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Abstract Plant and animal microRNAs (miRNAs) are
evolutionarily ancient small RNAs, ~19-24 nucleotides in
length, that are generated by cleavage from larger highly
structured precursor molecules. In both plants and animals,
miRNAs posttranscriptionally regulate gene expression
through interactions with their target mRNAs, and these
targets are often genes involved with regulating key devel-
opmental events. Despite these similarities, plant and ani-
mal miRNAs exert their control in fundamentally different
ways. Generally, animal miRNAs repress gene expression
by mediating translational attenuation through (multiple)
miRNA-binding sites located within the 3’ untranslated
region of the target gene. In contrast, almost all plant
miRNAs regulate their targets by directing mRNA cleav-
age at single sites in the coding regions. These and other
differences suggest that the two systems may have origi-
nated independently, possibly as a prerequisite to the
development of complex body plans.

Introduction

Over the last 6 years, the existence and the mechanism of
double-stranded RNA-directed gene silencing have become
a major area of plant and animal research. When double-
stranded RNAs or self-complementary single-stranded
“hairpin” RNAs are introduced into eukaryotic cells, their
duplexed regions are cut into ~21 nucleotide (nt) fragments
by an enzyme called Dicer. These 21 nt short interfering
RNAs (siRNAs) guide nuclease complexes to cognate
single-stranded RNAs, which they cleave. It was initially
thought that the sole purpose of this mechanism was to
defend plants against RNA viruses and transposons. How-
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ever, it has recently become apparent that the pathway also
provides essential regulation of some key developmental
processes in both plants and animals by producing ~21 nt
microRNAs (miRNAs). These miRNAs, excised from
endogenously encoded hairpin RNAs, negatively regulate
endogenous target genes by cleavage or translational
inhibition of their mRNA (Fig. 1a). Mutations in the gene
encoding Dicerl in Arabidopsis can have major conse-
quences as a result of defective miRNA production (Fig. 1b).

To date, miRNAs have been found in all plant and
animal multicellular organisms examined and, among other
roles, appear to regulate the development of multicellular
body plans such as leaf and floral development in plants
(see Fig. 1b) and early larval transitions in nematodes. In
both animals and plants, miRNAs are evolutionarily an-
cient—at least 400 million years old (Pasquinelli et al.
2000; Floyd and Bowman 2004)—and many miRNA:tar-
get—gene interactions are broadly conserved. However, the
conservation is restricted to within kingdoms; there is no
report of any miRNA gene that is conserved between plants
and animals. Thus, despite the apparent similarities of
miRNAs from animals and plants and their critical role in
development, it is possible that the miRNA system was not
operating in a common ancestor, but originated indepen-
dently from a more ancient system. This may not be so
surprising considering that the last common ancestor of
plants and animals was unicellular, and developmental
comparisons have shown that the molecular mechanisms
that gave rise to multicellular forms evolved independently
in each lineage (Meyerowitz 2002). Small regulatory RNAs
are present in prokaryotes (Altuvia 2004). For example, in
Escherichia coli, more than 50 small RNA-encoding genes
have been identified, some are acting in trans by hybrid-
izing to their target gene(s). Perhaps something akin to this
system was the progenitor from which both plant and
animal miRNA systems evolved.

In this brief review, we explore some of the similarities
and differences between the miRNA systems of plants and
animals and examine whether they are fundamentally dif-
ferent or simply variations of a theme.
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Fig. 1 a Comparison of the mechanisms of miRNA biogenesis and
action. The biogenesis of plant and animal miRNAs differ in that in
silico stem loop predictions have yielded larger and more variable
precursor miRNA molecules for plants than for animals (Reinhart
et al. 2002; Voinnet 2003). The Drosha gene that processes the pri-
miRNA to the pre-miRNA in animals is absent from plant genomes.
In plants, the Dicer-like 1 (DCL1, a RNase-III-like protein) appears to
catalyze the processing of the primary miRNA transcript to form the
miRNA:miRNA* complex. The multisubunit endonuclease, shown

Genomic organization of miRNA genes

The total number of miRNAs in any organism is unknown,
but it has been estimated that Caenorhabditis elegans
and Drosophila contain at least 100 miRNAs, while ver-
tebrate genomes contain ~250 miRNAs (Ambros 2004),
thus equating to nearly 1% of the predicted genes in these
organisms (Bartel 2004). In the Arabidopsis plant whose
genome has been fully sequenced, over 100 miRNA-
encoding loci have been identified (Llave et al. 2002a; Park
et al. 2002; Reinhart et al. 2002; Jones-Rhoades and Bartel
2004; Bonnet et al. 2004; Sunkar 2004; http://www.cgrb.
orst.edu/smallRNA/db/search_user seq.html) although many
of the miRNAs only differ from one another by single or
several nucleotides and currently correspond to ~40 “fam-
ilies” of miRNAs. The fact that 15 of these families were
only identified recently in a study of stress-induced miRNAs
implies that the upper limit of the number of miRNAs in a
plant is far from known (Sunkar 2004).

as RISC, is the RNA-induced silecing complex. b Mutant of the
Dicer-like 1 gene (DCL1) in Arabidopsis (top), showing extreme
floral abnormalities, and a wild-type Arabidopsis plant (bottom).
miRNAs are small RNAs that regulate a large number of genes, many
of which are involved in key developmental processes. The floral
abnormalities, such as distorted petals and multiple female floral
organs (carpels) per flower, reflect the inability of mutant DCL1 to
produce the appropriate miRNAs needed to regulate normal floral
development

Both plant and animal miRNA genes are predominantly
located in what is conventionally termed the intergenic
regions. The miRNA genes are mostly discrete independent
transcription units that are not located near to their target
genes. However, significant numbers of animal miRNAs
are located in the introns of pre-mRNAs. This arrangement
will give coordinate expression of the gene from its mRNA
and the miRNA from the intron. Of the human miRNA
genes, ~25% is encoded within introns (Bartel 2004). In
Arabidopsis, only one miRNA (miR402) gene has been
identified within an intron so far (Sunkar 2004). Both the
animal intron-encoded miRNAs and the plant miR402 are
in the same orientation as the pre-mRNAs which carry
them. This suggests that each transcript is processed to
produce both a translatable spliced mRNA and a functional
miRNA.

The presence of clusters of miRNA genes, being tran-
scribed in large polycistronic primary transcripts (Fig. 2), is
probably another way miRNAs are coordinately expressed.
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Fig. 2 Examples of plant and animal miRNA precursors. a Nematode pre-miRNA Let 7. bArabidopsis pre-miRNA-172. ¢ Polycistronic

pri-miRNA in rice. d Polycistronic pri-miRNA in nematodes

This appears to be a significant regulatory mechanism in
Drosophila—~50% of its predicted miRNAs genes are
located within clusters (Aravin et al. 2003). In C. elegans
and mammals, large numbers of miRNA clusters have also
been found (Lagos-Quintana et al. 2001; Lau et al. 2001;
Lim et al. 2003a,b), e.g., the C. elegans miR35—41 cluster
(Fig. 2d) and the 14932 domain in mouse that contains a
cluster of more than 40 miRNAs (Seitz et al. 2004).
miRNAs within clusters can be sequence-related. Other
clusters can contain miRNAs that, although not sequence-
related, appear to be involved in controlling the same
functional process (Bartel 2004). In plants, most miRNAs
are encoded by their own primary transcript; there have
only been a few cases described of multiple miRNAs
being within a polycistronic transcript such as miR395,
which is present four times within a single transcript in
rice (Fig. 2¢). Also, three members of the miR399 family
are within a 2-kb region in Arabidopsis, and a similar
cluster exists in rice. This conservation suggests that this

clustering is critical for the coordinate regulation of these
miRNAs (Sunkar 2004). Despite these few examples of
miRNA clusters in plants, in animals, miRNA clusters
appear to have developed to a much greater extent.

miRNA biogenesis

In both animals and plants, miRNAs precursors seem to be
encoded in capped and polyadenylated RNAs transcribed
by polymerase II. These RNAs form stable stem-loop
structures. Nonetheless, the biogenesis of plant and animal
miRNAs differ in some aspects (see Fig. 1). In silico stem-
loop predictions have yielded larger and more variable
precursor miRNA molecules for plants than for animals
(Reinhart et al. 2002). Most notably, the Drosha gene that
processes the pri-miRNA to the pre-miRNA in animals
is absent from plant genomes; this function is carried out
by the plant RNase-III-like protein, Dicer-like 1 (DCL1).
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DCL1 appears to catalyze the processing of the primary
miRNA transcript to form the miRNA:miRNA* duplex in
the nucleus; the same enzyme carrying out both cleavage
steps implies that the stem-loop precursor in plants are very
transient molecules compared to their counterparts in ani-
mals. In contrast, this reaction occurs in the cytoplasm in
animals, but is carried out by Dicer. More subtle differences
include somewhat more pairing between the miRNA and
the other arm of the stem loop in plants compared to
animals, a tighter distribution of plant miRNA lengths that
centers on 21 nt rather than the 22- to 23-nt lengths most
often seen in animals and perhaps a stronger preference for a
U at the 5’ terminus of the plant miRNAs (Lau et al. 2001;
Reinhart et al. 2002; Bartel and Bartel 2003).

miRNA target genes

To date, plant miRNAs share much higher complementar-
ity to their target genes (zero to three mismatches) than
animal miRNAs to their target genes, although in both
cases, high to perfect complementarity between the target
mRNA and the 5'’-half of the miRNA is required (Parizotto
et al. 2004; Doench and Sharp 2004). In plants, the high
complementarity, together with evolutionary conservation
between Arabidopsis and rice, as well as the presence of the
miRNA-binding motifs in multiple members of a gene
family, have enabled accurate prediction of miRNA targets.
Curiously, in plants, there are families of sequence-related
miRNA genes that are predicted to target multiple members
of a gene family (Table 1). Thus, multiple miRNA genes
could be targeting a single member, with tissues and stage
specificity, and/or a single miRNA gene could be regu-
lating multiple family members. Either way, it appears that
there could be many examples of gene duplication and
divergence in broadening the role of miRNAs. The puta-
tive targets in plants are predominantly regulatory genes,
such as transcription factors (Table 2), F-box proteins,
and ubiquitin-conjugating enzymes (Rhoades et al. 2002;
Jones-Rhoades and Bartel 2004; Sunkar 2004), many of
which have been implicated in pivotal developmental
roles. However, targets that fall outside of this broad clas-
sification have now been discovered such as ATP sulfu-
rylases, laccases, cytochrome ¢ oxidase, and superoxide

dismutases (Jones-Rhoades and Bartel 2004; Sunkar
2004). The recent identification of these latter targets
implies that miRNA-gene regulation may be involved in
many facets of plant biology, not just development.

In contrast to the plant situation, simple homology-based
searches have failed to uncover targets for miRNAs in
animals (Ambros et al. 2003; Bartel and Bartel 2003). It has
been necessary to create complex programs, relying on
finding short segments of conserved complementarity to
predict miRNA targets in animals (Enright et al. 2003;
Lewis et al. 2003; Stark et al. 2003). Thousands of target
genes have been predicted for mammals, and like plants,
there is a strong bias toward genes involved in gene reg-
ulation, such as mRNA-encoding transcription factors,
components of miRNA, and ubiquitin machinery, and pro-
teins involved in translational repression. But again, there
are also other classes of genes, including many structural
proteins and enzymes, implying that miRNAs have reg-
ulatory roles in a diverse range of physiological processes
(Lewis et al. 2003; John et al. 2004). It has been estimated
that human miRNAs have the potential to regulate between
10 and 30% of all human genes (John et al. 2004; Lewis
et al. 2005). However, of all the putative animal miRNA
targets predicted to date, only several dozens have been
validated experimently (Lewis et al. 2003; Stark et al.
2003).

One of the most notable differences between animal and
plant miRNA systems is the location of the miRNA-bind-
ing sites within the target genes. These binding sites in
known animal miRNA-target genes usually occur in mul-
tiples and always within the in the 3' untranslated region
(3'-UTR) of the mRNA (Lewis et al. 2003; Enright et al.
2003; Stark et al. 2003). For example, the /in-14 gene has
seven [lin-4 target sites (Lee et al. 1993). However, there
may have been a bias in the discovery of animal miRNA-
binding sites, because this has been primarily based upon
computer predictions using databases composed of only 3'-
UTR sequences (Lewis et al. 2003; Enright et al. 2003).
Animal miRNA-mediated control seems likely to occur in
a combinatorial way, with the presence and number of
multiple binding sites in an mRNA likely to reflect the
degree of potential repression.

Plant miRNA-binding sites are found almost exclusively
within the open-reading frames of the target genes and with

Table 1 Conserved miR159

; S Target Gene  Target motif* Closest miRNA member  (Mismatches)

target motifs within a clade of

RaIM ;ffo%;’“es (Millarand -y i35 UGGAGCUCCCUUCAWUCCAAU  miR159 2)
MYB65 UGGAGCUCCCUUCAuUCCAAu miR159a 2)
MYBI101 AAGAGCUUCCUUCAAaCCAAA miR159b (1)
MYBI120 AGcAGCUCCCUUCAAaCCAAA miR159¢ 2)
MYB97 cAuAGCUCuCUUCAAaCCAAA aand B 3)
MYB104 UGGAGCUCCCUUCAuUUCCAAG miR159a (1)
MYBS1 UGGAGUUCCCUUCAuUUCCAAG miR159a 1)

*Nucleotides in lower case in- MicroRNA Sequence

dicate no matches with any of miR159a" AUCUCGAGGGAAGUUAGGUUU

the miRNA genes miR159b° UUCUCGAGGGAAGUUAGGUUU

*miRNAs from the miR159 . b
miR159c¢ UCCUCGAGGGAAGUUAGGUUU

family of genes
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Table 2 Examples of target

. Plants Animals
genes of plant and animal
microRNAs miR no. Target gene class miR no. Target gene
156 SPB transcription factor Lin4 Lin14 transcription factor
159 MYB transcription factor 101 N-MYC transcription factor
JAW TCP transcription factor Let7 HBL-1 transcription factor
160 AREF transcription factor Lsy-6 COG-1 transcription factor
164 NAC transcription factor 23 BRN-3a transcription factor
172 AP2 transcription factor 273 DIE-1 transcription factor
169 CCAAT transcription factor 26 SMADI transcription modulator
393 bHLH transcription factor 130 MCS factor
171 GRAS transcription factor 7 bHLH transcription repressor
166 HD-ZIP transcription factor 14 Antagonist of caspase inhibitor
393 Fbox protein 101 ENX1 polycomb gene
406 Spliceosmal protein 34 Notchl transmembrane receptor
395 ATP sulfurylase 1 Glucose 6-P dehydrogenase
397 Laccase 19 PTENI1 tumor suppressor
398 Superoxide dismutase Bantam Hid proapoptotic protein
399 Transporter 23 SDF-1 chemokine ligand
162-168 RNAI enzyme 2 Grim and reaper cell death proteins

one site per mRNA. In some cases, the binding site can
span intron/exon splice junctions and is only generated
after the excision of the intron (Xie et al. 2003). However,
miRNA-binding sites have recently been predicted to occur
in the 3’-UTRs of a few plant mRNAs and, in one case, in
the 5’-UTR of putative target gene—a location unique
among all the other known plant and animal miRNA-
binding sites (Sunkar 2004). This case is even more ex-
ceptional in that there are multiple copies of this miRNA
target sequence in the 5-UTR.

From these observations, both the number of miRNA-
binding sites and their location appear to reflect an im-
portant mechanistic difference between plant and animal
miRNAs.

Mechanistic action of miRNAs

miRNAs appear to operate through two main mechanisms,
mRNA cleavage or translational repression. The mode of
the mechanism appears to depend largely on the degree of
complementarity between the miRNA and its binding site
within the target mRNA. miRNAs with high complemen-
tarity to the target mediate cleavage, those with lower or
partial complementarity mediate translational repression
(Doench et al. 2003; Zeng et al. 2003). Most animal miR
NAs have low complementarity to their target mRNA,
suggesting that translational repression is the predominant
form of miRNA regulation in animals and this is supported
by limited experimental studies (Olsen and Ambros 1999).
However, one mammalian miRNA (miR-196) is known to
have near-perfect complementarity to its target mRNA
(HOXS8B), and it mediates cleavage of this mRNA (Yekta
et al. 2004). While this raises the question of how many
other metazoan miRNA targets might be down regulated by
cleavage, it seems likely to be uncommon because no other

animal miRNA with such extensive complementarity to its
target mRNA has yet been found.

Most plant miRNA have high complementarity (less than
four mismatches; G:U pairing permissible) to their target
mRNAs and regulate gene expression via mRNA cleavage.
In vitro or in vivo assays have demonstrated this cleavage
for nearly 50 such target genes (Llave et al. 2002b;
Kasschua et al. 2003; Tang et al. 2003; Palatnik et al. 2003;
Jones-Rhoades and Bartel 2004). However, APETALA?2
(4P2) has one to zero mismatches with members of the
miR172 family, yet appears to be regulated predominantly
by translational repression, although some mRNA cleavage
also occurs (Aukerman and Sakai 2003). Currently, de-
tection of cleavage is interpreted as diagnostic of regulation
by mRNA degradation. However, its been suggested that
the cleavage and translational repression pathways overlap,
which raises the possibility that in some cases, where
cleavage has shown to be occurring, the primary mode of
regulation is translation repression followed by mRNA
cleavage.

In plants, there are large families of miRNAs (with 1-3 nt
variation) and large families of target genes with variable
target sites (1-3 nt variation). Therefore, combinatorial reg-
ulation may be occurring, in which low-complementarity
miRNA-mRNA interactions give repression of translation
and high-complementarity miRNA-mRNA interactions re-
sult in mRNA cleavage. This combinatorial regulation could
be occurring within a cell or differentially across cells types or
tissues. For example, the AP2 transcript could be translation-
ally regulated in some cells by low-affinity members of the
miR172 family, while in other cells, it is cleaved by high-
affinity family members.

The operation of these different mechanisms may be
related to the number and location of miRNA-binding sites
in the target genes. In animals, where there are multiple
miRNA-binding sites within 3’-UTRs, their number and
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Table 3 Summary of difference between plant and animal miRNA

systems

Plants

Animals

Number of miRNA
genes present
Location within
genome

Presence of miRNA
clusters

MiRNA biosynthesis
Mechanism of
repression

Location of miRNA-
binding motifs
within target genes
Number of miRNA-

100> number
<200 of genes
Predominantly
intergenic regions
Uncommon

Dicer-like

mRNA-cleavage
(methylation?)
Predominantly the
open-reading frame

Generally one

100> number <500
of genes
Intergenic regions
introns

Common

Drosha, Dicer

Translational
repression

Predominantly
the 3-UTR

Generally multiple

binding sites within
target genes
Function of

Regulatory genes—  Regualatory

known target crucial for genes—crucial
genes development, for development,
enzymes structural proteins,

enzymes

complementarity may be related to the extent to which
translation is attenuated. If only one site is occupied ex-
pression is lowered, but if all the sites are occupied trans-
lation is fully repressed. Indeed, synergistic translational
repression has been directly demonstrated by the addition
of multiple binding sites into a 3'-UTR. This resulted in
more efficient inhibition of translation than that expected
from the sum of the effect of each binding site individually
(Doench et al. 2003). Translation repression has the at-
tributes of variable regulation and reversibility: removal of
the miRNA from the sites may allow the mRNA to be tran-
scribed. In contrast, a single miRNA site cleavage within a
coding region destroys the mRNA molecule permanently,
giving efficient control that can only be reversed by further
transcription of the mRNA.

Translational repression occurs in both plants and ani-
mals, but do they operate by the same mechanism? For
both cases, a decrease in protein level without a decrease in
mRNA level has been termed translational repression
(Wrightman et al. 1991; Aukerman and Sakai 2003; Chen
2004). However, little is known how miRNAs exert this
repression in either system. Biochemical analysis revealed
that the repressed mRNAs remain in polysomes, suggest-
ing that the block in expression occurs after translation
initiation (Olsen and Ambros 1999; Seggerson et al. 2002).
In animals, translation regulation through the 3’-UTR is
required for many important developmental processes in-
cluding tissue patterning, embryonic axes formation, and
mammalian spermatogenesis (Kuersten and Goodwin
2003); thus, miRNAs may be utilizing similar machinery
that are involved in those processes. The fact that animal
miRNA-binding sites are within the 3'-UTR, compared to

the AP2 example, where the binding motif is within the
coding region, may suggest that there could be mechanis-
tic differences in translational repression in plants and
animals.

Conclusions

There are many obvious similarities between plant and
animal miRNA systems; both systems play fundamental
roles in development and appear to predominantly exert
their influence by controlling regulatory genes. However,
there are also many differences (Table 3). In animals, the
first step of miRNA biogenesis involves Drosha, but this
role is performed by DCL1 in plants. The majority of plant
miRNAs are each derived from single primary transcript
from loci found in the intergenic regions, whereas many of
animal miRNAs are generated from polycistronic tran-
scripts from intergenic regions of the chromosome and
many are produced from introns. In plants, miRNAs main-
ly regulate their targets by cleavage in the coding region
of the RNA, whereas animal miRNAs mainly operate by
translational repression using targets at the 3’-UTR. Al-
though these differences between the animal and plant
miRNA systems are clear-cut, in a general sense, there is
almost always an exception that breaks the rule.

One possible reason for the general differences between
the two systems is that they evolved separately, although
probably from common ancient components, after the di-
vergence of animals and plants. If this is the case, their
functional similarity and mechanistic differences exempli-
fies convergent evolution.
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