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a b s t r a c t

MicroRNAs (miRNAs) have emerged as an essential regulatory component in plants. Many of the known
miRNAs are evolutionarily conserved across diverse plant species and function in the regulatory control of
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fundamentally important biological processes such as developmental timing, patterning, and response
to environmental changes. Expression of miRNAs in plants involves transcription from MIRNA loci by
RNA polymerase II (pol II), multi-step processing of the primary transcripts by the DICER-LIKE1 (DCL1)
complex, and formation of effector complexes consisting of mature miRNAs and ARGONAUTE (AGO)
family proteins. In this short review, we present the most recent advances in our understanding of the
molecular machinery as well as the regulatory mechanisms involved in the expression of miRNAs in
rabidopsis thaliana
plants.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Small RNAs of 21- to 24-nucleotide (nt) in size have emerged
s an important regulatory component expressed by most eukary-

molecules arise from transcripts that form either bimolecular or
intra-molecular double-stranded RNA (dsRNA) precursors. Pro-
cessing of dsRNA precursors by the evolutionarily conserved RNA
silencing machinery gives rise to mature small RNAs that function
tic genomes (reviewed in [1,2]). Studies over the past decade have
rmly established the important role of small RNAs in the con-
rol of gene expression, epigenetic modification of the genome,
nd defense against viruses [1,2]. In general, these small RNA

∗ Corresponding author at: Department of Biological Sciences, Texas Tech Univer-
ity, P.O. Box 43131, Lubbock, TX 79409, USA. Tel.: +1 806 742 3722x279;
ax: +1 806 742 2963.

E-mail address: zhixin.xie@ttu.edu (Z. Xie).
1 Present address: Institute of Biotechnology, Hangzhou Academy of Agricultural

ciences, Hangzhou 310024, China.

084-9521/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.semcdb.2010.03.012
in diverse cellular processes. Based on their distinct biogene-
sis mechanisms, endogenous small RNAs are classified into two
broad categories, microRNAs (miRNAs) that arise from characteris-
tic hairpin-like precursors, and small interfering RNAs (siRNAs) that
arise typically from bimolecular dsRNA precursors. miRNAs, which
are the focus of this review series, are a class of endogenous small
RNAs that negatively regulate the expression of protein-coding

mRNAs through sequence-specific interactions, typically leading
to target mRNA cleavage or translational repression in plants [3,4].
Some miRNAs in plants target non-protein-coding RNA transcripts
derived from defined genetic loci known as TRANS-ACTING SIRNAs

dx.doi.org/10.1016/j.semcdb.2010.03.012
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:zhixin.xie@ttu.edu
dx.doi.org/10.1016/j.semcdb.2010.03.012
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TAS). The miRNA-guided cleavage of TAS transcripts initiates the
roduction of trans-acting siRNAs (ta-siRNAs) from the cleaved
ranscripts, which in turn function to negatively regulate their
rotein-coding mRNA targets [1]. Significantly, many of the known
iRNAs in plants are evolutionarily conserved and function in fun-

amentally important biological processes such as developmental
iming, patterning, and response to environmental changes [3]. This
hort review will focus on miRNA expression and its regulation in
lants, with an emphasis on the most recent advances in our under-
tanding of the molecular machinery and regulatory mechanisms
nvolved in the expression of miRNAs in plants.

. Transcription of MIRNA genes and its regulation

Mature miRNAs are expressed typically as a class of 21-nt
ndogenous small RNAs in plants. Expression data from RNA blot
ssays, high-throughput sequencing analysis, and in situ hybridiza-
ion have collectively shown that the abundance of mature miRNAs
n cells is tightly regulated. For instance, the abundance of mature

iRNAs varies greatly among different miRNAs [3], which may
esult from differences in the transcriptional activity among MIRNA
enes. Moreover, the same miRNA can be found in different abun-
ance among tissue types or developmental stages, indicating the
patially and temporally regulated expression patterns of plant
iRNAs [3]. Such regulation may take place at both the transcrip-

ional and post-transcriptional levels, as will be discussed below in
ore detail.

.1. Plant MIRNA genes are transcribed by RNA polymerase II

miRNAs in plants arise from defined genetic loci known as
IRNA genes. Most plant MIRNA genes exist as independent tran-

cription units and locate typically in the genomic regions that are
ot occupied by protein-coding genes, previously known as inter-
enic regions (IGR). To date, nearly 200 and over 400 MIRNA loci
ave been identified in the genomes of Arabidopsis (Arabidopsis
haliana) and rice (Oryza sativa), respectively [5]. Several lines of
vidence indicate that plant MIRNA genes are transcribed by RNA
olymerase II (pol II). First, the primary transcripts of plant miR-
As so far characterized contain a 5′ cap and a 3′ poly (A) tail that
re characteristic of a pol II transcript. Secondly, sequence analy-
is of MIRNA loci in A. thaliana identified core promoter elements
ncluding TATA box and transcription initiator (INR) elements that
re typically found in pol II genes [6,7]. A key feature of a primary
iRNA transcript, termed pri-miRNA, is its capability of forming a

haracteristic hairpin-like imperfect stem-loop structure. In most
ases, a pri-miRNA folds back to form a single hairpin-like structure
hat gives rise to only one unique mature miRNA species. However,
polycistronic” MIRNA loci have recently been reported in plants,
here a single pri-miRNA can form two or more hairpins, each con-

aining a distinct mature miRNA species [8]. In addition, while the
ast majority of plant miRNAs appear to be derived from indepen-
ent transcription units defined by distinct MIRNA loci, deviations
rom this paradigm have been observed. For example, intronic

iRNAs can be embedded in intronic sequences of some protein-
oding genes and can therefore be produced as by-products of host
ene expression [9]. Certain transposable elements (TEs) may also
ive rise to miRNA and siRNA dual-coding transcripts, as have been
bserved in both Arabidopsis and rice [10], although the functional
ignificance of these miRNAs remains to be investigated.
.2. Transcriptional regulation of miRNA expression in plants

Just as do their protein-coding gene counterparts, transcrip-
ional regulation for miRNA gene expression involves cis-regulatory
ental Biology 21 (2010) 790–797 791

elements and trans-acting factors. Since a large set of plant miR-
NAs are known to target mRNAs encoding diverse developmentally
important transcription factor (TF) family members [3], many
of which are specific to the plant lineage [11], an interesting
question is whether some of these TFs are also involved in the
regulation of miRNA expression. Taking advantage of the MIRNA
loci whose transcription start sites (TSS) have been experimen-
tally mapped, several groups have taken an informatics approach
to search for cis-regulatory elements that are enriched or over-
represented in the putative promoter region of MIRNA genes
[12–14]. In addition to the core promoter elements such as the
TATA box, sequence motifs present in the promoters of protein-
coding genes are also found in the putative promoters of MIRNA
genes. Intriguingly, binding motifs for several transcription fac-
tors including LEAFY (LFY), Auxin Response Factors (ARFs), and
AtMYC2 (a basic helix–loop–helix [bHLH] type transcription factor)
were found to be over-represented in Arabidopsis MIRNA loci when
compared with their presence in the promoters of protein-coding
genes [12]. The finding of ARF-binding motifs in MIRNA promoters
is particularly interesting because mRNAs for multiple ARF family
members are known to be targeted, either directly or indirectly,
by members of several conserved plant miRNA families includ-
ing miR160, miR167, and miR390 [3] (Fig. 1A). These observations
could therefore suggest a possible ARF-mediated negative feed-
back regulatory loop for miRNA expression in plants [12] (Fig. 1B),
although the functionality of these computationally identified cis-
elements remains to be experimentally validated.

Further insights into the transcriptional regulation of miRNA
expression in plants came from analyses on the cross talk between
miR156 and miR172. In Arabidopsis, the SQUAMOSA Promoter
Binding Protein-Like (SPL) TFs are regulated by miR156 [3]. The
interactions between miR156 and mRNAs of several SPL family
members are involved in the regulation of developmental timing,
including the transitions from juvenile to adult and from the vege-
tative to the reproductive phase [15,16]. Members of the APETALA2
(AP2)-like family of TFs are regulated by miR172 and involved in
regulation of flowering time and floral organ development [3,17].
Interestingly, miR156 and miR172 exhibit a complementary tem-
poral expression pattern in Arabidopsis: while miR156 expression
declines during the transition from the juvenile to the adult phase,
the expression of miR172 increases [18]. This complementary
expression pattern between miR156 and miR172 has also been
observed in maize [19]. A recent report from the Poethig laboratory
has provided an interesting mechanistic link between these obser-
vations [18]. SPL9 and SPL10, two of the 10 SPL family TFs that are
targeted by miR156, promote the expression of miR172 by directly
activating its transcription, which is consistent with the presence
of multiple copies of putative SPL binding elements in the MIR172b
promoter [18]. Moreover, SPL9 and SPL10 appear to also promote
the expression of miR156 through transcription activation, thereby
forming a negative feedback loop that regulates their own expres-
sion [18] (Fig. 1C). This SPL-mediated regulatory module allows a
sequential action of miR156 and miR172, which contributes to the
regulatory network that governs developmental timing [18,20].

Several plant miRNAs have been shown to respond to envi-
ronmental cues, such as limited nutrients supply, cold, or light
signals [3,13,21,22]. Expression of Arabidopsis miR398, for exam-
ple, is induced in response to copper limitation [23,24]. miR398
targets a cytosolic CSD1 and a chloroplastic CSD2, two closely
related Cu/Zn superoxide dismutases, as well as COX5b-1, a sub-
unit of the mitochondrial cytochrome c oxidase [3,23]. Significantly,

miR398-mediated down-regulation of its target gene expression
under copper limitation likely serves as an important mecha-
nism for plants to mobilize copper from non-essential to essential
copper proteins, such as plastocyanin that is indispensable for
photosynthesis [24]. Similarly, the expression of miR397, miR408,
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Fig. 1. Transcriptional regulation of miRNA expression in Arabidopsis thaliana. (A) Certain ARF family members are regulated by miRNAs, either directly (miR160 and miR167)
or indirectly (miR390). (B) A possible negative feedback regulatory loop involving miR160, miR167 and certain ARF family members. Numerous copies of ARF recognition
motif (TGTCTC) are found in the putative promoter regions of MIR160b, MIR167a, MIR167b, and miR167d [12]. (C) SPL-mediated cross talk between miR156 and miR172.
miR156 targets mRNAs for 10 members of the SPL family of transcription factors including SPL9 and SPL10, both of which promote the expression of MIR156a [18]. miR156
also regulates the expression of miR172 through SPL9 and SPL10 which function redundantly in promoting the transcription of MR172b [18]. TOE1 and TOE2, two of the six
AP2 family transcription factors that are known to be the regulatory targets of miR172, also appear to positively regulate the expression of MIR172b [18], although evidence
for a direct interaction between these AP2-like TFs and the MIR172 promoter is currently lacking. (D) Putative SPL7 recognition sequences are found in the promoter regions
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omputational scan within the putative promoter regions for each of the MIRNAs
pstream of a curated miRNA hairpin precursor [5] was included in the analysis. N
recursor regions (black boxes) were not.

nd miR857—the other three Arabidopsis miRNAs that are known
o target mRNAs for copper-containing proteins, also appears to
e inducible under low cooper conditions, thereby contributing
o the proposed mechanism for copper economy [25] (Fig. 1D).
urther analysis of miR398 expression has identified SPL7 as an
ssential TF that activates miR398 transcription under low copper
onditions [26]. The Arabidopsis SPL7 is a homolog of the Chlamy-
omonas reinhardtii protein known as Copper response regulator1
Crr1), a TF that is required for switching between plastocyanin
nd cytochrome C6 in response to low copper conditions. Both in
itro and in vivo evidence indicates that SPL7 functions to activate
iR398 expression through its interaction with the multiple GTAC
otifs found in the promoters of both MIR398b and MIR398c, all
ithin a 300 bp region upstream of the TSS [26] (Fig. 1D). The fact

hat multiple GTAC motifs are also present in the promoter region
f miR397, miR408, and miR857, respectively (Fig. 1D), and that a
oss-of-function mutation in SPL7 impaired the copper deficiency-
nduced expression of these miRNAs strongly indicate that SPL7
lays a central regulatory role in miRNA-mediated copper home-
stasis [26].
. Processing of MIRNA transcripts and its regulation

Central to miRNA biogenesis is the recognition and step-
ise processing of pri-miRNAs by the conserved miRNA pathway
ence of a putative SPL7 recognition sequence motif (GTAC) [26], as revealed by a
1000 bp of the putative promoter sequence, arbitrarily defined as the sequence

hat while the putative promoter regions were drawn to scale, the miRNA hairpin

machinery, leading to the accurate excision and release of func-
tional mature miRNAs. Although the precise mechanism remains
to be elucidated for routing a pri-miRNA into the miRNA pathway
instead of the translation machinery, the framework for miRNA
biogenesis in plants has emerged, mainly based on genetic and
biochemical studies in Arabidopsis [3,4].

3.1. The nuclear cap-binding complex plays a role in pri-miRNA
processing

The pri-miRNAs in plants possess a 5′ cap and a 3′ poly (A) tail
[3]. Some of them are also known to contain one or more introns
that undergo canonical splicing [3]. Processing of the pri-miRNAs
is therefore believed to take place shortly after a nascent transcript
emerges from the pol II complex. The early events presumably
involve at least some of the machinery responsible for capping,
splicing, and polyadenylation of protein-coding transcripts. Indeed,
recent reports from several groups have shown the involvement of
the nuclear cap-binding complex (CBC) in pri-miRNA processing
[27–29]. CBC is a heterodimer consisting of two protein subunits

(CBP80 and CBP20). The Arabidopsis CBP80 is also known as Abscis-
cic Acid (ABA) Hypersensitive1 (ABH1) since it was isolated in a
forward genetic screen for mutants that are hypersensitive to the
plant hormone ABA. Loss-of-function mutations in ABH1/CBP80 and
CBP20 resulted in accumulation of unspliced transcripts to elevated
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Fig. 2. miRNA biogenesis in plants. (A) Multi-step processing of pri-miRNA and miRNA maturation in a plant cell. Expression of miRNAs in plants begins with the pol II
transcription of a MIRNA locus that is typically located in a genomic region not occupied by protein-coding genes, previously known as intergenic regions (IGR). The primary
transcripts of a miRNA (pri-miRNA), which bear a 5′ cap and a 3′ poly (A) tail, are capable of forming a characteristic hairpin-like secondary structure. CBC, a heterodimer
consisting of CBP80 and CBP20 subunits of the nuclear cap-binding complex has been shown to play a role in pri-miRNA processing, likely through its direct interaction with
a nascent transcript. DDL, a forkhead-associated domain-containing protein that has been shown to physically interact with pri-miRNA in vitro, likely function to stabilize
the hairpin structure and help recruit DCL1 to its substrate. DCL1 and two other factors, HYL1, a dsRNA-binding protein, and SE, a C2H2-type zinc-finger domain-containing
protein physically interact with each other and form a processing complex (DCL1 complex) in subnuclear bodies. The stepwise processing of a pri-miRNA by the DCL1 complex
ultimately gives rise to a miRNA:miRNA* duplex that is subsequently recognized and end-methylated by HEN1. Loading of the miRNA strand onto an AGO protein to form a
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unctional miRISC marks the end of miRNA biogenesis. (B) Size distribution of predic
Arabidopsis thaliana, Oryza sativa, Caenorhabditis elegans, Drosophila melanogaster,
lotting the size (as curated in miRBase [5]; release 14) versus its frequency of occu

evels as observed through transcriptome profiling using whole-
enome tiling array technology, which was indicative of defective
ntron splicing, thereby confirming the speculated role of Arabidop-
is CBC in promoting efficient intron splicing [29]. Significantly,
oth the cbp80/abh1 and cbp20 mutants were found also to accu-
ulate elevated levels of pri-miRNAs, whereas the levels of mature
iRNA accumulation were substantially reduced [27–29]. These

bservations have therefore established dual roles of the Arabidop-
is CBC in pre-mRNA splicing and pri-miRNA processing.

Intriguingly, both the cbp80/abh1 and cbp20 mutants exhibited
leiotropic abnormalities including the “serrated leaves” that strik-

ngly resemble the phenotype observed in the serrate (se) mutant

30]. SE encodes a C2H2-type zinc-finger domain-containing pro-
ein which has recently been shown to be required for pri-miRNA
rocessing [3,30–32] (and see below). A tantalizing question to
sk would be whether SE also plays a role in pre-mRNA splicing.
ndeed, whole-genome tiling array-based transcriptome profiling
irpin precursors for plant and animal miRNAs. For each of the five model organisms
omo sapiens), the size distribution of miRNA hairpin precursors was analyzed by

e.

detected the accumulation of higher levels of unspliced transcripts
for a subset of genes that partially overlap with those observed
in the cbp80/abh1 and cbp20 mutants [29]. Of note, analysis of
intron-containing pri-miRNAs suggests that the pri-miRNA pro-
cessing function of CBC and SE appears to be independent from
their role in pre-mRNA splicing [29]. These observations therefore
have not only identified a novel role for SE in pre-mRNA splicing,
but also provided hints for potential mechanisms by which the CBC
and SE function in the two distinct processes. One possibility is
that SE may serve as a common mediator for facilitating the inter-
actions between the CBC and components of the spliceosome, in
the case of pre-mRNA splicing, and also between the CBC and the

pri-miRNA processing machinery, as has been proposed by Laub-
inger and colleagues [29] (Fig. 2A). However, evidence for a direct
interaction between CBC and SE is currently lacking, and other
modes of action for SE in pri-miRNA processing remain possible
(see below).
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.2. Processing of pri-miRNA transcripts by the DICER-LIKE1
omplex

Genetic analysis has identified multiple components that func-
ion in the miRNA biogenesis pathway. DICER-LIKE1 (DCL1), one of
he four Arabidopsis DCLs belonging to the multi-domain ribonu-
lease III (RNase III)-like protein family, is a key enzyme in miRNA
iogenesis [3]. The DICER (DCR) or DCL family proteins contain
helicase domain at the N-terminus, a PAZ domain in the mid-

le, and the dual RNase III domains as well as a dsRNA-binding
otif (dsRBM) at the C-terminus. Structural analysis of a Giar-

ia intestinalis DCR has revealed that DCR itself functions as a
olecular ruler that measures and cleaves dsRNA from the helical

nd, the length of the small RNAs being determined by the dis-
ance between the PAZ domain that binds the end of dsRNA and
he catalytic RNase III domains [33]. Hyponastic Leaves1 (HYL1),

dsRNA-binding protein, and SE (as described above) are also
equired for pri-miRNA processing [3,30–32]. Importantly, DCL1,
YL1, and SE physically interact with each other and co-localize

n the same subnuclear bodies (termed the dicing bodies or D-
odies) that also contain pri-miRNAs [34–36]. The speculated roles
f HYL1 and SE in miRNA biogenesis include stabilizing the pri-
iRNA structure and facilitating the correct positioning of DCL1 on

ts substrates, thereby ensuring accurate processing [31,32,37,38]
Fig. 2A). In a recent biochemical analysis, a recombinant Ara-
idopsis DCL1 alone was shown to be capable of processing either
ri-miRNA or pre-miRNA into 21-nt small RNAs in vitro. However,
orrectly processed miRNAs accounted for only a small portion
f the small RNA population [39]. Addition of either a recombi-
ant HYL1 or SE into the reactions substantially increased the rate
nd accuracy of DCL1 processing. Further improvement in DCL1
rocessing accuracy was achieved when both HYL1 and SE were
resent in the reactions, which resulted in a remarkable, nearly 80%
rocessing accuracy [39]. The suboptimal pri-miRNA processing
ccuracy achieved by the DCL1-HYL1-SE complex (DCL1 complex)
n vitro could be an indication that certain components required for

ore efficient and accurate DCL1 processing are still missing. DAW-
LE (DDL), a forkhead-associated domain-containing protein could
e one such component [40,41]. Loss-of-function mutations in Ara-
idopsis DDL led to reduced levels of pri-miRNAs as well as mature
iRNAs, although such an effect is not specific to miRNAs since

he accumulation of endogenous siRNAs was also reduced. In addi-
ion, DDL was shown to bind a pri-miRNA and interact with DCL1
n vitro, supporting its speculated role of facilitating the functional
nteractions between DCL1 and pri-miRNAs [41] (Fig. 2A).

The precise molecular mechanism by which the DCL1 complex
ecognizes and acts on a pri-miRNA to accurately produce a dis-
inct miRNA in plants is not well understood. In animal systems,
he pri-miRNAs undergo a two-step processing catalyzed by two
ifferent RNase III enzyme complexes. First, the Drosha complex in
he nucleus cleaves pri-miRNAs at the loop distal site of the stem
usually about 11-nt away from the junction of single-stranded RNA
ssRNA] and dsRNA) and releases the “stem-loop” miRNA precur-
ors (pre-miRNAs) [42]. The pre-miRNAs are then exported to the
ytoplasm, where the DCR complex cleaves at the loop proximal
ite to release a small RNA duplex of approximately 22-nt long.
ne strand will become a mature miRNA, and the other becomes

he non-functional passenger strand called a miRNA* (the small
NA residing on the opposite side of the miRNA in a hairpin pre-
ursor) [42]. The miRNA biogenesis in plants differs from their
nimal counterparts in several aspects. First, plant genomes are not

nown to encode Drosha orthologs. Instead, the DCL1 complex in
he nucleus is believed to be responsible for the processing of both
ri-miRNAs and pre-miRNAs. Secondly, the hairpin portion of the
lant pri-miRNAs is, in general, much longer and more variable in
ize compared with the animal miRNAs (Fig. 2B) [3]. In searching for
ental Biology 21 (2010) 790–797

structural determinants of pri-miRNA processing in plants, several
recent studies have provided interesting mechanistic insights on
DCL1-mediated miRNA biogenesis in Arabidopsis [43–46]. Using a
range of elegantly designed approaches, structure–function anal-
yses of pri-miRNAs derived from miR167a [45], miR171a [45],
miR172a [44,46], and miR390a [43] revealed that an approxi-
mately 15-nt stem segment next to the loop-distal end of the
miRNA:miRNA* duplex was an essential element for accurate pro-
cessing. This segment likely serves as a docking site for the DCL1
complex to make the first, loop-distal cleavage in a canonical
“base-to-loop” processing mode. Interestingly, pri-miRNAs harbor-
ing unusually long stems appear to have adopted a non-canonical,
“loop-to-base” processing mode, as have been shown for miR319
and miR159 in which up to four, instead of two, cleavage events are
needed to release the miRNA:miRNA* duplex [47,48].

3.3. End modification and maturation of miRNAs

The multi-step processing of a pri-miRNA by the DCL1 complex
ultimately releases a small RNA duplex consisting of a miRNA and
a miRNA* (Fig. 2A). As a hallmark of the DCR/DCL cleavage, each
small RNA in the miRNA:miRNA* duplex contains a 2-nt overhang
at the 3′-end. In plants, the miRNA:miRNA* duplex is recognized
by, and serves as a substrate for, HUA ENHANCER1 (HEN1), the S-
adenosylmethionine-dependent small RNA methyltransferase that
deposits a methyl group to the 2′-hydroxyl group of the 3′-terminal
nucleotide in each of the small RNA strands [3,49]. This 2′-O-
methylation on the 3′-terminal nucleotide is common to all known
classes of silencing small RNAs in plants and is believed to stabi-
lize the small RNAs by protecting them from other type of cellular
activities such as oligouridylation [3]. Arabidopsis hen1 mutants are
impaired in mature miRNA accumulation and exhibit pleiotropic
developmental abnormalities reminiscent of phenotypes for cer-
tain hypomorphic dcl1 alleles [3,50]. These observations strongly
indicate the HEN1-mediated 2′-O-methylation as a crucial step in
plant miRNA biogenesis (Fig. 2A).

The final step of miRNA maturation involves selective incorpo-
ration of the miRNA strand into an ARGONAUTE (AGO)-containing
effector complex, known as the RNA-induced silencing complex
(RISC). In most cases, the miRNA strand of a miRNA:miRNA* duplex
is selectively loaded onto an AGO complex and serves as a guide for
its sequence-specific interaction with target transcripts, whereas
the miRNA* strand is excluded from the AGO complex and thought
to be short-lived in vivo. Among the ten AGO family proteins in Ara-
bidopsis, AGO1 is apparently the most important family member
for the miRNA pathway, as evidenced by both genetic and biochem-
ical data [3,51] (Fig. 2A). In plants, the fate of each small RNA strand
in a miRNA:miRNA* duplex is likely to be determined by multiple
factors. First, functional small RNA duplexes often exhibit asym-
metrical thermostability between the two ends. In many cases,
the small RNA with its 5′-end located at the less stable end of the
duplex is preferentially selected to form a RISC [3]. This “strand
asymmetry” rule originally observed from animal small RNAs also
plays an important role in the formation of miRNA-associated
RISCs in plants [52]. Moreover, plant AGO proteins show distinct
preference for small RNAs with a different 5′-terminal nucleotide
[53–55]. Analysis of small RNAs from distinct immunoprecipitated
Arabidopsis AGO complexes have revealed the preferential associ-
ation of AGO1 with small RNAs bearing a 5′-terminal uridine (5′U),
AGO2 and AGO4 with small RNAs bearing a 5′-terminal adenosine
(5′A), and AGO5 with small RNAs bearing a 5′-terminal cytosine

(5′C), respectively [53–55]. Since the majority of plant miRNAs so
far identified have a 5′U, as is the case for animal miRNAs [3,5],
the above observations explain nicely for AGO1 being the major
AGO family member that functions in miRNA pathway in plants
[51,56].
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So where in the plant cell do mature miRNAs reside? Because
any plant miRNAs have been shown to guide cleavage of their tar-

ets mRNAs, presumably in the cytoplasm [3], and recent genetic
nd biochemical studies have implicated plant miRNAs in transla-
ional repression [57,58], it is widely believed that plant miRNAs
unction in the cytoplasm. Although a cellular fractionation-based
tudy in Arabidopsis has shown that a majority of miRNAs accumu-
ate in the cytoplasm [59], it is currently unclear if plant miRNAs
unction exclusively in the cytoplasm. Limited cellular localization
ata indicate that HEN1 and AGO1 are found in both the cell nucleus
nd cytoplasm [34], which is consistent with the role of these pro-
eins in multiple small RNA pathways [60]. Co-localization with
YL1 in the subnuclear D-bodies has also been observed for HEN1
nd AGO1, respectively [34], suggesting that dicing, end modi-
cation, and formation of miRNA-containing effector complexes
miRISCs) could be intimately coupled steps in the nucleus dur-
ng plant miRNA biogenesis. Interestingly, HYL1 has recently been
hown to plays a role in directing the strand selection during the
ormation of miRNA-AGO1 complex, likely through a mechanism
imilar to that of the Drosophila R2D2 [52]. The fact that single-
tranded, mature miRNAs also exist in the nucleus [59], and that
YL1 and AGO1 interact in the nuclear D-bodies [34] could indicate

hat at least some of the plant miRNAs may incorporate into AGO1
nd form functional miRISCs in the nucleus. In fact, indirect evi-
ence suggests that the miR162-directed cleavage of DCL1 mRNA

ikely takes place in the nucleus, before the intron 14 is spliced out
rom the DCL1 transcripts [59].

.4. Post-transcriptional regulation of miRNA expression in plants

Once a pri-miRNA is made, the birth of a mature miRNA could
e, in principle, controlled at multiple levels. Efficient and accu-
ate processing of a pri-miRNA requires the presence of key miRNA
athway components in the same cell. The miRNA expression
omain could therefore be affected by the spatiotemporal expres-
ion pattern of proteins that are involved in pri-miRNA processing
nd miRNA maturation. Although this has not been extensively
xamined, existing data support such a possibility. For instance,
rabidopsis SE has been shown to exhibit distinct spatial expres-
ion patterns during development [61]. SE mRNA was present in
he shoot and root meristems as well as in the adaxial side of
otyledons in early stage embryos, but the expression level was
educed at the later stages and was absent from mature embryos
61]. Distinct spatial expression patterns for SE were also observed
n developing Arabidopsis leaves and floral organs [61]. Although
he role of SE is not limited in pri-miRNA processing, as discussed
bove, it is reasonable to expect that the expression pattern of SE
ill affect miRNA expression. The distinct spatial expression pat-

ern of AGO7, one of the ten Arabidopsis AGO family members that
s known to function in miR390-directed TAS3 ta-siRNA biogene-
is [62,63] serves as another example. AGO7 expression was shown
o be highly restricted to the vasculature and pith regions beneath
he shoot apical meristem (SAM) and the adaxial-most cell layers
f developing leaf primordia. The localized expression of AGO7, in
onjunction with that of TAS3 helps establish the activity domain of
iR390, thereby contributing to the TAS3 ta-siRNA-mediated leaf

atterning [54,64].
The mRNAs of Arabidopsis DCL1 and AGO1 are known miRNA

argets, suggesting a negative feedback regulatory mechanism for
CL1 and AGO1 expression [3]. The negative feedback regulatory
ircuits involving miR162-directed cleavage of DCL1 mRNA [65]

nd miRNA168-directed cleavage of AGO1 mRNA [66,67], respec-
ively, are believed to play an important role in miRNA homeostasis,
ince similar regulatory mechanisms appear to be deeply con-
erved among diverse plant species [68]. The maintenance of AGO1
omeostasis in Arabidopsis has been analyzed in depth, revealing
ental Biology 21 (2010) 790–797 795

differential roles played by the MIR168a and MIR168b loci [69], as
well as an additional layer of regulation involving AGO1 silenc-
ing mediated by AGO1-derived siRNAs [70]. The Arabidopsis AGO2,
which has been shown to preferentially bind to 21-nt small RNAs
with a 5′A [53–55], is also known to be regulated by a miRNA
(miR403) [71], although a role of AGO2 in miRNA pathway has yet
to be established.

4. Conclusions

In this short review, we have summarized some of the most
recent studies that have advanced our knowledge on miRNA
expression and its regulation in plants. The essential regulatory role
of plant miRNAs has been well established genetically, as mani-
fested not only by the embryonic lethal phenotypes of the null dcl1
and ago1 mutants, but also by the developmental defects associ-
ated with perturbation in the expression of a single miRNA [3].
However, deciphering the miRNA-mediated regulatory networks
that govern plant development or response to environmental cues
remains a challenging task for plant biologists. A major challenge
for genetic dissection of miRNA-mediated regulation in plants has
been the presence of multi-member miRNA families in which more
than one MIRNA locus would give rise to identical or near-identical
mature miRNAs, which is often the case for more evolutionarily
conserved miRNAs [3]. However, emerging evidence appears to
suggest that such a potential genetic redundancy does necessar-
ily prevent informative locus-specific genetic analysis, as has been
illustrated for loci encoding miR160 [72], miR164 [73], and miR168
[69], respectively. One could therefore expect that future analy-
sis on locus-specific miRNA expression may lead to identification
of important cis-regulatory elements as well as trans-acting fac-
tors that have shaped regulatory diversification among paralogous
MIRNA loci. One of the most intriguing findings we have discussed
here is the “cross talk” between miR156 and miR172 [18] (Fig. 1C),
for it provides a proof-of-concept for the speculated “regulation of
a regulator (miRNA) by a regulator (TF) that is regulated by another
regulator (miRNA)” in a miRNA-mediated regulatory cascade that
governs developmental timing in plants.

With the excellent genomic and genetic tools available for
the model plant Arabidopsis, along with the recently established
in vitro pri-miRNA processing system [39], as well as other bio-
chemical tools coupled with the power of next-generation DNA
sequencing technology, we anticipate the closing of many of the
existing gaps in our current understanding of miRNA expression
and its control mechanisms in plants within the next few years to
come.
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