50% of the miRNAs in the network,
it can be argued that they provide representative model sys-
tems from which it might be extrapolated that functional as-
sociation between a hosting gene and an embedded miRNA is



Intronic miRNA-host functional associations

not widespread. On the other hand, it can be argued that
these results were obtained from data in specific cellular con-
texts, and additional experimental target data obtained in the
future in other cellular contexts may expand this repertoire.
Interestingly, we found that intronic miRNAs that show a
functional association with their hosts are more evolutionari-
ly conserved than other intronic miRNAs (Fig. 8). This may
suggest that other conserved intronic miRNAs for which data
were not available in the current experimentally determined
networks might be identified in future data as functionally as-
sociated with their hosts, as suggested by the previous studies
based on predictions.

Our analysis shows that intronic miRNAs that do affect
their host’s function may do so in a variety of ways: through
autoregulation of the host, through the regulation of targets
shared with their host gene, or by targeting genes that partic-
ipate in the same pathways as their host. These intronic
miRNAs were found in key pathways such as PI3K-AKT sig-
naling pathway, responsible for the regulation of the cell cycle,
and in replication pathways, cell signaling pathways, as well as
cancer pathways, all of which are tightly regulated. In these
pathways we found that the function of the intronic miRNA
could be either antagonistic or synergistic to the hosting
gene function. Furthermore, the specificity of miRNA expres-
sion in different tissues and conditions, as well as the expres-
sion of different targets in these tissues and conditions,
enables the intronic miRNAs to influence the host-involved
pathways differently in various situations. Thus, the current
data provide variable examples that span a wide range of reg-
ulatory scenarios, but is too limited to enable the inference of
general design principles for the involvement of the intronic
miRNAs in the cellular regulatory circuitry. Additional exper-
imental data sets of miRNA targets should enable further as-
sessment of the extent of such functional modules and of their
repertoire.

MATERIALS AND METHODS

Intronic miRNAs were identified from the chromosomal coordi-
nates of human miRNAs taken from miRBase v21, based on the
GRCh38 genome build (Griffiths-Jones 2004, 2006; Griffiths-
Jones et al. 2008; Kozomara and Griffiths-Jones 2011, 2014), and
mapped into genes annotated in the RefSeq Human Genome
Annotations, build hg38, using an in-house script. Only miRNAs
and genes annotated on the same strand were considered. 866 pre-
cursor miRNAs (pre-miRNAs) were found in 786 protein-coding
genes (Supplemental File S1). Mouse and C. elegans intronic
miRNAs were extracted from build GRCm38 (mouse) and build
WBcel235 (C. elegans).

Experimental data used in the study were downloaded from the
following respective sources:

1. In the main analysis of the study we included miRNA targets
based on 14,684 high confidence interactions determined by
the CLASH methodology (Helwak et al. 2013) in the Human
HEK293 cell line (361 mature miRNAs, 6256 target genes,

Supplemental File S2). For comparison, we also used data deter-
mined by the CLEAR-CLIP method (Moore et al. 2015) in
the Human HUH7.5 cell line (436 mature miRNAs, 6746 target
genes). From both data sets we included interactions of miRNAs
found to be bound to 3'UTR, 5UTR, or CDS with binding
energy <—13.4 kcal/mol. Another data set used was of endoge-
nously ligated miRNA-mRNA pairs in human cell lines from
the study of Grosswendt et al. (2014) (273 miRNAs, 4573 target
genes).

2. Transcriptional regulatory interactions of the host genes were
downloaded from the TRRUST reference database of human
transcriptional regulatory interactions (748 TFs, 714 of which
are found to be expressed in HEK293 according to the RNA-
seq expression data of the Human Protein Atlas [Supplemental
File S3; Uhlén et al. 2015]). Forty-five of the TFs host intronic
miRNAs and are involved in 475 transcriptional regulatory inter-
actions (Han et al. 2015). When investigating common targets
between the host TFs and intronic miRNAs, only TFs found to
be expressed in HEK293 according to the RNA-seq data of the
Human Protein Atlas (Uhlén et al. 2015) were used.

3. Protein—protein interaction data were downloaded from the
Biogrid Database Release 3.2.115 (17997 proteins involved in
144729 direct interactions) (Chatr-Aryamontri et al. 2017).
13780 of these proteins are shown to be expressed in HEK293
(based on RNA-seq data from the Human Protein Atlas
[Uhlén et al. 2015]), and are involved in 140405 interactions
(Supplemental File S4). The encoding genes of 682 proteins in
this database host intronic miRNAs. These proteins are involved
in 16,674 interactions.

4. Human pathway data were taken from KEGG database (Kanehisa
et al. 2016) and included 293 human pathways (Supplemental
File S5)

5. Transcription start site (TSS) data of intronic miRNAs were taken
from Hua et al. (2016). The study identified cell-specific miRNA
TSSs in 54 cell lines, by integrating data of H3K4me3 and DNase [
hypersensitivity sites from the ENCODE project (The Encode
Project Consortium 2012), as well as by considering conservation
and sequence features. Hua et al. (2016) defined the TSSs as host
dependent or independent relying on the distance of the intronic
miRNA’s candidate TSS from its host TSS.

6. Expression data of miRNAs were taken from either Landgraf
and coworkers’ mammalian miRNA expression atlas, using the
pre-miRNA expression data (Landgraf et al. 2007), or from
miRmine, a recent resource of miRNA expression profiles in nu-
merous cell lines and tissues from publicly available human
miRNA-seq data (Panwar et al. 2017).

7. RNA-seq data of the hosting genes were taken from the Human
Protein Atlas (www.proteinatlas.org [Uhlén et al. 2015]).

MiRNA sequence conservation was calculated by finding the mean
PhastCons100way score for each hairpin precursor or mature
miRNA sequence. Comparison of the miRNA conservation scores
between two sets of miRNAs was done by Wilcoxon Rank Sum
Test with R (R Core Team 2016). MATLAB R2014b (MathWorks)
was used for generating the graphs.

The analysis of coexpression of intronic miRNAs with their host
genes was done by computing a Jaccard index, as follows: For each
intronic miRNA-host pair, let A be the set of tissues/cell lines
in which the miRNA is expressed and B the set of tissues/cell lines
in which the host is expressed. AN B is the number of tissues/cell

1001

www.rnajournal.org


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.064386.117/-/DC1
http://www.proteinatlas.org
http://www.proteinatlas.org
http://www.proteinatlas.org

Steiman-Shimony et al.

lines where the miRNA and its host were coexpressed. AU B is the
total number of cell lines in which either the miRNA or its host
were expressed. The Jaccard index of coexpression is obtained by
(ANB)/(AUB). It ranges between 0 and 1, where 0 indicates no
coexpression in any tissue and 1 indicates that the miRNA and
host gene were coexpressed in all tissues.

To analyze intronic miRNAs dependency on their hosts’ promot-
ers for transcription initiation, a Jaccard index was calculated for the
TSS data from Hua et al. (2016): For each intronic miRNA we divid-
ed the number of cell lines where the miRNA TSS shares a promoter
with the host and is therefore dependent on the host’s promoter for
transcription initiation, by the total number of cell lines in which we
had TSS data for the intronic miRNA (either the miRNA was inde-
pendently transcribed or its transcription was dependent on host
promoter). Intronic miRNAs that were dependent on their host
gene’s promoter for transcription in all cell lines in the data obtained
a Jaccard index of 1, whereas those miRNAs that had independent
TSSs in all cell lines in the data obtained a Jaccard index of 0.

The functional association between a hosted miRNA and its host-
ing gene was assessed in several ways.

1. When shared targets were considered we computed the probabil-
ity to obtain at random at least k overlapping targets between a
hosted miRNA and a hosting gene (encoding either a TF or a pro-
tein involved in protein—protein interaction, Table 1; Supple-
mental Table S1). This was computed by the cumulative
hypergeometric distribution, given the number of targets of
each intronic miRNA and host, in reference to the total number
of genes found in a union of the Biogrid and TRRUST databases,
as well as genes found in the experimental miRNA-target net-
work being assessed (CLASH/CLEAR-CLIP/Grosswendt et al.
data, 2014). For the CLASH data, the Biogrid and TRRUST da-
tabases were filtered to include only those TFs/genes found to
be expressed in HEK293.

2. When involvement in common pathways was considered, we
computed the statistical significance of the host and miRNA to
share pathways in two ways: (i) The statistical significance of
an intronic miRNA’s targets (based on CLASH network) partic-
ipating in at least k pathways together with the host gene
(Supplemental Table S2) was calculated by the cumulative hyper-
geometric distribution, given the number of pathways that the
host participates in, as well as the number of pathways the
intronic miRNA’s targets participate in, in reference to the total
number of pathways found in the KEGG database (Kanehisa et al.
2016) for human. (ii) To determine the significance of an
intronic miRNA’s targets participating in a pathway that its
host targets participated in (Table 2), we used the Z test using
normal distribution approximation of the binomial distribution.
For each shared pathway of the host gene and its intronic
miRNA, we calculated the probability to obtain at least the ob-
served number of miRNA and host targets given the number
of the miRNA targets (based on CLASH network) and the host
targets expected at random to participate in the pathway
(Supplemental Fig. S2).

All P-values were adjusted for multiple testing by FDR (Benjamini
and Hochberg 1995). Cumulative hypergeometric distribution and
P-value adjustment for multiple testing were carried out using the R
Stats library (R Core Team 2016).
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