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Summary

Most plant microRNAs (miRNAs) have perfect or
near-perfect complementarity with their targets. This
is consistent with their primary mode of action being
cleavage of target mRNAs, similar to that induced by
perfectly complementary small interfering RNAs
(siRNAs). However, there are natural targets with up
to five mismatches. Furthermore, artificial siRNAs
can have substantial effects on so-called off-targets,
to which they have only limited complementarity. By
analyzing the transcriptome of plants overexpressing
different miRNAs, we have deduced a set of empirical
parameters for target recognition. Compared to artifi-
cial siRNAs, authentic plant miRNAs appear to have
much higher specificity, which may reflect their co-
evolution with the remainder of the transcriptome. We
also demonstrate that miR172, previously thought to
act primarily by translational repression, can effi-
ciently guide mRNA cleavage, although the effects on
steady-state levels of target transcripts are obscured
by strong feedback regulation. This finding unifies
the view of plant miRNA action.

Introduction

MicroRNAs (miRNAs) are a class of small regulatory
RNAs derived from foldback structures that are part of
longer precursor transcripts (Bartel, 2004). MiRNAs can
reduce the protein levels of their targets through two
mechanisms, translational repression and transcript
cleavage. Both require complementary base pairing of
miRNAs to target mRNAs. Translational inhibition is
found mainly in animals, where miRNAs often bind sev-
eral motifs in the 3# UTRs of their targets, with the
target motifs typically having several mismatches to the
miRNA. In plants, miRNA target motifs have normally
few mismatches and are mostly found in coding se-
quences. Recognition by plant miRNAs appears to lead
predominantly to transcript cleavage through a mecha-
nism closely related to RNA interference (RNAi), which
is associated with siRNAs.

Because of the large number of mismatches in most
animal miRNA binding motifs, statistical approaches
are needed for sequence-based identification of animal
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miRNA targets. These methods are reasonably suc-
cessful, particularly when comparative genomic infor-
mation is included, but the prediction of false positives
remains a problem (Enright et al., 2003; Kiriakidou et
al., 2004; Lai, 2002; Lewis et al., 2003; Rajewsky and
Socci, 2004; Rehmsmeier et al., 2004; Smalheiser and
Torvik, 2004; Stark et al., 2003).

In contrast, many plant miRNA targets have been
successfully predicted simply based on the perfect or
near-perfect complementarity with their targets (Llave
et al., 2002a; Park et al., 2002; Reinhart et al., 2002;
Rhoades et al., 2002; Sunkar and Zhu, 2004; Wang et
al., 2004). Computational tests along with conservation
of target sites in two distantly related species, Arabi-
dopsis and rice, supported the validity of many of these
predictions (Rhoades et al., 2002). All predicted targets
that have since been shown to be affected by a specific
miRNA have three or fewer mismatches to the corre-
sponding miRNA (Achard et al., 2004; Aukerman and
Sakai, 2003; Chen, 2004; Juarez et al., 2004; Laufs et
al., 2004; Vaucheret et al., 2004; Xie et al., 2003).

Experimental indication that plant miRNAs can affect
targets with an even greater number of mismatches
came from an analysis of the first identified plant
miRNA mutant, in which miR319a (miR-JAW) is overex-
pressed (Palatnik et al., 2003). MiR319a targets five
members of the TCP family of transcription factor
genes, which have up to five mismatches to miR319a,
or up to four mismatches when counting G:U pairs as
0.5 mismatches. Such targets would be missed by sim-
ple mismatch predictions, because increasing the
number of allowed mismatches leads to unacceptably
high numbers of false positives. To overcome these
limitations, an elegant addition to the computational
rules has been to consider less-than-perfect conserva-
tion of potential miRNA target sites between members
of gene families, which allows for prediction of targets
that would not be found with the original rules (Jones-
Rhoades and Bartel, 2004). However, criteria such as
similarity to other targets cannot be used by the miRNA
itself for target recognition. In addition, not all miRNAs
are conserved between distantly related species (Allen
et al., 2004).

Here, we use genome-wide expression profiling to
experimentally establish parameters for target cleav-
age guided by plant miRNAs. Because these parame-
ters take only the interaction of a single miRNA with
a single target into account, they address directly the
mechanistic basis of plant miRNA:target recognition.
Although the empirically inferred parameters share
several features with those described for artificial
siRNAs (Haley and Zamore, 2004; Reynolds et al.,
2004), miRNAs appear to be more specific than siRNAs
(Jackson et al., 2003), which likely reflects the selection
history of miRNAs, which have coevolved with the
mRNA complement encoded in the genome.

Results and Discussion

To study whole-genome effects of miRNAs, we gener-

ated transgenic plants with increased levels of miR159,
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miR164, and miR319/JAW, for which other sets of over- t
expressers have been described (Achard et al., 2004; d
Laufs et al., 2004; Mallory et al., 2004a; Palatnik et al., c
2003), and for miR156. All four miRNAs are encoded by f
more than one locus, which can potentially give rise to o
the same or slightly different miRNAs. We overex- l
pressed precursors for several members of each family m
under the control of the viral 35S promoter in the Co-
lumbia background (Figure 1A). The phenotypes were f
always similar for each family, with some variation in t
severity of defects caused by the different members. 2
Furthermore, overexpression of larger genomic frag- e
ments had very similar effects as overexpression of i
smaller fragments limited to the fold-back structures of p
the miRNA precursor genes. t

h
mPhenotypes and Transcriptome Analysis
nof miRNA-Overexpressing Plants
pmiR156 has been predicted to target members of the

SPL (SQUAMOSA PROMOTER BINDING PROTEIN
pLIKE) family, which encodes a class of plant-specific
ptranscription factors. Ten of the 16 members of the SPL
mfamily have been predicted to be miR156 targets
c(Rhoades et al., 2002). Knockout phenotypes have not
dbeen described for any of these, but SPL3 has been
mshown to accelerate flowering when overexpressed
R(Cardon et al., 1997). Consistent with a positive role of
tSPL genes in floral induction, miR156 overexpression
tcauses a moderate delay in flowering from 19 (n = 12)
tto 25 days (n = 39) under long days. In addition, miR156

overexpressers initiate rosette leaves faster than wild- (
Figure 1. Overexpression of miRNAs

(A) Overexpression strategy: fragments of different sizes were placed between the RNA polymerase II promoter of the cauliflower mosaic
virus 35S gene (P35S) and an ocs terminator (T).
(B–F) Phenotypes of plants overexpressing miR156b. Left, wild-type controls; right, 35S:miR156b plants. (B) Plants grown in short days for
56 days. Note the increased leaf number in 35S:miR156b. (C) Plants grown in long days, shown shortly after main inflorescence has started
to elongate. Precocious release of side shoots (arrowheads) is apparent in 35S:miR156b. (D) Short day-grown plants shortly after the first
open flowers have become visible. The 35S:miR156b plant, which is about 7 months old, has many more, but smaller, leaves. (E) Long day-
grown, mature plants at the stage that fruits are fully developed. Insets show flowers, highlighting the squashed appearance of the
35S:miR156b flower. (F) Average dry weight of 15 plants each, including those shown in (E). Error bars indicate standard deviations.
ype (2.2 versus 1.4 leaves per day, n = 40, in short
ays; Figures 1B–1F). Increased miR156 levels also
ause a severe decrease of apical dominance, and the
irst flowers often arise from side shoots. Combination
f these traits leads to a substantial increase in total

eaf number on main and side of shoots, which can be
ore than ten times higher than in wild-type.
Overexpression of miR164, miR159a, and miR319 af-

ects members of the NAC, MYB, and TCP families of
ranscription factor genes, respectively (Achard et al.,
004; Laufs et al., 2004; Mallory et al., 2004a; Palatnik
t al., 2003). Our overexpressers have phenotypes sim-

lar to those described (Figures S1 and S2; see the Sup-
lemental Data available with this article online), with
he exception of our miR159a overexpressers, which
ave anther defects, but normal flowering time. This
ay be due to less efficient overexpression or to a ge-

etic background that is different from the one used
reviously (Achard et al., 2004).
As before (Palatnik et al., 2003), we used expression

rofiling with duplicate Affymetrix ATH1 arrays to ex-
lore the spectrum of genes that might be subject to
iRNA-induced transcript cleavage. To this end, we fo-

used on tissues with maximal expression levels of pre-
icted or known miRNA targets (Figure 2). We comple-
ented the array analyses with quantitative, real-time
T-PCR (qRT-PCR) for additional tissues and for puta-

ive targets not detected on arrays. An obvious limita-
ion of this approach is that it ignores targets subject
o translational inhibition, as proposed for miR172
Aukerman and Sakai, 2003; Chen, 2004).
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Figure 2. Expression Patterns of Predicted miRNA Targets in Wild-
Type

Expression estimates by gcRMA are from the AtGenExpress ex-
pression atlas, based on Affymetrix ATH1 analyses (Schmid et al.,
2005). Gray bars indicate tissues analyzed in miRNA overexpres-
sers. Floral organs are from stage 15 flowers. See Table S3 for
gene identifiers.
Effects of miRNAs on Genes with Limited
Number of Mismatches
There have been several attempts to identify plant
miRNA targets from first principles. Rhoades et al.
(2002) initially predicted targets based on the observa-
tion that there were statistically significantly more
mRNAs with three or fewer mismatches to authentic
miRNAs than to randomized miRNAs. These predic-
tions have been recently refined by, for example, count-
ing G:U pairs as 0.5 mismatches. Additional genes are
considered as targets if they belong to the same gene
family as a previously predicted target and share se-
quences closely related to the miRNA complementary
motif (Jones-Rhoades and Bartel, 2004). Even so, the
TCP genes only conform to these predictions if one
treats the closely related miRNAs miR159 and miR319
as interchangeable, which is inconsistent with in vivo
data (this work; Achard et al., 2004; Palatnik et al.,
2003). At the same time, genes sharing the same mis-
match limitations are generally not considered as
targets if the presumptive target sites are not con-
served in other species (Jones-Rhoades and Bartel,
2004).

While miRNA effects on the transcriptome can be in-
direct due to secondary effects induced by altered ex-
pression of primary targets, direct targets should all
have at least some sequence complementarity to the
overexpressed miRNA. Across all four miRNA overex-
pressers, transcripts with up to four mismatches to the
respective miRNA are enriched among downregulated
genes (Table 1; statistical significance cannot be deter-
mined because of the small numbers of expected and
observed cases). The excess of observed downregu-
lated genes is readily explained by the presence of
known or previously predicted targets in this group.
Only in the case of miR159, two additional downregu-
lated genes are found in the class of genes with up to
four mismatches (Table 1).

Specific effects of miRNA overexpression are partic-
ularly apparent in miR156 overexpressers: of the 15
SPL genes represented on the ATH1 array, 10 genes
with predicted miR156 target sites are substantially re-
duced in expression, while the remaining genes without
miR156 target sites are unaffected (Figure 3).

Six NAC family members have been predicted to be
targeted by miR164, including At5g39610 with four mis-
matches (Jones-Rhoades and Bartel, 2004). It has been
suggested that only four of these are efficiently guided
to cleavage by miR164 (Laufs et al., 2004), although
cleavage site mapping in wild-type is consistent with
all of them being miR164 targets (data not shown; Mal-
lory et al., 2004a). Using qRT-PCR, we found that ex-
pression of all four, including At5g39610, is substan-
tially reduced in roots of miR164 overexpressers
(Figure 3).

MYB33 has been shown to be downregulated in
leaves of miR159 overexpressers (Achard et al., 2004).
The male sterility of these plants is consistent with the
genetic evidence for genes related to MYB33 being re-
quired for proper stamen development (Kaneko et al.,
2004). Surprisingly, we did not detect a change in
MYB33 or MYB65 RNA expression in flowers, even
though both genes are easily detected in the controls.
The arrays show only one predicted target, MYB101, to
be significantly reduced. qRT-PCR revealed that an-
other target, MYB120, which is not detected on the ar-
rays, is downregulated as well (Figure 3). While these
observations confirm that miR159a is capable of guid-
ing target RNA cleavage, they also suggest that higher
levels of miR159a than present in our overexpressing
lines are required for significant reduction of MYB33
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Table 1. Summary of Downregulated Genes in Four miRNA Overexpressers

Mismatches Perfect Match
%3 4 5 Positions 2–12

Present in control 17 31 299 87
Observed downregulated

All 13 4 7 18
Conserved targets 13 2 3 15
Others 0 2 4 3

Expected downregulated without conserved targets 0 1 8 3

Across all four comparisons, 59,395 genes are called present in the controls, of which 1,906 (3.2%) are significantly downregulated in the
miRNA overexpressers. For miR164b and miR319a, only one tissue is included in this summary (inflorescence and vegetative apices,
respectively).
four or fewer mismatches, At5g55930 (OPT1) and sion is highest in pollen, similar to the pattern of

Figure 3. Expression Analysis of miRNA-
Overexpressing Plants

Gene identifiers are in the same order from
top to bottom as the lines in the graphs
above. Wild-type is always on the left, and
miRNA overexpressers are on the right; ex-
pression values are normalized to the wild-
type control. Solid lines indicate microarray
data, and dashed lines indicate real-time RT-
PCR data. Genes that change significantly in
expression are indicated in green. Blue indi-
cates genes that do not change significantly
and include the following: for miR156b, SPL
genes that do not contain miR156 target
sites; for miR319a, eight genes with four
mismatches; for miR159a, two MYB genes
related to the genes that are significantly
downregulated. For miR159a overexpres-
sers, ochre indicates two genes with four
mismatches that are not conserved targets,
but are significantly downregulated. One of
these is OPT1, for which an alignment of the
target site is shown in comparison with the
MYB101 target site. The 5# ends of OPT1
cleavage products are indicated by an arrow.
miR164b data are from inflorescence apices
(CUC1 and CUC2), and the remainder are
from roots.
and MYB65 mRNAs. Notably, MYB33 and MYB65 tran- A
mscript abundance is much higher and more even

throughout development than that of the other miR159 s
btargets (Figure 2), suggesting that miR159 and its

targets MYB33 and MYB65 are closer to equilibrium m
Othan other pairs of miRNAs and targets.
1
mA Transcript Unrelated to Conserved Targets

Can Be Cleaved by miR159 2
cIn addition to MYB101 and MYB120, two genes with
t4g37770 (ACS8), are downregulated in flowers of
iR159 overexpressers. Both are unrelated to the con-

erved MYB targets. We decided to focus on OPT1,
ecause the reduction in RNA levels is particularly dra-
atic (Figure 3). In flowers of miR159a overexpressers,
PT1 mRNA is cleaved at a site opposite of position
0–11 of the miRNA (Figure 3), which is typical for
iRNA- or siRNA-guided cleavage (Elbashir et al.,

001; Kasschau et al., 2003). We did not detect any
leavage products in wild-type, where OPT1 expres-
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MYB101 expression (Figure S3). These findings suggest
that the OPT1 transcription pattern in flowers does not
normally overlap with miR159 expression. Alternatively,
higher miR159 levels than present in wild-type may be
required for efficient OPT1 cleavage.

Effects of Plant miRNAs on Transcripts with Limited
Sequence Complementarity
Because validated plant miRNA targets are highly com-
plementary to the respective miRNAs, we initially fo-
cused on genes with a limited number of mismatches.
However, it has been reported for siRNAs, which act in
a similar manner as most plant miRNAs, that perfect
complementarity to siRNA positions 2–12 can be suffi-
cient to trigger cleavage in vitro (Haley and Zamore,
2004). Based on this finding, it has been predicted that
artificial siRNAs may have substantial effects not only
on their intended targets, to which they are comple-
mentary in their entire sequence, but also on unrelated
mRNAs with more limited complementarity. Downregu-
lation of such so-called off-targets has been observed
by expression profiling of cultured human cells trans-
fected with synthetic siRNAs (Jackson et al., 2003). Re-
cent reviews have highlighted the problems that may
arise from off-target effects in therapeutic applications
of siRNAs (Anonymous, 2004; Couzin, 2002; Hannon
and Rossi, 2004).

To detect effects of plant miRNAs on transcripts with
limited sequence complementarity, we first analyzed
genes that are perfectly complementary to nucleotides
2–12 of the miRNAs, but are not conserved targets.
Across the four overexpressers, 3.2% of such genes
are downregulated in response to the corresponding
miRNA, as would be expected by chance (Table 1).

The first eight nucleotides of the miRNA are the core
region of the miRNA-target interaction in animals
(Doench and Sharp, 2004; Lewis et al., 2003), and along
with the residues around the cleavage site, they also
include the ones most critical for plant miRNA function
(Mallory et al., 2004b; Parizotto et al., 2004; Vaucheret
et al., 2004). We therefore considered next transcripts
that are perfectly complementary to the first eight nu-
cleotides of each miRNA. Among genes with at most 5
mismatches to the respective miRNAs, there are 16
genes with perfect matches to positions 1–8 of the
miRNAs under investigation. Of these, only one gene is
affected by miRNA overexpression, At4g37770 (ACS8),
which we had already identified as potentially regulated
by miR159 (see above).

We also examined all genes with up to five mis-
matches that are downregulated in each overexpresser.
Of a total of 24 genes with 5 or fewer mismatches, only
6 downregulated genes are not conserved targets (9
expected; no significant difference in χ2 test; Table 1).
These general findings do not change when one counts
G:U as 0.5 mismatches (not shown).

Finally, we asked whether downregulated genes that
are not conserved targets are overall more similar in
sequence to the overexpressed miRNA than random
genes. This is not the case. Surprisingly, the downregu-
lated genes are on average even less similar to the
miRNA, although this difference is not statistically sig-
nificant (Figure 4; Table S2).

In conclusion, while evolutionary conserved targets
appear to constitute the vast majority of genes directly
affected by overexpression of four different miRNAs,
we have identified at least one transcript, OPT1, that is
not an evolutionarily conserved target, but can be
cleaved by miR159. Although OPT1 is otherwise unre-
lated to the conserved MYB targets of miR159, the se-
quence complementarity in the miRNA target site is as
high as that of conserved targets. This finding makes it
likely that not only the evolution of miRNAs is an ongo-
ing process (Allen et al., 2004), but also that of miRNA
targets.
Figure 4. Absence of Major Off-Target Effects of Plant miRNAs

Distributions of Smith and Waterman (1981) scores are similar be-
tween genes that are significantly downregulated in response to
miRNA overexpression (light gray) and all genes present in the con-
trol (dark gray). Authentic, conserved targets are excluded from this
analysis. For miR159a, the asterisk indicates At5g55930 (OPT1),
which is guided to cleavage by miR159a (Figure 3).
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tEmpirical parameters are: no mismatch at positions 10 and 11; no
mmore than one mismatch at positions 2–12; no more than two con-

secutive mismatches downstream of position 13; at least 72% of t
free energy compared to a perfectly complementary target. f
(A) Validated targets that conform to these rules. Numbering begins
at the 5# end of the miRNA. The cleavage site is marked in gray.
Dashed lines indicate G:U mismatches.

((B–D) Comparison of miRNA interaction with nontargets (top, un-
oderlined, gray) and authentic targets (bottom). (B) Requirement of
ginternal stretches of less than three contiguous mismatches, even
mwhen the region complementary to the 5# end of the miRNA
cmatches perfectly. (C) Requirement of perfect matches surrounding
ta potential cleavage site. (D) Mismatches in the region complemen-
htary to the 5# end of the miRNA often have adverse effects on
mtargeting if there are also mismatches to the 3# region.
equence Requirements for miRNA:
arget Recognition
hoades et al. (2002) suggested that at least some

ranscripts with four mismatches are miRNA targets,
ut reliable prediction of true targets in this group by
omputational means was not possible. Experimental
vidence that miRNAs can target genes with four or
ven five mismatches came from our work on miR319a
Palatnik et al., 2003). Even when counting G:U pairs
nly as 0.5 mismatches, the TCP3 target has 4 mis-
atches to miR319a and exceeds the 3.5 proposed
ismatch limit for dependable prediction of conserved
iRNA targets (Jones-Rhoades and Bartel, 2004).
To identify parameters that unambiguously distin-

uish targets from nontargets regardless of sequence
onservation in other species or other gene family
embers, we inspected all genes with up to five mis-
atches to each of the four miRNAs. By this definition,

17 potential target sequences are found in 305 genes
etected in the wild-type controls (176 for miR156, 47

or miR159, 29 for miR164, and 65 for miR319). Among
hese, we compared genes that are not affected by
iRNA overexpression (“nonfunctional sequences”)
ith genes that are (“functional sequences”).
ree Energy of miRNAs Paired with Potential
arget Sites
e aligned potential target sequences with the corre-

ponding miRNA and calculated their free energy (�G)
Zuker, 2003). When we sort the potential target sites
ccording to free energy, the functional motifs always
ank among the top of the lists, but free energy alone
oes not distinguish functional and nonfunctional se-
uences (Table S1).
A computational analysis of mammalian miRNAs has

ndicated that pairing to nucleotides 2–8 of the miRNA
s very important for target recognition (Lewis et al.,
003), and experimental analysis has shown that in-
eraction with the first eight nucleotides of the miRNA
s crucial for translational inhibition in cultured cells
Doench and Sharp, 2004). Sorting of potential target
equences according to their free energy when paired
nly with the first eight nucleotides of our set of plant
iRNAs results in validated targets appearing at the

op of the respective lists again; but, as with the com-
lete miRNAs, this procedure does not unambiguously
iscriminate between targets and nontargets.
osition of Mismatches
ost functional miRNA target sequences have long

tretches of perfectly matching nucleotides, especially
o the 5# portion of the miRNA. In contrast, runs of in-
ernal mismatches are limited to two contiguous mis-
atches (Figures 5A and 5B). We found several non-

argets that have free energies similar to those of
unctional targets, but with mismatches at positions 10
E) Comparison of empirical parameters with ad hoc rules using
nly mismatches (maximum of 3.0 mismatches to the 20-mer that
ives the most hits in the genome, counting G:U as 0.5 mis-
atches) (Jones-Rhoades and Bartel, 2004). Light gray boxes indi-

ate hits to conserved targets, and dark gray boxes indicate hits
o nonconserved potential targets. Black boxes show hits with co-
orts of ten randomized miRNAs with the sequences of miR156,
iR159a, miR164a, and miR319a.
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or 11, which flank the cleavage site in functional miRNA
targets (Figure 5C). We conclude that mismatches at
these positions are not allowed. This contrasts with a
recent report that suggested allowable mismatches at
position 11, when monitoring known miRNA target in-
teractions. Mismatches at the cleavage site, however,
do substantially reduce both in vitro cleavage and
in vivo phenotypic effects (Mallory et al., 2004b), in
agreement with our observations. Reports on siRNAs
in animals are in line with nucleotides immediately
flanking the cleavage site being particularly important,
even though there are some cases in which individual
mismatches are tolerated (Boutla et al., 2001; Elbashir
et al., 2001; Holen et al., 2002).

Consistent with experimental analyses of animal
targets and mutational analysis of plant targets
(Doench and Sharp, 2004; Laufs et al., 2004; Lewis et
al., 2003; Mallory et al., 2004b; Parizotto et al., 2004;
Vaucheret et al., 2004), we found the region pairing with
the 5# portion of the miRNA to be specifically sensitive
to mismatches. We can extend the mismatch-sensitive
region from positions 1–8, which are critical for animal
miRNAs, to positions 2–12, as we did not find a func-
tional target sequence with more than one mismatch in
this region. Several genes that have otherwise low free
energy, including no mismatches at the presumptive
cleavage site and no runs of more than two contiguous
mismatches in the region complementary to the 3# end
of the miRNA, are insensitive to miRNA overexpression
if they have mismatches in the 5# region (Figure 5D).
Conversely, even if a potential target sequence has ten
or more consecutive matches in the 5# region, it is not
functional if there is a stretch of three mismatches to-
ward the 3# portion of the miRNA (Figure 5B).

There remain a few genes that do not change in tran-
script abundance in our overexpressers, although they
conform to the sequence criteria discussed above. This
set comprises MYB33 and MYB65, which are cleaved
in wild-type in a position consistent with miR159a
targeting (Palatnik et al., 2003). MiR159a overexpres-
sion causes efficient downregulation of the related
MYB101 gene, even though the free energy of MYB101
paired with miR159a is less favorable than that of
MYB33 or MYB65. It seems unlikely that flanking se-
quences are important in this context, since miR159a
efficiently cleaves OPT1, which is unrelated to MYB101
outside of the target motif.
Summary of Empirical Parameters
for Target Recognition
Authentic miRNA target motifs are distinguished by low
overall free energy when paired with the corresponding
miRNA (in the set examined, at least 72% compared to
perfect match). Only one mismatch is tolerated in the
region complementary to nucleotides 2–12 of the
miRNA, but not at the cleavage site. Information out-
side the miRNA complementary motif does not seem
to be very important for efficient transcript cleavage, as
indicated by the MYB genes and the unrelated OPT1
gene, both of which are guided to cleavage by
miR159a. This conclusion is confirmed by the two
classes of miR156 targets. Both comprise SPL genes,
but one group has the target motif in the coding region,
while the other has the target motif in an unrelated se-
quence context in the 3# UTR.
A final issue that should be taken into account is the
relative ratio of an miRNA and its target (Doench and
Sharp, 2004). As discussed above, the higher basal
levels of MYB33 and MYB65 expression may explain
why these genes respond very little to miR159a,
whereas MYB101 and MYB120 respond strongly, even
though the latter genes have less favorable free energy
than MYB33 and MYB65 when paired with miR159a.

Validation of Sequence Parameters
for Target Recognition
We used two approaches to validate the sequence
parameters deduced from analysis of plants overex-
pressing four different miRNAs. First, we randomized
the miRNA sequences, an approach that has been used
to gauge the power of target predictions based on se-
quence complementarity (Jones-Rhoades and Bartel,
2004; Rhoades et al., 2002). In comparison to pre-
viously used rules (Jones-Rhoades and Bartel, 2004),
the experimentally inferred parameters produce fewer
hits with randomized miRNA sequences (Figure 5E).

Next, we asked whether the parameters inferred from
the analysis of four miRNA overexpressers were con-
sistent with targets of other miRNAs. We focused ini-
tially on miR160, miR165–168, miR170/171, miR393–
R395, and miR397, which can be aligned with their
targets without bulges. We confirmed that the pre-
dicted or confirmed miRNA:target pairs have low free
energies, no mismatches at the cleavage sites, long
stretches of perfect matches to the 5# portion of the
miRNA, and no strings of more than two mismatches
to the 3# portion of the miRNA. AGO1, which is targeted
by miR168 (Vaucheret et al., 2004), is the only target
with two mismatches between positions 2 and 12. The
same rules also apply to targets of miR162 and miR396,
if one considers a bulge in the mRNA as a mismatch,
as well as two of the three proposed miR398 targets.
(The bulges, if they are present, are always found oppo-
site of the 5# region of the miRNA). Only the potential
miR398 target CSD2, with two mismatches and a bulge
in nucleotides 2–12, is an exception (Jones-Rhoades
and Bartel, 2004). Finally, predicted targets of miR161
are cleaved in wild-type plants, despite a mismatch at
position 11 (Vazquez et al., 2004). However, it needs to
be confirmed that these predicted targets are indeed
regulated by the proposed miRNA, and not one that is
closely related in sequence. In addition, it is unknown
how efficient the miRNA-induced cleavage is.

The small number of exceptions demonstrates that
the experimentally inferred parameters are broadly ap-
plicable. We therefore revisited known plant miRNAs,
and we found new or additional potential targets for
three of them (Table S4). We detected products consis-
tent with miR408-guided cleavage for a potential
miR408 target, which has four mismatches to miR408
(Figure S4).

As plant miRNAs are similar to siRNAs in their mode
of action, we compared highly potent siRNAs, as de-
fined by Reynolds et al. (2004), with all plant miRNAs
known or proposed to cause cleavage. Most of the cri-
teria for siRNAs apply also to plant miRNAs; low in-
ternal stability at the 5# end of the small RNA, which
can be partially attributed to U being the most common
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nucleotide at position 1, is among these criteria. Among m
ospecific sequence biases, Reynolds et al. (2004) found

an A at position 10 to be the most important one. A l
total of 50.9% of plant miRNAs (adjusted for frequency
within a family) have an A at this position. Without a m

dmismatch, the target has a U at position 10, consistent
with endonucleases preferring to cleave 3# of a U c

t(Donis-Keller, 1979; Reynolds et al., 2004).
f
tReexamination of miR172 Targets

While cleavage seems to be the predominant mode of A
aplant miRNAs, an exception appears to be miR172,

which has been reported to act primarily by transla- b
(tional inhibition (Aukerman and Sakai, 2003; Chen,

2004). miR172 has been predicted to target APETALA2 2
d(AP2) along with five other members of the AP2 family,

TOE1–3, SMZ, and SNZ (Park et al., 2002; Schmid et f
oal., 2003). If miR172 acts similarly to the other miRNAs

we examined, all six genes should be subject to A
mmiR172-guided cleavage. In wild-type, products con-

sistent with miR172-guided cleavage can be detected h
mfor at least four of these genes (Aukerman and Sakai,

2003; Kasschau et al., 2003), but it has been suggested o
mthat these cleavage products are rare and that they do

not contribute significantly to normal miR172 function o
w(Aukerman and Sakai, 2003; Chen, 2004).

We generated plants overexpressing miR172a, and S
we analyzed vegetative apices, which have the highest
levels of target mRNA expression in wild-type (Figure p

n6A). Only a single gene with up to five mismatches to
Figure 6. Analysis of miR172 Targets

(A) Expression profile of predicted miR172
targets in wild-type (see Figure 2). The gray
bar indicates tissue analyzed in miR172a
overexpressers. Numbers indicate mismatches
of predicted targets to miR172a.
(B) Response of predicted targets to miR172a
overexpression. The apparent increase in
SNZ expression is not statistically signif-
icant.
(C) RT-PCR analysis of uncleaved transcripts
and cleavage products (see also Figure S5).
Cleavage products of the SCL6 gene (Llave
et al., 2002b) and tubulin cDNAs were ampli-
fied as controls.
(D) RNA blot analysis of N. benthamiana
leaves infiltrated with TOE2 and miR172a
overexpression constructs. The asterisk in-
dicates the cleavage product in the presence
of miR172a. Transcripts from the miRNA-
resistant form of TOE2 (“mut”) are more
stable.
(E) Feedback regulation of AP2. Wild-type
and miRNA-resistant (“mAP2”) transcripts
were amplified by RT-PCR and were distin-
guished by digestion with the restriction en-
zyme Kpn2I, which cuts only the mutant
form. Wild-type transcript is increased in
35S:AP2 plants, as expected, but strongly
decreased in plants that presumably over-
produce AP2 protein because they express
an miRNA-resistant version of AP2 (“35S:
mAP2”).
iR172a is significantly downregulated in miR172a
verexpressers: TOE2 (Figure 6B). Interestingly, TOE3

evels are substantially increased.
Because arrays measure only steady-state levels of
RNA, we wanted to confirm that the substantially re-
uced levels of TOE2 are indeed due to increased
leavage. To this end, we developed an assay for quan-
ification of miRNA-induced cleavage (Figure S5). We
ound that TOE2 cleavage products increase substan-
ially in miR172a-overexpressing seedlings (Figure 6C).

transient assay with Nicotiana benthamiana as host
nd Agrobacterium tumefaciens as delivery vehicle has
een developed to study miRNA-guided cleavage

Llave et al., 2002b; Palatnik et al., 2003; Xie et al.,
003). In this system, cotransfection with a construct
esigned to overexpress miR172a reduces the levels of

ull-length TOE2 transcript and leads to accumulation
f a shorter mRNA indicative of cleavage (Figure 6D).
n miRNA-resistant version of TOE2 is unaffected by
iR172a, and, in addition, it accumulates to much

igher levels even in the absence of exogenous
iR172a (Figure 6D). Together, these experiments dem-
nstrate that TOE2 is efficiently guided to cleavage by
iR172a, leading to much reduced steady-state levels
f TOE2 in miR172a overexpressers. We do not know
hy this effect has not been detected by Aukerman and
akai (Aukerman and Sakai, 2003).
We also detect substantial increases in the cleavage

roducts of AP2 and TOE1 (Figure 6C). Since there is
o commensurate decrease in AP2 or TOE1 steady-
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state levels, the simplest explanation for these findings
is that miR172 targets are under direct or indirect feed-
back regulation by their products. In this scenario
(which differs from the type of feedback regulation pro-
posed for miR159, Figure S6; Achard et al., 2004),
miR172 both causes cleavage and translational repres-
sion of its targets, and the ensuing reduced protein ac-
cumulation leads to increased transcription of targets.

As a test for the hypothesis of feedback regulation,
we compared AP2 RNA levels in wild-type and in plants
that overexpress mAP2, a mutated, miRNA-resistant
form of AP2. RT-PCR demonstrated a substantial de-
crease in the levels of endogenous, wild-type AP2
mRNA when mAP2 is overexpressed (Figure 6E). This
result confirms that AP2 protein directly or indirectly re-
presses its own transcription (see Figure S6). We sug-
gest that the efficiency of the feedback regulation dif-
fers for the different targets, explaining why AP2 levels
do not respond to miR172a overexpression, while the
levels of other targets increase. In addition, the extent
of cleavage versus translational inhibition may be af-
fected by the number of mismatches to the miRNA,
which may account for the strong miR172a-induced re-
duction in steady-state levels of TOE2, the only target
with a single mismatch.

During wild-type development, expression of at least
one of the miR172a precursors increases upon flower-
ing (Schmid et al., 2003), and miR172 can be detected
at high levels in developing flowers (Chen, 2004). While
in our miR172a overexpressers only TOE2 decreases,
the levels of all miR172 targets but TOE3 decline upon
floral induction in wild-type (Schmid et al., 2003). This
response, while moderate, has been confirmed in sev-
eral independent experiments (M.C. Kim, A. Singh, J.
Lempe, M.S., and D.W., unpublished data). These ob-
servations suggest either further modulation of the
feedback regulation of miR172 targets, or effects of
other miR172 isoforms. Notably, TOE3 expression,
which is increased in vegetative apices of miR172a
overexpressers, responds in the same manner to floral
induction in wild-type (Schmid et al., 2003). Constitutive
expression of a TOE3 variant with a mutation in the
miR172 complementary motif causes a floral pheno-
type similar to that reported for miRNA-resistant AP2
(Figure S7; Chen, 2004), indicating that TOE3 is miRNA
regulated.

Finally, having discovered that feedback regulation
obscures the effects of miR172 on steady-state levels
of most of its targets, we asked whether a similar sce-
nario explains why only some of the miR159 targets are
reduced in our miR159 overexpressers. However, there
is no obvious increase in MYB33 or MYB65 cleavage
products (Figure S8), suggesting again that, at least in
our miR159a overexpressers, cleavage of MYB33 and
MYB65 is already saturated.

Conclusions
We have studied global transcriptome changes in a
series of transgenic plants overexpressing different
miRNAs, and we have made the following main findings:

(1) Expression profiling is a powerful method for em-
pirical identification of mRNAs that are guided to
cleavage by an miRNA. So far, there is only a sin-
gle report for an animal miRNA causing cleavage
of its targets (Yekta et al., 2004). Our approach
should be used for other animal miRNAs, to ex-
plore whether this particular miRNA constitutes
an exception, or whether cleavage is more com-
mon in animals than usually thought.

(2) Plant miRNAs have limited effects on transcripts
that do not conform to a narrow set of sequence
parameters, which contrasts with the extensive
off-target effects reported for siRNAs (Jackson et
al., 2003). This may reflect that natural miRNAs
have coevolved with the remainder of the tran-
scriptome, and that there has been selection
against off-target effects. Alternatively, natural
miRNAs might have endogenous properties that
make them more specific than artificial siRNAs.
The latter case would be very exciting vis à vis
the dangers of off-target effects in therapeutic ap-
plications of siRNAs (Anonymous, 2004; Hannon
and Rossi, 2004). Of course, we cannot exclude
that there are miRNA targets that have a higher
number of mismatches, but are regulated by
translational repression.

(3) The sequence parameters for miRNA:target re-
cognition that we have deduced here should
guide future mechanistic studies of miRNA ac-
tion. The presence of G:U versus other mis-
matches appears to play only a minor role in plant
miRNA:target interaction, consistent with reports
on animal miRNAs, in which G:U mismatches be-
have the same as other mismatches, at least in
the region complementary to the first eight nucle-
otides of the miRNA (Doench and Sharp, 2004).

(4) The effects of miRNAs on steady-state levels of
target mRNAs can be complicated by feedback
regulation, as shown for miR172. Feedback regu-
lation of miRNA targets may provide a sensitive
mechanism for fine tuning the expression of
target genes and, coupled with translational re-
pression, for fine tuning the expression of pro-
teins encoded by target genes. Feedback mecha-
nisms appear to be a general theme in miRNA
function (Baulcombe, 2004). It would be desirable
to compare steady-state transcript levels with
transcription rates on a genome-wide basis,
which will hopefully become technically feasible
in the future.

(5) Together with previous work (Aukerman and Sa-
kai, 2003; Chen, 2004; Kasschau et al., 2003),
there is now compelling evidence for RNA cleav-
age and translational repression being similarly
important in miR172 function. Experiments to
shift the bias in the miR172 and other miRNA sys-
tems to either RNA cleavage or translational re-
pression should be informative as to whether
there is an advantage in having both mechanisms
operate at the same time.

Experimental Procedures

See the Supplemental Data for additional information on experi-
mental procedures.
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Plant Material A
Plants were grown on soil in long days (16 hr light/8 hr dark) or A
short days (8 hr light/16 hr dark) under fluorescent lights at 23°C. a
jaw-D plants have been described (Weigel et al., 2000). All plants t
were in the Columbia (Col-0) background.

B
aMicroarray Analyses
BMicroarray analyses were performed as described (Schmid et al.,
32003). Inflorescence apices (for miR156b and miR164b overexpres-

sers) were from long day-grown plants, with the oldest flowers be- B
ing around stage 7 (Smyth et al., 1990). Vegetative apices (for miR164 (
and miR172a overexpressers) were from 7-day-old, short day- R
grown plants. Hypocotyls and cotyledons were removed by hand C
dissection. Stage 15 flowers (for miR159 overexpressers) were from H
long day-grown plants. Leaves (for miR319a overexpressers) were S
from 6-week-old plants grown in short days. We also reexamined P
previously published array data from vegetative apices of miR319a

Coverexpressers (Palatnik et al., 2003). Normalized expression esti-
Amates were obtained by using gcRMA (http://www.bioconductor.

org) (Irizarry et al., 2003), and significant changes were calculated C
by using logit-T (Lemon et al., 2003). Microarray data have been s
deposited with the Gene Expression Omnibus database (http:// D
www.ncbi.nlm.nih.gov/geo/; series GSE2078-2081). s

DQuantification of Cleavage Products
NThis method is based on the template cDNA libraries for mapping
Etarget cleavage sites (Kasschau et al., 2003). We designed chimeric
Toligonucleotides, with the 5# portion hybridizing to the RNA adap-
ctor and the 3# region hybridizing to 4–6 nucleotides immediately
6downstream of the previously mapped cleavage site in the gene of

interest (Figure S5). Reverse gene-specific oligonucleotides E
targeted regions 200–250 bases downstream of the ligated adap- D
tor. To amplify full-length transcripts, forward oligonucleotides that H
hybridized upstream of, but close to, the cleavage site were used. e

H
hSupplemental Data

Supplemental Data including additional information on experi- H
mental procedures and sequence characteristics of miRNA tar- (
gets, as well as additional figures, are available at http://www. m
developmentalcell.com/cgi/content/full/8/4/517/DC1/. 1
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Note Added in Proof

It has recently been shown that animal miRNAs reduce the tran-
script abundance of a large number of genes with limited sequence
complementarity, reminiscent of the so-called off-target effects of
siRNAs (Lim, L.P., Lau, N.C., Garrett-Engele, P., Grimson, A.,
Schelter, J.M., Castle, J., Bartel, D.P., Linsley, P.S., and Johnson,
J.M. [2005]. Microarray analysis shows that some microRNAs
downregulate large numbers of target mRNAs. Nature 433, 769–
773). These findings suggest that the high specificity of miRNAs in
plants could be due to the plant miRNA machinery rather than be-
ing a consequence of sequence selection during evolution.
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