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ABSTRACT

Sequence heterogeneity at the ends of mature microRNAs (miRNAs) is well documented, but its effects on miRNA function are
largely unexplored. Here we studied the impact of miRNA 5′-heterogeneity, which affects the seed region critical for target
recognition. Using the example of miR-142-3p, an emerging regulator of the hematopoietic lineage in vertebrates, we show
that naturally coexpressed 5′-variants (5′-isomiRs) can recognize largely distinct sets of binding sites. Despite this, both miR-
142-3p isomiRs regulate exclusive and shared targets involved in actin dynamics. Thus, 5′-heterogeneity can substantially
broaden and enhance regulation of one pathway. Other 5′-isomiRs, in contrast, recognize largely overlapping sets of binding
sites. This is exemplified by two herpesviral 5′-isomiRs that selectively mimic one of the miR-142-3p 5′-isomiRs. We
hypothesize that other cellular and viral 5′-isomiRs can similarly be grouped into those with divergent or convergent target
repertoires, based on 5′-sequence features. Taken together, our results provide a detailed characterization of target
recognition by miR-142-3p and its 5′-isomiR-specific viral mimic. We furthermore demonstrate that miRNA 5′-end variation
leads to differential targeting and can thus broaden the target range of miRNAs.
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INTRODUCTION

miRNAs are a class of ∼22-nucleotide (nt) long noncoding
RNAs that negatively regulate mRNA expression and transla-
tion (Bartel 2009). Mature miRNAs are generally derived
from one arm of an imperfect stem–loop precursor con-
tained within longer primary miRNAs by sequential en-
donucleolytic processing (Ha and Kim 2014). First, the
microprocessor complex, comprised of Drosha and its cofac-
tor DGCR8, introduces staggered cuts near the base of the
stem to liberate the stem–loop pre-miRNA. Upon pre-
miRNA export from the nucleus, Dicer makes a second set
of staggered cuts to excise an ∼22-nt imperfect duplex with
3′-overhangs. Mature miRNAs can originate from either
the 5p or 3p arm of this duplex and are loaded into one of
four Argonaute proteins (Ago1-4) to form active RNA-in-
duced silencing complexes (RISCs). miRNA-mediated
mRNA repression is primarily facilitated by base-pairing of
the miRNA seed region (Lewis et al. 2003), that is, nucleo-
tides (nts) 2–7, with sites in the 3′-untranslated regions (3′-
UTRs) of target mRNAs. To achieve more than marginal reg-
ulation, seed matches are accompanied by an adenosine (A)

immediately 3′ to the binding site (“7merA1”match, referred
to here as “2–7A” to indicate base-paired nts and the A across
from nt 1 of the miRNA) and/or extended base-pairing in-
cluding at least nt 8 of the miRNA (“7mer-m8 match,” re-
ferred to as “2–8” to indicate base-paired nts) (Lewis et al.
2005; Bartel 2009). The importance of these empirical seed
rules is supported by the evolutionary conservation of these
seed motifs in the targets of conserved miRNAs. The crystal
structure of human Ago2 bound to an RNA guide suggests
that the miRNA seed region is specifically displayed for target
recognition (Schirle et al. 2014). The structure also supports a
preference of Ago for an A opposite nt 1 of themiRNA, which
furthermore enhanced the in vitro target affinity approxi-
mately threefold over sites with non-A bases in this position.
While studies agree that seed matches are the most common
miRNA-binding sites, noncanonical interactions with sub-
optimal seed base-pairing and compensatory features have
been described (Ha et al. 1996; Vella et al. 2004; Grimson
et al. 2007; Lal et al. 2009; Shin et al. 2010; Chi et al. 2012;
Loeb et al. 2012; Helwak et al. 2013; Khorshid et al. 2013;
Majoros et al. 2013; Grosswendt et al. 2014).
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Small RNA sequencing studies in multiple species have
yielded an increasingly detailed understanding of the
miRNA repertoire (Ruby et al. 2006, 2007; Landgraf et al.
2007; Morin et al. 2008; Chiang et al. 2010; Berezikov et al.
2011; Cloonan et al. 2011; Loher et al. 2014; Xia and Zhang
2014). These studies have shown that miRNA 3′-ends are
generated with low stringency resulting in the frequent coex-
pression of 3′-variants. In contrast, miRNA 5′-ends are more
uniform, reflecting the need for defined seed sequences
through high fidelity of miRNA 5′-processing. miRNA vari-
ants derived from the same arm of one pre-miRNA are re-
ferred to as isomiRs (Morin et al. 2008). Despite the typical
uniformity of miRNA 5′-ends, several miRNAs are expressed
with more than one defined 5′-end, giving rise to 5′-isomiRs
or seed-isomiRs. Because 5′-end variation redefines the
miRNA seed region, a microRNA with 5′-isomiRs of signifi-
cant abundance could have a substantially different target
repertoire and functional impact compared to a miRNAwith
a single seed. Abundant 5′-isomiRs have been documented
for Caenorhabditis elegans (Ruby et al. 2006), Drosophila mel-
anogaster (Berezikov et al. 2011), mice (Chiang et al. 2010),
humans (Morin et al. 2008; Cloonan et al. 2011), and herpes-
viruses (Umbach and Cullen 2010; Gottwein et al. 2011),
among other organisms. In many cases, 5′-isomiR expression
appears to be evolutionarily conserved and 5′-isomiRs asso-
ciate with Ago proteins (Azuma-Mukai et al. 2008; Lee
et al. 2010; Berezikov et al. 2011; Cloonan et al. 2011; Tan
et al. 2014; Xia and Zhang 2014). Evidence that endogenously
expressed 5′-isomiRs could indeed have functional impact
comes from gene expression studies in miR-223-deleted mu-
rine neutrophils (Baek et al. 2008). Up-regulated mRNAs
were significantly enriched not only for those with seed
matches to miR-223, but also for seed matches exclusive to
a minor miR-223 variant that accounted for only 12% of
all miR-223 sequences and lacks the 5′-terminal uridine
(U) of miR-223 (Chiang et al. 2010). Thus, miR-223 5′-
isomiR expression appears to broaden the overall range of
miR-223 targets. The prediction that 5′-isomiR expression
can impact miRNA target ranges is further supported by
the confirmation of small sets of differentially regulated tar-
gets for an aberrant miR-307 5′-isomiR in flies (Fukunaga
et al. 2012) and for transfected 5′-isomiRs of miR-133a,
miR-101, and miR-9 (Humphreys et al. 2012; Llorens et al.
2013; Tan et al. 2014). On the other hand, it has been suggest-
ed that 5′-isomiRs have highly overlapping targets (Cloonan
et al. 2011; Llorens et al. 2013) and could therefore act redun-
dantly, to increase the effective miRNA dosage or reduce off-
target effects (Cloonan et al. 2011). Thus, a clear understand-
ing of the impact of miRNA 5′-variants is still lacking.
Our interest in understanding the impact of 5′-isomiR ex-

pression was prompted by our functional work on two her-
pesviral 5′-isomiRs that share identical and offset seed
sequences with two miR-142-3p 5′-isomiRs. miR-142-3p ex-
pression is specific to the vertebrate hematopoietic lineage,
where it is among the most highly expressed miRNAs

(Chen et al. 2004; Landgraf et al. 2007). Overexpression of
the miR-142 precursor in mouse hematopoietic progenitor
cells substantially increases the T-cell population in vitro
(Chen et al. 2004). The inactivation of miR-142-3p causes
defects in hematopoiesis in zebrafish (Nishiyama et al.
2012) and prevents the specification of definitive hemangio-
blasts in Xenopus (Nimmo et al. 2013). In mice, ablation of
the miR-142 locus results in reduced numbers of CD4+ den-
dritic cells (Mildner et al. 2013) and a severe impairment of
platelet formation (Chapnik et al. 2014). This latter pheno-
type is a consequence of the dysregulation of the actin cyto-
skeleton in megakaryocytes, the cell type responsible for
platelet production (Chapnik et al. 2014). miR-142-3p is
coexpressed with an abundant 5′-isomiR that lacks the 5′-
terminal U (Fig. 1A, referred to as miR-142-3p−1 here)
and both 5′-isomiRs are found in the RISC (Wu et al.
2007, 2009; Azuma-Mukai et al. 2008; Chiang et al. 2010;
Gottwein et al. 2011). miR-142-3p 5′-isomiR expression
has been suggested to result from differential processing of
the primary miR-142 transcript by Drosha, leading to the
production of two major pre-miRNAs (Wu et al. 2009; Ma
et al. 2013). These are then each precisely processed by
Dicer to define the 5′-ends of each 5′-isomiR. Functional
studies of miR-142-3p to date have not considered the impact
of miR-142-3p 5′-isomiR expression.
Interestingly, the miR-142-3p miRNAs are subject to

herpesviral mimicry (Gottwein et al. 2011). The oncogenic
Kaposi’s sarcoma-associated herpesvirus (KSHV) infects B
cells and endothelial cells to cause lymphoproliferative disor-
ders and the AIDS-defining cancer Kaposi’s sarcoma, respec-
tively. Like many other herpesviruses, KSHV expresses its
own set of ∼20 mature miRNAs (Cai et al. 2005; Pfeffer et
al. 2005; Samols et al. 2005; Grundhoff et al. 2006;
Umbach andCullen 2010). ThesemicroRNAs include known
viral mimics of cellular miR-155 and miR-23 (Gottwein et al.
2007; Skalsky et al. 2007; Manzano et al. 2013). One of the
KSHV miRNA precursors is processed to two approximately
equally abundant 5′-isomiRs called miR-K10a andmiR-K10a
+1 (Fig. 1A; Umbach and Cullen 2010; Gottwein et al. 2011).
The seed region of miR-K10a+1 is identical to that of miR-
142-3p−1 (Gottwein et al. 2011), while the seed sequence
of miR-K10a is offset by 1 nt. This has led us to hypothesize
that the miR-K10a 5′-isomiRs are at least partial viral mimics
of miR-142-3p (Gottwein et al. 2011). Luciferase reporter as-
says following the ectopic coexpression of miR-142-3p/−1 or
miR-K10a/+1 from pri-miRNA-derived expression cassettes
has suggested that themiR-K10a isomiRs together can indeed
regulate several targets also regulated by the miR-142-3p
isomiRs (Gottwein et al. 2011). However, the extent of this
mimicry and the contributions of the individual isomiRs re-
main unaddressed.
Here we used the miR-K10a and miR-142-3p 5′-isomiRs

to characterize how miRNA 5′-variation affects the range of
targets recognized. We show that 5′-isomiRs can target large-
ly overlapping or largely discrepant sets of binding sites,
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depending on 5′-sequence features. We specifically demon-
strate that the 5′-isomiRs of cellular miR-142-3p act as dis-
tinct regulatory units. In contrast, the two viral miR-K10a
5′-isomiRs are largely similar. Together, they not only regu-
late targets of mainly the miR-142-3p−1 isomiR but also ex-
tend their range of targets beyond this mimicry. Thus, KSHV
appears to cherry-pick and customize a preexisting regulatory
network of miR-142-3p targets. Finally, we hypothesize that
other 5′-isomiRs also have convergent or divergent target
ranges, depending on seed sequence features.

RESULTS

miR-142-3p 5′-isomiR expression is conserved
in vertebrates

It has previously been demonstrated that both miR-142-3p
5′-isomiRs are expressed in humans and mice (Supplemental
Table S1). The reported relative abundance of the miR-142-
3p 5′-isomiRs varies slightly between settings and miR-
142-3p−1 is often detected at slightly higher frequency
than miR-142-3p in total RNA or endogenous RISCs
(Supplemental Table S1; Azuma-Mukai et al. 2008). We
independently confirmed RISC-association of both 5′-
isomiRs using primer extension analyses of Ago2-immuno-
precipitates from latently KSHV-infected primary effusion
lymphoma (PEL) B-cell lines (Fig. 1B). These data confirm
that both miR-142-3p and miR-142-3p−1 are loaded into
Ago2. Similarly, both miR-K10a and miR-K10a+1 were pre-
sent in the RISC (Fig. 1C). Consistent with the ratio of
the miR-K10a 5′-isomiRs detected by deep sequencing
(Supplemental Table S2; Gottwein et al. 2011), the miR-
K10a 5′-isomiR is slightly more abundant in PEL cell lines
than miR-K10a+1. Because of the emerging pivotal role
of miR-142-3p in the vertebrate hematopoietic lineage
(Nishiyama et al. 2012; Mildner et al. 2013; Nimmo et al.

2013; Chapnik et al. 2014), we assessed whether the expres-
sion of mature miR-142-3p−1 is conserved beyond mice
and humans. The predicted mature miR-142-3p/−1 se-
quences are invariant across vertebrates (http://genome.ucsc
.edu/), but less conserved portions of the pri-miRNA could
lead to differences in isomiR expression. Primer extension
analysis confirmed that both miR-142-3p 5′-isomiRs are
coexpressed in Xenopus and chicken (Fig. 1D). Thus, we con-
clude that miR-142-3p/−1 5′-isomiR expression is very likely
to be conserved across vertebrates.

Old World primate rhadinovirus miRNAs
with miR-142-3p-like seed sequences

Herpesviruses are evolutionarily ancient viruses that have co-
evolved with their host species (Pellett and Roizman 2013).
While most herpesviruses encode miRNAs, only the most
closely related species sometimes share homologous
miRNAs (Cai et al. 2006). The two human γ-herpesviruses,
KSHV and Epstein–Barr virus (EBV), representing the rha-
dino- and lymphocryptovirus genera, do not share either
miRNA homologs or miRNAs with identical seed sequences.
However, the primate Rhesus rhadinovirus (RRV) encodes
miR-rR1-15, which has a seed sequence identical to that of
miR-K10a (Fig. 1A; Umbach et al. 2010). Another primate
rhadinovirus, retroperitoneal fibromatosis-associated her-
pesvirus Macaca nemestrina (RFHVMn), carries a predicted
miRNA precursor, miRc-RF9, with the potential to generate
miRc-RF9-3p miRNAs with seed sequences identical to miR-
K10a and/or miR-K10a+1 (Fig. 1A; Bruce et al. 2013). To
determine the 5′-end(s) of miRc-RF9-3p, we cloned and
expressed a 250-nt fragment of pri-miRc-RF9. Primer exten-
sion analysis yielded only one 5-nt extension product, indi-
cating that miRc-RF9-3p shares its seed with miR-K10a+1
(Fig. 1E). Thus, Old World primate rhadinoviruses analyzed
to date encode either miR-K10a or miR-K10a+1-like

FIGURE 1. The miR-142-3p and miR-K10a 5′-isomiRs. (A) Sequences of the miR-142-3p and miR-K10a 5′-isomiRs, RRV miR-rR1-15-3p, and
RFHVMn miRc-RF9-3p. Seed sequences are in bold. Underlined sequences indicate hybridization of the primers used for primer extension analysis
of RFHVMnmiRc-RF9-3p and KSHVmiR-K10a/+1 shown in panel E. (B,C) Primer extension analyses of (B) miR-142-3p/−1 and (C) miR-K10a/+1
in Ago2-immunoprecipitates from PEL cell lines. (D) Primer extension analysis of miR-142-3p/−1 in total RNA from mouse, chicken, and Xenopus
spleens. (E) Primer extension analysis of RFHVMnmiRc-RF9-3p, KSHVmiR-K10a/+1, and miR-16 in total RNA from rhesus LLC-MK2 cells trans-
fected with a construct expressing pri-miRc-RF9. The miR-K10a/+1 extension products from the KSHV-infected primary effusion lymphoma (PEL)
cell line BC-3 served as a molecular weight ladder for 5- or 4-nt extension products.
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miRNAs. Other KSHV miRNAs have not been found to have
counterparts in primate rhadinoviruses (Umbach et al. 2010;
Bruce et al. 2013), suggesting that miR-K10a/+1-like
miRNAs may be particularly important components of the
genetic makeup of Old World primate rhadinoviruses and
KSHV.

The seed region governs differential target recognition
by the miR-142-3p and miR-K10a 5′-isomiRs

To begin to investigate how the miR-142-3p and miR-K10a
5′-isomiRs are functionally related, we compared the binding
sites assigned to each of these miRNAs in Ago2-PAR-CLIP
(photoactivatable-ribonucleoside-enhanced crosslinking
and immunoprecipitation) data sets from the KSHV-infected
PEL cell lines BC-1 and BC-3 (Supplemental Table S3;
Gottwein et al. 2011). BC-1 and BC-3 cells express all four
miRNAs. PAR-CLIP in combination with next generation se-
quencing and computational analysis identifies miRNA-
binding sites at nucleotide resolution (Hafner et al. 2010;
Corcoran et al. 2011). The targeting miRNAs are computa-
tionally assigned using seed matching. Of note, we did not
detect significant numbers of miRNA:binding site chimeric
reads from a reanalysis of our Ago2-PAR-CLIP data set that
would allow the unambiguous experimental assignment of
the targeting miR-K10a or miR-142-3p 5-isomiR to their
binding sites (Grosswendt et al. 2014). Because miR-142-
3p−1 and miR-K10a+1 have identical seeds, they are predict-
ed to share their canonical target sites. Our analysis suggested
that binding sites of the miR-K10a and miR-142-3p 5′-
isomiRs fall into five groups that were roughly similarly rep-
resented in BC-1 and BC-3 cells. These are target sites of (1)
miR-142-3p only; (2) miR-142-3p−1/miR-K10a+1 only; (3)
miR-K10a only; (4) all except miR-142-3p; and (5) all four
miRNAs (Fig. 2A,B).
Strikingly, the majority of PAR-CLIP-assigned binding

sites for miR-142-3p and miR-142-3p−1 (≥75% for miR-
142-3p and ≥84% for miR-142-3p−1) are distinct from
one another (Fig. 2A,B). This suggests that these 5-isomiRs
represent distinct regulatory entities and is in stark contrast
to other reports, which concluded that 5′-isomiRs mostly
share their targets (Cloonan et al. 2011; Llorens et al. 2013).
We next considered the relationship between the twomiR-

K10a 5′-isomiRs. While the miR-K10a 5′-isomiRs are also
offset from each other by 1 nt, the overlap of their binding
sites is remarkably greater than between the miR-142-3p
5′-isomiRs (∼65%–70% shared sites for miR-K10a+1 and
>80% for miR-K10a, Fig. 2A,B). This is because nt 2 of
miR-K10a+1 is a U, which implies that all of its ≥2–8 seed
matches are also candidate ≥2–7A binding sites of miR-
K10a (Fig. 2C). Finally, we considered how the miR-K10a
5′-isomiRs relate to the miR-142-3p 5′-isomiRs. Based on
the assignment of PAR-CLIP sites, miR-K10a and
miR-K10a+1 together may selectively mimic miR-142-3p
−1 and share only a minor subset of their targets with

miR-142-3p (Fig. 2A,B). These data also predict that miR-
K10a extends the range of targets beyond that of the miR-
142-3p miRNAs.
Because PAR-CLIP binding sites were assigned computa-

tionally using seed rules, this analysis cannot definitively dis-
tinguish the targets of each isomiR. Furthermore, this
analysis did not account for potential non-seed interactions.
For an unbiased comparison of the regulatory potential of
these isomiRs, we therefore performed Illumina microarray
gene expression analyses of HEK293T cells transfected with
mimics of the individual isomiRs. 293T cells do not express
endogenous miR-142-3p/−1 or miR-K10a/+1 and therefore
represent a clean background for this experiment. Hierarchal
clustering (Supplemental Fig. S1) and principal component
analysis (PCA, Fig. 2D) showed that expression profiles fol-
lowing transfection of miR-142-3p and miR-142-3p−1
were quite distinct, while those for viral miR-K10a and
miR-K10a+1 were similar. In addition, these data clearly
showed that miR-K10a or miR-K10a+1 affect gene expres-
sion similarly to miR-142-3p−1, but not miR-142-3p. The
microarray data are therefore consistent with the PAR-
CLIP binding site assignment presented above (Fig. 2A,B)
and further suggest that miR-K10a/+1 specifically mimic
miR-142-3p−1 expression.
To test whether these changes in gene expression are in-

deed driven by the miRNA seed sequences, we performed
Sylamer analysis (van Dongen et al. 2008). The Sylamer algo-
rithm computationally identifies overrepresented sequences
in the 3′-UTRs of differentially expressed mRNAs in an un-
biased manner. For miR-142-3p, miR-142-3p−1, and miR-
K10a+1, the only detected enrichments were for the exact
2–7, 2–8, and 2–7A seed matches among down-regulated
mRNAs (Fig. 2E–G; Supplemental Fig. S2a–c). The analysis
easily distinguished the signatures of miR-142-3p and miR-
142-3p−1, which underscores that these miRNAs are differ-
ent regulatory entities (Fig. 2E,F; Supplemental Fig. S2a,b).
Moreover, the enriched seed match motifs for miR-142-3p
−1 and miR-K10a+1 are shared, confirming that miR-K10a
+1 is a direct mimic of miR-142-3p−1 (Fig. 2F,G; Supple-
mental Fig. S2b,c). For miR-K10a, we also detected an
enrichment of the canonical hexa- and heptameric seed
matches among down-regulated genes (Fig. 2H; Supplemen-
tal Fig. S2d). In addition to the 2–7A seed match to miR-
K10a (AACACUA), which is shared with the 2–8 seed match
of miR-142-3p−1/miR-K10a+1, the 2–7A seed match of
miR-K10+1/miR-142-3p−1 (ACACUAA) was also enriched
among down-regulated genes in miR-K10a transfected cells.
Similarly, mRNAs with an AAACACU motif, corresponding
to a 2–7 seed match with an A across from G8 of miR-K10a,
were depleted upon miR-K10a expression. The enrichment
of this motif is interesting, given that this A does not pair
to miR-K10a, but could potentially base pair to the U at po-
sition 9 of miR-142-3p−1. The enrichment of these two ad-
ditional motifs therefore suggests that miR-K10a indeed taps
into the target pool of miR-142-3p−1. Taken together, these
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data strongly support the notion that the miR-142-3p
isomiRs have distinct targets, while the miR-K10a isomiRs
share their targets and together selectively mimic miR-142-
3p−1. These relationships are driven by the seed sequences
of these miRNAs.

miR-142-3p−1 is a functional miRNA in vivo

Having established that Sylamer readily distinguishes signa-
tures of miR-142-3p and miR-142-3p−1, we queried pub-

lished microarray data from miR-142−/− mice for hexa- or
heptamer motifs that were overrepresented in the 3′-UTRs
of up-regulated mRNAs (Chapnik et al. 2014). The 6mer
seed matches to both miR-142-3p 5′-isomiRs were among
the three most highly enriched hexamers in mRNAs that
were up-regulated in cells lacking miR-142 expression
(Supplemental Fig. S2e). Similarly, 2–7A and 2–8 matches
to either miR-142-3p or miR-142-3p−1 were significantly
enriched in the 3′-UTRs of up-regulated mRNAs (Fig. 2I).
Thus, these data further support the notion that both

FIGURE 2. Target recognition by the miR-142-3p/−1 and miR-K10a/+1 5′-isomiRs. (A,B) Overlap of binding sites for the miR-142-3p and miR-
K10a 5′-isomiRs identified in Ago2-PAR-CLIP data from (A) BC-1 and (B) BC-3 PEL cell lines (Gottwein et al. 2011). (C) Minimum base-pairing
required for the miR-142-3p (upper panel) and miR-K10a (lower panel) 5′-isomiRs to share canonical binding sites. (D) Principal component analysis
of microarray data of HEK293T cells transfected with individual 5′-isomiRs. (E–I) Sylamer (van Dongen et al. 2008) enrichment landscape plots for
7mer 3′-UTR matches to miR-142-3p and miR-K10a 5′-isomiRs using microarray data from 293T cells transfected with individual miRNA mimics
(E–H, this study) or from published microarray data frommiR-142−/−mouse megakaryocytes (GEO data set GSE52141, Chapnik et al. 2014). The x-
axis represents the ranked gene lists. miR-155 sites (pink and black lines) served as negative controls in addition to all random 7mers (gray).
Enrichment plots for hexamer motifs are shown in Supplemental Figure S2.

Manzano et al.

1610 RNA, Vol. 21, No. 9



5′-isomiRs are functional and contribute to the regulatory
potential of miR-142 in vivo.

miR-142-3p/−1 and miR-K10a/+1 result in only
marginal regulation of non-seed sites

The PCA and Sylamer analyses clearly indicated that the seed
is the major determinant of target recognition for the miR-
142-3p and miR-K10a miRNAs. These data, however, do
not exclude the possibility of functional noncanonical inter-
actions. To determine how 5′-isomiR expression by miR-
142-3p and miR-K10a would affect the regulation of nonca-
nonical sites, we constructed optimal in tandem reporters for
several types of previously described noncanonical sites.
These included “centered sites” (Shin et al. 2010), “3′-supple-
mentary sites” (Grimson et al. 2007; Bartel 2009), and “pivot
sites” (Chi et al. 2012; Fig. 3; Supplemental Fig. S3). We also
constructed a positive control vector with a seed site that is
predicted to be shared by all miR-142-3p and miR-K10a
5′isomiRs. Resulting reporters were tested under conditions
that result in robust repression of canonical seed sites (Figs.
3B, 4, 5). Under these conditions, the large majority of non-
canonical sites did not result in significant reporter inhibi-
tion. Marginal, but significant, regulation was observed for
two sites that have a 1-nt bulge in the seed match for miR-
K10a+1 (“PIV-G” and “PIV-U,” Fig. 3E; Supplemental Fig.
S3d). One of these sites, i.e., “PIV-U,” can be considered a
pivot site. The non-pivot control “PIV-G” unexpectedly re-
sulted in similar reporter repression as “PIV-U,” suggesting

that some bulged nts are tolerated whether or not they can
nucleate a pivot interaction as previously described (Chi
et al. 2012). It is also possible that these interactions are facil-
itated by extended seed base-pairing or 3′-supplementary in-
teractions of miR-K10a+1 in this sequence context. Taken
together, the data presented so far strongly support the
idea that these four miRNAs recognize their binding sites
through canonical seed interactions, which drive their impact
on gene expression. We cannot exclude that individual non-
seed interactions exist that could lead to subtle functional
differences between miR-K10a+1 and miR-142-3p−1 (see
below).

Divergent reporter regulation by the miR-142-3p
5′-isomiRs and selective viral mimicry

We next tested differential target recognition by the miR-
142-3p and miR-K10a 5′-isomiRs directly using 3′-UTR re-
porter assays. Reporters contained either full length 3′-
UTRs or sites in their authentic ≥400-nt sequence context.
Data from wild-type (wt) reporters were normalized to those
from constructs with mutated miRNA-binding sites and
therefore represent the activity of the specific binding sites.
We selected several sites from each of the five subsets (Fig.
2A,B) to represent the entire range of seed match types ob-
served. Sites were not only predominantly chosen from
PAR-CLIP-identified sites, but also included several candi-
date sites of miR-142-3p/−1 predicted only by TargetScan
(Lewis et al. 2005) and previously reported miR-142-3p

FIGURE 3. Regulation of noncanonical binding sites by miR-142-3p/−1 and miR-K10a/+1 is weak or not detected. (A) Schematic of the 3′-UTR re-
porter constructs used in this figure. To ensure optimal sensitivity, two identical miRNA-binding sites were cloned in tandem, separated by an ∼10-nt
spacer. Firefly luciferase data were normalized to values from an internal Renilla luciferase control, a construct containing only the ∼10-nt spacer se-
quence, and controlmimic transfections. (B) A canonical seed sitewas repressed by all fourmiRNAs, as expected. (C–E) Prototypical noncanonical sites
were designed and tested for previously reported noncanonical modes of interaction, including “centered sites” (C, Shin et al. 2010); “3′ Supplementary
Sites” (D, Grimson et al. 2007); and “Pivot Sites” (E, Chi et al. 2012). PIV-C and PIV-U are pivot sites, while PIV-A and PIV-G are not predicted to
function as pivot sites and represent controls (see Supplemental Fig. S3). Predicted base-paired nts are indicated above columns; configurations pre-
dicted to be functional based on previous reports are in red. (^) Bulged target nts. (∗) P < 0.05 by Student’s t-test, error bars indicate SEM; n≥ 3 bi-
ological replicates. Sequences of the miRNA-binding sites are found in Supplemental Figure S3, cloning details in Supplemental Table S4.
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binding sites (Supplemental Table S5; Wu et al. 2011;
Kwanhian et al. 2012). We furthermore focused this analysis
on mRNAs with known functions and likely significance to
biological roles of miR-142-3p/−1 and/or miR-K10a/+1.
Properties of the tested sites are reported in Supplemental

Table S5 and resulting data are reported in Figure 4 and
Supplemental Figure S4, regardless of regulatory outcome.
Resulting data generally confirmed the hypotheses and bind-
ing site subsets outlined above.We successfully validated sites
that are exclusively regulated by each 5′-isomiR (Fig. 4A,B,E).

FIGURE 4. Differential target repression by the miR-142-3p and miR-K10a 5′-isomiRs. (A–E) Dual luciferase 3′-UTR reporter assays performed in
293T cells. Data from single copy, full length, or substantial length 3′-UTR reporters were normalized to values from an internal Renilla luciferase
control, control mimic transfection, and matched seed mutant constructs. This assay therefore isolates the binding site under investigation. We tested
representative candidate binding sites of (A) only miR-142-3p; (B) only miR-142-3p−1/miR-K10a+1; (C) all four miRNAs; (D) miR-142-3p−1/miR-
K10a+1 and miR-K10a; and (E) only miR-K10a. (F) Predicted supplementary pairing of miR-K10a/+1 to PHACTR4 is shown in the left panel. Also
shown is a 4-nt mutation that disrupts this supplementary interaction, as shown on the right. (G–I) One-nucleotide gain of function mutations of the
wt reporters alter isomiR-specific regulation of the indicated binding sites. Gain of function mutants were normalized to seed mutants. Nucleotides in
bold denote residues expected to pair to the binding site. Mutations are in purple and indicated by arrows. Predicted base-paired nts are indicated
above columns, canonical seed match types predicted to be functional based on previous reports are in red. (∗) P < 0.01; (∗∗) P < 0.05, by
Student’s t-test. Error bars, SEM (n≥ 3 biological replicates). Additional results from less functional sites are shown in Supplemental Figure S4.
Characteristics of each site and primers used for cloning are listed in Supplemental Table S5.
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Regulation observed in the “miR-142-3p−1/miR-K10a+1-
only” group of reporters was weak or did not reach statistical
significance (Fig. 4B; Supplemental Fig. S4b; Supplemental
Table S5). This is most likely because all sites in this
group are 2–7A sites, which are often relatively weak sites
(Grimson et al. 2007; Nielsen et al. 2007). In addition, we val-
idated sites that were shared between all four miRNAs or be-
tween the two miR-K10a 5′-isomiRs and miR-142-3p−1, but
not miR-142-3p (Fig. 4C,D).

At least for some sites, including TGFBR1 Site 2, we were
able to resolve the expected differential regulatory potencies
of different types of seed matches (Fig. 4C; Bartel 2009).
In this example, a 2–7A site (miR-K10a) resulted in weak
(∼20%) reporter inhibition. Inhibition increased to ∼30%
and ∼50% for 2–8 (miR-K10a+1 and miR-142-3p−1) and
2–9A (miR-142-3p), respectively. This is consistent with pre-
vious studies that established the hierarchy of miRNA seed
match efficacy: 2–8A > 2–8 > 2–7A (Grimson et al. 2007;
Nielsen et al. 2007). Interestingly, the absolute efficacy of
each type of site showed strong variation between different
sites. For example, some 2–7A matches in the 3′-UTR
of ZEB2 resulted in surprisingly robust regulation by
miR-142-3p, while this type of site had little regulatory po-
tency in several other reporters (Fig. 4; Supplemental Fig.
S4; Supplemental Table S5). This suggests, in agreement
with published reports (Grimson et al. 2007), that the se-
quence context of the seed match affects the efficacy of
repression.
We noticed that the PHACTR4 reporter was regulated by

miR-K10a+1 despite having an offset 3–10 seed match (Fig.
4E). Further examination of the nts surrounding the binding
site suggested that miR-K10a+1 might engage in 3′ supple-
mentary pairing (Fig. 4F). Indeed, mutation of the comple-
mentary sequence in the PHACTR4 3′-UTR eliminated
regulation by miR-K10+1, suggesting that this site is a func-
tional 3′ supplementary site for miR-K10a+1 (Fig. 4F). The
identification of this site shows that a small subset of sites
might be differentially regulated between miR-K10a+1 and
miR-142-3p−1.
Taken together, these results provide direct validation of

our finding that many binding sites of the two miR-142-3p
5′-isomiRs are distinct. miR-K10a+1 functions as a straight-
forward mimic of miR-142-3p−1 and miR-K10a shares
most of its binding sites with miR-142-3p−1/miR-K10a+1.
Our data furthermore confirm that miR-K10a/+1 has a
small set of unique binding sites and therefore extends the
regulatory capacity of miR-K10a/+1 beyond that of miR-
142-3p−1.

Gain of function mutations alter 5′-isomiR target
specificity

To further confirm that target regulation by the miR-142-3p
and miR-K10a isomiRs is governed by their seed sequences,
we introduced 1-nt mutations into ZEB2 Site 1, SMAD4,
and PHACTR4 to change the regulatory potential of these
sites (Fig. 4F–I). Resulting data confirm that the target specif-
icity can be redirected as predicted by the seed rules. For
PHACTR4, these data also clearly resolve the regulatory
contribution of 3′ supplementary pairing by miR-K10a+1
compared to miR-142-3p−1 (Fig. 4I). Together, data from
the gain of function mutants further confirm that the seed
sequence is the main determinant of 5′-isomiRs target
recognition.

FIGURE 5. Both miR-142-3p 5′-isomiRs repress regulators of the actin
cytoskeleton. (A) Pathway analysis using DAVID reveals that high con-
fidence target mRNAs of miR-142-3p and/or miR-142-3p-1 identified
by both Ago2-PAR-CLIP and predicted by TargetScan v5.2 are signifi-
cantly enriched for genes in the KEGG pathway hsa04810 (regulation
of actin cytoskeleton). This analysis is at the mRNA level and several
mRNAs have more than one binding site for one or both miR-142-3p
5′-isomiRs (see Supplemental Table S6). (B,C) Differential regulation
of p190 (ARHGAP35), N-WASP (WASL), and cofilin 2 (CFL2) by the
miR-142-3p 5′-isomiRs in (B) 3′-UTR reporter assays performed as de-
scribed in Figure 4 and (C) quantitativeWestern blot analysis for endog-
enous proteins in iHMVECs transfected with miRNA mimics. One
representative blot is shown on the left. All lanes were run together on
the same gel and membrane and irrelevant lanes were cropped from
the picture. Quantitative analysis of three independent Western blots
is shown on the right. (∗) P < 0.05; (∗∗) P < 0.01, by Student’s t-test.
Error bars, SEM (n≥ 3 biological replicates).
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Both miR-142-3p 5′-isomiRs repress actin regulators
using distinct binding sites

Our finding that the two miR-142-3p miRNAs regulate
mostly disparate sites immediately raises the question of
the functional impact of miR-142-3p 5′-isomiR expression.
To address this question, we performed pathway analyses
of miR-142-3p and miR-142-3p−1 targets using DAVID
(Huang da et al. 2009). We only considered high confidence
targets identified by both PAR-CLIP and TargetScan. The top
enriched pathway for each isomiR was “Regulation of actin
cytoskeleton” (Fig. 5A).We considered this pathway in detail,
because the thrombocytopenia of miR-142 knockout mice
has recently been linked to defects in actin dynamics inmega-
karyocytes (Chapnik et al. 2014). While Chapnik et al. (2014)
had detected a significant up-regulation of TargetScan-pre-
dicted miR-142-3p targets that are regulators of the actin cy-
toskeleton, these authors had not considered targets of miR-
142-3p−1. The enrichments we observed for high confidence
targets of each of the miR-142-3p 5′-isomiRs were due to
both shared and unique targets (Fig. 5A). Thus, it appears
that the two miR-142-3p 5′-isomiRs may function non-
redundantly in the regulation of the actin cytoskeleton.

This is nicely illustrated by considering the three targets
that were functionally linked to actin defects in mega-
karyocytes in miR-142 knockout mice, i.e., p190RhoGap
(ARHGAP35, formerly Grlf1 in mice), cofilin 2 (CFL2),
and neuronal Wiskott-Aldrich Syndrome protein (N-WASP
or WASL). We further investigated the human counter-
parts of these three target mRNAs by reporter assays and
Western blotting analyses (Fig. 5B,C; Supplemental Table
S6). ForWestern analysis, we chose immortalized humanmi-
crovascular endothelial cells (iHMVECs, Shao and Guo
2004), because these cells do not express endogenous miR-
142-3p and are considered close to the physiological target
cell type of KSHV. p190/ARHGAP35 was missed by the anal-
ysis in Figure 5A, because the gene symbol changed since the
release of TargetScan v5.2. Of the three previously identified
miR-142-3p binding sites in the murine Arhgap35 3′-UTR,
only one is conserved in humans. While this site matches
the seeds of either miR-142-3p or miR-142-3p−1 in mice,
the human site has retained only its capacity for regulation
by miR-142-3p−1 (Fig. 5B,C). Accordingly, p190 protein ex-
pression is repressed only by miR-142-3p−1 (Fig. 5C). Thus,
p190/Arhgap35 is potentially regulated by both 5′-isomiRs in
mice, but is regulated exclusively by miR-142-3p−1 in
humans.

All three previously identified candidate miR-142-3p
binding sites in the murine 3′-UTR of CFL2 are conserved
in humans. Site 1 is preferentially regulated by miR-142-3p
−1 and site 2 mostly by miR-142-3p (Fig. 5B). Both sites
are expected to have the same specificities in mice and hu-
mans. Site 3 matches the seeds of either miR-142-3p or
miR-142-3p−1 inmice, while human site 3 is a canonical tar-
get of only miR-142-3p−1. We do indeed detect preferential

regulation of this site by miR-142-3p−1, although we also
detect significant regulation of the 3–9 offset seed match
for miR-142-3p. Both miRNAs were equally efficient repres-
sors of cofilin 2 protein expression (Fig. 5C).
Finally, we considered N-WASP/WASL. The human

WASL 3′-UTR has seven seed matches to one or both of
the miR-142-3p isomiRs (Supplemental Table S6), with sites
6 and 7 too closely spaced to be occupied at the same time.
Site 1 is a canonical site for both isomiRs. Sites 3–6 are canon-
ical sites for miR-142-3p, but not miR-142-3p−1. Sites 2 and
7 are canonical sites for miR-142-3p−1, but not miR-142-3p.
To examine the differential regulation by the miR-142-3p
isomiRs, we conducted 3′-UTR reporter assays for sites that
are predicted to be bound by miR-142-3p−1 (Sites 1, 2,
and 6/7). We confirmed Site 1 as a target of both isomiRs
(Fig. 5B). Site 2 was surprisingly well regulated by the offset
miR-142-3p seed match, while the overlapping sites 6/7
were regulated by either isomiR as predicted (Fig. 5B). N-
WASP expression was significantly more repressed by miR-
142-3p than by miR-142-3p−1, presumably due to the pres-
ence of more binding sites (five for miR-142-3p versus three
for miR-142-3p−1). Together, these data further suggest that
the miR-142-3p isomiRs mostly target discrete sites but ulti-
mately both modulate multiple regulators of the actin cyto-
skeleton. We speculate that coexpression of both isomiRs
may be a requirement to access and efficiently regulate a large
set of mRNAs encoding regulators of the actin cytoskeleton.
It will be interesting for future studies to separate effects of
the two miR-142-3p 5′-isomiRs in phenotypic experiments
and in miR-142 knockout models.

5′-isomiRs have either “convergent” or “divergent”
target ranges

We noted above that the miR-142-3p 5′-isomiRs regulate
largely discrete sets of sites, while the miR-K10a 5′-isomiRs
access mostly the same sites. We furthermore noted that
the convergence of the miR-K10a 5′-isomiR target ranges is
due to the presence of a U at the second position of the longer
isomiR. Given these opposite trends, we hypothesize that
other 5′-isomiRs that are offset from each other by 1 nt could
similarly fall into these two classes. “Convergent” 5′-isomiRs
have mostly identical binding sites like miR-K10a/+1. On the
other hand, “divergent” 5-isomiRs have mostly discrete tar-
get ranges like miR-142-3p/−1. Like for the miR-K10a and
miR-142-3p isomiRs, we propose that this generalized 5′-
isomiR relationship is driven by nt 2 of the longer variant
(Fig. 6A). In the divergent class, nt 2 is A/C/G (V).
Extensive seed pairing (≥2–9) of the longer variant is thus re-
quired for the binding site to be shared with the shorter 5′-
isomiR. This imposes a more stringent requirement for a
site to be bound by both 5′-isomiRs. Hence, isomiRs in
this class will generally bind to different sites. In contrast,
the longer variant of convergent 5′-isomiRs has a U at nt
2. As in miR-K10a/+1, this U allows 2–8 matches of the
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longer 5′-isomiR to be 2–7A sites for the shorter variant, re-
sulting in a greater overlap between their binding sites.
We compiled and classified a list of 5′-isomiRs that are

conserved in at least humans and mouse from compre-
hensive miRNA sequencing studies (Fig. 6B; Chiang et al.
2010; Cloonan et al. 2011; Gottwein et al. 2011; Xia and
Zhang 2014). We also included KSHV- and EBV-encoded
isomiRs (Gottwein et al. 2011). While the relationship of
these abundant 5′-isomiRs will have to be validated in future
experiments, at the level of PAR-CLIP-identified binding
sites, the convergent miR-101/-1 overwhelmingly share their
assigned binding sites (69%) (Fig. 6C). This is consistent with
the previous observation that the miR-101 5′-isomiRs have
mostly similar targets (Cloonan et al. 2011). Similarly, our
earlier analysis of KSHVmiR-K3/+1 has already demonstrat-
ed a remarkably strong target overlap between these two
isomiRs (∼70%, Manzano et al. 2013). In contrast, the diver-
gent isomiRs miR-183/-1 and miR-BART10/-1 have only
11% and 27% shared PAR-CLIP binding sites, respectively
(Fig. 6D). Taken together, these data support our hypothesis
that 5′-offsets by 1 nt result in isomiRs with a majority of dis-
crete or identical binding sites. These relationships are gov-
erned by the identity of the second nt of the variant with
the longer 5′-end.

Unrelated miRNAs with offset seeds might act like
5′-isomiRs

Our results predict that unrelated miRNAs with offset seed
sequences may act like 5′-isomiRs. Our analysis revealed
only a handful of examples of unrelated cellular miRNAs
that could potentially have similar functions due to overlap-
ping target ranges (Supplemental Table S7). In addition,
miRNAs expressed by different vertebrate herpesviruses
also have seed regions offset by 1 nt from cellular or other vi-
ral miRNAs (Supplemental Table S7). For an initial confir-
mation of our hypothesis, we specifically examined the
PAR-CLIP-identified binding sites of the miRNA pairs
miR-27/miR-128 and miR-196/let-7 family miRNAs and
found that these miRNAs are likely to have convergent and
divergent target ranges, as predicted (Fig. 6E,F). The conver-
gent-like miR-27/miR-128 share 55% of their assigned PAR-
CLIP target sites while the divergent-like miR-196/let-7 have
15% of their sites in common. In sum, it appears likely that
unrelated cellular and viral miRNAs have the potential to
act as partial functional mimics of each other and have 5′-
isomiR-like properties with convergent or divergent target
ranges. Future studies will have to validate these predictions
experimentally.

DISCUSSION

Herewe studied the consequences of 5′-isomiR expression on
miRNA target repertoires, using the specific case of the ver-
tebrate miR-142-3p and KSHV miR-K10a 5′-isomiRs as ex-
amples. Our data show that 5′-isomiRs that are offset by 1
nt from each other can have highly divergent or convergent
target ranges. The main sequence determinant of 5′-isomiR
behavior is the second nt of the longer variant. Specifically,
a U at position 2 of the longer 5′-isomiR results in shared sites
with base-pairing of≥2–8 of the longer variant and with an A
across from nt 1 of the shorter variant. Such “-1A” sites can
facilitate target regulation, even when nt 8 of the miRNA is
not base paired (Lewis et al. 2005).
Our findings strongly support the idea that 5′-isomiR ex-

pression broadens the binding site repertoire of a miRNA,
for both classes of 5′-isomiRs. The functional consequences
of 5′-isomiR expression will presumably differ for each
miRNA. In the case of the highly divergent miR-142-3p
5′-isomiRs, bothmiRNAs target mRNAs encoding factors in-
volved in actin dynamics through exclusive and shared sites.
These 5′-isomiRs are therefore likely to function additively or
cooperatively in this pathway.While this remains to be tested,
it is conceivable that there are 5′-isomiR-specific functions.
Even for shared targets, functional difference between
5′-isomiRs could result from differential efficacies of differ-
ent types of seed matches. In addition, competition of two
well-expressed 5′-isomiRs for their shared sites could result
in an intermediate regulatory output compared to the ex-
pression of either 5′-isomiR alone. The relationships of

FIGURE 6. We hypothesize that 5′-isomiRs and unrelated miRNAs
with offset seed sequences have convergent or divergent target ranges.
(A) Schematic of a shared binding site for proposed convergent and
divergent 5′-isomiRs. Bold letters highlight the importance of nt 2 of
the longer 5′-variant. V: A, C, or G; B: C, G, or U. (B) Well-documented
(Chiang et al. 2010; Cloonan et al. 2011; Gottwein et al. 2011; Xia and
Zhang 2014) 5′-isomiRs that are conserved in at least humans and
mice or of herpesviral origin (italics) were grouped into convergent
and divergent 5′-isomiRs, based on the identity of nt 2 of the longer
5′ sequence. Offsets were designated relative to the isoform annotated
in miRBase v21. (C,D) Comparison of Ago2-PAR-CLIP-identified
miRNA-binding sites of (C) convergent or (D) divergent 5′-isomiRs.
(E,F) Comparison of Ago2-PAR-CLIP-identified miRNA-binding sites
of unrelated miRNAs that have offset seed sequence and behave like (E)
convergent or (F) divergent 5′-isomiRs.
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5′-isomiRs uncovered here are likely to also apply to unrelat-
ed miRNAs with offset seed sequences as well as miRNA
paralogs that have undergone seed shifting during evolution
(Wheeler et al. 2009).

While abundantly expressed 5′-isomiRs are generated by
only a minority of animal miRNAs (Fig. 6B), our findings
have important implications for functional studies of these
miRNAs. For instance, previous functional studies of miR-
142-3p have considered targets of only the miR-142-3p 5′-
isomiR, which is specifically annotated in miRBase. Thus,
key target mRNAs of miR-142-3p−1 may have been missed.
For example, high confidence targets of miR-142-3p−1 in-
cluded several additional regulators of the actin cytoskeleton,
suggesting that both 5′-isomiRs function nonredundantly in
the regulation of actin dynamics. Similarly, a contribution
of miR-142-3p−1 to additional already identified functions
of miR-142-3p appears likely. In recent work done in
Xenopus, knockdown of miR-142-3p by morpholinos (which
is expected to also affect miR-142-3p−1) blocks the specifi-
cation of definitive hemangioblasts, the pluripotent progeni-
tors of endothelial cells and the hematopoietic cell lineage
(Nimmo et al. 2013). This phenotype was attributed to in-
creased TGF-β signaling in miR-142-3p morphants and a
small molecular inhibitor of TGF-β signaling fully restored
the hemangioblast population. Accordingly, the authors
showed that miR-142-3p has several potential direct targets
in this signaling cascade, including the TGF-β receptor 1 (en-
coded by TGFBR1). A similar result was obtained following
inhibition of DGCR8, but microinjection of a mimic of the
miR-142-3p 5′-isomiR in these morphants was able to only
partially rescue hemangioblast specification. It would be in-
teresting to see if coexpression of miR-142-3p−1 would allow
a full restoration of the DGCR8 morphants. As in the case of
regulation of the actin cytoskeleton, both miR-142-3p and
miR-142-3p−1 target mRNAs with roles in TGF-β signaling.
This is suggested by our validation of key components of the
TGF-β cascade as targets of miR-142-3p−1, but not miR-
142-3p. For example, ZFYVE9 is a target of miR-142-3p−1
that is conserved in Xenopus and encodes a protein important
for the recruitment of Smad2 to the TGF-β receptor complex
(Tsukazaki et al. 1998). Similarly, SMAD4 is a target of miR-
142-3p−1, but not miR-142-3p, through a binding site con-
served in mouse but not in Xenopus. A potential function of
miR-142-3p−1 in the inhibition of TGF-β is furthermore
suggested by the finding that the miR-K10a miRNAs, which
mimic mostly miR-142-3p−1, inhibit TGF-β in the context
of KSHV infection (Lei et al. 2012). Similar to the Xenopus
study, miR-142 knockout mice lack both miR-142-3p
isomiRs and it will be interesting to see how the two
5′-isomiRs control miR-142-3p functions in vivo.

Other cellular miRNAs with conserved coexpression of
abundant divergent 5′-isomiRs, including miR-10a, miR-
126, and miR-140, have likewise been shown to carry out
important biological functions. Expression of miR-10a in
porcine arterial endothelial cells promotes an anti-inflamma-

tory state that prevents atherosclerotic plaque formation
through modulation of the NF-κB pathway (Fang et al.
2010). Knockdown and knockout studies in zebrafish and
mouse, respectively, have demonstrated that the endothelial
cell-specific miR-126 is critical for vascular integrity and an-
giogenesis (Fish et al. 2008; Wang et al. 2008). These studies
have identified sprouty-related, EVH1 domain-containing 1
(SPRED1), a negative regulator of vascular endothelial
growth factor (VEGF) signaling, as a direct target of miR-
126. Finally, miR-140 has been linked to cartilage formation
and homeostasis during mouse development (Miyaki et al.
2010). Given that these miRNAs are coexpressed with diver-
gent 5′-isomiRs, future phenotypic work should consider the
contributions of these 5′-variants and their specific targets.
Expression of 5′-isomiR will also have to be considered in

studies of the targets and function of KSHV miR-K10a+1. A
pivotal importance for the miR-K10a 5′-isomiRs is suggested
by the fact that a number of Old World primate rhadinovi-
ruses carry miRNAs with a seed sequence identical to
either miR-K10a or miR-K10a+1. This finding suggests
that these viruses as well, selectively mimic the miR-142-3p
−1 5′-isomiR. While miRc-RF9-3p shares its extended seed
sequence with miR-142-3p−1 (nts 2–11), this extended se-
quence similarity does not increase the expected functional
overlap with the miR-142-3p 5′-isomiR. This prediction
will have to be confirmed, however, given that we did detect
some regulatory potential for extended (≥3–9) offset seed
matches to miR-142-3p. These miR-142-3p−1-like viral
miRNAs could, in principle, function in the lymphoid target
cells of rhadinoviruses, which express abundant miR-142-3p/
−1, to repress non-miR-142-3p−1-targets, skew the regula-
tion of miR-142-3p−1 targets or overexpress miR-142-3p
−1-like functions. Alternatively, these viral mimics of miR-
142-3p−1 could introduce miR-142-3p−1-like functions
into cell types where miR-142-3p/−1 are not expressed, in-
cluding the differentiated endothelium, the cell type under-
lying the pathogenesis of Kaposi’s sarcoma. It will be
interesting to study the functional relevance of miR-K10a/
+1 in the context of KSHV-infected endothelial cells.
Identifying roles of miR-K10a/+1 in KSHV infection should
also shed light on why rhadinoviruses selectively mimic miR-
142-3p−1. For example, a previous report has shown that
miR-K10a inhibits the tumor necrosis factor-like weak in-
ducer of apoptosis receptor (TWEAKR/TNFRSF12A), which
impacts cytokine signaling in KSHV-infected endothelial
cells (Abend et al. 2010). It was suggested that the down-reg-
ulation of TNFRSF12A protects infected cells from apopto-
sis-induced cell death and suppress the expression of pro-
inflammatory cytokines. This function is likely due to both
5′-isomiRs, which we have shown are equally potent repres-
sors of TNFRSF12A reporters (Fig. 4D). Interestingly,
TNFRSF12A reporters were also repressed by miR-142-3p
−1, but not miR-142-3p, suggesting that this and other
5′-isomiR-specific targets of miR-142-3p−1 might underlie
the selective pressure to selectively mimic miR-142-3p−1.
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It has previously been suggested that direct repression of
TGF-β receptor 2 expression by both 5′-isomiRs underlies
the inhibition of this TGF-β signaling by miR-K10a/+1 (Lei
et al. 2012). The TGFBR2 3′-UTR, however, lacks canonical
seed matches to either the miR-K10a or miR-142-3p 5′-
isomiRs. Finally, it will be interesting to see if the miR-
K10a isomiRs, like the miR-142-3p miRNAs, are regulators
of the actin cytoskeleton, which is known to be deregulated
during infection by KSHV and many other viruses (Taylor
et al. 2011).
Several important questions remain for future studies.

These include whether 5′-isomiR expression is regulated in
specific tissues, at different developmental stages, or in dis-
ease. Instances of spatial and temporal variation in the rela-
tive expression of isomiRs (isomiR switching) have been
described (Fukunaga et al. 2012; Tan et al. 2014). For in-
stance, the relative expression of the convergent miR-101
and miR-101+1 isomiRs changes from 1:2 in the brain to
3:1 in fetal lung fibroblasts (Tan et al. 2014). Similarly, the ex-
pression of the divergent 5′-isomiRs miR-140-3p and miR-
140-3p-1 change from ∼6:1 in the nasal epithelium and mu-
cosa to 1:1.6 in the heart. The dsRNA binding domain-con-
taining partner proteins of Drosha and Dicer are important
determinants of cleavage site selection by these enzymes
(Han et al. 2006; Fukunaga et al. 2012; Lee and Doudna
2012), and are candidates for players in regulated isomiR ex-
pression. InDrosophila, the level of the Dicer binding partner
loqs-PA relative to its isoform loqs-PB increases during de-
velopment (Fukunaga et al. 2012). These two isoforms
bind Dicer separately and alter the processing of a specific
subset of miRNAs, including miR-307a.
Finally, our work highlights the importance of the careful

annotation of miRNA ends. To date no unified nomenclature
for miRNA sequence variation exists, although several have
been proposed (Ruby et al. 2006; Cloonan et al. 2011). The
annotation, detection, and validation of 5′-offsets are critical-
ly important for functional work as 5′-offsets are clearly con-
sequential in terms of target recognition. In addition, the
annotation of 3′-offsets is important, because these affect
the accurate measurement of miRNA abundance using hy-
bridization-based assays.

MATERIALS AND METHODS

Cloning of 3′-UTR reporters and miRNA expression
vectors

Candidate miRNA-binding sites were identified from previously
published Ago2-PAR-CLIP data sets from primary effusion lym-
phoma (PEL) B cell lines (Gottwein et al. 2011), or predicted by
TargetScan 6.2 (for miR-142-3p) and/or custom TargetScan 5.2
(for miR-K10a and miR-142-3p−1/miR-K10a+1). Full length or
substantial length 3′-UTR sequences were PCR-amplified from
BC-1 genomic DNA and cloned into the reporter vector pLSG
(Gottwein et al. 2007) expressing firefly luciferase using XhoI and

NotI sites. Predicted seed sites in each 3′-UTR were mutated from
5′-…AACACU…-3 to 5′-…AAGACA…-3′ using mutated primers
to abolish binding of the four miRNAs. For reporters with nonca-
nonical sites, primers were designed to contain two predicted
binding sites separated by a 10 bp linker (Fig. 3). These binding
sites were modeled from previously reported noncanonical in-
teractions (Grimson et al. 2007; Shin et al. 2010; Chi et al. 2012).
Primers that were used for cloning or mutagenesis are detailed
in Supplemental Tables S4, S5; primer sequences are listed in
Supplemental Table S8. Reporter assays were conducted as de-
scribed using mirVana miRNA mimics (Life Technologies)
(Manzano et al. 2013). To express miRc-RF9-3p, a 250-bp fragment
centered on the predicted pre-miRc-RF9 was synthesized as a gBlock
(IDT), PCR-amplified using primers 2079 and 2080, and inserted
between XhoI and NotI sites of the published lentiviral vector
pLCE (Gottwein et al. 2011).

RNA preparation for primer extension

Frog spleens were harvested from 1- to 2-yr-old male X. laevis.
Chicken spleens were dissected from E13 to E16 embryos. Mouse
spleen was from a 7–8 wk female A/J mouse. For Ago2-IP experi-
ments, ∼5 × 107 cells of PEL-derived cell lines VG-1 or BC-3 were
lysed and incubated with anti-Ago2- or control IgG1-bound protein
G beads as previously described (Gottwein et al. 2011). For the
RFHV primer extension, LLC-MK2 cells were transfected with the
cloned pri-miRc-RF9-3p. RNAs were prepared using TRIzol (Life
Technologies), with the ethanol wash omitted.

Primer extension

Primer extension analyses were conducted as described using dena-
turing polyacrylamide gel-purified probes (Manzano et al. 2013).
Primers for miR-K10a, miR-142-3p, and 5S RNA have been previ-
ously published (Gottwein et al. 2011). Primers used for hsa-miR-16
(1580), xtr-miR-16 (2078), and miRc-RF9-3p (2083) are found in
Supplemental Table S8.

Western blotting

iHMVEC cells (7 × 105 cells/10 cm2 dish) were transfected with
100 pmol of control 1, miR-142-3p and miR-142-3p−1
mirVana miRNA mimics using Lipofectamine RNAiMAX (Life
Technologies). Two days after transfection, cells were harvested in
20 mM Tris pH 7.5, 100 mMNaCl, 1% Triton X-100, 10% glycerol,
1 mM EDTA, and Complete EDTA-free protease inhibitors
(Roche). Quantitative Western blotting using the Odyssey Fc
Imaging System (LI-COR Biosciences) was performed as described
(Manzano et al. 2013) using anti-p190 (BD Biosciences, Cat.
610149), anti-cofilin 2 (EMD Millipore, Cat. 07-300), anti-N-
WASP (30D10, Cell Signaling Technology), and anti-actin (C-2,
Santa Cruz Biotechnology) antibodies.

Gene expression profiling

HEK293T cells (5 × 105) in six-well plates were transfected with 50
pmol of mirVana miRNA mimics (negative control 2, miR-142-3p,
miR-142-3p−1, miR-K10a+1, or miR-K10a) using the RNAiMAX
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transfection reagent in triplicate wells. The medium was replaced af-
ter 8 h. Two days post-transfection, total RNA was harvested with
0.5 mL TRIzol reagent and further purified using RNeasy
MinElute Cleanup Kit (Qiagen). Total RNA was eluted in 15 µL wa-
ter from the spin columns. Samples were processed by the
Northwestern University Genomics Core Facility for Illumina
Gene Expression Array using the HumanHT-12 v4 Expression
BeadChip (Illumina).

Analysis of microarray data

Quality checks and probe level processing of the Illumina microar-
ray data were made with the R Bioconductor package lumi (Du et al.
2008). Data processing included a normalization method to reduce
the obscuring variation between microarrays (Bolstad et al. 2003),
which might be introduced during the processes of sample prepara-
tion, manufacturing, fluorescence labeling, hybridization, and/or
scanning. Probes that were expressed in none of the samples, as
judged by an Illumina detection P > 0.01, were filtered out. Probes
that lacked annotated gene symbol, description and Entrez Gene
ID were also excluded from further analyses. A total of 17,242
probes remained after the filtering processes and were used for fur-
ther analyses. Hierarchical clustering was performed on the filtered
data with the plotSampleRelation function of the lumi package to as-
sess sample relationships. Principal component analysis was per-
formed on the scaled version of the filtered data to evaluate
sample variation. Differential gene expression between the different
conditions was assessed by statistical linear model analysis using the
Bioconductor package limma (Smyth 2004; Wettenhall and Smyth
2004), in which an empirical Bayes method is used to moderate
the standard errors of the estimated log-fold changes of gene expres-
sion. The moderated T statistic P-value derived from the limma
analysis above was further adjusted for multiple testing by
Benjamini and Hochberg’s method to control false discovery rate
(FDR). The list of differentially expressed genes was obtained by
the FDR criterion of <5%.

Sylamer analysis

Gene lists from published GEO data set GSE52141 and newly gen-
erated data set GSE66489 were ranked by fold change. 3′-UTR se-
quences were obtained from the UCSC Genome database. For
genes with multiple transcripts and 3′-UTR sequences, the longest
sequence was retained. Lists containing gene names and log-fold ex-
pression values were prepared along with their longest correspond-
ing 3′-UTR sequences. The relative enrichment of sequences in the
3′-UTR was identified using Sylamer (van Dongen et al. 2008) ver-
sion 08-123 and plotted in R.

DATA DEPOSITION

Microarray data were submitted to the Gene Expression Omnibus
under accession number GSE66489.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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