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MicroRNA (miRNA)-guided cleavage initiates entry of primary tran-
scripts into the transacting siRNA (tasiRNA) biogenesis pathway
involving RNA-DEPENDENT RNA POLYMERASEG6, DICER-LIKE4, and
SUPPRESSOR OF GENE SILENCING3. Arabidopsis thaliana TAST and
TAS2 families yield tasiRNA that form through miR173-guided initia-
tion—cleavage of primary transcripts and target several transcripts
encoding pentatricopeptide repeat proteins and proteins of unknown
function. Here, the TAS7c locus was modified to produce synthetic
(syn) tasiRNA to target an endogenous transcript encoding PHY-
TOENE DESATURASE and used to analyze the role of miR173 in
routing of transcripts through the tasiRNA pathway. miR173 was
unique from other miRNAs in its ability to initiate TAS7c-based
syn-tasiRNA formation. A single miR173 target site was sufficient to
route non-TAS transcripts into the pathway to yield phased siRNA.
We also show that miR173 functions in association with ARGONAUTE
1 (AGO1) during TAST and TAS2 tasiRNA formation, and we provide
data indicating that the miR173-AGO1 complex possesses unique
functionality that many other miRNA-AGO1 complexes lack.
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M icroRNA (miRNA) and transacting siRNA (tasiRNA) form
through distinct biogenesis pathways, but both function to
guide endonucleolytic cleavage or translational modulation of
target RNA transcripts (1). For miRNA, self-complementary fold-
back structures within primary transcripts are processed into ~21-
to 22-nt miRNA/miRNA* duplexes. For tasiRNA in plants, pri-
mary transcripts are first processed by miRNA-guided cleavage.
One product of the cleaved transcript is stabilized, possibly by
SUPPRESSOR OF GENE SILENCING3 (SGS3), and converted
to dsRNA by RNA-DEPENDENT RNA POLYMERASEG6
(RDRO6) (2-5). The resulting dsRNA is processed sequentially by
DICER-LIKE4 (DCLA4) into 21-nt siRNA duplexes in register with
the miRNA-guided cleavage site (2, 6, 7). One strand of each
miRNA or tasiRNA duplex is selectively sorted to one or more
ARGONAUTE (AGO) proteins according to the 5" nucleotide or
other sequence/structural elements of the small RNA (8-10). AGO
proteins, which contain a 3’ RNA binding domain (PAZ), a mid
domain that confers small RNA recognition or binding function,
and an RNaseH-like domain (PIWI) (11), provide the effector
component for silencing complexes.

Arabidopsis thaliana has eight characterized tasiRNA-generating
(TAS) loci belonging to four families. 7457 and TAS2 tasiRNA
target multiple different mRNAs, including several encoding pen-
tatricopeptide repeat (PPR) proteins (3-5, 12-14). 7454 tasiRNA
target mRNA encoding several MYB transcription factors (15).
TAS3 tasiRNA target AUXIN RESPONSE FACTORs (ARF3 and
ARF4) mRNA, regulation of which is important for proper pat-
terning and developmental timing (4, 16-20). In addition to ta-
siRNA-based regulation, the RDR6/SGS3/DCLA4 silencing path-
way contributes to antiviral and transgene silencing (21-25).
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It is not clear how transcripts are routed into the RDR6/SGS3/
DCLA4 silencing pathway, although it is known that transcripts with
two or more miRNA or tasiRNA target sites are more likely to spawn
secondary siRNA (13, 14) than are singly targeted transcripts. The
TAS3a primary transcript is an example of a dual-targeted RNA (13,
14), in which miR390-AGO7 complexes provide distinct functions
at two target sites. The miR390-AGQO7 complex associates with a
target site near the 5’ end of the transcript in a noncleavage mode
and with a site near the 3’ end to affect cleavage (9).

The TAS3 family is highly conserved in land plants, whereas the
TAS1, TAS2, and TAS4 families are restricted to Arabidopsis or
close relatives (3, 4, 13, 15, 26, 27). Unlike TAS3 transcripts, TAS1,
TAS2, and TAS4 transcripts each have only a single known miRNA
target site. miR173 functions to initiate tasiRNA biogenesis from
TASI and TAS2 loci, whereas miR828 serves to initiate 7454
tasiRNA formation. TAS1, TAS2, and TAS4 also differ from TAS3
in that the tasiRNA-generating regions originate from the RNA
fragment on the 3’ side of the cleavage site (2, 4, 15). Thus, the
features of 7451, TAS2, and TAS4 tasiRNA formation suggest a
distinct route through the biogenesis pathway. Here, the TASIc
locus was manipulated to explore the cis requirements for tasiRNA
formation. The results indicate that the miR173-AGO1 complex
functioning at a single site possesses unique properties that initiate
routing of transcripts through the tasiRNA pathway.

Results

TAS1c-Based Synthetic (syn) tasiRNA. The predictable pattern of
tasiRNA formation from the initiation-cleavage site was exploited
previously to develop syn-tasiRNA from modified TAS genes (9,
28). TAS3a-based syn-tasiRNA that target the mRNA encoding
PHYTOENE DESATURASE (PDS) were effectively used to
dissect 7453 tasiRNA biogenesis and effector requirements (9).
We developed a similar system based on the 74S1¢ locus, in which
sequences at DCL4 processing cycles 3 and 4 from the miR173-
guided initiation site were substituted for sequences with perfect
or near perfect complementarity to two sites within PDS mRNA
(Fig. 14 and Fig. S1A4). Each of three syn-tasiRNA genes
(358:TAS1cPDS-1, 355:TAS1cPDS-2, and 358:TASI1cPDS-3) con-
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Fig. 1. Syn-tasiRNA. (A) Organization of syn-tasiRNA constructs. Arrow indicates the miR173-guided cleavage site. tasiRNA positions 3'D1(+) through 3'D10(+)
are indicated by brackets. (B) Representative images of Col-0 and mutant plants expressing syn-tasiRNA constructs. (C) Mean relative level +/— SEM of PDS mRNA
after normalization to ACT2 mRNA, as determined by quantitative RT-PCR (Col-0 vector = 1.0). (D) Mean relative level +/— SEM of syn-tasiRNA as determined
by blot assays (Col-0 355:TAS1cPDS-2 = 1.0). (Inset) Small RNA blot and EtBr-stained 55 rRNA/tRNA.

tained the same syn-tasiRNA at the 3'D3(+) position, but a
different syn-tasiRNA at the 3'D4(+) position. Each syn-tasiRNA
was designed to possess a 5’ uridine to promote association with
AGOI1 (8-10). Each construct was expressed by using the 35S promoter
and introduced into Arabidopsis thaliana plants. Mapping of both
authentic TASIc and 35S5:TAS1cPDS-2 transcripts revealed the
dominant poly(A) site at position 810 nt from the transcription start
site (Fig. S2A4) (4), indicating that the T7ASIc-based syn-tasiRNA
constructs contained the authentic Z4SIc 3’ terminator sequence.

The majority of WT (Col-0) plants transformed with each
TASIc-based syn-tasiRNA construct displayed a photobleached
phenotype characteristic of PDS silencing, although there was
variation in phenotype severity among transformants (Fig. 1B and
Table S1). Photobleaching was concurrent with accumulation of
syn-tasiRNA and significant reduction in PDS mRNA levels (Bon-
ferroni corrected P < 0.05, two-sample ¢ test) (Fig. 1 C and D). In
zip-1 mutants, which lack AGO7, the photobleached phenotype was
indistinguishable from that in Col-0 plants, whereas photobleaching
was undetectable in rdr6-15 and dcl4-2 mutants (Fig. 1B and Table
S1). PDS mRNA was reduced to similar levels in 355:TAS1cPDS-
2-transformed Col-0 and zip- 1 plants, but unchanged in rdr6-15 and
dcl4-2 mutants, relative to vector-transformed Col-0 plants (Fig.
1C). Syn-tasiRNA were detected in Col-0 and zip-1 plants, but not
in rdr6—15 and dcl4-2 plants, transformed with each construct (Fig.
1D and Table S1). Relative PDS mRNA and syn-tasiRNA levels were
not significantly different between Col-0 and zip-1 355:TASIcPDS-2-
transformed plants (P = 0.23 and 0.29, respectively, two-sample ¢
tests) (Fig. 1 C and D). These results indicate that 7.4S1c-based
syn-tasiRNA have genetic requirements similar to those of authen-
tic TASI tasiRNA and are distinguishable from TAS3 tasiRNA by
the lack of a requirement for AGO7 (2-7, 16, 18, 19).

A potential application of syn-tasiRNA is silencing of genes in a
wide range of plant species. However, miR173 is only known to exist
in Arabidopsis and close relatives (29). Therefore, a dual-gene
construct was designed to deliver both miR173 and syn-tasiRNA
(358:TAS1cPDS/MIR173), and it was tested in Nicotiana benthami-
ana leaves after transient delivery (Fig. S1A4) (30). This construct
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yielded both miR173 and syn-tasiRNA with efficiency similar to
coexpression of the independent constructs 355:74S1cPDS-4 and
358:MIR173 (P = 0.43 and 0.50, respectively, two-sample ¢ tests)
(Fig. S1 B and C). In transgenic Arabidopsis Col-0 plants, both
3585:TAS1cPDS-4 and 35S:TS1cPDS-4/MIR173 constructs resulted
in similar patterns of photobleaching (Fig. S1D and Table S1).
Thus, a single-construct, dual-gene system can expand TASc-based
syn-tasiRNA technology to non-Arabidopsis species.

Role of miR173 in TAS1c-Based syn-tasiRNA Formation. To determine
whether miR173 possesses unique properties that facilitate ta-
siRNA initiation, syn-tasiRNA constructs were developed in which
the miR173 target site in 35S:7ASI1cPDS-2 was substituted for
miR169 (355:TAS1cPDS-169), miR171 (355:TAS1cPDS-171), miR390
(358:TAS1cPDS-390), or miR167 (355:TASI1cPDS-167) target sites.
The substitutions in 355:TAS1cPDS-390 and 35S:TAS1cPDS-171 re-
sulted in authentic miRNA-target site duplexes with 5 mispairs or no
mispairs, respectively. The 355:7.4S1cPDS-167 and 35S:TAS1cPDS-169
substitution resulted in perfect complementarity to their respective
miRNA, although authentic miR167- and miR169-target site du-
plexes contain mispairs (Fig. 24). Each heterologous miRNA
accumulates to relatively high levels in Col-0 inflorescence, seed-
ling, and leaf tissues (31).

In contrast to plants expressing the miR173-targeted
358:TAS1cPDS-2 construct, no photobleaching was detected in
Col-0 plants transformed with 35S:TASIcPDS-169,
358:TAS1cPDS-171, or 358:TAS1cPDS-390 constructs (Fig. 2A4).
Rarely, very weak photobleaching was observed in plants trans-
formed with the 35S:TAS1cPDS-167 construct (data not shown).
PDS mRNA levels were reduced in lines with the miR173-
targeted construct, but were not significantly affected in the
miRNA-target site substitution lines (P > 0.46, two-sample ¢
tests) (Fig. 2B). Syn-tasiRNA failed to accumulate to detectable
levels in leaf tissue of 355:TAS1cPDS-169-,358:TAS1cPDS-171-,
and 355:TAS1cPDS-390-transformed plants (Fig. 2C). Cleavage
at each heterologous target site was tested by using RNA
ligase-mediated 5’ RACE (30). PCR products with 5’ ends
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Fig. 2. miR173 specificity in syn-tasiRNA formation. (A) The miR173 target
site in 355:TAS1cPDS-2 was substituted for sites recognized by miR169,
miR171, miR390, or miR167. The percentages of transgenic plants (n > 30
primary transformants) with none/weak or modest/strong photobleaching
are shown. For plants in the none/weak category, only those containing
35S:TAS1cPDS-167 rarely displayed photobleaching. The proportion of cloned
5’ RACE products corresponding to cleavage at a site is shown above the
arrows. Black arrows indicate the canonical miRNA-guided cleavage position.
Dashed horizontal arrows indicate the 5’ and 3’ probes used in blot assays in
Fig. 3. (B) Mean relative level +/— SEM of PDS mRNA after normalization to
ACT2 mRNA, as determined by quantitative RT-PCR (Col-0 vector = 1.0). (C)
Mean relative level +/— SEM of syn-tasiRNA, as determined by blot assays
(Col-0 35S:TAS1cPDS-2 = 1.0). (D) EtBr-stained 5’ RACE products. 5 RACE
products corresponding to cleavage at the canonical miRNA-guided cleavage
site migrate at 135 bp. ACT2 RT-PCR products are shown as a control.

corresponding to positions of canonical miRNA-guided cleavage
were detected in plants transformed with each construct, al-
though the levels of 5’RACE products detected were highest in
358:TAS1cPDS-2- and 358:TAS1cPDS-171-transformed plants
(Fig. 2 A and D).

The 358:TAS1cPDS-2 and 35S5:TASIcPDS-171 constructs
were examined in more detail in N. benthamiana leaves in
combination with 355:MIR173 or 355:MIRI171a, which produce
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Fig. 3. Specificity of miR173 for syn-tasiRNA formation in N. benthamiana
transient assays. (A) Flow chart. (B) Syn-tasiRNA constructs containing miR173 or
miR171 target sites were expressed or coexpressed as indicated above blot panels.
One of two biological replicates is shown. Probe sequences for 5’ and 3’ regions
of syn-tasiRNA constructs are indicated by horizontal arrows in Fig. 2A. EtBr-
stained 5S rRNA/RNA are shown as a loading control. (C) Blot assays for syn-
tasiRNA full-length transcripts and cleavage products (cle. prod.). The ratios of 3’
cleavage product to full-length transcript are shown above the blot images.
EtBr-stained 185/25S rRNA are shown as a loading control. (D) EtBr-stained gel of
5" RACE products. 5" RACE products corresponding to cleavage at the canonical
miRNA-guided cleavage site migrate at 373 bp. ACTIN RT-PCR products are shown
as a control.

active miR173 and miR171, respectively (9) (Fig. 34). Syn-
tasiRNA were efficiently generated from 35S:TAS1cPDS-2 tran-
scripts and depended on coexpression of 35S:MIR173 (Fig. 3B,
lanes 4 and 5). In contrast, 355:TAS1cPDS-171 failed to generate
syn-tasiRNA when coexpressed with either 35S:MIR171a alone
or a combination of 355:MIR171a and 35S:MIR173 (Fig. 3B,
lanes 7-9). Cleavage of the 35S:TASIcPDS-2 transcript de-
pended on coexpression of 355:MIR173 (Fig. 3 C, lanes 7-10 and
D, lanes 1-4). With the 355:TAS1cPDS-171 construct, cleavage
was detected in leaves that coexpressed 35S:MIR171a, but also
at lower levels in leaves that lacked 358:MIR171a (Fig. 3 C, lanes
11-14 and D, lanes 5-8). As shown (9, 30), N. benthamiana
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contains active miR171 that functions on ectopically expressed
target transcripts. Therefore, failure to form miR171-initiated
syn-tasiRNA in Arabidopsis and N. benthamiana was not caused
by a lack of cleavage.

TASI and TAS?2 transcripts normally yield tasiRNA from the 3’
RNA fragment generated by miR173-guided cleavage. To deter-
mine whether miR171 initiated aberrant entry of the 5’ fragment
into the tasiRNA pathway, RNA blot assays were done by using
probes corresponding to the regions directly 5’ or 3’ of the miR173
and miR171 target sites of 355:TASIcPDS-2 and 355:TAS1cPDS-
171, respectively, in the N. benthamiana transient system. Using the
parental construct, sSiRNA from the 3’ side (corresponding to the
tasiRNA region), but not from the 5’ side, of the miR173 target
were detected (Fig. 3B, lane 5). In contrast, targeting by miR171
failed to trigger siRNA formation from either side of the target site
(Fig. 3B, lanes 7 and 9). Collectively, these data indicate that
miR173 and/or associated factors possess unique properties that
facilitate directional routing of cleaved 74S1c RNA precursor into
the tasiRNA biogenesis pathway.

miR173 Triggers Phased siRNA Formation from Non-TAS Transcripts.
To determine whether a single miR173 target site is sufficient to
directionally route a transcript into the tasiRNA pathway, a series
of synthetic target sites were fused to a 425-base segment from the
3’ region of the smGFP coding sequence (355:173-GFP). Also,
constructs containing either a defective miR173 target site with
four additional target-miR173 mispairs (35S:173mut-GFP) or a

20058 | www.pnas.org/cgi/doi/10.1073/pnas.0810241105

functional miR171 target site (355:171-GFP) were made (Fig. 44).
Strikingly, the 355:173-GFP construct containing a functional
miR173 site, and a 355:TAS1cPDS-2 control, yielded siRNA spe-
cifically when coexpressed with 355:MIR173 in N. benthamiana
leaves (Fig. 4B, lanes 3, 6, and 7). The 358:173mut-GFP construct
failed to yield GFP siRNA when coexpressed with 355:MIR173,
indicating that miR173-guided cleavage is likely necessary (Fig. 4B,
lane 8). The 355:171-GFP construct failed to yield GFP siRNA,
even when coexpressed with 35S:MIR171a (Fig. 4B, lanes 4 and 5).
Both the 355:173-GFP and 35S:171-GFP transcripts were effi-
ciently cleaved at the predicted miR173 or miR171 target sites, as
determined by 5" RACE and RNA blot assays (Fig. 4 4 and B). No
miR173-guided cleavage was detected with 35S:173mut-GFP tran-
script (Fig. 4A4).

To determine whether the GFP siRNA from 173-GFP transcript
(coexpressed with 355:MIR173) were in register with the miR173-
guided cleavage site, as are authentic 451 and TAS2 tasiRNA,
small RNA from the N. benthamiana transient assay were analyzed
by deep sequencing-by-synthesis (SBS) technology (Illumina 1G)
(9) (Fig. 4C). Small RNA formation from the /7I-GFP transcript
(coexpressed with 35S:MIRI71a) was also assessed. Small RNA
reads with perfect matches to the 173-GFP or 171-GFP transcripts
or to the hygromycin resistance gene (HYGR) transcripts from the
base plasmids were quantified. Both 173-GFP- and 171-GFP-
derived reads were predominantly 21 nt, whereas HYGR-derived
reads were nearly evenly distributed between the 21- and 22-nt or
24-nt size classes (Fig. S3 and Fig. S4). The 21-nt small RNA reads
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from both strands were consolidated into one set of values by
summing sense and antisense reads that were offset by 2 nt (14) to
account for the known properties of DICER and DICER-LIKE
enzymes, which leave a 2-nt, 3’ overhang at each end of a small
RNA duplex (32).

Approximately 98% of 21-nt small RNA reads from 173-GFP
transcripts originated from the 3’ side of the miR173 target site.
This region yielded a series of abundant siRNA (each with at least
367 reads) that were clustered downstream of the miR173 target
site and separated by 21 nts for 5 21-nt cycles (Fig. 4D). Approx-
imately 60% (13,407) of 21-nt reads from /73-GFP were in 21-nt
register with the cleavage site, although 78% of those were from the
second-phase cycle relative to the target site (Fig. 4D and Table S2).
Even with this abundant position subtracted from the analysis, 25%
of the remaining reads were in phase with the cleavage site; no other
phase exceeded 8% of total reads in the depleted dataset. In
contrast, only 5.9% (529) of 21-nt reads that mapped to 171-GFP
were in register with the miR171-guided cleavage site (Fig. S44 and
Table S3). Small RNA reads from HYGR were evenly distributed
across the 21 possible registers, with no more than 9% of the total
reads coming from any single register (Fig. 4E, Fig. S4B, Table S4,
and Table S5). These results indicate that targeting by miR173 at a
single site initiates phased siRNA formation in a directional manner.

Search for Additional cis Elements for TAS1c syn-tasiRNA Biogenesis.
Although the 35S:173-GFP results indicate the sufficiency of a
single miR173 target site to trigger tasiRNA biogenesis, authentic
TASI and TAS2 tasiRNA formation may be enhanced by additional
cis regulatory elements. To test for such sequences in the TASIc
locus, a series of 5', 3’, and internal deletions were introduced into
358:TAS1cPDS-2 and the resulting constructs were tested in N.
benthamiana leaves (Fig. 54 and Fig. S2A). The predominant
tasiRNA-yielding region of TAS1c was identified by using Col-0 leaf
and whole plant small RNA sequencing data (31). As shown,
tasiRNA were abundant from eight processing cycles downstream
of the cleavage site, although processing was offset by 1 nt after the
fourth cycle (Fig. 54 and Table S6) (14). In an initial series of
constructs, the entire 74S1c-derived sequence upstream (5") of the
miR173 target site, and varying amounts at the 3’ end between
nucleotide positions 662-837 (relative to the transcription start
site), of 355:TASI1cPDS-2 were removed (Fig. S2A4). In each case,
the truncated transcripts were susceptible to miR173-guided cleav-
age (Fig. S2C). Deletion of the 5’ region did not significantly affect
syn-tasiRNA levels (P = 0.68, two-sample ¢ test) (Fig. S2B). The 3’
deletion constructs also yielded syn-tasiRNA, although both syn-
tasiRNA and transcript levels were reduced proportionally from
constructs with deletions upstream of nucleotide position 762 (Fig.
S2 B and C). This result suggests that the 3’ region has an effect on
transcript accumulation. Considering that the dominant poly(A)
site of TAS ¢ transcripts is located at position 810, this effect could
relate to the efficiency of 3’ termination.

In a second series of deletions, internal regions downstream from
the main tasiRNA-generating sequences, but upstream from the
likely poly(A) signal, were removed (Fig. 54). For 3 constructs,
sequences spanning positions 550-650, 550-700, and 550-750
(358:TAS1cPDS-550-650del, 35S5:TAS1cPDS-550-700del, and
358:TAS1cPDS-550-750del) were deleted (Fig. 54). In a fourth
construct (35S:TASIcPDS-550-750gfp), the TASIc sequence at
positions 550-750 was replaced with an equal size segment of
smGFP coding sequence, thus maintaining the authentic transcript
length. Transcripts from each construct were susceptible to
miR173-guided cleavage in the N. benthamiana transient assay (Fig.
5B). Deletions of nucleotide positions 550—-650 and 550-700 re-
sulted in a modest reduction in syn-tasiRNA formation, relative to
the parental construct (Fig. 5B), whereas deletion of nucleotides
550-750 significantly reduced syn-tasiRNA formation (Bonferroni
corrected P < 0.05, two-sample ¢ test). In each case where a
reduction in syn-tasiRNA was observed, as with the 3’ deletion
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Fig. 5. The effect of internal deletions on syn-tasiRNA formation. (A) tasiRNA
distribution across the endogenous TAS7ctranscriptin Col-0. 5,888 TAS7ctasiRNA
reads from Col-0 leaf and whole plant lllumina 1G sequencing data sets were
obtained from the Arabidopsis Small RNA Project database (31). (Inset) The radar
plot displays the percentages of reads corresponding to each of the 21 registers,
with the 5’ end formed by miR173-guided cleavage defined as register 1. Internal
deletion positions are shown by the shaded boxes. (B) Blot assays. Parental
35S5:TAS1cPDS-2 and modified constructs containing internal deletions were
expressed individually or in combination with 355:MIR173 as indicated above the
blot panels. Mean relative level +/— SEM of syn-tasiRNA relative to miR173
(355:TAS1cPDS-2 + 355:MIR173 = 1.0). One of three biological replicates is shown.
EtBr-stained 5S rRNA/RNA and 185/25S rRNA are shown as loading controls.

constructs, a proportional reduction in transcript level was detected
(Fig. 5B). In contrast, 35S:TAS1cPDS-550-750gfp yielded transcript
at high levels and syn-tasiRNA in amounts that were indistinguish-
able from the parental 35S5:7ASIcPDS-2 construct (P = 0.19,
two-sample # test) (Fig. SB). These results indicate that regions 5’
of the miR173 target site and 3’ of the predominant tasiRNA-
yielding region of Z4SIc do not directly affect tasiRNA formation;
however, transcript length and presence of the authentic poly(A)
signal likely have an indirect effect based on transcript levels.
Consistent with previous studies (2), only weak similarity was
identified between the three TA4S! loci and the TAS2 locus outside
of the tasiRNA yielding region. However, an 8-nt motif (TTTG-
TAAT) was identified near the 3’ ends of the tasiRNA generating
regions of all TAS! and TAS2 loci. This motif occurs at least twice
at each locus (data not shown). In TASIc, the motif occurs at
nucleotide positions 714 and 744, relative to the transcript 5’ end.
Although the results of the deletion-replacement construct suggest
that this motif plays no direct role in syn-tasiRNA formation, we
nonetheless tested a 61-nt segment of TASIc, 702-762 nt down-
stream of the transcription start site and encompassing both of the
TTTGTAAT motifs, for siRNA-enhancing activity in the context
of the 3’ end of 355:173-GFP. The resulting construct (355:173-
GFP-ttrg) was coexpressed with or without 35S:MIRI73 in N.
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benthamiana leaves. The levels of miR173-dependent siRNA from
the GFP sequence were indistinguishable from those measured by
using 355:173-GFP (Fig. 4B), indicating that the TTTGTAAT
motifs and other sequences tested do not possess detectable signals
for tasiRNA formation.

miR173-AGO1 Complex Functions in TAST and TAS2 Initiation Cleav-
age. Each of the Arabidopsis TAS1 and TAS2 miR173-target site
duplexes has a mispair at position 9, relative to the 5" end of the
miRNA, although the nucleotide at this position differs between the
target sites. In 7Z4S1b, there is an additional mispair at position 10
(Fig. S54). miRNA-guided cleavage occurs between positions 10
and 11, and mispairs at or adjacent to the cleavage site in plant
miRNA-target duplexes are rare (4, 33-35). Conceivably, the
mispairs could facilitate tasiRNA formation by stabilizing an AGO
complex at the target site long enough for RDR6 recruitment to
occur, without compromising eventual cleavage. To determine
whether the TAS1/TAS2-miR173 mispair pattern is important for
tasiRNA formation, the miR173 target site in 35S:TAS1cPDS-2 was
mutated to generate a target site with perfect complementarity to
miR173, aside from a single G:U pair at position 15
(358:TAS1cPDS-173fix) (Fig. S5B). Conversely, a mispair base was
introduced at position 9 in the miR171-target site of construct
358:TAS1cPDS-171 (35S8:TAS1cPDS-171-2) to mimic the base pair
composition of authentic miR173-T451 and miR173-TA4S2 du-
plexes. When coexpressed with 355:MIR173 in N. benthamiana,
358:TAS1cPDS-173fix yielded syn-tasiRNA at a level similar
to 35S:TAS1cPDS-2 (Fig. S5C, lanes 4-7). In contrast,
358:TAS1cPDS-171-2 failed to yield syn-tasiRNA, even when co-
expressed with 355:MIRI71a (Fig. SSC, lanes 8-11). Thus, the
ability of miR173 to trigger tasiRNA formation is likely more
complicated than can be explained by the base pair-mispair con-
figuration at the TAS1 and TAS2 miR173-target site duplex.

The genetic requirements of miR173, including dependence on
DCL1, HYL1, SE, HEN1, and HST, are similar to those of other
miRNA (Fig. 6B) (2, 36). The unusual ability of miR173 to trigger
tasiRNA formation, therefore, could reflect additional biogenesis
or effector factor requirements that distinguish it from other
miRNA. Like miR390, it is possible that miR173 associates with a
distinct AGO. miR173 was shown to associate with AGO1 (8, 9);
however, it is still unclear whether miR173-AGO1 is the functional
tasiRNA initiator complex. In agol-25, aweak allele of AGO! (37),
miR173 levels were reduced by 43% (P = 0.03, two-sample  test)
(Fig. 6B), suggesting that at least a portion of the miR173 popu-
lation is stabilized through association with AGO1. In contrast,
miR390, which does not function with AGO1, was unaffected (P =
0.66, two-sample ¢ test) (Fig. 6C). The level of TAS1 tasiR255, an
abundant AGO1-associated tasiRNA containing a 5'U (8, 38), was
reduced by 52% in ago1-25 (P = 0.0008, two-sample ¢ test) (Fig. 6D)
and below detectable levels in the strong ago/-1 mutant (18). In
mutants with defects in each of the other 9 AGOs, tasiR255 levels
were either unaffected or elevated (Fig. S6).

The loss of TAS1 tasiR255 in agol mutants could be caused solely
by destabilization of the tasiRNA, rather than lack of initiating
cleavage guided by miR173. To determine whether miR173-
dependent tasiRNA that do not directly associate with AGO1 are
affected by loss of AGO1, and thus indicating that AGO1 functions
upstream of tasiRNA sorting into effector complexes (Fig. 6A4),
TAS2 3'D4(+) levels in the weak agol-25 and strong agol-36 (38)
mutants were measured. 7AS2 3'D4(+) contains a 5'A, which
drives association with AGO2 and exclusion from AGO1 (8-10).
Misprocessed, 5'U-containing siRNA with part of the 7AS2
3'D4(+) sequence (offset by 4 nt), which could conceivably com-
plicate the blot assays, are extremely rare based on deep sequence
database searches (31). TAS2 3'D4(+) levels were reduced by
~40% inagol-25, relative to Col-0 (P < 0.05, two-sample ¢ test) and
absent in ago1-36 (Fig. 6E), supporting the interpretation of AGO1
functionality at an early point during biogenesis.
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To test more directly whether the miR173-AGO1 complex is
required for cleavage of TASIc transcripts, 5’ RACE assays were
done with RNA extracts from Col-0 and agol-36 plants. Products
corresponding to cleavage at the miR173 target site were efficiently
detected in Col-0, but were absent in agol-36 (Fig. 6F). These
results solidify the interpretation that AGO1 functions with miR173
during initiation cleavage of T4S1 and TAS?2 transcripts.

Deep Sequencing Analysis of AGO1-Dependent tasiRNA. To more
exhaustively assess AGO1-dependence across tasiRNA loci, small
RNA amplicons were prepared from Col-0 and agol-25 and
sequenced by using SBS technology (Fig. 74). To facilitate statis-
tical analyses, three biological replicates for both Col-0 and agoI-25
were analyzed. In Col-0, small RNA reads were nearly evenly
distributed between the 21- and 24-nt size classes, whereas, in
agol-25, the 21-nt size class was partially depleted (Fig. S7). An
average of ~4.0 million and ~6.5 million total reads, yielding at
least 10,000 tasiRNA reads, were obtained from Col-0 and agol-25
samples, respectively. Normalized T4S7 and TAS2 tasiRNA reads
were reduced by ~45% in agol-25, relative to Col-0 (Bonferroni
corrected P < 0.05, two sample ¢ test) (Fig. 7B). Subpopulations of
TASI and TAS2 tasiRNA, however, were differentially affected
depending on the 5’ nt of both the sequenced read and its predicted
passenger strand (offset by 2 nt) (Fig. 7 B and C, Fig. S84, and Table
S7). 5'U-containing tasiRNA reads were reduced by 56% in
agol-25, relative to Col-0 (Bonferroni corrected P < 0.05, two
sample ¢ test) (Fig. 7B). 5’ A-, C-, and G-containing sequences were
reduced by ~32% in agol-25, relative to Col-0 (Bonferroni cor-
rected P < (.05, two sample ¢ test), consistent with a requirement
for AGOL1 in TASI and TAS2 tasiRNA formation. Although the
majority of tasiRNA were reduced in agol-25, sequences with a
5'A, C, or G and a passenger strand with a 5'U tended to be up or
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(B) Mean relative level +/— SEM of TAST and TAS2 tasiRNA (Col-0 = 1.0). (C)
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0 = 1.0). (D) Mean relative level +/— SEM of TAS3 tasiRNA (Col-0 = 1.0). (E)
Mean relative level +/— SEM of miRNA (Col-0 = 1.0).

unaffected (Fig. 7C), likely because these passenger sequences
normally associate efficiently with AGO1. Removing TASI and
TAS2 sequences with 5'U-containing passenger strands from the
analysis led to a 43% reduction in tasiRNA containing 5'A, C, and
G inagol-25, relative to Col-0 (Bonferroni corrected P < 0.05, two
sample ¢ test) (Fig. 7B).

Unlike TASI and TAS2 tasiRNA formation, 7453 tasiRNA
formation does not require AGO1, although TAS3 tasiRNA con-
taining 5'U likely function through AGO1 (8, 9). Thus, whereas
TAS3 tasiRNA with 5'U should be destabilized by the reduced
activity of AGO1 inagol-25, TAS3 tasiRNA containing 5'A, C, and
G should be unaffected. Indeed, 7453 tasiRNA containing 5'U
were reduced by ~58% in agol-25 relative to Col-0 (Bonferroni
corrected P < 0.05, two-sample  test), whereas the level of tasiRNA
containing 5’'A, C, and G was unchanged (P = 0.72, two-sample ¢
test) (Fig. 7D and Fig. S8B). Some specific TAS3 tasiRNA con-
taining a 5'A, C, or G, such as tasiR1778 (containing a 5'C) were
reduced in agol-25 (Table S7). These tasiRNA were typically in
phase with cleavage guided by a 5'U-containing secondary ta-
siRNA derived from the complementary strand of TAS3 (TAS3a
5'D2[—]) that was shown to associate with AGO1 (4, 8).

Total 5"U-containing miRNA were reduced by ~66% in agol-25
(Bonferroni corrected P < 0.05, two sample ¢ test) (Fig. 7E),
although the majority of miRNA reads (~83-90%) were the
abundant miR159 (Table S8). When miR159 was subtracted from
the analysis, the remaining 5'U-containing miRNA were reduced
by ~56% in agol-25, relative to Col-0 (Bonferroni corrected P <
0.05, two sample ¢ test). In contrast, miRNA containing 5'C were
unaffected (P = 0.24, two-sample # test). Although the majority of
individual 5’ A-containing miRNA were unaffected in agol-25, the
level of the 5'A-containing miR172a/miR172b was reduced by
~55% (P = 0.006, two-sample ¢ test), resulting in an overall
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reduction in 5’ A-containing miRNA (Fig. 7E and Table S8). For
each of the two known 5'G-contaning miRNA (miR172e and
miR861a), too few reads were obtained to assess AGO1 depen-
dence (Table S8). Based on these results and those of the previous
section, we conclude that AGOL1 is required for initiation cleavage
of TAS1 and TAS?2 transcripts and for stabilization of most 5'U-
containing tasiRNA. They also indicate that 5’ nucleotide identity
plays a significant role in strand selection and sorting of tasiRNA,
irrespective of the TAS family.

Discussion

miR173 guides cleavage of TAS! and TAS2 transcripts at a single
site, defining a discrete 5’ end of the pre-tasiRNA transcript and an
initiation point for phased siRNA formation by DCL4. Heterolo-
gous miRNA target sites in TAS1c-based syn-tasiRNA constructs
were cleaved, but failed to initiate syn-tasiRNA formation. Intro-
duction of a single miR173 target site, but not a miR171 site, into
a segment of the GFP coding sequence was sufficient to direct
phased, unidirectional, miR173-dependent siRNA biogenesis, sug-
gesting that miR173 has unique properties or associated cofactors
for routing transcripts to the RDR6/SGS3/DCL4 pathway. Based
on current and previous results of functional and association assays,
miR173 interacts with, and functions through, AGO1 for TASI and
TAS?2 tasiRNA biogenesis and activity (8, 9, 38—41). Interestingly,
TASI and TAS?2 transcripts stand in contrast to the high proportion
of RDR6/DCL4-dependent siRNA-generating transcripts, includ-
ing those from TAS3 loci, that are targeted by two or more miRNA
and/or tasiRNA in Arabidopsis (13, 14).

There are several events, including transcript cleavage and
RDR6 recruitment, necessary for efficient 745! and TAS2 ta-
siRNA biogenesis. Cleavage may be necessary to separate the
siRNA-generating fragment from the 5’ cap and cap-associated
factors, such as the cap-binding complex in the nucleus (13, 42, 43).
Most miRNA targets that undergo cleavage, however, do not spawn
siRNA, as they may be degraded by other mechanisms, such as
through the XRN4/EINS-dependent pathway (43-47). Recruit-
ment of RDR6 and subsequent DCL4-mediated siRNA duplex
formation distinguish 745! and TAS2 transcripts from the vast
majority of other AGO1-miRNA-directed cleavage products.

Introduction of a single miR173 target site, but not other target
sites, into a foreign sequence is sufficient to trigger phased siRNA
formation, indicating that miR173 possess unique information for
RDR6 recruitment. Similar to authentic 7AS! and TAS2, the
358:173-GFP construct containing an ectopic miR173 target site
lacked a functional coding sequence, and it is possible that non-
translatability enhances secondary siRNA formation. Conceivably,
miR173-AGO1 complexes associate with a unique cofactor that
recruits RDR6. An attractive candidate for such a cofactor is SGS3,
which was shown to stabilize the cleavage fragments of 7451 and
TAS?2 transcripts (2). One possibility is that SGS3 associates with
AGOL1 during loading of miR173 and is subsequently directed to
TASI and TAS?2 transcripts by the miR173-AGO1 complex. SGS3,
in turn, may recruit RDRG6 to the transcript. Alternatively, miR173-
AGO1 may interact directly with RDR6 for recruitment. Exactly
how miR173-AGOl1 transmits a signal to recruit RDRG6 is a key
problem to solve, as is understanding the differences between the
single-site functionality of miR173—-AGO1 and the dual-site func-
tionality of miR390-AGO7 during TAS3 tasiRNA formation.
miR828, miR168, and miR393 also trigger siRNA formation
through interaction at a single site on target transcripts, although at
low levels relative to miR173-targeted TASI and TAS2 transcripts
(13, 15, 48). It will be important to learn whether other miRNA
possess routing properties similar to miR173.

Although deletions near the 3’ end dampened accumulation of
TASIc-based syn-tasiRNA, the low tasiRNA levels could be ac-
counted for by indirect effects on transcript accumulation or
stability. The fact that the deletion effect could be suppressed by
insertion of a comparable-size heterologous sequence suggests that
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the 3’ region, or the entire transcript, is sensitive to length. Thus,
although it is likely that miR173 and associated factors provide
specific information for routing transcripts through the tasiRNA
pathway, more general factors involving RNA metabolism clearly
influence tasiRNA biogenesis.

TAS1c-based syn-tasiRNA effectively silenced PDS expression.
As a tool for gene silencing, syn-tasiRNA offer several advantages
over other RNAi methods. First, because tasiRNA formation
occurs in phase with the miRNA-guided cleavage site, syn-tasiRNA
formation is highly predictable. In contrast, small RNA formation
from hairpin RNAI constructs is unpredictable and prone to
off-target effects (49). Second, although amiRNA constructs are
also very predictable (4, 33-35), the syn-tasiRNA approach is more
amenable to stacking multiple functional small RNA sequences into
a single construct. In fact, TASIc gives rise to at least 7 relatively
abundant tasiRNA (14), suggesting that many more syn-tasiRNA
could be generated from a single construct compared to what we
demonstrated here. The ability to generate multiple syn-tasiRNA
enables silencing of multiple transcripts or transcript families from
asingle construct. Additionally, varying the number of syn-tasiRNA
that target a specific gene might be useful for fine-tuning the level
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. Chapman EJ, Carrington JC (2007) Specialization and evolution of endogenous small

RNA pathways. Nat Rev Genet 8:884-896.

. Yoshikawa M, Peragine A, Park MY, Poethig RS (2005) A pathway for the biogenesis of

trans-acting siRNAs in Arabidopsis. Genes Dev 19:2164-2175.

3. VazquezF, et al. (2004) Endogenous trans-acting siRNAs regulate the accumulation of
Arabidopsis mRNAs. Mol Cell 16:69-79.

4. Allen E, Xie Z, Gustafson AM, Carrington JC (2005) microRNA-directed phasing during
trans-acting siRNA biogenesis in plants. Cell 121:207-221.

5. Peragine A, etal. (2004) SGS3 and SGS2/SDE1/RDR6 are required for juvenile development
and the production of trans-acting siRNAs in Arabidopsis. Genes Dev 18:2368-2379.

6. Gasciolli V, Mallory AC, Bartel DP, Vaucheret H (2005) Partially redundant functions of
Arabidopsis DICER-like enzymes and a role for DCL4 in producing trans-acting siRNAs.
Curr Biol 15:1494-1500.

7. Xie Z, Allen E, Wilken A, Carrington JC (2005) DICER-LIKE 4 functions in trans-acting
small interfering RNA biogenesis and vegetative phase change in Arabidopsis thaliana.
Proc Natl Acad Sci USA 102:12984-12989.

8. Mi S, et al. (2008) Sorting of small RNAs into Arabidopsis argonaute complexes is
directed by the 5’ terminal nucleotide. Cell 133:116-127.

9. Montgomery TA, et al. (2008) Specificity of ARGONAUTE7-miR390 interaction and
dual functionality in TAS3 trans-acting siRNA formation. Cell 133:128-141.

10. Takeda A, et al. (2008) The mechanism selecting the guide strand from small RNA
duplexes is different among argonaute proteins. Plant Cell Physiol 49:493-500.

11. Tolia NH, Joshua-Tor L (2007) Slicer and the Argonautes. Nat Chem Biol 3:36-43.

12. Chen HM, Li YH, Wu SH (2007) Bioinformatic prediction and experimental validation
of a microRNA-directed tandem trans-acting siRNA cascade in Arabidopsis. Proc Nat/
Acad Sci USA 104:3318-3323.

13. Axtell MJ, Jan C, Rajagopalan R, Bartel DP (2006) A two-hit trigger for siRNA biogenesis
in plants. Cell 127:565-577.

14. Howell MD, et al. (2007) Genomewide analysis of the RNA-DEPENDENT RNA POLY-
MERASE6/DICER-LIKE4 pathway in Arabidopsis reveals dependency on miRNA- and
tasiRNA-directed targeting. Plant Cell 19:926-942.

15. RajagopalanR, Vaucheret H, Trejo J, Bartel DP (2006) A diverse and evolutionarily fluid
set of microRNAs in Arabidopsis thaliana. Genes Dev 20:3407-3425.

16. Fahlgren N, et al. (2006) Regulation of AUXIN RESPONSE FACTOR3 by TAS3 tasiRNA
affects developmental timing and patterning in Arabidopsis. Curr Biol 16:939-944.

17. Garcia D, Collier SA, Byrne ME, Martienssen RA (2006) Specification of leaf polarity in
Arabidopsis via the trans-acting siRNA pathway. Curr Biol 16:933-938.

18. Adenot X, et al. (2006) DRB4-dependent TAS3 trans-acting siRNAs control leaf mor-
phology through AGO7. Curr Biol 16:927-932.

19. Hunter C, et al. (2006) Trans-acting siRNA-mediated repression of ETTIN and ARF4
regulates heteroblasty in Arabidopsis. Development 133:2973-2981.

20. Williams L, Carles CC, Osmont KS, Fletcher JC (2005) A database analysis method
identifies an endogenous trans-acting short-interfering RNA that targets the Arabi-
dopsis ARF2, ARF3, and ARF4 genes. Proc Natl Acad Sci USA 102:9703-9708.

21. Deleris A, et al. (2006) Hierarchical action and inhibition of plant Dicer-like proteins in
antiviral defense. Science 313:68-71.

22. Muangsan N, Beclin C, Vaucheret H, Robertson D (2004) Geminivirus VIGS of endog-
enous genes requires SGS2/SDE1 and SGS3 and defines a new branch in the genetic
pathway for silencing in plants. Plant J 38:1004-1014.

23. Beclin C, Boutet S, Waterhouse P, Vaucheret H (2002) A branched pathway for trans-
gene-induced RNA silencing in plants. Curr Biol 12:684-688.

24. Mourrain P, et al. (2000) Arabidopsis SGS2 and SGS3 genes are required for posttran-
scriptional gene silencing and natural virus resistance. Cell 101:533-542.

25. Dalmay T, et al. (2000) An RNA-dependent RNA polymerase gene in Arabidopsis is
required for posttranscriptional gene silencing mediated by a transgene but not by a
virus. Cell 101:543-553.

26. Talmor-Neiman M, et al. (2006) Identification of trans-acting siRNAs in moss and an
RNA-dependent RNA polymerase required for their biogenesis. Plant J 48:511-521.

27. Axtell MJ, Snyder JA, Bartel DP (2007) Common functions for diverse small RNAs of land

plants. Plant Cell 19:1750-1769.

N

20062 | www.pnas.org/cgi/doi/10.1073/pnas.0810241105

relatives (29). But this limitation can be overcome by using the
dual-gene construct that expresses both syn-tasiRNA transcripts
and miR173 precursor, thus expanding functionality to non-
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Methods

The mutant alleles rdr6-15, dcl4-2, zip-1, dcl1-7, hyl1-2, se-2, hen1-1, hst-15,
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