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Deep Sequence Analysis of AgoshRNA Processing
Reveals 3’ A Addition and Trimming

Alex Harwig', Elena Herrera-Carrillo’, Aldo Jongejan?, Antonius Hubertus van Kampen?? and Ben Berkhout'

The RNA interference (RNAi) pathway, in which microprocessor and Dicer collaborate to process microRNAs (miRNA), was
recently expanded by the description of alternative processing routes. In one of these noncanonical pathways, Dicer action
is replaced by the Argonaute2 (Ago2) slicer function. It was recently shown that the stem-length of precursor-miRNA or short
hairpin RNA (shRNA) molecules is a major determinant for Dicer versus Ago2 processing. Here we present the results of a deep
sequence study on the processing of shRNAs with different stem length and a top G-U wobble base pair (bp). This analysis
revealed some unexpected properties of these so-called AgoshRNA molecules that are processed by Ago2 instead of Dicer.
First, we confirmed the gradual shift from Dicer to Ago2 processing upon shortening of the hairpin length. Second, hairpins
with a stem larger than 19 base pair are inefficiently cleaved by Ago2 and we noticed a shift in the cleavage site. Third, the
introduction of a top G-U bp in a regular shRNA can promote Ago2-cleavage, which coincides with a loss of Ago2-loading of the
Dicer-cleaved 3’ strand. Fourth, the Ago2-processed AgoshRNAs acquire a short 3’ tail of 1-3 A-nucleotides (nt) and we present

evidence that this product is subsequently trimmed by the poly(A)-specific ribonuclease (PARN).
Molecular Therapy—Nucleic Acids (2015) 4, e247; doi:10.1038/mtna.2015.19; advance online publication 14 July 2015
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Introduction

The RNA interference (RNAi) mechanism uses small RNA
molecules to control cellular gene expression.'? These small
molecules are processed from short RNA hairpin precur-
sors of which the ends are defined by microprocessor cleav-
age (miRNAs)%* or transcription initiation and termination
(shRNAs).® In the canonical pathway, Dicer will cleave the
top of the RNA hairpin to create a small RNA duplex with
a 5 (5p) and 3 (3p) strand (Figure 1a; left panel).>” Many
of the Dicer-cleaved miRNA duplexes are subject to 3’ end
modification through addition of a few tailing nucleotides,
specifically U or A.8"° The addition of 3’ U is thought to mark
the RNA for degradation'-'® or processing.' Addition of 3'A
is believed to promote stability,’> but other reports failed to
reproduce this effect.® The processed RNA duplex is loaded
into the Argonaute (Ago)-containing RNA-induced silencing
complex (RISC)."*'® The PIWI domain of the Ago2 protein
has slicing activity that cleaves the passenger strand, thus
activating the guide strand.’®2' The selection of guide/pas-
senger is determined by the thermodynamic stability of the
duplex ends.??23 The strand of which the 5’ end is located at
the least stable duplex end is more likely to be selected as
guide. Guide-loaded RISC will target partially complemen-
tary messenger RNAs (mRNAs) for translational suppression
or destruction. 824

Recently, additional layers of complexity were added by
the description of noncanonical RNAi pathways, specifi-
cally microprocessor-independent and Dicer-independent

pathways.® In the latter, Ago2-slicer replaces Dicer for pro-
cessing of certain miRNAs like miR-451 (refs. 26,27) and
the subclass of shRNAs termed AgoshRNAs (Figure 1a;
right panel). The short length of the miRNA/shRNA stem is
a major determinant for entering this pathway.?2° A stem of
16—19 base pair (bp) is too small to serve as Dicer substrate
and will consequently become an Ago2 substrate.?63-%2 Ago2
cleaves halfway the 3’arm of the duplex between bp 10-11,26.2°
leaving a single guide strand of which the top remains base-
paired (Figure 1a). MiR-451 is trimmed by PARN to create an
unpaired guide (Figure 1a), but this modification has no sig-
nificant effect on the silencing efficiency. It remains unclear
if trimming also applies to the AgoshRNA class. It is impor-
tant to learn such mechanistic details of AgoshRNA biogen-
esis as the property to generate a single guide strand could
provide a major therapeutic benefit by avoiding passenger
strand mediated off-target effects.3®

In this manuscript, we present a deep sequencing study
on the processing of shRNA and AgoshRNA variants. We
selected the SOLID method over 454/lllumina sequencing
because the high yield of small RNAs and low error rate are
perfectly suited for sequencing of miRNAs.?* The hairpin vari-
ants that we analyzed were previously tested in luciferase
knockdown experiments that suggested a shift from shRNA
to AgoshRNA activity by stem shortening and a modulatory
effect of a top G-U bp.2® Northern blotting confirmed this shift
by the appearance of the typical extended AgoshRNA guide
molecule. We now present further details on Dicer-shRNA
versus Ago2-AgoshRNA processing and 3’ end modification.
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Figure 1 Canonical and noncanonical miRNA/shRNA processing. (a) Left panel: Dicer-dependent (canonical) processing is shown for
miRNA and shRNA. Dicer cleavage (<) yields 5’ (5p) and 3’ (3p) strands, the guide is loaded in RNA-induced silencing complex-Ago2 (black
line with seed), the passenger is degraded (grey strand). Right panel: The Dicer-independent (non-canonical) miR-451 and AgoshRNA are
processed by Ago2 (=) to yield a single guide that is partially basepaired. Subsequent trimming of the 3’ end opens miR-451. For AgoshRNAs,
no such trimming has been described. (b) The wild-type shRT5 and two G-U mutants (mutations boxed in black) were studied by deep
sequencing. Indicated are the predicted cleavage sites for Dicer and Ago2, but also the observed Ago2 cleavage site («—). Some key activities
as measured previously are summarized below: Dicer and Ago2 products as scored on northern blot (see Figure 7 in reference 2¢) and their
activity on Luc-reporter assays (see Figure 6 Luc 5p: antisense; Luc 3p: sense in reference 28).

Table 1 SOLID deep sequence results

shRNA/
Name Total Unmapped Mapped (%?) Mismatch (%") No mismatch (%") AgoshRNA (%)
shRT5 9,044,264 8,466,779 577,485 (6.4) 267,527 (46) 309,958 (54) 297,334 (96)
mut 6 7,455,000 7,213,851 241,149 (3.2) 117,354 (49) 123,795 (51) 122,742 (99)
mut 7 10,877,032 10,462,540 414,492 (3.8) 158,021 (38) 256,471 (62) 254,158 (99)
17GC 12,454,378 11,001,755 1,452,623 (11.7) 404,818 (28) 1,047,805 (72) 1,044,458 (100)
17GU 11,582,575 7,825,837 3,756,738 (32.4) 1,248,925 (33) 2,507,813 (67) 2,507,120 (100)
18GC 6,796,533 6,462,031 334,502 (4.9) 175,351 (52) 159,151 (48) 157,511 (99)
18GU 12,825,189 12,567,368 257,821 (2.0) 95,401 (37) 162,420 (63) 160,081 (99)
19GC 10,327,948 8,668,197 1,659,751 (16.1) 828,914 (50) 830,837 (50) 806,987 (97)
19GU 8,955,847 8,279,377 676,470 (7.6) 242,045 (36) 434,425 (64) 433,488 (100)
20GC 10,758,946 10,621,466 137,480 (1.3) 74,159 (54) 63,321 (46) 58,476 (92)
20GU 14,069,013 13,672,463 396,550 (2.8) 137,554 (35) 258,996 (65) 255,885 (99)
21GC 12,401,494 12,317,266 84,228 (0.7) 33,917 (40) 50,311 (60) 38,008 (76)
21GU 5,415,770 5,339,327 76,443 (1.4) 23,885 (31) 52,558 (69) 44,161 (84)

aPercentage of total reads. ®Percentage of mapped reads. °Percentage of perfectly matching reads that align to the shRNA/AgoshRNA sequence.
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Figure 2 Sequence diversity of regular shRNA products. Deep
sequencing analysis of the Ago2-bound RNAs for shRT5 (a), mut 6
(b), and mut7 (c) shows a variety of shRNA/AgoshRNA products.
The cumulative incidence (y axis, depicted as % of total reads) of
distinct 5’ ends (black bars) and 3’ ends (white bars) is shown along
the shRNA sequence (x-axis, in capitals with the promoter and
loop area in small letters). The total number of reads is indicated.
Marked are the predicted transcription start site (boxed in gray), the
predicted Dicer cleavage site (Dicer®®; <) and the observed Dicer
cleavage site (Dicere>s; «—). The major cleavage products (Ago2, 5p,
3p and an extra fragment*) are indicated per graph.

Results

Deep sequence analysis of shRNAs with a G-U top base
pair

We previously investigated whether replacement of a strong
Watson-Crick bp by a weak G-U bp at the top of a shRNA stem
could force the prototype 21bp shRT5 hairpin (Figure 1b)
into the AgoshRNA route.?® This shRT5 was chosen as both
5p and 3p arms generated by Dicer are active in Luc-target
silencing and it was shown to be the best inhibitor out of a set
of AgoshRNAs.2°3% Several mutations introduced in the top
of the hairpin increased AgoshRNA activity, accompanied by
appearance of the typical Ago2-cleaved product on northern
blot.228 RNA structures of shRT5 and mutants 6 and 7 and the
previous results are summarized in Figure 1b. In short, mut
6 produced a modest AgoshRNA band on northern blot, but
the regular Dicer cleavage products remained dominant. Mut
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7 demonstrated a significant increase in Ago2-mediated pro-
cessing and a concomitant decrease in Dicer cleavage. Gene
silencing activity was measured with the Luc-sense reporter
that scores the activity of the 3p strand and the Luc-anti-
sense reporter for Dicer-cleaved 5p and the Ago2-cleaved
AgoshRNA guide.?2° Reduced 3p strand activity was scored
for mut 6 and 7, consistent with decreased Dicer cleavage.

We extracted Ago2-bound small RNAs to determine
the relative amount of Dicer and Ago2 products by deep
sequencing. Dominant reads (>50 copies in the library) are
listed in Supplementary Table S1. For shRT5 and the two
mutants, 96—99% of the plasmid-matching reads aligned to
the expressed shRNA (Table 1). This high coverage permit-
ted us to carefully map the content of the Ago2-bound RNAs.
A major advantage of the AgoshRNA design over miRNA-
like designs is that the Drosha-processing step is not needed
to release the hairpin RNA, thus limiting the requirements
for processing. Both the 5p and 3p Dicer products of shRT5
are equally present in Ago2 (Figure 2a). This confirms the
symmetric nature of shRT5 and explains the silencing activ-
ity measured for both strands (Figure 1b; Luc). The reduced
activity of the 3p strand compared to the 5p strand may reflect
differential silencing activity of the two strands. A clear shift
to 5p/AgoshRNA products was apparent for mutants 6 and 7
(Figure 2b,c). More Ago2-cleaved product was observed for
mut 7 (9.7% of all reads) and mut 6 (1.3%) over the wild-type
(wt) shRT5 (0.1%). This correlates with increased AgoshRNA
production by mut 6 and especially mutant 7 on northern
blot.2® Surprisingly, the observed Ago2-cleaved product (<)
was 2 nt shorter than the expected AgoshRNA product (=) for
wt and the two mutants (Figure 1b). Increased AgoshRNA
loading coincided with decreased 3p-strand loading for both
mutants but especially mutant 6, although 5p loading was
maintained (Figure 2b,c). This 3p loading-deficiency cor-
relates with the reported loss of 3p-mediated Luc silencing
activity, although northern blotting did show normal 3p-strand
production.

Dicer cleavage is predicted to occur between U?' and C*?
for 5p and between A% and C2 for 3p (Figure 1b).%63 We
carefully mapped the actual Dicer cleavage sites (Figure 2a).
Dicer cleavage does not occur exactly at the predicted site
(Figure 2), but rather at multiple sites around this position.
In fact, the major Dicer-cleavage event creates a 2-nt stag-
gered cut at U% and U*, whereas U?' and C?° were predicted
(Figure 2a). The major Dicer products are thus 1 nt shorter
than predicted. Overall, cleavage by Dicer is inaccurate and
yields multiple products that are loaded in Ago2/RISC.

The product variation is further increased as the 5p tran-
scripts display various 5 ends, likely reflecting differential
start site usage by RNA polymerase Ill at the H1 promoter
(Figure 2). In fact, only 1% of transcripts start at the pre-
dicted transcription start site for shRT5 (mut 6: 13% and mut
7: 9%), whereas 16% initiate at the -1 position for shRT5
(mut 6: 40% and mut 7: 49%). By inspection of the reads, we
observed that the heterogeneity in Dicer cleavage site is not
linked to this differential start site usage. Lastly, for all three
constructs an additional read was observed that starts at A®
and terminates at A% (Figure 2). We currently do not under-
stand how this molecule is generated.

www.moleculartherapy.org/mtna
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Figure 3 The shRT5 mutants with varying stem length. The 19/5
shRNA was elongated or shortened at the stem base to create a set
of length mutants as described. The terminal top bp was mutated
from G-C into a less stable G-U wobble bp (lower set, G-U wobble in
a black box). Predicted Dicer (=), predicted Ago2 (=) and observed
Ago2 («) cleavage sites are indicated.

Deep sequence analysis of shRNAs/AgoshRNAs with
varying stem length
Next, the shift from Dicer to Ago2 cleavage was analyzed
for a second set of shRNAs with decreasing stem length
and either a G-U or G-C top base pair. The expected cleav-
age products of Ago2 (=) and Dicer (=) are indicated on the
hairpin templates in Figure 3. Some unexpected details of
AgoshRNA processing were disclosed that will be discussed
before we address the general shift from Dicer to Ago2 cleav-
age. As observed for mut 6 and 7, we witnessed a shift in the
actual Ago2 cleavage site, and an intriguing pattern became
apparent. For mutants 17/18/19, cleavage occurred exactly
at the predicted position between bp 10—11 from the bottom
of the stem, but cleavage shifted to bp 11-12 and 12—13 for
mutants 20 and 21, respectively. The observed Ago2 cleav-
age sites are marked in Figure 3 as arrows («) and were
used for quantitation of the AgoshRNA products. Inspection
of the reads indicates that the transcripts with a shifted Ago2
cleavage site (mutants 20/21) do start at the same -1 position
as mutants 17/18/19.

We observed a small 3’ A-tail at the Ago2 cleavage site
that is not encoded by the shRNA construct (Table 2). This
tail is not due to sequencing errors as there are no adenines

Table 2 AgoshRNAs reads with 3’ A addition

No tail® 3’ A(n)? Total® % no3® % 3’ A(n)°
17GC 897 1,514 2,411 37.2 62.8
17GU 23,534 22,328 45,862 51.3 48.7
18GC 303 2,090 2,393 12.7 87.3
18GU 496 337 833 59.5 40.5
19GC 754 3,126 3,880 19.4 80.6
19GU 972 3,736 4,708 20.6 79.4
20GC 403 553 956 42.2 57.8
20GU 335 126 461 72.7 27.3
shRT5 13 49 62 21.0 79.0
Mut 6 22 85 107 20.6 79.4
Mut 7 906 2,763 3,669 24.7 75.3

Molecular Therapy—Nucleic Acids

anumber of reads. °Percentage of total number of AgoshRNA reads.

Table 3 Number of 3’ As added to processed AgoshRNA molecules?

17GC 17GU 18GC 18GU 19GC 19GU 20GC 20GU
A 95.9 94.3 93.7 90.8 94.7 99.6 70.3 88.1
AA 37 5.3 6.2 9.2 4.9 0.4 29.7 111
AAA 04 0.4 0.1 0.0 0.4 0.0 0.0 0.8
aPercentage of total number of AgoshRNA reads.

present around the Ago2 cleavage site. By use of ligation-
based SOLID deep sequencing, we also prevent any PCR-
based errors that could have added A to the small RNA
sequence. The A-tails are short with one to three adenines
(Table 3) and the modified guide strand is named AgoshA.
No such 3’ end modification was observed for Dicer-gener-
ated small RNAs. This 3’ end modification was apparent for
all wt and mutant shRNAs analyzed in this study, including
the previously mentioned mut 7 (Table 2). Of all AgoshRNA
guide strands, 27—87% contained a short 3’ A-tail (Table 2).
The Ago2-cleaved product was not prevalent for larger hair-
pins. No consistent pattern was apparent for 3’ A-tailing with
respect to stem length or GU/GC top.

Inspired by recent findings for miR-451 and small nucleolar
RNA (snoRNA), we reasoned that 3’ adenylation may present
a signal for PARN to trim the Agosh* into the unpaired Agosh-
TRM molecule (Figure 4a).%%% Indeed, a distinct RNA popula-
tion was observed that starts at the TSS and terminates just
3’ of the shRNA loop (Figure 4b).

To determine the relative concentration of each RNA prod-
uct, the shRNA-derived reads were defined as Dicer-cleaved
(reads ranging from 19-22 nt, expected cleavage site +1 nt),
Ago2-cleaved Agosh” (reads >27 nt, expected cleavage site
+1 nt) and Agosh™™ (reads between 23-28 nt and ending
in the loop sequence AAGAc/uU (Figure 4b)). As expected,
the regular 21 bp shRNA vyields mostly Dicer-cleaved prod-
ucts ((Figure 4c,d) 55% for 21GC and 94% for 21GU; black
line). The Dicer products disappear rapidly with decreasing
shRNA stem length, concomitant with an increase of the
Agosh* and Agosh™™ products. The Agosh” product remains
a relatively minor product, never increasing above 4% of the
total Ago2-bound RNA population (Figure 4c,d). Agosh™M
products constitute more than 50% of the RNA population for
constructs with a small stem (< 19bp), but are replaced by
Dicer products for the larger hairpins (> 20bp) (Figure 4c,d).
No consistent differences were apparent for shRNAs with
G-C or G-U as top bp.
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To further investigate the involvement of PARN in the gen-
eration of Agosh™M™ products, we performed a PARN knock-
down experiment with 18GC and 19GC. These constructs were
chosen because they generate distinct AgoshRNA products.?®
The total RNA content of transfected cells was separated on a
denaturing gel, blotted and probed with a locked nucleic acid
probe directed against the 5 side of the hairpin (Figure 5a).
This probe should thus detect Ago2 cleavage products as
well as the Dicer-cleaved 5p strand. The knockdown of PARN
caused the selective disappearance of the Agosh™™ product,
while leaving the Dicer cleaved product intact (Figure 5b).

Discussion

Novel AgoshRNA designs form a promising class of RNAi-
based therapeutics that avoid Dicer cleavage and instead
use Ago2-slicer activity to create a single guide RNA to target
a specific mRNA for destruction. AgoshRNAs thus avoid off-
target effects induced by the passenger strand of a regular
shRNA. We previously tested the critical elements, in particu-
lar the stem length, that cause a shift from regular shRNA to
AgoshRNA activity.2® The current deep sequencing analysis
confirmed these findings by probing for Dicer versus Ago2
cleavage events. In addition, several novel details about
AgoshRNA processing were disclosed.

Cleavage at the predicted site confirmed Ago2 cleavage
for the shorter hairpins, but we noticed an upward shift in
cleavage site for the less efficient AgoshRNAs larger than

19bp for both mutant sets (Figures 1b and 3). An intrigu-
ing pattern became apparent: cleavage of mutants 17/18/19
occurs exactly at the predicted position in the 3’ arm between
bp 10 and 11 from the bottom of the stem, but was shifted
between bp 11-12 and 12—13 for mutants 20 and 21, respec-
tively (Figure 6a). Mutants 19/20/21 support the new concept
of “cleavage at 9bp from the loop” instead of the well-estab-
lished “10bp from the bottom” rule. In search for a mecha-
nistic explanation, it is important to realize that the extended
hairpins are processed less efficiently by Ago2 (Figure 4c,d).
We present a mechanistic model in which the 5’ end of the
AgoshRNA docks in the MID domain and the loop is near the
PAZ domain (Figure 6b). We propose a structural realign-
ment in the Ago2-containing complex because the extended
hairpins sterically clash with the PAZ and/or MID domains
that are in close contact with the hairpin. This structural Ago2
rearrangement may explain the loss of slicer activity. A similar
steric problem was suggested to occur for Ago2-loaded hair-
pins with a large loop.? Structural rearrangement pushes the
domains of Ago2 out of the optimal position, which can explain
the cleavage to shift 1 or 2bp further up in the stem, albeit
at a greatly reduced efficiency. This mechanistic model also
explains the unexpected PIWI cleavage sites observed for
the initial mutant set with extended stems of 21 bp (Figure 2).
Thus, the sequence of an AgoshRNA does not influence
the actual cleavage site, which seems dictated primarily by
the duplex length (and secondarily by the loop size, see Liu
et al®). Cleavage and subsequent trimming by PARN may
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the 5’ side of the hairpin. The Agosh™™ and Dicer products are indicated. Size markers were included in the far left lanes and the length is
indicated. Ethidium bromide staining of small rRNAs and tRNAs are shown as loading controls below the blot. (b) Quantification of Agosh™M

and Dicer products. The siCtrl-treated samples were set at 100%.

thus be essential to create a free 3’ end that can dock into
the PAZ domain to reach a stable configuration.*-*? Single-
stranded AgoshTRIM products will be accommodated in this
stable Ago2 complex, thus blocking further PARN trimming
and explaining the discrete trimming pattern (Figure 4b).

Another new finding is that a small 3’ A-tail is added upon
AgoshRNA cleavage to yield the modified Agosh* guide
strand (Figure 4a,b). We present evidence that this Ago-
sh” guide is a processing intermediate that is subsequently
3-trimmed to generate a mature Agosh™M RNA species
(Figure 4c,d). The partially basepaired Agosh” precursor
becomes an unpaired Agosh™M, thus activating its ability to
pair with the mRNA to cause its inactivation. Further process-
ing may be important as the RISC-Ago2 complex does not
have RNA duplex unwinding activity.*344

The PARN enzyme is the candidate for miR-451 trimming?®®
and possibly AgoshRNA trimming. PARN also plays a role
in deadenylation of maternal mMRNAs during oocyte matura-
tion,** mRNA degradation,* and maturation of mammalian
box H/ACA small nucleolar RNAs.® PARN is a poly(A) spe-
cific exonuclease that uses 3’ A-tails as substrate.*” These
short 3’ A-tails could be added by poly(A) polymerases like
PAPDS5 (ref. %8) or PAPD4 (ref. 8), but details about what is rec-
ognized in AgoshRNAs and miR-451 remain unknown. We
currently do not know if miR-451 is also 3’ adenylated before
it is trimmed by PARN. We specifically looked for such mol-
ecules, but miR-451 was absent from our 293T-based small
RNA libraries. Upon knockdown of PARN, we witnessed a
loss of the Agosh™™ product on northern blot (Figure 5a).
This indicates that PARN is indeed involved in the generation
of Agosh™M. The regular Dicer product served as internal
control that is not influenced by knockdown of PARN. PARN
knockdown did not result in accumulation of the Agosh* pre-
cursor, suggesting that it is an unstable intermediate.
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Many RNAi applications use shRNA constructs to stably
reduce gene expression, but it is becoming increasingly clear
that these small RNA molecules are less precise than origi-
nally thought. This and other studies indicated that Dicer cleav-
age is rather imprecise, yielding multiple RNAs with different
silencing efficiency, specificity and/or off-target effects.*34°
Combined with the multiple transcriptional initiation sites
observed for the H1 RNA polymerase in this and others stud-
ies, a quasispecies of slightly different guide RNAs is gener-
ated. The 5’ end variation also holds for AgoshRNA reagents,
but Ago2-mediated processing is more precise than Dicer
cleavage. Another complicating factor is the choice of guide
strand. Previous northern blot analysis indicated that mut 6 is
processed into an equal concentration of 5p and 3p strands,
however only the 5p strand showed activity (Figure 1b).28
These northern blots were performed on total cellular RNA,
but sequencing of the Ago2-bound RNA indicated that the
5p strand is exclusively loaded. This can explain the absence
of 3p strand activity. To add to the small RNA diversity, we
also describe an alternative transcript that runs from +6 to
+28. We do not understand how this transcript is generated,
whether it is alternatively processed or due to a new tran-
scription initiation site. This aberrant RNA is loaded in Ago2
and therefore could theoretically cause gene silencing.

The generation of a single guide strand instead of two
active shRNA-derived strands makes the AgoshRNA design
an attractive reagent for biology applications and therapeutic
action. This study and previous results indicate that an active
AgoshRNA should have a stem-length of 19bp and a small
loop. The introduction of a top G-U wobble base pair can
push a regular shRNA towards the AgoshRNA route, includ-
ing subsequent tailing and trimming, as it likely reduces the
stem length. However, a G-U top base pair does not influence
processing of other AgoshRNAs. The AgoshRNA constructs
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Figure 6 Models to explain aberrant cleavage of AgoshRNAs
with an extended stem. (a) A regular AgoshRNA with a stem of
17-19bp will dock into Ago2 with the 3’ and 5’ ends near the PAZ
and MID domains, respectively. PIWI then cleaves the stem between
bp 10-11. With increasing stem length (20-21bp), AgoshRNA
processing is profoundly reduced (right-hand column) and a
remarkable shift in cleavage site occurs. (b) A model is proposed
in which loading of the extended hairpin triggers rearrangement of
Ago2 domains, causing the observed loss of cleavage efficiency
and shift in cleavage site. Cleavage of the AgoshRNA yields the
Agosh?, which is subsequently trimmed by PARN into the Agosh™M
molecule. After trimming, the single-stranded 3’ end of Agosh™™ can
dock into the PAZ-domain to establish a stable Ago2-RNA complex.

may still be improved by approaches that yield a more pre-
cise transcript 5’ end, either by changing the promoter or the
transcription start site.

Materials and methods

Cell culture, transfection, and constructs. Human embryonic
kidney (HEK-) 293T cells were cultured as monolayer in Dul-
becco’s modified Eagle’s medium (Invitrogen, Paisley, UK)
supplemented with 10% fetal bovine serum, penicillin (100 U/
ml), and streptomycin (100 pug/ml) at 37 °C and 5% CO,,. For
the RNA isolation, cells were cultured in 25cm? flasks and
transfected with 4 pg shRNA plasmid DNA and 1 pg Ago2-
FLAG plasmid using lipofectamine 2000 (Life Technologies,
Carlsbad, CA). The shRNA and AgoshRNA constructs used
in this manuscript have been described previously.?

For PARN knockdown, HEK-293T were reverse trans-
fected in 10cm? wells with a siCtrl duplex®® (5-AAGCG
AUACCUCGUGUGUGAJdTdT-3" and 5-UCACACACGAGGU
AUCGCUUdTdT-3) and an siRNA mixture against PARN®®
consisting of siPARN duplex 1 (5-GGAGAAAACAGGAAGAG
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AAdTdT-3" and 5-UUCUCUUCCUGUUUUCUCCATdT-3')
and siPARN duplex 2 (5-UCAUCUCCAUGGCCAAUUAdT
dT-3’ and 5-UAAUUGGCCAUGGAGAUGAdTAT-3) using
Lipofectamine 2000 (Life Technologies). After 48 hours, the
siPARN-treated cells were reverse transfected with another
50 nmol/l of siRNA mixture and 5 pg of AgoshRNA-express-
ing construct. RNA was isolated 48 hours after the second
transfection.

Ago2 immunoprecipitation, RNA isolation, and library prepa-
ration. At 48 hours post-transfection, the cells were washed
several times with cold phosphate-buffered saline and Ago2-
FLAG was immunoprecipitated as previously described.? In
short, the cells were incubated with IsoB-NP40 (10 mmol/l
Tris-HCI pH 7.9, 150 mmol/l NaCl, 1.5 mmol/l MgCl,, 1%
NP40) for 20 minutes on ice. The cell-lysates were centri-
fuged at 12,000 x g for 10 minutes at 4 °C to clear cell debris.
The supernatant was incubated with 75 pl anti-FLAG M2 Aga-
rose bead-suspension (Sigma, St Louis, MO) with constant
rotation for 16 hours at 4 °C. The supernatant (depleted frac-
tion) was separated from the beads (enriched fraction). The
beads were washed three times with NET-1 buffer (50 mmol/l
Tris-HCI pH 7.5, 150 mmol/l NaCl, 2.5% Tween-20) and
resuspended in 1soB-NP40. RNA was isolated by phenol—
chloroform extraction followed by DNAse treatment using the
TURBO DNA-free kit (Life technologies). The isolated RNA
was size separated on a 15% denaturing polyacrylamide gel
electrophoresis gel next to a size marker (generuler ultra low
range DNA ladder; Thermo Scientific, Waltham, MA) for size
estimation. The 15-55 nt RNA fragments were purified from
gel using a spin column (Ambion, Carlsbad, CA). The qual-
ity and percentage of miRNA was assayed on a Bioanalyzer
2100 (Agilent, Santa Clara, CA) using a small RNA chip. The
SOLID Small RNA Library Preparation protocol (Applied Bio-
systems, Carlsbad, CA) was used to prepare an RNA library
that was subsequently analyzed on the SOLID Wildfire sys-
tem (Applied Biosystems).

Bioinformatics. Analysis of the SOLID colorspace reads was
performed with LifeScope Genomic Analysis Software ver-
sion 2.5 (Applied Biosystems) using the small RNA pipeline.
Analysis of the SOLID deep sequence run yielded 6,796,533
to 14,069,013 reads per sample, with an average of
10,227,999 (Table 1). The libraries were cleaned for human
genome filter sequences (containing rRNA, tRNA etc; sup-
plied with LifeScope) and known miRNA sequences (miR-
Base version 21; http://www.mirbase.org/). Subsequently, the
filtered reads were aligned against the reference sequences
of the shRNA-expressing constructs. We performed two
alignments to create read libraries; one containing perfect
reads without mismatch, the other with a perfect seed region
(nt 1—15) but with mismatches in the 3’ part. For the different
constructs, the combined libraries mapped 0.7-32.4%, with
an average of 7.3% of all sequence reads to the reference
sequence (Table 1). Of the mapping reads, 46-72% con-
tained no mismatch (Table 1). This library without mismatch
was used to create the final alignments and to analyze the
Dicer and Ago2 cleavage products (shRNA and AgoshRNA,
respectively). The library with 3’ end mismatches was used to
analyze nontemplated 3’ end nt addition.

www.moleculartherapy.org/mtna


http://www.mirbase.org/

Dicer-independent AgoshRNA Processing
Harwig et al.

Supplementary material

Table S1. Abundant plasmid-encoded reads (n > 50) identi-
fied by SOLID deep sequencing.
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