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Figure 2. Pre-miR-451-based shRNA expression. (A) An siRNA against GRK4 was either embedded into a pre-miR-451-like hairpin (left part) or a
classical Dicer-dependent hairpin (right part). Both constructs were transfected into HEK 293 cells and Agol (Lanes 4 and 10), Ago2 (Lanes 5 and
11) or Ago3 (Lanes 6 and 12) was immunoprecipitated from the lysates. GRK4 siRNA incorporation was analyzed by northern blotting. Lanes 3
and 9 show control IPs, Lanes 2 and 8 input samples and Lane 7 a size marker. (B) Both GRK4 shRNAs described in (A) were transfected into
HEK 293 cells. Total RNA was extracted at the indicated time points and GRK4 siRNA production was analyzed by northern blotting using a
probe complementary to the guide strand of the GRK4 siRNA. (C) Samples described in (B) were analyzed by qPCR for knockdown of GRK4 at
the indicated time points. (D) siRNAs against Importin 8§ were embedded into a pre-miR-451-like hairpin (two different clones were tested, Lanes 2
and 3) or a classical Dicer-like shRNA (Lane 1). The constructs were transfected into HEK 293 cells and siRNA production was analyzed by
northern blotting. (E) Relative expression levels of let-7c were tested by transfecting the genomically encoded (‘genomic’) (Lanes 2 and 6), the
classical Dicer-like sShRNA (‘classic’) (Lanes 3 and 7) or a pre-451-like hairpin (‘mimic’) (Lanes 4 and 8). As a background control, RNA from
untransfected HEK 293 was used (Lanes 1 and 5).
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Figure 3. Structure and sequence requirements of miR-451 for Ago2-mediated cleavage. (A) A wt miR-451 construct (Lane 2) or a mutant with a
changed 5" end (Lane 3, A to U mutation, mutant #1) were transfected into HEK 293 cells and processing was analyzed by northern blotting. Lane 1
shows a size marker. (B) Nucleotides were inserted into the loop of pre-miR-451 (Lanes 2 to 6) and the constructs were analyzed as described in (A).
(C) Mutants of the wt pre-miR-451 hairpin were constructed to test the sequence specificity of Ago2-mediated processing. Constructs were trans-
fected into HEK 293 cells and analyzed on individual northern blots, since each mutation alters the resulting mature sequence. Equal amounts of size
marker were loaded to provide comparability. (D) G/U wobble base pairs at the 5 end (Lane 4) and near the loop (Lane 5) were mutated to G/C
Watson—Crick base pairs and the constructs analyzed as in (A).
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processing is almost completely abolished. Our data
indicate that the very short single-stranded loop of wt
pre-miR-451 is essential for Ago2-mediated processing.

Finally, we analyzed sequence requirements within
the double-stranded stem of the pre-miR-451 hairpin
(Figure 3C). For this, we changed a number of nucleotides
within the stem of the miR-451 hairpin but kept the
double-stranded nature of the stem intact. We found
that all these mutants are tolerated suggesting that the
sequence within the miR-451 stem can be varied.

The wt miR-451 precursor contains two G/U wobbles:
one at position 6 counting from the 5 end of miR-451 and
one at the distal end of the stem. Both G/U wobbles were
mutated to G/C pairs (Figure 3D). While the G/U wobble
at position 6 appears to be dispensable for Ago2 cleavage,
changing the G/U wobble at the end of the stem signifi-
cantly reduced cleavage efficiency. Our data suggest that
the requirement of a G/U wobble at the distal end of the
stem restricts the number of potential siRNA target se-
quences within one gene and might therefore be limited
for a broad usage for gene knockdown.

Revisiting miRNA sorting into different Ago proteins in
human cells

Since mature miRNAs are not transferred between the
different human Ago proteins (Figure 1), we asked
whether the Dicer-processing machinery selectively loads
miRNAs into Ago proteins. Using overexpression of
tagged Ago proteins followed by deep sequencing of
associated miRNAs, it has been reported that miRNAs
indeed preferentially associate with members of the Ago
protein family (41). Using highly specific monoclonal
anti-Ago antibodies (30,34,35), we immunoprecipitated
endogenous Agol—4 from HeLaS3 cell lysates, extracted
the co-purified small RNAs, cloned and sequenced them
(Figure 4A). We have shown previously that Ago4 protein
is not found in HeLa lysates (30). Consistently, the small
RNA profile obtained by anti-Ago4 IP is comparable with
the control (an unrelated antibody against the comple-
ment system protein RmC from rat). Therefore, Ago4
was not included in our further analysis. Most of the
small RNAs found in Agol-3 were indeed known
miRNAs (dark blue). We closely investigated the 10
most abundant miRNAs in Agol, Ago2 and Ago3 and
found that several highly abundant miRNA species are
found associated with all three Ago proteins (Figure 4B,
highlighted in color). However, many miRNAs appeared
to be selectively associated with one Ago protein suggest-
ing a sequence-specific distribution between the different
Ago proteins. We next attempted to validate the
sequencing data by northern blotting (Figure 4C). We
analyzed miR-182, which was highly abundant in the
Agol library (upper panel), miR-92a, which was found
in high levels in the Ago2 library (middle panel) and
miR-30a that dominated the Ago3 library (lower panel).
All miRNAs that we analyzed in northern blots showed a
distribution according to the Ago protein expression
levels, i.e. Ago2 contributes 65%, Agol 20% and Ago3
15% to the total Ago pool in HeLaS3 cells (30). Our
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Figure 4. Deep-sequencing analysis of small RNAs associated with en-
dogenous Ago proteins. (A) Composition of the small RNA libraries
from the input sample and immunoprecipitated Agol, Ago2, Ago3,
Ago4 and control (an unrelated antibody against the complement
system protein RmC from rat). (B) Table of the 10 most abundant
miRNAs associated with Agol, Ago2 or Ago3. The colors indicate
the same miRNA. (C) Comparison of the sorting profile from the
deep-sequencing data (right side) for miR-182 (top panel), miR-92a
(middle panel, right) and miR-30a (lower panel) with profiles resulting
from northern blotting (left side).

northern blot validation therefore indicates that human
miRNAs are not sorted into different Ago proteins.

miRNA length variations in different Ago protein species

We further analyzed our small RNA libraries for
Ago-specific small RNA features. Most miRNAs vary at
their 3’ ends by 1-3nt. The 3’ extended miRNAs are
commonly referred to as isomirs (42). We analyzed the
global miRNA length distribution among the different
Ago proteins (Figure 5A). We find that all three Ago
proteins bind miRNAs ranging from 20 to 24nt.
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Figure 5. Ago proteins show different global small RNA binding patterns and nontemplated 3’ extension profiles. (A) Length distribution patterns of
Agol (left), Ago2 (middle) and Ago3 (right). (B) Left side: Agol, Ago2 and Ago3 associated miRNAs were analyzed for nontemplated 3’ extensions,
values were calculated in relation to all miRNA reads of the respective library. Perfect: no nontemplated 3’ extensions; A, U, G, C: amount of single
nucleotide 3’ extensions; other: sum of all other 3’ extensions (>2nt). Right side: each single nontemplated 3’ extension was set in relation to the total
number of nontemplated 3’ extensions in the respective library (Agol, Ago2 or Ago3).

However, while Ago2-associated miRNAs peak at 22nt
(middle panel, red), Agol (left panel, blue) and
Ago3-associated miRNAs (right panel, green) also peak
at a length of 23 or 24 nt. We further analyzed the nature
of the miRNA extentions at the 3’ end (Figure 5B). In all
three Ago proteins, a large portion of the miRNAs per-
fectly matches the genome, i.e. they are not extended at
the 3’ end (dark gray). However, a significant number of
miRNASs contain nontemplated additions to their 3’ ends.
Closer examination of the 3’ extensions revealed that an A
is preferentially added as the first extra nucleotide to the 3’
end (Figure 5B, right panel, blue). For Agol, for example,
A addition is almost exclusively observed. While U
addition is also frequently observed, G or C addition is
rather rare. miRNAs with more than one extra nucleotide
at the 3’ end constitute only a minor part of the isomirs
(other, light gray). In summary, our data suggest that Ago
proteins differentially tolerate miRNA length variations.
Length variations in Ago proteins are dominated by a
single A addition.

We next validated our data experimentally by analyz-
ing the length distribution of individual miRNAs. Ago
proteins  were immunoprecipitated and miRNAs
analyzed by northern blotting (Figure 6). The deep
sequencing results for miR-23a showed a broader length
variation in Ago2 compared with Agol or Ago3
(Figure 6A, upper panel, left graph). Northern blotting
confirmed that Ago2 interacts with a broader range of
miR-23a isomirs, while Agol- and Ago3-associated
miR-23a is characterized by a distinct length peak
(upper panel, right part). Similar results were obtained
for miR-30a and miR-21 (middle and lower panels).

We next investigated miRNA examples that show no
difference in their length distributions in our sequencing
data sets (Figure 6B). Let-7a shows a distinct length for
Agol, Ago2 and Ago3 in the sequencing data (upper
panel, left part). Indeed, using northern blotting we find
that let-7a shows a very distinct length in all three Ago
proteins (upper panel, right part). Similar results were
obtained for miR-27a (lower panel).

Taken together, our results suggest that human
miRNAs are characterized by individual isomir patterns
with differential binding to Ago proteins.

DISCUSSION

An unsolved problem in RNAI experiments is that trans-
fected synthetic or shRNA-derived siRNAs are loaded
into all four Ago proteins (30,43). Only Ago?2 is catalytic-
ally active and needed for efficient gene knockdown.
Agol, Ago3 and Ago4, however, may cause unwanted
off-target effects by binding to partially complementary
target sites in unrelated 3’ UTRs leading to miRNA-like
gene silencing effects (30). It has been demonstrated that
miR-451 processing is Dicer independent and pre-miR-
451 is cleaved by Ago2 (21,22). Here we show that
miR-451 is not only processed by Ago2 but also loaded
exclusively into Ago2-containing RISCs. This experimen-
tal observation immediately points to an attractive
method for specific knockdown experiments. ShRNAs
mimicking the pre-miR-451 hairpin in size and structure
but containing any given siRNA sequence might only
interact with Ago2. We have tested this hypothesis and
found that indeed siRNAs can be generated from
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Deep Sequencing results

Northern Blot validation
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Figure 6. Ago proteins show distinct length profiles for individual miRNAs. The length pattern of individual miRNAs was extracted from the
deep-sequencing data (left side) and compared against the length profiles seen by northern blotting (right side). For this, northern blotting signals for
each miRNA band were quantified; the total signal from each lane/each Ago was set to 100%. The length of a miRNA in northern blotting was
assessed by comparison with the size marker. miRNA length profiles were separated into: (A) miRNA length profiles showing divergent Ago
association and (B) miRNA length profiles showing matching Agol-3 association.

pre-miR451-like sShARNAs. However, processing as well as
silencing activity was not as efficient as sShRNAs that are
processed by Dicer. Although pre-miR-451-like shRNAs
are indeed loaded into Ago2-containing RISCs, we
conclude from our study that such constructs are less ef-
ficient than classical Dicer substrates.

In Drosophila, small RNAs are sorted into different
Ago proteins (28,29). However, miRNA sorting is less
clear in mammals so far. Furthermore, it is not known
whether miRNAs are able to dissociate from Ago
proteins after processing and RISC loading allowing for

an exchange of mature miRNAs between Ago proteins. It
has been demonstrated that a protein termed hnRNPE2
can interact with a specific miRNA and sequester it from
Ago proteins (44). We find that mature miR-451 associ-
ates exclusively with Ago?2 indicating that dissociation and
re-association with Ago proteins does not occur in case of
miR-451. It is tempting to speculate that mature miRNAs
are tightly anchored into Ago proteins and miRNA
exchange between human Ago proteins is rather unlikely.

Using endogenous Ago protein isolation followed by
cloning and deep sequencing, we found that miRNAs
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are not sorted into different human Ago proteins. It has
been reported before that several miRNAs show distinct
Ago association patterns (41). These studies used Ago
overexpression and relied on deep-sequencing data.
Validation using direct northern blotting has not been
performed. It has been demonstrated that small RNA
cloning might introduce both ligation and PCR biases
into the library composition (45). This might explain our
different findings. However, it is also conceivable that
miRNAs might associate with Ago protein sequence spe-
cifically in other cell types or cell stages.

Our deep-sequencing approach of Ago-associated
miRNAs revealed that Ago identity impacts the length
of the bound miRNA. A very recent study showed that
miRNAs are generally shortened during mammalian brain
development (46). The shortening is due to a change in
Ago protein expression suggesting that Ago identity
affects the length of miRNAs. These findings are consist-
ent with our results. However, in our study some miRNAs
are characterized by a clear and distinct length (e.g. let-7a,
Figure 6) independently of the Ago protein, which they
bind to. These findings indicate that Ago identity is not
the sole determinant of the miRNA length. So far uniden-
tified factors might associate with Ago proteins under
specific conditions and trim or extend the 3’ end of the
miRNA.

A closer investigation of endogenous Ago-associated
miRNAs revealed that a significant portion of miRNAs
contain nontemplated A additions at the 3’ ends. It has
been demonstrated that uridityl transferases such as TUT4
add poly-U stretches to precursors of members of the let-7
family leading to miRNA degradation (47-49). However,
this mechanism seems to be let-7 specific and has not been
found for other miRNA species. In contrast, mono- or
di-nucleotides are often added to the 3’ end of other
miRNAs (42,50-52). It has been shown recently, that
miRNAs carrying a single A addition are preferentially
bound by overexpressed myc-tagged Agol (53).
Although we find a stronger enrichment of A addition in
Agol-associated miRNAs, extensions of Ago2- and
Ago3-associated miRNAs 1is also dominated by A
(Figure 5B). Therefore, we conclude that A and U are
the predominant nucleotides that are added to the 3’ end
of the miRNA. However, Ago protein identity has only a
minor effect on nucleotide addition to miRNAs.
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