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Introduction

In animals, an important layer of post-transcriptional regulation 
involves microRNAs (miRNAs), small RNA hairpin-like struc-
tures lacking perfect complementarity between a 5' arm and 3' 
arm. miRNAs are typically transcribed from the genome as pri-
mary (pri-miRNA) transcripts which are then processed into pre-
miRNA hairpins of approximately 60–80 nucleotides in length via 
the action of the microprocessor complex containing the RNase 
III enzyme DROSHA and the RNA binding protein DGCR8.1,2 
Pre-miRNAs are then exported to the cytoplasm3-5 and further 
processed into a duplex strand by DICER1 RNase III endonu-
clease-mediated removal of the hairpin region.6,7 Duplexes gen-
erated from DICER1 cleavage associate with Argonaute (AGO) 
proteins.8,9 One strand of the DICER1-generated duplex, known 
as the mature or guide strand, is selected for incorporation into 
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the RNA-induced silencing complex (RISC) while the remaining 
star (miRNA*) or passenger strand is typically discarded but on 
occasion can also be incorporated into a functional RISC.10 Once 
bound, an miRNA that associates with a RISC complex contains 
a “seed” sequence of approximately seven nucleotides in length 
which binds complementary stretches of nucleotides in messen-
ger RNA (mRNA) resulting in direct AGO-mediated endonu-
clease cleavage of the bound mRNA or a reduction in protein 
translation efficiency of the mRNA (reviewed in ref. 9 and 11). 
Collectively, this process is referred to as the miRNA-mediated 
gene silencing pathway.

Like many genes involved in post-transcriptional gene silenc-
ing pathways, genes encoding the AGO proteins have a complex 
evolutionary history punctuated by lineage-specific expan-
sion and lineage-specific loss events.11-13 Consistent with this, 
the number and functional role of AGO-like proteins can vary 
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genes. Finally, we observed broad, low-level AGO-association of 
sequences mapping anti-sense to known miRNA loci.

Results

AGO-associated small RNA libraries. We analyzed the short 
RNA dataset previously generated28 from complete THP-1 
monocytic cells and from immunoprecipitated AGO1, AGO2 
and AGO3 proteins isolated from THP-1 cells with antibodies 
from the Wako Company. Raw tags from the generated dataset 
were mapped to the hg18 human genome assembly using the pro-
cedures outlined in Materials and Methods.

The percentage of tags mapping to distinct classes of RNA 
across the different libraries is depicted in Figure 1A and the total 
numbers of mapped tags are provided in Supplemental Table 
S1. Total mapped tag counts for the libraries ranged from 1.1 to 
5.2 million tags, providing unprecedented sequencing depth for 
AGO-IP libraries.22-24,29 In each library, miRNA is the dominant 
class of RNA detected (Fig. 1A). The percentage of total miRNA 
increases in the three AGO protein-associated libraries relative 
to the library prepared from complete cell RNA, an indication 
that the IP experiments were successful. Additionally, the percent 
of miRNA observed across the three AGO proteins is constant, 
suggesting that no significant contaminations occurred during 
extraction in any single library.

Human miRNA loci typically lack strand selection or sort-
ing bias when associating with distinct AGO proteins. We first 
investigated whether differential strand partitioning occurred 
in miRNA/miRNA* strands similar to what is observed in 
Drosophila14-17 by determining their relative percentages in the 
AGO-associated libraries (Fig. 1B). In contrast to Drosophila,17 
no difference is observed in uptake frequency across different 
AGO proteins. In each AGO-associating short RNA library, the 
total percentage of miRNA tags derived from the miRNA* arm 
of the miRNA/miRNA* duplex is lower than the total percentage 
observed in the complete cell (Fig. 1B). This modest accumu-
lation of miRNA* sequences in the complete cell is consistent 
with the previous observation that miRNA* strand cleavage is 
not essential for miRNA AGO loading in mammalian cells.30 
Interestingly, despite a lack of functional roles associated with 
human miRNA* strands in the current literature, approximately 
one percent of all sequences associating with AGO proteins 
descend from the miRNA* arm of the miRNA/miRNA* duplex. 
This may support findings of a recent study suggesting that 
miRNA* strands may play a greater role than previously assumed 
in affecting downstream gene expression in humans10 or it could 
represent the error rate for mis-association of miRNA/miRNA* 
duplex arms with AGO proteins.

With no general differences in miRNA/miRNA* partition-
ing observed, the tag counts mapping to individual miRNA loci 
were compared against each other to ascertain the extent of total 
differential sorting across AGO proteins. The percentage of rel-
ative incorporation for each locus is depicted in a ternary plot 
in Figure 2A. Most miRNA loci are located at approximately 
equal (33%) abundance across the three AGO libraries on the 
plot, consistent with previous experimental observations20,21 

greatly across animal species. One such functional difference 
concerns the sorting of miRNA into distinct AGO proteins. 
In Drosophila, several elegant studies have demonstrated that 
miRNA sorting into AGO proteins is coupled to strand selec-
tion and depends on specific structural and sequence criteria, 
with mature miRNA sequences tending to associate with AGO1 
and miRNA* sequences tending to associate with AGO2.14-17 
Similarly, in C. elegans, structural features intrinsic to miRNA 
lead to association with the ALG-1 and ALG-2 AGO-like proteins 
and not the RDE-1 AGO-like protein.18,19 In humans, previous 
studies have indicated such dramatic biases in miRNA associa-
tion are not present across AGO proteins, at least in a handful 
of tested sequences20,21 or across miRNA profiles often generated 
for pairs of AGO proteins.22-24 Intriguingly, a recent study has 
suggested the possible presence of a mammalian-specific small-
scale miRNA sorting system in which differentially-processed 
sequences from the same miRNA locus may preferentially asso-
ciate with distinct AGO proteins.22

In parallel to studies analyzing the miRNA content across 
AGO proteins in different organisms, recent studies have dis-
covered the association of small RNA fragments not derived 
from miRNA precursor transcripts with human AGO proteins. 
Fragments derived from small nucleolar RNA (snoRNA),23 vault 
RNA (vRNA),25 and tRNA26 undergo DICER1-mediated cleav-
age of the precursor RNA before association with AGO proteins 
and formation of functional RISCs. These non-miRNA-con-
taining RISCs appear capable of regulating expression of tar-
get mRNAs analogous to miRNA-containing RISCs. Another 
recent study has characterized the association of an unprocessed 
pre-miRNA with human and mouse AGO2;27 the implication of 
this finding is that AGO proteins are capable of binding to RNAs 
of much longer length than mature miRNA sequences.

Despite the previous generation of AGO-associating miRNA 
profiles, the current literature in the field lacks a systematic 
approach addressing global miRNA sorting across distinct 
human AGO proteins and identifying the complete complement 
of non-miRNA short RNAs associating with AGO proteins. In 
this study we analyzed a recently generated dataset which cap-
tured short RNA profiles following immunoprecipitation (IP) of 
AGO1, AGO2 and AGO3 proteins alongside total RNA from 
the complete cell. Our findings confirm previous research indi-
cating that with few exceptions, no bias across AGO proteins 
could be detected for the sorting of miRNA, either in the form of 
differential strand association or relative abundance of miRNA 
derived from the same locus in humans. At the same time, the 
findings presented here support the existence of a unique sorting 
system operating on a small scale that likely provides a means 
of expanding the set of mRNA substrates targeted by miRNA. 
Additionally, we identify novel classes of AGO-associating small 
RNA beyond vRNA, snoRNA and tRNA fragments, including 
sequence fragments derived from small nuclear RNA (snRNA), a 
single fragment derived from a predicted rRNA pseudogene and 
several unusual sequences of length 25–27 nucleotides derived 
from sense and anti-sense transcription of exonic regions of pro-
tein-coding genes. We also observed enrichment in the AGO-IP 
RNA for sequences mapping to the promoter regions of coding 
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Figure 1. RNA associating with AGO proteins. (A) Overview of the classes of miRNA found in complete cell and associating with AGO proteins depicted 
as Cleveland dot plots. Classes of RNA are listed to the left, and proportion of total RNA derived from those classes is labeled along the x-axis. (B) Pro-
portion of tags found across all libraries derived from the miRNA and miRNA* arm of the miRNA/miRNA* duplex.
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and a recent large-scale sequencing 
experiment performed to comple-
ment miRNA PAR-CLIP sequencing24 
(Fig. 2A and see Sup. Table S2 for tag 
counts). However, notable exceptions 
were observed. Two loci with at least 
moderate expression in THP-1, mir-
222 and mir-223*, are significantly 
depleted (p < 2.2e-16) in the AGO2 
library which contains less than 10% 
of all the sequences associating across 
the AGO libraries. The mir-182 locus, 
also moderately expressed in THP-1, 
is significantly enriched in the AGO2 
library, containing over 85% of all 
tags found in the libraries (p < 2.2e-16)  
(Fig. 2A). These observations suggest 
that in THP-1 miR-222 and miR-223* 
are less likely to regulate downstream 
targets through mRNA transcript 
cleavage, as AGO2 is the sole Argonaute 
protein with demonstrated slicer activ-
ity.20,21 The relative abundance of miR-
182 in the AGO2 library is most likely 
related to differential incorporation of 
specific miRNA isomir types, described 
in the section below.

Despite a lack of differential sort-
ing observed between the libraries, it is 
possible for simultaneous enrichment 
or depletion of a miRNA sequences to 
occur during the loading process. We 
calculated the relative abundance of 
individual miRNA loci in the complete 
cell against the abundance in individ-
ual AGO libraries (Fig. 2B). miRNA 
loci were typically found at roughly the 
same level of abundance in the complete 
cell as in the AGO-associating libraries 
(Fig. 2B). Instances of enrichment (fold 
change >2) or depletion (fold change 
<½) in one library almost always cor-
responded to respective enrichment 
or depletion in the other two librar-
ies (Fig. 2B and see Sup. Table S3 for 
tag counts). Notable exceptions to this 
observation were consistent with the 
loci mentioned above (Fig. 2A).

The observation that miRNA 
sequences derived from the same locus 
can be simultaneously enriched or 
depleted across the three AGO proteins 
(Fig. 2B) could suggest systematic pref-
erences govern the AGO loading process 
for all AGO proteins. Structural and 
sequence features of miRNA/miRNA* 

Figure 2. Sorting of individual miRNA loci across different AGO libraries. (A) Ternary plot of the rela-
tive proportion of counts mapping to miRNA loci across the three AGO libraries, with each diamond 
representing a single miRNA locus. Each side of the ternary plot measures the relative proportion for 
a single labeled library. Gridlines corresponding to a library are plotted at a 120° angle from the side 
of the ternary plot with the library name. Right triangles along each axis illustrate the direction of 
increasing proportion. Less than 10% of the total counts derived from the miR-182 locus are found in 
both the AGO1 and AGO3 libraries, this diamond is outlined and labeled with the name.  miRNA loci 
with less than 10% of the total counts in a single library are outlined and labeled. (B) Barplot measur-
ing expression value of miRNA loci associating with each AGO library relative to the expression of 
the same loci in the complete cell. Each locus has three distinct bars for the AGO1, AGO2 and AGO3 
libraries. Loci are ordered by summing fold change across the three libraries, with the loci showing 
the most increase on the left-hand side. Complete list of fold changes are provided in Supplemental 
Table S2. Loci displaying differential sorting in (A) are outlined and labeled.
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Table 1. AGO-specific selective incorporation of distinct miRNA isomirs

miRNA locus Primary miRNA isomirs AGO1%† AGO2%† AGO3%† Significance††,‡ Addition‡ ‡

Differences in 5’ end

miR-140-3p ACCACAGGGUAGAACCACGGAC 42.75 61.24 63.54 *^

UACCACAGGGUAGAACCACGGA 57.25 38.76 36.46 *^

miR-142-5p CAUAAAGUAGAAAGCACUACU 21.15 81.09 31.55 *^+

CCCAUAAAGUAGAAAGCACUAC 78.85 18.91 68.45 *+

miR-16 GCACGUAAAUAUUGGCG 50.30 48.46 53.56 +

UAGCAGCACGUAAAUAUUGGCG 49.70 51.54 46.44 +

miR-29a CUAGCACCAUCUGAAAUCGGUU 28.99 20.38 59.94 *^+

UAGCACCAUCUGAAAUCGGUU 71.01 79.62 40.06 ^+

Differences in 3’ end

miR-10a UACCCUGUAGAUCCGAAUUUGU 36.84 53.15 37.32

UACCCUGUAGAUCCGAAUUUGUG 63.16 46.85 62.68

miR-125a-5p UCCCUGAGACCCUUUAACCUGU 27.43 53.53 31.30 *+

UCCCUGAGACCCUUUAACCUGUG 72.57 46.47 68.70 *+

miR-15a UAGCAGCACAUAAUGGUUUGUGG 52.00 44.53 48.42 *

UAGCAGCACAUAAUGGUUUGUGGA 48.00 55.47 51.58 *

miR-182 UUUGGCAAUGGUAGAACUCACACUGG 100.00 27.20 100.00 *+

UUUGGCAAUGGUAGAACUCACACUG 0.00 72.80 0.00 *+

miR-221 AGCUACAUUGUCUGCUGGGUUU 55.80 41.08 59.07 *+

AGCUACAUUGUCUGCUGGGUUUC 44.20 58.92 40.93 *+

miR-222 AGCUACAUCUGGCUACUGGG 57.36 25.41 35.72 *^+

AGCUACAUCUGGCUACUGGGUCUC 42.64 74.59 64.28 *^+

miR-223 UGUCAGUUUGUCAAAUACCCCA 49.60 56.82 64.15 *^+

UGUCAGUUUGUCAAAUACCCCAA 50.40 43.18 35.85 *^+

miR-223* CGUGUAUUUGACAAGCUGAGUUG 44.44 18.18 39.70

CGUGUAUUUGACAAGCUGAGUUGG 40.28 19.32 44.24

CGUGUAUUUGACAAGCUGAGUUGGACACU 15.28 62.50 16.06 *+

miR-23a AUCACAUUGCCAGGGAUUUCC 36.58 66.77 41.11 *+

AUCACAUUGCCAGGGAUUUCCAA 63.42 33.23 58.89 *+

miR-23b AUCACAUUGCCAGGGAUUACC 36.64 55.79 33.44

AUCACAUUGCCAGGGAUUACCAC 63.36 44.21 66.56

miR-24 UGGCUCAGUUCAGCAGGAACAG 41.25 51.71 47.76 *^+

UGGCUCAGUUCAGCAGGAACAGU 58.75 48.29 52.24 *^+ u

miR-24-2* GUGCCUACUGAGCUGAAACACAG 55.26 41.05 45.67

duplexes were investigated to identify any possible factors con-
tributing to uniform enrichment/depletion. Paired probability 
values, previously used to establish structural determinants for 
the partitioning of miRNA/miRNA* duplexes in Drosophila 
AGO loading,17 were calculated at every nucleotide position in all 
miRNA/miRNA* duplexes whenever an miRNA sequence was 
enriched (fold change >2) across all three AGO libraries (Fig. 2A 
and Sup. Table S3) and this was compared to the same values for 
the set of miRNA/miRNA* duplexes depleted across all libraries 
(fold change <2). No significant differences were observed across 
the two sets of profiles in any AGO-associated library (Sup. Fig. 
S1). Nucleotide composition was also compared at each posi-
tion in the enriched and depleted sets of miRNA loci and no 

differences were observed (data not shown). The lack of clear 
structural or sequence determinants for collective enrichment or 
depletion of miRNA loci in AGO-associated miRNA libraries 
may indicate that the regulation leading to enrichment/depletion 
of a given miRNA loci occurs upstream of the DICER1-mediated 
duplex formation step. Instances of upstream, miRNA-specific 
regulation have previously been reported, an example is seen 
in the blockage of let-7b pre-miRNA processing through the 
combined action of the LIN28A RNA-binding protein and the 
ZCCHC11 nucleotidyltransferase enzyme.31

Differential sorting of miRNA isomirs across AGO pro-
teins. Animal miRNA loci often give rise to multiple, distinct 
miRNA or miRNA* transcripts termed “isomirs” which can 
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Interestingly, the remaining variations occur at the 3' end. 
Given the frequency of 3' variation in differential AGO-loading 
and the significant differences in incorporation tendencies for 
these distinct isomirs, it is possible that 3' variation may also 
affect regulation in some as-yet undetermined manner. This 
could be particularly true in variations with large length differ-
ences such as miR-222 in which the isomir more likely to associ-
ate with AGO2 or AGO3 contains four additional nucleotides at 
the 3' end relative to the isomir more commonly associating with 
AGO1 (Table 1). It is important to note that the 3' end variations 
listed in Table 1 almost exclusively match the genome sequence 
encoded at the respective miRNA locus and predominantly 
involve nucleotide combinations that have not been linked to 
post-processing nucleotidyltransferase addition, suggesting that 
variations associated with differential isomir sorting are largely 
driven by DICER1-mediated cutting and not nucleotidyltrans-
ferase activity.28

One specific pair of interesting isomir variants is observed 
at the mir-182 locus (Table 1). mir-182 is one of three miRNA 
loci showing strong enrichment/depletion across AGO libraries  
(Fig. 2). Enrichment in the AGO2 library corresponds to enrich-
ment of a shorter primary isomir lacking the additional 3' gua-
nine nucleotide of the longer primary isomir, which is the only 
isomir present in the AGO1 and AGO3 libraries (Table 1). It is 
likely for this locus that production of the shorter primary isomir 
is tightly linked with AGO2 uptake, resulting in both differen-
tial incorporation of this specific isomir and enrichment of the 
miRNA locus in the AGO2-associated library.

Expansion of the complement of RNA sequences associating 
with AGO proteins. Several classes of small RNAs derived from 
diverse non-coding RNA progenitors have been recently reported 
in references 23, 25, 26, 35–38; some of these classes, includ-
ing those derived from vRNA, snoRNA and tRNA, have also 
been shown to associate with human AGO proteins.23,25,26 We 

vary at the 5' or 3' ends of the miRNA sequence.32 At least some 
of the observed variation at the 3' ends of miRNAs arises from 
post-transcriptional nucleotide addition,28,33 but instances of 5' 
variation can be attributed to differential DICER1 endonucle-
ase cutting34 and recent findings based on nucleotidyltransfer-
ase knockdown suggest that most observed 3' miRNA variation 
which aligns to the genome sequence may often be the result of 
differential cutting.28 Often within an individual miRNA locus, 
a single isomir dominates the respective count at a given locus 
and is termed the “primary isomir”. On several occasions, how-
ever, the difference in expression between a primary isomir and a 
less-frequent variant is quite small.

Differential loading of distinct isomirs from the same 
miRNA locus into different AGO proteins has been previously 
reported for miR-142-5p.22 Differential cutting of this locus 
gives rise to two distinct isomirs, with one isomir containing a 
pair of nucleotides at the 5' end not present in the other isomir. 
These isomirs are preferentially incorporated into different 
AGO proteins and target distinct mRNA substrates due to seed 
sequence differences.22 To investigate this on a global scale, we 
identified the primary isomir from each miRNA locus with the 
greatest abundance in each AGO-associated small RNA library. 
Loci with distinct primary isomirs across one or more libraries 
are reported in Table 1, along with the sequences for each isomir 
and the relative percentage of the observed primary isomirs in 
each library. Primary isomirs from 22 miRNA loci varied in at 
least one AGO protein, with the observed difference in relative 
abundance significantly differing across at least one pair of AGO 
libraries in 17 of these loci (Table 1). We observed the same 
5' isomir differences as previously reported for miR-142-5p and 
also observed 5' differences at three additional loci: mir-140-3p, 
mir-16 and mir-29a (Table 1). Isomirs originating from these 
loci would also presumably target distinct mRNAs for gene 
silencing.

Table 1. AGO-specific selective incorporation of distinct miRNA isomirs (continued)

miRNA locus Primary miRNA isomirs AGO1%† AGO2%† AGO3%† Significance††,‡ Addition‡ ‡

GUGCCUACUGAGCUGAAACACAGU 44.74 58.95 54.33

miR-30b UGUAAACAUCCUACACUCAGC 45.81 63.59 37.13 *+

UGUAAACAUCCUACACUCAGCU 54.19 36.41 62.87 *+

miR-374b AUAUAAUACAACCUGCUAAGU 36.68 52.40 35.81

AUAUAAUACAACCUGCUAAGUG 63.32 47.60 64.19

miR-454 UAGUGCAAUAUUGCUUAUAGGG 60.44 20.80 28.30 *

UAGUGCAAUAUUGCUUAUAGGGUU 39.56 79.20 71.70 *

miR-484 UCAGGCUCAGUCCCCUCCCGAU 55.70 49.30 79.10

UCAGGCUCAGUCCCCUCCCGAUU 44.30 50.70 20.90 + u

miR-577 GUAGAUAAAAUAUUGGUACCUG 60.00 34.46 58.39 +

GUAGAUAAAAUAUUGGUACCUGU 40.00 65.54 41.61 u

miR-660 UACCCAUUGCAUAUCGGAGUUG 54.31 37.37 40.22

UACCCAUUGCAUAUCGGAGUUGU 45.69 62.63 59.78
†,percentage of primary isomirs listed at the left which are found at a given miRNA locus, when there is a difference in the primary isomir across the AGO 
proteins; ††, p<0.05 with post-hoc Bonferroni correction; ‡,*: significant difference between AGO1 and AGO2; ^, significant difference between AGO1 and 
AGO3; +, significant difference between AGO2 and AGO3; ‡‡, u: denotes a 3’ nucleotide difference between primary isomirs and that the nucleotide does 
not match the cognate nucleotide at the miRNA genome locus



164	 RNA Biology	 Volume 8 Issue 1

(Sup. Table S4). Some of these sequences have previously been 
identified in screens for novel miRNAs, suggesting that many 
of these tags are potential novel, lowly-expressed miRNAs. In 
addition, several tags of similar length which mapped to regions 
lacking annotation are included in Supplemental Table S4 and 
could represent novel miRNA loci.

Three mRNA-mapping sequences were of particular interest 
due to their unusual length. Two of these sequences are 27 nucle-
otides in length and mapped anti-sense to the exonic regions of 
the CLTC and WEE1 genes while the other sequence, length 
25 nucleotides, mapped in the sense direction to an exon of the 
CYP46A1 gene (Table 2). Despite a length longer than canoni-
cal miRNAs, these fragments are predicted to form hairpin-like 
structures resembling pre-miRNA (Fig. 3A), suggesting they 
could be processed by the DICER1 enzyme. Additionally, the 
predicted “seed sequence” for these fragments (bases 2–8 from the 
5' end) are well-conserved across vertebrate species (Fig. 3B) and 
many potential targets for such a seed sequence are recognized 

extracted all sequences from the AGO-associated deep-sequenced 
libraries which failed to map to known miRNA loci and checked 
for the presence of the same sequence in the complete cell library. 
The genomic location of all sequences from the AGO-associated 
libraries which were found to contain similar or greater abun-
dance (Materials and Methods) as their corresponding sequences 
in the complete cell were inspected for concordance with known 
non-coding RNA sequences (Materials and Methods). In addi-
tion to sequences mapping to snoRNA, vRNA and tRNA, we 
identified tags mapping to snRNA and an rRNA pseudogene 
(Table 2). Several unusual sequences were also retrieved which 
mapped to exonic regions of mRNA. A small but significant 
number of sequences derived from the promoter regions of genes 
were also observed. Sequences mapping to these classes of RNA 
are discussed in detail below.

Sequences mapping to mRNA. Several tags, typically of length 
21–23, were observed mapping to the intronic and exonic 
regions of mRNA in both the sense and anti-sense direction  

Figure 3. AGO association with sequences derived from various classes of non-coding RNA. (A) Two-dimensional structural diagrams of sequences 
identified in AGO libraries forming hairpin-like structures that conceivably are processed via DICER1-mediated cleavage. Class of RNA is labeled at top 
of diagram. Name of specific RNA gene is given below diagram. Sequences identified in AGO libraries are highlighted by orange circles. In the diagram 
for VTRNA1-1, the sequence of the identified putative star sequence is enclosed in a bracket. (B) Conservation of putative seed sequences across verte-
brate species for selected sequences listed in Table 2 (for complete list of alignments, see Sup. Fig. S3). Conserved regions in the seed sequence are 
colored in white and shaded in black.
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Table 2. Association of unexpected RNA fragments in AGO libraries.
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1.6 E 2

snoRNA

ACA45 chr15 +
AAG GUA GAU AGA 

ACA GGU CUU G

22

353.7

294.5

367.5

-1.2

1.0 E 1

ACA25 chr11 -
GUU CUC UAU AGG 

AAG CCA UAG C

22

19.5

24.0

27.3

32.2

1.2

1.4

1.7 E 1

U17a chr1 +
UCC AAC GUG GAU 

ACA CCC GGG AGG UC

26

70.6

83.3

1.2 E 1

U17b chr1 +
UCC AAC GUG GAU 

ACC CUG GGA GGU C

25

14.5

23.2

1.6 E 1

HBI-100 chr1 -
UCU GAU CGU UCC 

CCU CCA UAC A

22

18.9

14.6

26.9

21.5

-1.3

1.4

1.1 M17AG 1

ACA47 chr17 +
ACG GUC UGG GGA 

AAG GCU CCU GUG UU

26

0.9

11.1

12.6 E 1

ACA17 chr9 -
UCU GUG UCA UUA 
GGU GGC AGA GA

23

16.5

15.5

11.4

-1.1

-1.5 E 1

tRNA

mitochon-
drial  

tRNA-Ser
chrM +

GAG AAA GCU CAC 
AAG AAC UGC UAA CU

26

26.6

19.7

-1.3 E 1

incorrectly 
annotated as 

piRNA in some 
locations 

mitochon-
drial  

tRNA-Cys
chrM -

AGC UCC GAG GUG 
AUU UUC AUA UUG 

AAU UGC

30

0.0

153.7

20.1

n/a

n/a E 1

tRNA-His-
GTG

chr6 +
CGU AUA GUG GUU 

AGU ACU CUG CGU UG

26

1.3

54.1

40.5 E 9
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DICER1-mediated cleavage (Fig. 3A). However, similar to the 
above-mentioned sequences, we did not detect any potential can-
didate star sequences for the snRNA-derived sequences in any 
library again suggesting a processing mechanism independent of 
DICER1. Interestingly, three of the four sequences are located 
at the 3' end of the precursor snRNA gene, possibly indicating 
a uniform cleavage mechanism (Table 3). With the exception of 
the U12-derived sequence, the predicted seed regions are poorly 
conserved across vertebrate species (Fig. 3B and see Sup. Fig. S3 
for all putative seed alignments). Nevertheless, several candidate 
3'UTR target sites for the sequences are predicted to occur in 
humans (Sup. Table S5), suggesting a role for at least some of the 
snRNA-derived sequences in gene-silencing.

Sequences mapping to vRNA. Recently, small RNA frag-
ments derived from vRNA (svRNAs) were found to associ-
ate with AGO2 and regulate expression of the CYP3A4 gene.25 
We were unable to detect the same sequences in our libraries, 
perhaps unsurprising given that svRNAs display tissue-specific 
expression patterns.25 However, we did detect marginal enrich-
ment of a novel, low-expressed svRNA in the AGO3 library  
(Table 2). While the sequence does not match the previously 
reported svRNA sequences, it closely resembles the svRNAa* 
sequence but appears to have been cleaved from the vRNA pre-
cursor a single nucleotide upstream (Table 2 and Fig. 3A). In 
this case, we did detect a single “star” sequence in the AGO3-
associated RNA library, consistent with previously observed 
DICER1-mediated vRNA cleavage (Fig. 3A).25 These observa-
tions have two important implications for svRNAs: (1) the choice 
of which “arm” is loaded after DICER1 processing of vault RNA 
may vary across cell types and (2) the DICER1 cleavage point 
may also vary across cell types. Variation at the 5' end is particu-
larly noteworthy, as this would provide the cell with a flexible 

(see Sup. Table S5 for target information for all Table 2 entries). 
Taken together with recent experimental evidence that the mam-
malian AGO2 protein is capable of binding fragments larger than 
the standard miRNA length of 21–23 nucleotides,27 the preced-
ing observations suggest that despite an unusual length, these 
sequences are performing miRNA-like gene-silencing functions 
and may be processed in a step analogous to DICER1 process-
ing of pre-miRNAs. Notably, however, we failed to uncover a 
single sequence in any library mapping to the opposite arm in 
any predicted hairpin-like structure (Fig. 3A). Given the high 
number of total counts observed, particularly for sequences 
derived from CLTC and CYP46A1 (Table 2), at least a small 
number of star sequences would likely be recovered if biogenesis 
involved DICER1-mediated cleavage. Additionally, it is unclear 
how DICER1 could mediate cleavage of fragments of this longer 
length,39,40 although DICER1 appears capable of cutting longer 
fragments from tRNA precursors (see below).26 Expression of the 
CYP46A1-derived fragment was verified via qRT-PCR in RNA 
derived from the complete cell and also from AGO-IP experi-
ments (Sup. Fig. S2, Materials and Methods).

Sequences mapping to snRNA. Three sequences mapping to 
U12, U1 and U2 snRNA and an additional sequence mapping 
to a predicted U2-like snRNA pseudogene were identified. These 
sequences range in length with sizes of 23, 27 and 30 nucleo-
tides (Table 2) and at least one sequence (mapping to the U12 
snRNA) was previously recovered through deep-sequencing 
with a different sequencing platform and library preparation 
technique.41 Unlike the sequences above which were recov-
ered in all three libraries, sequences derived from snRNA were 
enriched in the AGO1 and AGO3 libraries. Of these four, only 
the sequences derived from the U12 snRNA locus appear to lie 
in a hairpin-like structure that would be a likely candidate for 

Table 2. Association of unexpected RNA fragments in AGO libraries. (continued)
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escription of  
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transcript
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Control tag count
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1 tag count
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O
2 tag count

A
G
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3 tag count

A
G

O
1 fold change

A
G
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2 fold change

A
G
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3 fold change

Q
uality of 

m
apping

†

N
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ber of  
m

apping sites
††

Com
m

ents

tRNA 
 (continued)

mitochon-
drial  

tRNA-Met
chrM +

AGU AAG GUC AGC 
UAA AUA AGC UAU 

CGG GCC

30

34.8

14.3 E 4

tRNA-Glu-
CTC

chr1 -
UCC CUG GUG GUC 
UAG UGG UUA GGA 

UUC GG

29

0.6

13.4

20.7 E 9

tRNA-Leu-
CAA

chr1 +
GUA AGC ACC UUG 

CCU GCG GGC U

22

1.2

10.3

8.7 E 1

rRNA 28S-like chr1 -
ACC AAG CGU UGG 

AUU GUU C

19

3.8

11.2

2.9 E 1

predicted 
28S-like rRNA 
pseudogene 

found in intron 
of HFM1 tran-

script
†, mapping quality abbreviations: E-exactly mapping; MXY-mismatch where X is location on tag (zero-based) and Y is mismatching nucleotides; ††, num-
ber of times the sequence maps the genome at the quality level indicated in the adjacent column.
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for processing and consequent tRF-5 expression may also be con-
trolled in a cell-specific manner. Finally, as this is the first report 
of AGO protein association, it is reasonable to predict that tRF-5 
sequences are involved in gene-silencing.

The mechanism for processing tRF-5-like sequences has yet to 
be elucidated. At least one of the observed tRNA sequence frag-
ments in the data analyzed here, derived from the mitochondrial 
tRNASer gene, contains a severely abbreviated D-loop making 
it a possible candidate for canonical DICER1 processing (Fig. 
3A). Interestingly, we observed that the unusual three-dimen-
sional structural properties of tRNA result in the tRF-5 AGO-
associating fragments having approximately equivalent lengths 
with processed miRNA sequence lengths when mapped on the 
tRNA structure (Sup. Fig. S4). Superimposition of a solved tRNA-
Glu structure on the solved structure of the DICER1 enzyme from 
Giardia40 suggests that the tRNA cleavage point identified in the 
analyzed sequencing data aligns with the DICER1 active site. 
In this scenario, the 3' end of the tRNA could be positioned to 
interact with the PAZ domain, consistent with proposed miRNA 
processing (Sup. Fig. S5).40 Thus, the intrinsic structural proper-
ties of tRNA could facilitate the processing of longer tRF-5-like 
sequences through the pre-miRNA cleavage machinery.

RNA fragments derived from the 3' end of tRNA, the so-
called “tRF-3” sequences,37 also referred to as DICER1-dependent 
type I tsRNAs, were first identified by Babiarz and colleagues36 
and later investigated in detail by Haussecker and colleagues,26 
who persuasively show these sequences associate with Argonaute 

means of targeting a range of substrates depending on variable 
processing, similar to what we characterize in Table 1 and what 
has been previously reported in reference 22.

Sequences mapping to tRNA. Several recent studies have iden-
tified different classes of tRNA-derived short RNA fragments 
produced through distinct biogenesis pathways which possibly 
occupy distinct functional niches in the cell.26,35-38 We detected 
the presence of several sequences mapping to tRNA precursors 
that were primarily enriched in the AGO1 library (Table 2) and 
verified the expression of one of these sequences in RNA derived 
from AGO-IP using qRT-PCR (Sup. Fig. S2). These sequences 
most closely match the so-called tRNA-derived RNA fragments 
which map to the 5' end of tRNAs (tRF-5 series).37 Interestingly, 
only the sequence derived from tRNAGlu-CTC matches a previ-
ously identified tRF-5 and the most abundant sequence identi-
fied in these libraries is considerably longer, 26 vs. 21 nucleotides  
(Table 2).37 In fact, the most abundant 5' end-derived tRNA frag-
ments have longer lengths than the previously reported length 
range (Table 3).37 Interestingly, we also observed a sequence 
mapping to the 5' end of mitochondrial tRNAMet enriched in the 
AGO1 library which could be related to previous research describ-
ing the mitochondrial export and subsequent association of the 
tRNAMet precursor with AGO1 and AGO2 proteins.42 A number 
of important inferences can be drawn from these observations. 
First, the cleaved length of tRF-5 sequences may be controlled 
in a cell-specific manner and could even be processed through 
distinct mechanisms. Additionally, selection of precursor tRNA 

Table 3. Start and stop positions of AGO-associating sequences relative to genome position of non-coding RNA precursor.

Precursor 
type

Precursor name Chromosome Strand Tag start Tag stop Precursor 
stop

Precursor 
stop

Offset 5’/3’

snRNA

U12 chr22 + 41341316 41341343 41341195 41341343 0 3’

U1 chr1 - 16865866 16865893 16865866 16866030 0 3’

U2 chr10 - 103114594 103114617 103114594 103114782 0 3’

U2-like chr6 - 89830006 89830036 89829940 89830128 -8 5’

vault RNA VTRNA1-1 chr5 + 140071115 140071141 140071045 140071142 -1 3’

snoRNA

ACA45 chr15 + 81221814 81221836 81221750 81221877 -41 3’

ACA25 chr11 - 93103369 93103391 93103328 93103460 -41 3’

U17a chr1 + 28706464 28706489 28706464 28706670 0 5’

U17b chr1 + 28707657 28707681 28707657 28707861 0 5’

HBI-100 chr1 - 174204158 174204180 174204155 174204299 -3 3’

ACA47 chr17 + 72596984 72597009 72596984 72597170 0 5’

ACA17 chr9 - 138741088 138741111 138741021 138741152 -41 5’

tRNA

mitochondrial 
tRNA-Ser

chrM + 12207 12233 12207 12266 0 5’

mitochondrial 
tRNA-Cys

chrM - 5797 5827 5762 5827 0 5’

tRNA-His-GTG chr6 + 27233892 27233918 27233884 27233956 -8 5’

mitochondrial 
tRNA-Met

chrM + 4403 4433 4403 4470 0 5’

tRNA-Glu-CTC chr1 - 159698475 159698504 159698433 159698504 0 5’

tRNA-Leu-CAA chr1 + 247134714 247134736 247134676 247134782 -38 5’

rRNA 28S-like chr1 - 91625396 91625415 91625370 91625736 326 3’
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in length, consistent with a lack of observed association between 
these fragments and AGO proteins.37 It is also important to note 
that the size fraction of the prepared short RNA libraries pre-
cludes detection of short RNA fragments with a length of greater 
than 30 nucleotides. Previously, a class of tRNA fragments cen-
tered on a length of 37 nucleotides was observed in humans.38 
Given the observations above, it is possible these fragments also 
associate with AGO proteins. Similarly observed fragment classes 
derived from both snoRNA and snRNA with a length greater 
than 30 nucleotides could also associate with AGO proteins.38

Sequences mapping to promoter regions of coding genes. At least 
three possibly overlapping classes of promoter-derived non-cod-
ing RNA sequences with varying lengths of between 18 and 200 
nucleotides have been described in animals: the transcription 
initiation RNAs (tiRNAs),43 transcription start site associated 

proteins and participate in gene silencing.26 Genome mapping of 
these sequences is complicated by 3' CCA modifications which 
introduce several mismatches (see Sup. Discussion). However, 
manual searching of known tRF-3 sequences in the raw, unpro-
cessed data identified the presence of this class of tRNA frag-
ments and also confirmed their association with AGO proteins 
(data not shown).26

We were unable to detect the presence of the shorter, RNaseZ-
derived and AGO-associating tRF-1 series, also referred to as 
type II tsRNA sequences, although we did detect these in the 
complete cell library26 (data not shown) suggesting that AGO-
association with these fragments may occur at a level too low to 
be detected by deep-sequencing following IP. Additionally, we 
were unable to detect the recently reported class of DICER1-
dependent RNA fragments of approximately 18–19 nucleotides 

Figure 4. Sequences from the AGO2-associating short RNA library mapping anti-sense to the mir-338 locus. (A) Alignments of tags mapping to both 
the miR-338-5p and miR-338-3p mature miRNA loci. For mapping procedures, see Materials and Methods. Tags that map to the opposite (anti-sense) 
strand are shown as their complement sequence, and are shaded in gray. (B) Mapping the perfectly matching anti-sense tags to the opposite strand 
of the miRNA locus. In order for these tags to be derived from the opposite strand, several distinct post-transcriptional editing, insertion and dele-
tion events would be required. (C) Mapping the tags to predicted anti-sense pre-miRNA-like secondary structures reveals 3' overhangs, indicative of 
DICER1-mediated processing of the mir-338 locus.
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S7. The percent of promoter-mapping 
tags observed in the complete cell RNA 
library is comparable to percentages 
observed in other previously-studied 
deep-sequenced libraries.43 Surprisingly, 
a combined 1,044 tags were also observed 
in the AGO-IP libraries, with individual 
libraries containing approximately 10x 
fewer total tags than the complete cell 
library with the AGO1-IP and AGO3-IP 
libraries containing higher total percent-
ages of these tags relative to the AGO2-IP 
library (Sup. Table S6). Comparison to 
tag counts obtained from randomized 
trials suggests promoter regions are sig-
nificantly enriched for tags (p < 2.2e-16 for 
all AGO-IP libraries) (see Sup. Fig. S6, 
Materials and Methods).

Characteristics of the promoter-
derived sequences were investigated in 
an effort to assess which class of pro-
moter-derived non-coding RNA they 
most closely resemble. As PASRs are 
thought to be primarily modified at their 
5' end through capping and the deep-
sequencing library construction pro-
tocol is not compatible with 5' capped 
transcripts, it seems unlikely that these 
tags are related to PASRs.53 The distri-
bution of calculated distances from the 
transcriptional start site (TSS) is similar 
to both tiRNAs and TSSa-RNAs (Sup. 
Fig. S7).43,44 The length distributions of 
both tiRNAs and TSSa-RNAs derived 
from deep-sequencing data are reported 
to be centered around 18–20 nucleo-
tides. Promoter-mapping sequences from 
the complete RNA dataset here appear 
slightly larger; shifted to around 20–21 

nucleotides although a clear peak is visible at 18–19 nucleotides 
(Sup. Fig. S7). Interestingly, the peak of the length distribution 
of the AGO-associating promoter-derived RNAs is markedly 
shifted to 21–24 nucleotides in length, with the 18–19 nucleotide 
sequences absent (Sup. Fig. S7). As the tiRNA data was initially 
discovered in the THP-1 cell line, we directly compared identi-
fied tiRNA sequences43 with the AGO-IP libraries. Several tags 
were exactly the same and others overlapped substantially with 
identified tiRNAs (Sup. Table S7).

tiRNAs identified in Drosophila deep-sequenced short RNA 
datasets were previously compared to short RNAs sequenced 
after immunoprecipitation and extraction of Drosophila AGO-
associating short RNAs and no overlap between the two pop-
ulations was reported.43 The findings presented here, however, 
suggest at least a fraction of tiRNA-like transcripts with lengths 
resembling that of mature miRNA sequences may associate with 
human AGO proteins, perhaps indicative of a novel, endogenous 

RNAs (TSSa-RNAs),44 and promoter-associated small RNAs 
(PASRs).45,46 At the same time, AGO proteins have been impli-
cated in the regulation of transcript expression in the nucleus47 
via interaction between exogenously introduced, promoter-tar-
geting siRNA duplexes (sometimes referred to as antigene RNAs 
or agRNAs) with endogenously-transcribed non-coding RNA 
transcripts which overlap promoter regions in sense or antisense 
directions.48-52 The size of these overlapping non-coding RNA 
transcripts is typically at least several hundred nucleotides in 
length. Combining these two observations, we reasoned that 
some promoter-associated small RNAs could function as endog-
enous agRNAs and the AGO-IP libraries were searched for tags 
mapping to promoter regions (Materials and Methods).

Sequence tag counts for recovered sequences are given in 
Supplemental Table S6 and the mapping locations and nucleo-
tide composition of all promoter-mapping sequences recovered 
from the AGO-IP libraries are provided in Supplemental Table 

Figure 5. as-miR-338-5p is present in the complete cell and associates with AGO proteins. (A) 
Detection of as-miR-338-5p in the complete cell. (B) Detection of as-miR-338-5p in the IP extract 
of AGO1, AGO2 and AGO3. (C) Same as (B), but showing the absence of the negative control as-
miR-155 in IP extracts.
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Drosophila, C. elegans and Arabidopsis (Sup. Table S8). Notably, 
anti-sense transcription in chicken embryo was extremely high 
at several loci (Sup. Table S8). While miRNA homology across 
more distantly-related species can be difficult to ascertain, we 
did observe overlap between loci affected in mouse and human 
(mir-24, mir-126, mir-219, mir-34b and mir-338) and in human, 
mouse and chicken (mir-24, mir-126 and mir-219) (Table 4, 
Sup. Tables S8). Interestingly, anti-sense miRNA tags in C. 
elegans mapped almost exclusively to the miRNA* arm of the 
miRNA loci. This was in sharp contrast to distribution patterns 
of other species which were found evenly across the two arms of 
the miRNA/miRNA* duplex and were often found at both arms 
of an miRNA locus. This could suggest a distinct mechanism 
for generation of asmiRNA sequences in C. elegans. In humans, 
we observed that anti-sense transcripts tend to originate from 
miRNA loci found in the introns or anti-sense to the introns of 
mRNA transcripts. However, this trend was not conserved across 
other species in which the genomic location of anti-sense gener-
ally followed the expected distribution based on the location of 
all known miRNA loci (Sup. Fig. S8).

We investigated the human mir-338 locus in more detail due 
to its higher expression and because it has previously been singled 
out as a likely candidate for anti-sense transcription58 based on 
high levels of tags recovered from a deep-sequenced short RNA 
library.32 An overview of the tags mapping exactly sense and 
anti-sense to mir-338 are provided in Figure 4. We confirmed 
the existence of the relatively-highly expressed anti-sense miR-
338-5p mature miRNA sequences and also verified expression 
in the HeLa cell line (Fig. 5A and Sup. Fig. 2) (see Materials 
and Methods). We also confirmed association of this asmiRNA 
sequence with the AGO1, AGO2 and AGO3 proteins (Fig. 5B 
and Sup. Fig. 2), suggesting that asmiRNA sequences are actively 
involved in gene repression in humans.

Combining the above observations suggests that despite 
low expression levels, anti-sense miRNA transcription is more 
widespread than currently acknowledged and the products of 
this transcription are active through association with AGO pro-
teins. Based on previous experiments56-58 it appears likely that 
these asmiRNA transcripts could silence gene transcription 
through direct incorporation into RISCs. However, an endog-
enous antagomir functionality at the RISC cannot be ruled out, 
wherein asmiRNA interacts with the AGO-bound complemen-
tary sense miRNA, “silencing” the function of the miRNA sense 
transcript. miR-338 has been linked to several cell-specific regu-
latory roles including progression of hepatocellular carcinoma,61 
basolateral polarity in epithelial cells62 and regulation of axonal 
respiration in neural cells.63,64 Investigating the effects of the as-
mir-338-derived asmiRNA sequences in these processes could 
distinguish between possible modes of function for asmiRNAs.

Discussion

Human Argonaute proteins have been shown to be functionally 
redundant in miRNA-mediated gene silencing. Knockout of the 
AGO1-4 proteins and subsequent re-introduction of single AGO 

agRNA-like function for a subset of tiRNA-like transcripts 
as well as pointing to another potential functional difference 
between Drosophila and human AGO proteins.

Sequences mapping to snoRNA and other locations. The incorpo-
ration of sequences derived from snoRNA into AGO proteins has 
previously been investigated in detail in referene 23, and may be 
an ancient feature of eukaryotic genomes.54 While we identified 
several sequences associating with AGO proteins, these sequences 
were not enriched (fold change >2) in the AGO libraries relative 
to the complete cell but instead were present in roughly the same 
abundance levels (Table 2 and Fig. 1A). The observation that 
the ACA45 miRNA-like snoRNA sequence is present in roughly 
equivalent amounts in the complete cell and in AGO-IP libraries 
and yet has clearly been shown to be an active regulator of gene 
expression through association with AGO proteins strongly sup-
ports an active functional role for other sequences we identify 
here as being considerably more enriched in the AGO libraries 
(Table 2).

An additional lowly-expressed sequence present in the AGO1 
library maps to a predicted 28S-like rRNA pseudogene. This, 
along with the sequence mapping to the U2-like snRNA pseudo-
gene, raises the intriguing possibility that at least some non-cod-
ing RNA pseudogenes are under selective pressure to be retained 
in the genome and transcribed due to a functional role as a pre-
cursor to an RNA fragment utilized by the post-transcriptional 
gene-silencing machinery, a process likely distinct from the deri-
vation of siRNAs from pseudogenes of coding RNA.55

Widespread, non-sporadic association of anti-sense miRNA 
transcripts with AGO proteins. The strand opposite of a genomic 
locus encoding a miRNA locus could necessarily be capable of 
forming a hairpin-like structure. A series of studies described 
anti-sense miRNA (asmiRNA) transcription at the Drosophila 
mir-iab-4 locus and demonstrated that the anti-sense transcripts 
are involved in repression of gene expression.56-58 Two of the stud-
ies also found evidence in the form of ESTs or cDNA transcripts, 
computational predictions or tags extracted from deep-sequenced 
data sets that some miRNA loci in mouse and humans might 
also produce anti-sense tags.56,58 We discovered widespread but 
lowly-expressed association of anti-sense miRNA sequences with 
AGO proteins in our pull-down libraries in addition to sequences 
found in the complete cell RNA library (Table 4).

The counts for these sequences are low enough at most loci 
to dismiss as possible artifacts. However, these tags consistently 
appear at the same loci across the four libraries and are often 
found at both the 3' and 5' arms of the same miRNA locus (Table 
4). We also searched publicly-available short RNA libraries with 
comparable sequencing depth constructed in different human 
cell types with different library preparation techniques and pro-
duced on different sequencing platforms.41,59,60 Again we observed 
anti-sense miRNA tags; many mapping to the same miRNA 
loci suggesting that low-level anti-sense miRNA transcription is 
widespread and occurs in a non-sporadic fashion (Table 4).

We extended this systematic analysis to different tissues from 
different organisms and discovered similar low-level expression of 
anti-sense tags mapping to miRNA loci across mouse, chicken, 
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Table 4.  asmiRNA raw tag counts across libraries

miRNA 
locus

Sequence† complete 
THP1

AGO1 AGO2 AGO3 FANTOM4 
THP141

H52059 A54959 MCF759 U2OS59

miR-24

primary sense isomir 36561 9249 39194 17669 21604 24189 26911 -- 22886

GUUCCUGCUGAACUGAGCCAGU 1 1 1 4 1 1 1 -- 5

GUUCCUGCUGAACUGAGCCAG 0 1 2 0 1 0 0 -- 0

UUCCUGCUGAACUGAGCCAGU 2 0 1 0 0 0 0 -- 2

UGUUCCUGCUGAACUGAGCCAG 0 0 1 1 1 0 0 -- 1

miR-24-1*

primary sense isomir 5 2 5 13 6 13 -- 14 24

UGCCUACUGAGCUGAUAUCAGU 2 1 0 0 0 0 -- 0 0

UGAUAUCAGCUCAGUAGGCACCG 0 0 1 0 1 0 -- 0 2

GAUAUCAGCUCAGUAGGCACCG 0 0 0 1 0 0 -- 1 3

UGAUAUCAGCUCAGUAGGCA 0 0 0 0 0 3 -- 0 0

GAUAUCAGCUCAGUAGGCACC 0 0 0 0 0 0 -- 2 0

AUAUCAGCUCAGUAGGCACCG 0 0 0 0 0 0 -- 0 1

miR-126

primary sense isomir 3050 -- 7327 -- -- -- -- -- 354

CAUUAUUACUCACGGUACGAGU 1 -- 1 -- -- -- -- -- 1

CGCAUUAUUACUCACGGUACGA 0 -- 0 -- -- -- -- -- 1

miR-126*

primary sense isomir -- -- 1838 -- -- 85 -- -- --

CGCGUACCAAAAGUAAUAAUGU -- -- 1 -- -- 0 -- -- --

CGCGUACCAAAAGUAAUAAUGUC -- -- 0 -- -- 2 -- -- --

miR-181a
primary sense isomir -- -- -- -- -- 632 -- -- --

ACUCACCGACAGCGUUGAAUGUUC -- -- -- -- -- 1 -- -- --

miR-181a-2*

primary sense isomir -- -- -- -- -- -- 11 1 16

UACAGUCAACGGUCAGUGGUUU -- -- -- -- -- -- 4 0 1

UACAGUCAACGGUCAGUGGUU -- -- -- -- -- -- 0 1 0

miR-183*

primary sense isomir -- -- -- -- -- -- -- -- 30

UUAUGGCCCUUCGGUAAUUCACUG -- -- -- -- -- -- -- -- 1

UUAUGGCCCUUCGGUAAUUCACU -- -- -- -- -- -- -- -- 1

miR-191*

primary sense isomir 20 -- 50 36 -- -- -- -- --

GGACGAAAUCCAAGCGCAGCUG 1 -- 1 1 -- -- -- -- --

GGACGAAAUCCAAGCGCAGCU 0 -- 1 0 -- -- -- -- --

miR-199a/ 
199b

primary sense isomir -- -- -- -- 63 154 -- -- --

UAACCAAUGUGCAGACUACUGU -- -- -- -- 1 6 -- -- --

miR-210-3p
primary sense isomir -- -- -- -- 6068 -- -- -- --

UCAGCCGCUGUCACACGCAC -- -- -- -- 1 -- -- -- --

miR-219-
1-3p

primary sense isomir -- -- 5 -- -- -- -- -- --

ACGUCCAGACUCAACUCUCGG -- -- 1 -- -- -- -- -- --

miR-219-5p

primary sense isomir -- -- 11 -- -- -- -- 5 53

UCGAGAAUUGCGUUUGGACA -- -- 1 -- -- -- -- 0 0

UCGAGAAUUGCGUUUGGACAAU -- -- 0 -- -- -- -- 0 1

AGAAUUGCGUUUGGACAAUCAG -- -- 0 -- -- -- -- 1 0

AGAAUUGCGUUUGGACAAUCAGU -- -- 0 -- -- -- -- 1 1

miR-26a
primary sense isomir -- 498 -- -- -- -- -- -- --

CCUAUCCUGGAUUACUUGAACG -- 1 -- -- -- -- -- -- --

miR-30a
primary sense isomir -- -- -- -- -- -- -- -- 474

UCCAGUCGAGGAUGUUUACAGU -- -- -- -- -- -- -- -- 2
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Table 4.  asmiRNA raw tag counts across libraries (continued)

miRNA 
locus

Sequence† complete 
THP1

AGO1 AGO2 AGO3 FANTOM4 
THP141

H52059 A54959 MCF759 U2OS59

miR-33b

primary sense isomir 45 -- -- -- 1621 -- 159 -- 210

AAUGCAACAGCAAUGCACCGC 1 -- -- -- 0 -- 1 -- 2

CAAUGCAACAGCAAUGCACCGC 0 -- -- -- 1 -- 0 -- 2

AAUGCAACAGCAAUGCACCGCG 0 -- -- -- 0 -- 0 -- 2

miR-33b*
primary sense isomir -- -- -- -- -- -- -- -- 54

GCUGCACUGCCGAGGCACUGC -- -- -- -- -- -- -- -- 1

miR-34b

primary sense isomir 5 6 -- -- -- -- -- -- --

UGGCAGUGGAGUUAGUGAUUGU 1 0 -- -- -- -- -- -- --

UGGCAGUGGAGUUAGUGAUUGUAA 0 1 -- -- -- -- -- -- --

miR-338-5p

primary sense isomir 51 45 51 45 5 8 -- 1 --

UCAGCACCAGGAUAUUGUUGGA 18 16 44 8 2 9 -- 3 --

UCAGCACCAGGAUAUUGUUGGAG 7 3 3 1 3 1 -- 1 --

UCAGCACCAGGAUAUUGUUGG 2 1 1 1 2 0 -- 4 --

UCAGCACCAGGAUAUUGUU 0 0 0 0 0 0 -- 2 --

CAGCACCAGGAUAUUGUUGGAGA 0 0 0 0 1 0 -- 0 --

CAGCACCAGGAUAUUGUUGGAG 0 0 0 0 1 0 -- 0 --

CAGCACCAGGAUAUUGUUGGA 0 0 0 0 1 0 -- 1 --

miR-338-3p

primary sense isomir 193 118 291 85 191 25 7 6 12

UCAACAAAAUCACUGAUGCUGG 21 13 47 11 5 6 0 16 6

UCAACAAAAUCACUGAUGCUGGA 29 9 46 22 4 32 0 27 10

UCAACAAAAUCACUGAUGCUGGAG 11 3 57 25 5 15 25 10 5

UCAACAAAAUCACUGAUGCUGGAGU 3 0 18 6 4 25 0 25 5

UCAACAAAAUCACUGAUGCUG 0 0 4 0 1 0 0 3 0

UCAACAAAAUCACUGAUGCU 0 0 0 0 0 0 0 1 0

AACAAAAUCACUGAUGCUGGA 0 0 1 0 0 0 0 1 0

AACAAAAUCACUGAUGCUGG 0 0 0 0 0 0 0 1 0

CAACAAAAUCACUGAUGCUGGA 0 0 0 1 1 1 0 0 0

CAAAAUCACUGAUGCUGGAGU 0 0 0 0 1 0 0 0 0

UUCAACAAAAUCACUGAUGCUGGA 0 0 0 0 1 0 0 0 0

miR-499-5p

primary sense isomir -- -- -- 3 -- -- -- -- 44

AAACAUCACUGCAAGUCUUAAC -- -- -- 1 -- -- -- -- 0

AACAUCACUGCAAGUCUUAACA -- -- -- 0 -- -- -- -- 2

miR-93
primary sense isomir -- -- -- -- -- -- -- -- 9435

CUGCACGAACAGCACUUUGGA -- -- -- -- -- -- -- -- 1

miR-96-3p

primary sense isomir -- -- -- -- -- -- -- 3 3

AUUGGCACUGCACAUGAUUGCU -- -- -- -- -- -- -- 1 1

AUUGGCACUGCACAUGAUUGC -- -- -- -- -- -- -- 0 1
†,Sequence column contains the asmiRNA sequences mapping to each listed locus on the left. The first row assigned to each locus is reserved for the 
primary sense isomir of that miRNA locus, to give an idea of the comparative amounts of sense and anti-sense transcripts at each locus

confirmed a lack of bias across AGO proteins during RISC for-
mation with synthetic miRNA.66 Here, through analysis of deep 
sequencing of short RNA from complete THP-1 cell and short 
RNA associating with the AGO1-3 proteins, we show that with 
a few notable exceptions, miRNA globally associate in largely 
equivalent amounts with AGO1, AGO2 and AGO3. The excep-
tions to this observation, which include miR-182, miR-222 and 

protein rescued miRNA-mediated silencing activity,65 which 
would imply that partitioning biases in miRNA strands or load-
ing biases for miRNA across different AGO proteins does not 
exist on a broad scale similar to what is observed in Drosophila 
or C. elegans.14-16,18,19 Previous studies have indicated for a handful 
of miRNA that association with human AGO proteins occurs 
in an unbiased manner.20,21 A recent, detailed biochemical study 
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these diverse fragments with AGO proteins strongly suggests or 
otherwise confirms a role for these fragments in gene silencing; 
however, it is also possible that they are involved in other func-
tional roles. AGO1 has previously been implicated in direct-
ing transcriptional gene silencing through heterochromatin 
formation.67 As many of the non-miRNA-derived sequences 
identified in this study are specifically enriched in their asso-
ciation with AGO1 (Table 2), there is the possibility of a tan-
talizing link between these sequences and silencing of genes 
through chromatin remodeling. Alternatively, the association 
of a small number of promoter-derived small RNA transcripts 
with AGO proteins described here (Sup. Tables S6 and S7, 
Sup. Figs. S6 and S7) provides another possible mechanism for 
AGO-mediated gene silencing. Transfected exogenous siRNAs/
agRNAs which mimic promoter regions participate in tran-
scriptional regulation after formation of RNA-protein com-
plexes with AGO proteins; these complexes are then recruited 
to interact with long non-coding transcripts which overlap with 
promoter regions, resulting in either gene silencing or activation 
through reasons not yet entirely clear.50,51 Certain miRNAs may 
similarly silence transcriptional activity by seed sequence rec-
ognition of promoter regions.68 The promoter-derived, AGO-
associating transcripts identified here could represent a kind of 
endogenous human siRNA/agRNA which interact with non-
coding transcripts at promoter regions to affect gene expression. 
As previously reasoned,49 while the tag count for individual 
sequences is quite low, analogous to the low abundance of many 
transcription factors in the cell, a small number of these endog-
enous promoter-derived agRNA tags could still substantially 
impact gene expression at the point of transcription.

Two recent studies demonstrated the remarkable presence 
of an unusually long miRNA associating with AGO2 gener-
ated by the intrinsic nuclease activity of the AGO protein and 
not through canonical DICER1 processing.69,70 As this locus, 
mir-451, is expressed in extremely low levels in THP-1, we did 
not observe association of the longer transcript form in any of 
the short RNA libraries. We assiduously searched our data for 
other possible instances of AGO-generated long miRNA tran-
scripts matching the characteristics reported for miR-451 but 
failed to recover any likely candidates. While the evolutionary 
implications of this finding are potentially enormous through 
suggestion that gene silencing could occur with just an AGO-
like protein and a hairpin, its presence may be rather limited in 
mammals indicating that this unique form of miR-451 process-
ing is either a vestige of an ancestral mechanism (as DICER1 
has been coupled to miRNA production at least prior to the 
emergence of the crown group eukaryotes71) or miR-451 itself 
contains specific structural or sequence features lending it to 
such processing. Several of the sequences identified in this study 
as being derived from non-miRNA precursors, including those 
sequences mapping sense or anti-sense to mRNA, exceed typi-
cal miRNA size with lengths of 26–30 nucleotides, raising the 
possibility that in some cases they may be processed and asso-
ciate with AGO proteins through a mechanism distinct from 
the canonical DROSHA/DICER1 pathway. Intrinsic AGO-
processing activity is one possible option for generation of these 

miR-223*, could be coupled to processes targeting these miRNA 
loci for interaction with specific AGO proteins. Recent reports 
have indicated that perfectly complementary duplexes display 
association biases with different AGO proteins.26,65 We were 
unable to confirm this observation, primarily because perfectly-
matching miRNA duplexes have low expression levels in THP-1.

A distinct form of miRNA sorting has previously been sug-
gested based on the observation that differentially-processed 
isomirs derived from the same miRNA locus were incorporated 
into distinct AGO-like proteins and the corresponding RISCs 
formed from these isomirs targeted separate mRNA substrates 
for gene silencing.22 Global characterization of differences 
in primary isomir uptake reveals that a subset of miRNA loci 
give rise to distinct isomirs which preferentially associate with 
distinct AGO proteins in a significantly differential manner  
(Table 1). Despite this, only on rare occasions does one isomir 
associate with one AGO protein at the complete expense of 
another; instead, differential incorporation of distinct isomirs 
favors one at varying percentages over another (Table 1).

Tremendous variation in isomirs derived from the same 
miRNA locus, both in the number of distinct isomirs and their 
respective frequencies have previously been observed in mam-
mals.32 While the mechanism of expansion of diversity at a spe-
cific miRNA locus appears to relate to the symmetricity of the 
pre-miRNA precursor,34 the functional advantages derived from 
this diversity remain largely unknown. Combining the observa-
tion of AGO functional redundancy65 with the evidence for gra-
dated preferential incorporation of miRNA isomirs into distinct 
AGO proteins suggests a possible explanation. AGO functional 
redundancy establishes a framework wherein mild to moderate, 
but not absolute, frequency alterations in AGO-bound miRNA 
isomir content is not likely to be deleterious. The production of 
a novel isomir which confers a selective advantage, presumably 
through addition of a novel mRNA target, can then be fixed in 
the cell and even associate significantly more with one AGO pro-
tein relative to another to increase the targeting effectiveness of 
that isomir. The novel isomir is kept from becoming the only 
isomir from a locus to associate with an AGO protein because 
this would presumably disrupt AGO functional redundancy, a 
selective disadvantage that would prevent further exploration of 
mRNA target space through differential isomir generation. As 
such intra-locus sorting has not been observed in other organ-
isms, this may represent a uniquely mammalian post-transcrip-
tional regulatory mechanism.

It is becoming clear that small transcripts derived from larger 
non-coding RNA genes distinct from miRNA play a role in 
RISC-mediated post-transcriptional gene regulation.23,25,26 We 
searched for sequences in AGO-associated short RNA librar-
ies not descending from miRNA loci and discovered sequences 
derived from snRNA precursors and unusually long sequences 
derived from sense or anti-sense exonic mRNA regions which 
appear to be processed for incorporation into the RISC. 
Additionally, we show for the first time association of the tRF-5 
series of tRNA-derived fragments with AGO proteins and con-
firmed association with AGO for other classes of transcripts 
derived from tRNA, vRNA and snoRNA. The association of 
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Comparisons of miRNA loci across individual libraries were 
performed after tallying counts of all tags mapping exactly to 
an miRNA locus allowing for up to two mismatches at the 3' 
end of the sequence to account for the reported action of ani-
mal miRNA nucleotidyltransferases.28,31,33 Raw tag counts were 
normalized to tag per million (tpm) counts prior to compari-
sons. To reduce noise, all pairwise comparisons across short 
RNA libraries required 100 tpm in at least one condition. 
Comparisons across multiple libraries required 100 tpm in at 
least one library. Significant differences in tpm counts across 
the three AGO-IP libraries were determined using a chi-square 
goodness-of-fit test; differences were considered significant at p 
< 0.05 with a Bonferroni post hoc correction.

Pairing probability profiles for comparison of second-
ary structural characteristics were constructed essentially as 
described in reference 17, utilizing the RNAcofold program from 
the ViennaRNA-1.8.4 package (www.tbi.univie.ac.at/RNA/) 
with profiles based on the primary isomir associating with a 
given AGO protein and the corresponding miRNA* sequence 
with the highest counts in the same library. Comparisons were 
performed between the set of miRNA loci enriched in all AGO 
proteins versus the set depleted in all AGO proteins across a 
range of fold change cut-off values. Sequence nucleotide com-
position bias was calculated using a weighted scheme account-
ing for differences in isomir frequency while guarding against 
overrepresentation of any single loci. Briefly, sequence composi-
tions of individual isomirs were weighted by their percent fre-
quency in a locus. The combination of the weighted isomirs 
from a given locus was then weighted equally when comparing 
with all other loci.

Significance in differential isomir association with AGO pro-
teins was determined using Fisher’s exact test; differences were 
considered significant at p < 0.05 with a Bonferroni post hoc cor-
rection. Raw read counts for a given isomir associating with an 
AGO protein and the total raw read counts in the same library 
were compared against raw read counts for the same isomir in 
another AGO library. Calculations were performed for all vari-
ant primary isomirs in a pairwise manner across all three AGO 
libraries (Table 1). For analyses in this research, unique isomirs 
of a miRNA locus were taken to be any tag mapping exactly to 
the genome sequence regardless of 5' or 3' end variation while 
allowing for up to two mismatches at the 3' terminus.

When searching for non-miRNA sequences associating with 
AGO proteins, we initially required the fold change increase 
relative to the normalized tag count in the complete cell to be 
greater than two in order to reduce detection of false positives. 
Upon realizing that all snoRNA-derived fragments, which 
have previously been experimentally demonstrated to associate 
with AGO proteins,23 fell well below this cut-off we relaxed the 
restriction to include any tags with a fold change greater than ½ 
to accommodate tags present in roughly equivalent proportions 
in the complete cell and in association with AGO proteins (see 
Table 2). Tags in these searches were required to map exactly 
to the genome, although we made exceptions when circum-
stances warranted (for a discussion of inclusion of the sequences 
mapping to CYP46A1, see Sup. Discussion/Methods). If a 

sequences. While such processing would explain the lack of 
recovered star sequences for these fragments, we do not observe 
the same distribution of nucleotidyltransferase-modified 3' ends 
seen in the miR-451 processing.69,70

We also demonstrate that anti-sense miRNA transcription 
is more widespread than previously reported. While asmiRNAs 
were observed in extremely low concentrations, their distribution 
is decidedly non-sporadic and similar levels are seen across phy-
logenetically diverse animals and also Arabidopsis (Table 3, see 
Sup. Table S8). Association of asmiRNAs with AGO proteins 
suggests these transcripts are functionally active in gene repres-
sion, consistent with the previously demonstrated silencing activ-
ity of the Drosophila as-miR-iab-4 sequence. It is also possible 
that some asmiRNA, particularly those expressed at an extremely 
low level, instead of forming active RISCs, act as endogenous 
antagomirs following RISC formation to modulate functionality 
of the sense miRNA transcript. It is additionally possible that 
mechanisms of asmiRNA transcript biogenesis vary across spe-
cies given the distinct pattern of antisense transcription observed 
in C. elegans.

Materials and Methods

Short RNA libraries. The short RNA libraries for each AGO 
library and THP-1 whole cell are publicly-available at the DDBJ 
Sequence Read Archive (DRA) (trace.ddbj.nig.ac.jp/dra/index_e.
shtml) with the accession number DRA000205.28 These librar-
ies were sequenced using the Genome Analyzer GA-II (Illumina) 
with a maximum read length of 30 nucleotides, precluding dis-
covery of longer fragments. Specific binding of the Anti-AGO 
antibodies to their respective Argonaute proteins was demon-
strated previously in reference 28. AGO4 was not included in the 
original dataset due to lack of availability when the research was 
planned and data collected. While AGO4 IP-seq experiments are 
unlikely to have much impact on the observed lack of a wide-
spread miRNA-AGO sorting mechanism, the data derived from 
such experiments could help complete the known complement 
of RNAs associating with human AGO proteins and also clarify 
isomir-specific sorting biases.

Analysis of short RNA libraries. Linker sequences attached 
during short RNA library construction were computationally fil-
tered following tag extraction from sequencing runs. Artifacts, 
often taking the form of linker-formed dimers, were removed 
with the TagDust program.72 Resulting sequences were aligned 
to the genome using the Nexalign program (genome.gsc.riken.
jp/osc/english/software).60 Genome alignments underwent addi-
tional refinement by correcting for cross-mapping of sequences 
mapping to multiple loci, which weights the set of all poten-
tial mapping sites for a tag based on frequency and positional 
error likelihood.60 Tags mapping to mirBase-defined miRNA 
loci73 (version 12.0) were included in strand partitioning, AGO-
associated enrichment and differential isomir association analy-
ses. The remaining tags were collected and used for identification 
of non-miRNA tags associating with AGO proteins. Several of 
the analyses described below incorporated scripts from the bed-
tools software package.74
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2 sequences were constructed using the axtChain program76 
which utilizes genome alignments generated with BLASTZ.77 
RNA secondary structure predictions were constructed using 
the Mfold web server78,79 and, where applicable, manually 
adjusted to be consistent with RNA molecule-specific, exper-
imentally-determined structural features.

Anti-sense miRNA tags were subjected to additional rounds 
of filtering to guard against incorrect assignment. asmiRNA 
tags were required to match exactly to the genome and in only 
one location, except for cases when an asmiRNA tag maps 
to an miRNA loci that has undergone a duplication event in 
the human genome (for example, miR-24). Also, potential 
asmiRNA tags mapping to miRNA predicted to form per-
fectly complementary duplexes (for example, miR-625) were 
discarded.

Searches for potential promoter-derived tags were restricted 
by filtering tags which mapped uniquely and exactly to 
the genome in promoter regions, defined as +500 nucleo-
tides upstream and -100 nucleotides downstream of Refseq-
defined TSSs. Significance of tag enrichment in promoter 
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sized regions of the genome (prefiltered to avoid overlap with 
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distribution which was compared to the observed counts for 
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Reverse transcription PCR (RT-PCR). Either complete cel-
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previously described in reference 28 and subjected to RT-PCR. 
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