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Abstract: In plants, microRNAs (miRNAs) control various biological processes
by negatively regulating the expression of complementary target genes, -either
(1) post-transcriptionally by cleavage or translational inhibition of target mRNA, or
(2) transcriptionally by methylation of target DNA. Besides their role in developmental
processes, miRNAs are main players in stress responses, including metal stress responses.
Exposure of plants to excess metal concentrations disturbs the cellular redox balance and
enhances ROS accumulation, eventually leading to oxidative damage or signaling. Plants
modify their gene expression by the activity of miRNAs in response to metal toxicity to
regulate (1) complexation of excess metals, (2) defense against oxidative stress and
(3) signal transduction for controlling various biological responses. This review focuses on
the biogenesis, working mechanisms and functioning of miRNAs in plants. In a final part,
our current knowledge on the regulatory roles of miRNAs in plant metal stress responses is
highlighted, and whether stress-regulated miRNAs have specific roles or are secondary
consequences is discussed.

Keywords: metals; oxidative stress; microRNA (miRNA); target gene




Int. J. Mol. Sci. 2012, 13 15827

1. Introduction

Since late 19th century, metal pollution of the environment is of great concern all over the world.
Due to anthropogenic activities, such as the metal industry and agriculture, concentrations of metals in
soil, air and water are exceeding the natural occurrence [1,2]. Increased metal concentrations can be
toxic and pose a threat to all organisms. Among these metals are essential micronutrients, like copper
(Cu), zinc (Zn), iron (Fe) and manganese (Mn), which are needed for normal growth and development,
but are toxic in higher amounts. In contrast, cadmium (Cd), lead (Pb), aluminum (Al) and mercury
(Hg) are non-essential elements that are toxic even at low concentrations. The effects caused by metals
are dose and time dependent, but also metal speciation, localization and plant developmental stage are
important variables [3—5]. In plants, metals interfere with physiological processes, like water balance,
mineral nutrition and photosynthesis [6,7]. At the cellular level, metals disturb the redox balance,
resulting in oxidative stress [8]. Metal exposure gives rise to an increase of reactive oxygen species
(ROS) via pro-oxidant stimulation or antioxidant inhibition. As a consequence, plants have to cope
with metal excess and with an overproduction of ROS.

Plants use several defense mechanisms against metal stress. Initially, plants try to avoid free metal
accumulation in the cells (1) by keeping the metals extracellularly through reducing the uptake and
stimulating the efflux or (2) by metal complexation with ligands, such as glutathione, phytochelatins
and metallothioneins [9-12]. If these defenses are insufficient to prevent the build-up of free metal
ions, plants have to cope with the oxidative stress that can be directly induced by redox active metals
and indirectly by non-redox active metals. Antioxidative defense mechanisms are activated to reduce
elevated ROS levels and hence limit oxidative damage. They consist of metabolites, such as ascorbate,
glutathione and vitamin E, as well as enzymes, like superoxide dismutases, peroxidases and
catalases [13,14]. In this way, excess ROS can be scavenged and neutralized.

It is of major importance that plants respond to stresses to be able to survive and reproduce via the
production of seeds. Therefore, a precise and accurate regulation of stress responses is crucial.
Transcriptome analysis and proteomic studies indicate major alterations in gene expression during
stress such as drought, salinity, cold and oxidative stress [15—17]. Similarly, also metal stress, such as
exposure to excess Cu, Cd and Zn, leads to changes in gene expression and the activity of
enzymes [14,18-20]. Gene expression is mainly determined by transcriptional activation, the half-life
of the produced mRNAs and their translation efficiency. With the discovery of stress-responsive small
RNAs that block specific mRNAs for translation or even cause their turn-over, post-transcriptional
regulation became an important aspect of gene expression regulation during stress conditions [21]. In
addition, miRNAs may direct DNA methylation of target genes and hence affect transcriptional gene
regulation via epigenetic modifications [22]. Current knowledge on miRNA induced transcriptional
and post-transcriptional regulation of gene expression will be reviewed, similarities or differences of
metal exposure with other stresses will be discussed and progress to be made towards a better insight
in understanding plant metal stress responses will be indicated.
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2. Biogenesis and Working Mechanisms of miRNAs
2.1. MicroRNA Biogenesis and Incorporation in Protein Complexes

Since the discovery of small RNAs as gene regulators, the biogenesis, processing and working
mechanism of these small RNAs have been intensively studied [23,24]. In plants, small RNAs are
subdivided into two main categories based on their origin, namely microRNAs (miRNAs) and small
interfering RNAs (siRNAs). siRNAs are derived from perfectly double-stranded RNAs that can
originate from several sources, such as inverted repeats, RNA-dependent RNA polymerase (RDR)
activity and RNA viruses. MicroRNAs, on the other hand, are encoded by MIR genes that are
transcribed by RNA polymerase II (Pol II) into long RNA molecules, which form double stranded
stem-loop structures [25].

Two alternative pathways to process these primary transcripts lead to miRNAs differing in both
length and working mechanism (Figure 1). The best studied pathway is that of short miRNAs
(s-miRNA) of 20- to 22-nt long that are sliced by dicer-like 1 (DCL1) and processed by hyponastic
leaves 1 (HYL1) and serrate (SE) proteins, leading to a miRNA/miRNA* duplex that is stabilized
(methylated) by hua enhancer 1 (HEN1) [26,27]. The miRNA/miRNA* duplex is exported from the
nucleus to the cytoplasm by hasty (HST). Nevertheless, other export mechanisms are also present since
there is no complete elimination of s-miRNAs export in /st knock-out mutants [28]. These mutants
only showed decreased accumulation of most s-miRNAs in both cytoplasm and nucleus, suggesting
the existence of an HST-independent export. The protein PAUSED (PSD), which is an Arabidopsis
ortholog of the human tRNA export receptor Exportin-t, has been suggested in a possible alternative
export mechanism, but no role for PSD in miRNA export could be demonstrated as miRNA
accumulation in the cytoplasm was unaffected in the psd-13 knock-out mutant [28]. In the cytoplasm,
the miRNA strand (mature miRNA) is loaded into the RNA-induced silencing (RISC) complex of
which Argonautel (AGO1) is the key component, while the miRNA* strand is usually degraded [29].
In this way, the mature s-miRNA can bind with near perfect complementarity on target mRNAs and
exert its post-transcriptional regulation by cleavage of the mRNA or by translational inhibition [30,31].

Recently, another class of miRNAs was discovered with the detection of 23- to 27-nt long miRNAs
(I-miRNAs) (Figure 1) [32,33]. The size classes 20- to 21-nt and 23- to 25-nt long miRNAs were
filtered from publicly available Arabidopsis small RNA data sets and used in a small RNA-blot. In
16 miRNA families, only 20- to 21-nt sized miRNAs were found, 27 families consisted only of the 23-
to 25-nt long miRNAs and 14 families had both size classes [32]. It is suggested that both miRNA
classes derive from the same MIR gene and the same primary miRNA (pri-miRNA) transcript [32].
Using RNAIi and knock-out mutants, the accumulation of 1-miRNAs was impaired in dc/3 mutants,
but not in dcll, dcl2 and dcl4 mutants, whereas s-miRNAs where only absent in the dcl//
mutant [22,32,33]. Furthermore, s-miRNAs were detected in the RISC complex with AGO1 proteins
as a core and were reduced in agol/ mutants. On the other hand, AGO4 complexes all contained
I-miRNAs and the accumulation of I-miRNAs in ago4 mutants was clearly reduced [22,33]. This
demonstrates that s-miRNAs are processed by DCL1 and loaded into AGOI1, while 1-miRNAs are
sliced by DCL3 and associated with AGO4 for exerting their function (Figure 1). Since DCL3 and
AGO4 are both components of the siRNA pathway, the question rises whether these I-miRNAs are
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also dependent of other proteins of the siRNA pathway, such as RDR2 and NRPDI1 (largest subunit of
Pol IV). Studies with RNAi mutants demonstrated that in rice, the processing of 1-miRNAs was
independent of RDR2, while in Arabidopsis, it was dependent on both RDR2 and NRPD1 [22,33].
This indicates that differences between species occur in the biogenesis pathway of [-miRNAs. Because
I-miRNAs in Arabidopsis are processed by the siRNA machinery, Chellappan et al. [33] talk about
MIR-derived siRNAs instead of I-miRNAs.

Figure 1. Model of the biogenesis and working mechanisms of miRNAs. MIR genes are
transcribed by Pol II to generate a double stranded stem-loop pri-miRNA that can be
further processed in short miRNAs (s-miRNAs) or long miRNAs (I-miRNAs). To produce
s-miRNAs, the pri-miRNA is sliced by DCL1 and processed by HYL1 and SE. The
s-miRNA/miRNA* duplex is methylated by HEN1 and exported to the cytoplasm by HST,
where it associates with AGO1 into the RISC-complex. The miRNA binds with near
perfect complementarity to its target mRNA to regulate it post-transcriptionally by
cleavage or translational inhibition. On the other hand, to produce 1-miRNAs, the
pri-miRNA is sliced by DCL3 and methylated by HEN1. However, there is also the
possibility that Pol IV and RDR are involved in the biogenesis of 1-miRNAs. The mature
I-miRNA associates with AGO4, guiding de novo DNA methylation probably catalyzed by
DRM2. Abbreviations: miRNA gene (MIR), polymerase (Pol), RNA-dependent RNA
polymerase (RDR), dicer-like (DCL), hyponastic leaves 1 (HYLI), serrate (SE), hua
enhancer 1 (HENT1), hasty (HST), argonaute (AGO), domains rearranged methyltransferase
2 (DRM2).
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2.2. MicroRNAs Can Cause DNA Methylation

RNA-directed DNA methylation (RdADM) by AGO4-associated siRNAs induces de novo DNA
methylation catalyzed by domains rearranged methyltransferase2 (DRM2) [34]. MicroRNA mediated
DNA methylation, however, was demonstrated only in a few cases. MicroRNA165/166 was the first
miRNA in Arabidopsis for which it was shown that it induces DNA methylation [35]. Its gene targets
phabulosa (PHB) and phavoluta (PHYV)), two transcription factors that promote adaxial cell fate in the
leaf primordium, are heavily methylated downstream of the complementary site. Mutations in this
complementary site in phb and phv mutants resulted in reduced methylation of the respective
genes [35]. Furthermore, the predicted targets of 1-miR2328 and 1-miR2831, A#4gl6580 and
At5g08490 respectively, were shown to be methylated in an NRDP1 dependent way about ~80
nucleotides up- and downstream of the complementary site, as expression levels of the target genes
were increased in the nrdpl mutant [33]. Wu et al. [22] reported hypomethylation of predicted
I-miRNA targets Os06g38480, Os03g02010, Os05g01790, Os07g41090 and Os02g05890 in rice dcl3
mutants. Moreover, the DNA methylation analysis revealed that I-miRNAs can also direct DNA
methylation at their own miRNA locus in rice, whereas no change in DNA methylation was observed
in Arabidopsis miRNA loci [22,33]. Altogether, these results demonstrate that -miRNAs are processed
by the siRNA machinery and exert their function by guiding DNA methylation.

The studies above demonstrate that miRNAs can cause epigenetic modifications under normal
conditions. However, research has shown that also under a diverse array of biotic and abiotic stresses,
DNA methylation can be modified [36-38]. Nevertheless, it has to be demonstrated whether this
DNA methylation is 1-miRNA dependent. Trifolium repens (metal-sensitive) and Cannabis sativa
(metal-tolerant) plant species were grown on metal-contaminated soils (nickel, cadmium and
chromium). DNA methylation analysis pointed out that under control conditions the genome of
Cannabis sativa was three times more methylated than Trifolium repens and that the genome of both
plant types was hypomethylated in a dose-dependent manner after metal stress exposure. However, the
methylation level was still significantly higher in treated Cannabis plants than in control Trifolium
plants [39]. This suggests that plant tolerance to excess metals can be aided by a persistent level of
DNA methylation. Furthermore, salt and alkaline stress caused variations in DNA methylation of
Chloris virgata, predominantly in the roots, and it was suggested that this may play a role in the
acquirement and inheritance of salt and alkaline stress tolerance [40]. However, besides the
involvement of several methyltransferases like DRM1, DRM2, DNA methyltransferasel (MET1) and
chromomethylasel (CMT1), it is unclear how these DNA methyltransferases are targeted to genomic
sites harboring genes related to stress responses. Whereas the role of epigenetic modifications in plant
development is studied intensively [41-43], information on a direct link between stress, DNA
methylation and I-miRNAs is scant.

2.3. Argonaute Proteins and miRNA Function

The dual function of MIR genes to regulate downstream targets (1) post-transcriptionally by mRNA
cleavage or translational inhibition or (2) transcriptionally by DNA methylation, is probably correlated
with the miRNA size produced and the AGO protein into which the miRNA is loaded. Arabidopsis
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encodes 10 AGO proteins that can be phenotypically divided into three clades [29], but the biological
function of these 10 AGO proteins remains to be further elucidated [29,44]. Immunoprecipitation of
AGO proteins followed by pyrosequencing of their associated small RNAs have revealed that the
5' terminal nucleotide of a small RNA is involved in directing its AGO destination [45,46]. It has been
shown that AGO1 preferentially associates with a 5' terminal uridine (U), AGOS5 with a 5' terminal
cytosine (C) and AGO4 and AGO2 with a 5' terminal adenosine (A), while no other position within
small RNAs had a bias for a particular nucleotide dependent on the associated AGO protein [45,46].
Indeed, changing the 5' terminal nucleotide of miR391 and miR393b from a U to an A redirects it into
AGO?2 instead of AGO1 [45]. However, the 5' terminal nucleotide is not the only determinant for
sorting small RNAs into specific AGO proteins, since not all AGOI- and AGO4-associated small
RNAs have a 5' terminal U or A, respectively. Moreover, AGO2 and AGO4 associate preferentially
with 5' terminal A, but only a limited number of small RNAs is common in both AGOs and the types
of small RNAs differs between both [45,46]. These observations imply that another sorting mechanism
must exist. Wu et al. [22] ruled out the possibility that the size of a small RNA is a possible
determinant in this process. By incubating AGO1 and AGO4 complexes with 32P-labeled 21- and
24-nt siRNAs, they demonstrated that AGO1 and AGO4 had similar binding affinities for both size
classes. It is also reported that both AGO1 and AGO4 were bound to the different size classes of small
RNAs [22,45,46]. The sorting of small RNAs in specific AGO proteins is through several mechanisms
acting in concert in which the 5' terminal nucleotide plays a major role and probably another signal
coming from the biogenesis machinery is involved.

2.4. MicroRNA Biogenesis Is Regulated by a miRNA Feedback Mechanism

Because miRNA-directed regulation of gene expression is of great importance, it is almost
self-evident that the miRNA biogenesis pathway itself is tightly regulated. Interestingly, the key
components DCL1 and AGO1 of this pathway are regulated by a miRNA feedback mechanism. DCL1
was predicted to be a target of miR162 and in Arabidopsis dc// mutants, showing reduced DCLI
protein activity, there was a high accumulation of dc// RNA and a complete reduction of miR162 as
compared to wild type plants [47]. Plants mutated in Henl, another protein of the miRNA pathway
(Figure 1), showed similar results [47]. Because the biosynthesis of miR162 was disrupted in both dc/1
and henl, miR162 accumulation was limited and the cleavage of its target DCL1 was decreased. From
that, miR162 was identified to target and cleave DCL1 to fine-tune the accumulation level of
DCL1 [47]. An analogous feedback mechanism for miR168 and its target AGO1 is reported [48].
MicroRNA168-resistant ago/ mutant plants of Arabidopsis overaccumulated ago/ mRNA and showed
a decrease in miRNA levels. Furthermore, the developmental defects in the miR168-resistant agol
mutant plants were recovered by a compensatory synthetic miRNA that was complementary to the
mutant ago/ mRNA [48]. This demonstrates the importance of the miRNA-mediated regulation of
DCL1 and AGOL1 for proper functioning of the miRNA pathway. Although little is known concerning
the effects of metal stress on the miRNA pathway itself, drought, salt, heat, UV-B and mechanical
stress either up- or down-regulated miR162 and miR168 expression [23], indicating that the miRNA
biogenesis pathway could be stress sensitive.
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3. The Role of miRNAs in Regulating Their Downstream Targets
3.1. MicroRNA Functioning in Development

Discovering the function of miRNAs starts with identifying the miRNA targets, mostly at first by
computational prediction [30,49], then followed by experimental validation. Methods like 5'-rapid
amplification of cDNA ends (5'-RACE) and Parallel Analysis of RNA Ends (PARE) sequencing
technology already identified and validated many targets of known miRNAs [50,51]. The use of
knock-down, knock-out and overexpression mutants also contributed to the discovery of miRNA
functions [52,53]. It is now clear that miRNAs play an important role in a large number of fundamental
biological processes.

Most targets of miRNAs are transcription factors (TFs) usually having a function in plant
development. In Arabidopsis, miR319 has been demonstrated to control leaf development by targeting
teosinte branchedl cycloidea proliferating cell factor (TCP) transcription factors. Overexpression
mutant plants in this MIR gene have crinkly leaves instead of flat leaves, and this phenomenon was
rescued by the introduction of miR319-resistant TCP2 constructs [54]. Leaf polarity is regulated by the
TFs phabulosa (PHB), phavulota (PHV) and revoluta (REV), all targets of miR165/166. When
miR165/miR166 control of PHB, PHV and REV is suppressed, resulting in gain-of-function mutants,
accumulation of these proteins is expanded from the adaxial regions to the abaxial regions in lateral
organ primordia, thereby disturbing leaf polarity [55-57]. Members of the NAM/ATAF/CUC
(NAC)-domain family are TFs that contain a similar N-terminal DNA-binding domain and the name of
this family is derived from three proteins, namely NAM (no apical meristem), ATAF1-2 (Arabidopsis
transcription activation factor) and CUC (cup-shaped cotyledon). MicroR164 targets several members
of the NAC-domain family, like CUC1/2 and NAC1 [53,58]. Transgenic plants expressing a
cleavage-resistant form of NAC1 mRNA had more lateral roots than the WT plants, and
overexpression of miR164 had reduced NAC1 mRNA levels and less lateral roots, pointing out that the
regulation of NACI1 is important for lateral root development [58]. In Arabidopsis, the regulation of
CUCI and CUC2 by miR164 constrains the expansion of the boundary domains in meristems,
indicated by the observed enlarged boundary domains in miRNA-resistant CUC2 plants and in plants
with reduced miRNA levels (knock-out mutants dcl/l, henl and hyll) [53]. Also, members of the auxin
response factor (ARF) family are regulated by miR160 and miR167, thereby regulating auxin signaling
and, thus, multiple developmental responses, even reproduction [59,60]. The transitions from juvenile
to vegetative to reproductive phase are controlled by squamosa promotor binding-like (SPL) family
members and apetala2 (AP2)-like genes targeted by miR156 and miR172, respectively [61,62]. These
few examples prove the important roles of miRNAs in development.

3.2. MicroRNA Functioning in Stress Responses

Although most (known) miRNAs play a role in developmental processes, evidence from the last
10 years demonstrates the involvement of miRNAs in regulating stress responses. One of the first
miRNAs described to be involved in stress response is miR395 as its expression increased upon sulfate
starvation (0.2 and 0.02 mM (NH4),SO4) in Arabidopsis [49]. This miRNA targets two families
involved in the sulfate assimilation pathway, namely ATP sulfurylases (APS) and sulfate transporter
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2;1 (SULTR2;1) [49,63,64]. Overexpression of miR395 resulted in a reduction of the target transcripts
and an overaccumulation of sulfate in the shoots. The RNAIi triple repressed mutant apsl/sultr2;
1/aps4 phenocopied this miR395-overexpressing mutant [65]. Also during phosphate starvation,
miRNAs come into play. MicroRNA399 is up-regulated during phosphate starvation, thereby
regulating Pi homeostasis by targeting phosphate2 (PHO2), an ubiquitin-conjugating E2
enzyme [66,67]. Overexpression of miR399 reduced PHO?2 transcripts and the phenotype of the
miR399 overexpressor was the same as pho2 knock-out mutants. Furthermore, the remobilization of
phosphate in both mutants was almost identical, demonstrating the control of phosphate homeostasis
through the regulation of PHO2 by miR399 [67]. Several other studies identified stress-regulated
miRNAs and some are listed in the following. Under UV-B stress conditions, 21 miRNAs belonging to
11 miRNA families showed an up-regulated expression in Arabidopsis, implying a regulatory role for
these miRNAs in a UV-B stress response [68]. Micro-array data also revealed 14 miRNAs of
Arabidopsis seedlings induced by high-salinity (300 mM NaCl), drought (200 mM mannitol) and low
temperature (4 °C), of which miR168, miR171 and miR396 responded to all three stresses [69]. By
constructing a library of small RNAs from Arabidopsis, Sunkar and Zhu [70] also found several
miRNAs that were up- or down-regulated by cold (0 °C for 24 h), dehydration (for 10 h), NaCl
(300 mM for 5 h) and ABA (100 uM for 3 h) treatments. These results indicate significant roles for
miRNAs in responses to environmental stresses, although the primary effects on stress tolerance
remain to be elucidated for the specific miRNAs.

4. The Role of miRNAs in Metal Stress

Although miRNAs have been intensively studied over the last years, little research is performed on
the role of miRNAs in metal stress responses. Nevertheless, a number of studies demonstrated the
involvement of miRNAs in responses to different metal toxicities, mostly using screenings like
microarrays and deep sequencing of small RNA libraries. These studies were performed on
different species such as Arabidopsis thaliana, Medicago truncatula, Brassica napus, Oryza sativa,
Nicotiana tabacum and Phaseolus vulgaris. Plants were exposed to different metal treatments,
including essential elements (Cu, Fe, Zn and Mn) and non-essential elements (Cd, Hg, Al and As). The
metal-regulated miRNAs of these studies are summarized in Figure 2.

Plants initiate three major actions in response to metal toxicity, namely complexation of excess
metals, defense against metal-induced oxidative stress and signal transduction for controlling various
biological processes. The current knowledge of the involvement of miRNAs herein will be discussed
in the following parts.
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Figure 2. Summary of metal-regulated miRNAs in plants and their target families.
MicroRNAs are categorized based on the metal they respond to. The effects of excess
essential (Cu, Mn, Zn and Fe; blue boxes) and non-essential (Cd, Al, Hg and As; purple boxes)
metals on the expression of miRNAs is shown (green: up-regulation; red: down-regulation;
orange: up-regulation or down-regulation through contrasting results in various studies.).
These metal-regulated miRNAs are obtained from several plant species, like Arabidopsis
thaliana (At), Phaseolus vulgaris (Pv), Medicago truncatula (Mt), Brassica napus (Bn),
Oryza sativa (Os) and Nicotiana tabacum (Nt) [14,21,71-82].
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4.1. Role of miRNAs in Metal Complexation

After construction of a small RNA library of Brassica napus seedlings exposed to excess Cd and
sulfate limitation, several stress-responsive miRNAs were reported among which miR395 [71].
Expression analyses revealed an up-regulation of miR395 under Cd exposure and sulfur deficiency.
Several ATP sulfurylases (APS) and SULTR2;1 were identified as targets of miR395, but there was
not always a consequent negative correlation between these targets and miR395 [63,71]. SULTR2;1 is
a low affinity sulfate transporter functioning in the sulfate remobilization from mature into younger
leaves, and the APS enzymes catalyze the first step in the sulfur assimilation pathway [65,82]. This
pathway leads to the assimilation of sulfate into cysteine and further to the production of glutathione
(GSH) [82]. Cadmium, mercury (Hg) and other metals have a high affinity for thiols, the functional
group of GSH and phytochelatins (PCs) [4,83,84]. The chelation of these metals to GSH and PCs is
therefore an important defense strategy against metal stress, since it prevents that free metal ions can
exert their action. In Arabidopsis, an increase in PCs is observed in response to Cd treatments and
mutants lacking PCs are hypersensitive to Cd [11,85]. Because Cd-induced miR395 regulates the
sulfate assimilation pathway, and hence, indirectly the GSH and PC biosynthesis, miRNAs can have a
role in the complexation of free metal ions. Furthermore, PC synthesis is up-regulated upon Zn and Hg
exposure, but if this induction is regulated by miR395 remains to be proven [20,83].

Nevertheless, various regulation patterns were reported on the miR395 expression in response to
excess metals. In 14 days old Brassica napus plants, RT-PCR analysis showed an up-regulation of
miR395 at time point 72 h upon treatment with 80 uM Cd in a kinetic (12, 24, 48 and 72 h) study [71].
On the other hand, in another study with the same plant and growth conditions, sequence reads of
control and Cd-treated (80 uM for 6, 24 and 48 h) miRNA libraries were compared and a
down-regulation of miR395 was reported [72]. A possible explanation for these contrasting results
may be found in the experimental design. The 72 h induction time point of the first study was absent in
the second study and, moreover, in the latter, the samples of the same conditions, but different time
points were pooled to construct the miRNA libraries, thereby excluding possible kinetic regulations of
miR395. In Medicago truncatula, the regulation of miR395 after metal exposure was also reported.
Four-day old seedlings were exposed for 6, 12, 24 or 48 h to 10 uM Hg, and an induction of miR395
was observed as determined by sequence analysis of miRNA libraries [73]. However, no response of
miR395 was observed in 16 days old Medicago truncatula plants upon exposure to 20 uM Hg, 80 uM
Cd or 50 uM Al for 24 h, analyzed with RT-PCR [74]. The differences in responses observed may be
due to the different developmental stage and the exposure times of the plants in the above studies. This
indicates that the miRNA response can be time-dependent, and hence, kinetic studies of miRNA
expression levels may be more informative to compare responses within and between species.

A direct correlation between metal stress, miRNAs and complexation remains rather uncertain.
There is a possibility that metals induce PC synthesis independently of miR395, thereby consuming
sulfate into the polypeptide chain. This, in turn, causes a sulfate limitation response and, thus, an
induction of miR395 for regulating the sulfate assimilation pathway. Additional experiments are
needed to clarify this interconnection.
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4.2. Role in Oxidative Stress

Toxic metal concentrations disturb the redox-balance and generate excessive amounts of ROS
leading to oxidative stress [8]. These metals can be essential or non-essential elements for plants to
finish their life cycle. In the following section, the role of metal-induced miRNAs in the oxidative
challenge is discussed, whereby first the responses of essential metals and secondly of non-essential
metals are described.

Exposure of Arabidopsis thaliana seedlings to excess Cu decreased miR398 transcription, resulting
in an up-regulation of its targets CSD1 and CSD2, two Cu/Zn superoxide dismutases [14,21].
Redox-active metals like Cu induce oxidative stress directly via the Fenton and Haber-Weiss reactions.
Therefore, an up-regulation of anti-oxidants, such as CSDs, is important for scavenging ROS and
reducing damage. In Arabidopsis, the miR398 family consists of three loci, namely miR398a,
miR398b and miR398c. The expression of all three miR398s was down-regulated when exposed to
excess Cu [14,21]. Conversely, under Cu-deficiency miR398 is induced causing down-regulation
of CSD1 and CSD2 [86,87]. FSDI (FeSOD) is up-regulated and takes over the superoxide
dismutase function [86—88]. This is a coordinated response in which squamosa promoter binding
protein-like7 (SPL7) binds directly to GTAC motifs in both FSD/ and miR398b/c promoters, thereby
up-regulating their expression, which causes a positive regulation of FSDs and a negative regulation of
CSDs. Additionally, GTAC motifs are present in the promoters of miR397, miR408 and miR857 [87].
All these miRNAs were up-regulated during Cu deficiency, and their targets are all Cu-containing
proteins [87,89]. As a result, the limited Cu is then not targeted to these proteins, but preferentially to
plastocyanin, which is not miRNA regulated and is essential for photosynthesis.

Plants exposed to toxic concentrations of Fe, another essential micronutrient, and methylviologen
(MV), both directly inducing oxidative stress, showed similar results as observed after excess Cu
treatment. Seedlings from Arabidopsis thaliana were 8 or 24 h exposed to 10 pM MV or 100 pM Fe**
and an expression analysis of miR398 and CSDs was performed [21]. MV and Fe’" led to a
down-regulation of miR398 and an induction of CSD/ and CSD2, probably for defense against the
oxidative stress. In Arabidopsis thaliana, the expression profiles of primary transcripts of miR398
were also analyzed after exposure to excess Zn (100, 250 or 500 uM Zn) [20]. In leaves, transcripts of
miR398b/c genes showed an induced expression, while there was no difference in expression in the
roots. Noteworthy, the three miR398 genes were differently regulated by Zn toxicity, which had not
been reported before during stress treatment. Transcription of miR398a decreased in leaves and roots,
whereas miR398b and miR398c transcript levels were induced in leaves, but showed no response in
roots [20]. The authors suggested the possibility that, under Zn stress, CSD1 in the leaves is only regulated
by miR398a and not by miR398b/c, since CSD1 is up-regulated. In contrast, CSD2 is down-regulated
in leaves after Zn treatment, which is in accordance to the induction of miR398b/c expression.

MiR398 has also been studied in other species than Arabidopsis and upon exposure to non-essential
metals. Using miRNA macroarrays, miRNAs in leaves, roots and nodules of Phaseolus vulgaris were
detected under normal and various stress conditions (low pH (5,5); deficiency of phosphorus (P), Fe or
nitrogen (N); manganese (Mn) toxicity) [75]. Manganese toxicity (200 uM) regulated 33 miRNAs in
total in the three organs of which several miRNA expressions where organ specific, among which the
expression of miR398. In the leaves, miR398 was decreased, whereas an induction of miR398 was
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observed in the roots and nodules [75]. The exposure of Medicago truncatula (4 or 16 days old) to
non-essential metals, like 80 uM Cd, 10 or 20 uM Hg and 50 uM Al, for 6, 12, 24 or 48 h led to a
decreased miR398 expression [73,74]. On the other hand, miR398 induction was reported in 21 days
old Nicotiana tabacum seedlings after exposure to Al oxide nanoparticles from germination onwards
and in 21 days old Arabidopsis thaliana seedlings upon treatment with 5 or 10 uM Cd for 24 h
accompanied with a reduced CSD level [14,76]. A possible explanation for these results can be that
non-essential metals interfere with the uptake and/or subcellular speciation and localization of essential
metal micronutrients, which then influences miRNA expression as a secondary effect.

These above results may indicate that the experimental design is an important factor in the observed
plant responses to metal stress. In general, metals induce oxidative stress, directly or indirectly, but the
oxidative stress signature (e.g., the speciation, duration and level of ROS production, the cellular redox
state...) may be dependent on the metal speciation, concentration and exposure time. For example,
through down-regulation of miR398 with subsequent induction of CSD levels, plants are capable of
increasing the capacity of scavenging superoxide radicals and reacting to the oxidative stress induced
by excess metals. However, this response is not always straightforwardly followed by the plants
(see examples above). So, it seems that different metals, exposure time, exposure concentrations,
species, organ, developmental stage and cultivation techniques may influence regulation of miRNA
expression, as well as regulation of the targets, and that direct effects are not always easily
distinguishable from secondary effects.

4.3. Role in Signal Transduction

Between the perception of metal stress and the onset of cellular responses, a cascade of signaling
events takes place. Metal stress induces elevated levels of ROS that may result in damage. But on the
other hand, the produced ROS can function as signaling molecules, e.g., in activating MAPK
pathways, to control stress responses. Several studies reported the involvement of mitogen-activated
protein kinase (MAPK) pathways in metal stress signaling. In Arabidopsis thaliana, exposure to 2 uM
Cu or 5 uM Cd resulted in the up-regulation of MPK3 and MPKG6 transcript levels [90]. In addition, in
Medicago sativa, four MAPKs (SIMK, MMK2, MMK3 and SAMK) were activated upon treatment
with increasing concentrations (1, 10, 50, 100, 500 and 1000 uM) of Cu or Cd in a dose-dependent
manner [91]. Furthermore, Oryza sativa exposed to 50 uM arsenite (As) showed increased transcript
levels of OsMPK3 and OsMKK4 in leaves and roots [92]. A link between MAPK pathways and
miRNAs in metal stress response was shown for OXI1 (oxidative signal inducible kinase), a
component of the MAPK pathway, that is involved in the regulation of miR398b/c upon 5 uM Cd and
2 uM Cu treatment in Arabidopsis thaliana (ecotype Wassilewskija) seedlings. MicroRNA398b/c was
up-regulated in oxi/ knock-out mutants after Cd exposure, while in the wildtype (WT) there was no
response. Treatment with Cu down-regulated the expression of miR398b/c in the WT, which was not
seen in oxil [93].

The final kinase in the MAPK cascade activates TFs that further downstream regulate gene
expression. In addition, several TFs are targets of metal-regulated miRNAs. The targets of
miR156/157 are TFs of the SPL family and play diverse roles in amongst others phase transition,
flower development and plant architecture [49,72,94]. MicroRNA156/157 was down-regulated after
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exposure to 80 uM Cd in Brassica napus, 10 uM Hg in Medicago truncatula and 450 uM Al in rice,
while it was induced upon 200 uM Mn in Phaseolus vulgaris [73,75,77,78].

Furthermore, several metal-induced miRNAs have targets involved in the hormone biogenesis and
signaling, often via influencing transcription factors. Phytohormones, like ethylene, auxin and
jasmonic acid (JA), are important signaling molecules whose production can be influenced by metal
toxicity and thereby affecting signal transduction [95-98]. Several transcription factors of the TCP
family are targets of miR319. The TCP TFs play a role in leaf development (cfr. supra) and hormone
signaling [54,99]. In Arabidopsis, expression analyses of plants with increased activity of miR319
showed altered expression of jasmonic acid biosynthesis genes and changed levels in JA [99]. Several
studies reported the regulation of miR319 under various metal stresses. The induction of miR319 was
shown upon treatment with 80 uM Cd or 20 uM Hg in Medicago truncatula and 200 uM Mn in
Phaseolus vulgaris, whereas it was down-regulated after treatment to 80 uM Cd in Brassica napus and
10 uM Hg in Medicago truncatula [72-75]. Another miRNA involved in hormone signaling is
miR171, which targets scarecrow-like (SCL) transcription factors that function in a wide range of
developmental processes, including radial patterning in roots and hormone signaling [100]. An sc/3
null mutant displayed reduced gibberellin (GA) responses and an induced expression of GA
biosynthesis genes, indicating that SCL3 can positively regulate GA signaling [101]. MicroRNA171
was down-regulated after 40, 60 or 80 uM Cd exposure in Brassica napus and Oryza sativa and 10 uM
Hg exposure in Medicago truncatula [72,73,77,79], whereas Zhou et al. [74] reported the induction of
miR171 after exposure to 80 uM Cd, 20 uM Hg or 50 uM Al in Medicago truncatula. MicroRNAs are
also involved in the auxin signaling. In Arabidopsis, by using 5'-RACE analysis, it was detected that
miR393 guides the cleavage of the 4 auxin receptors transport inhibitor responsel (TIR1), auxin
signaling F-BOX1 (AFB1), AFB2 and AFB3. Real-time RT-PCR showed that these targets of miR393
were all up-regulated in the leaves of the T-DNA insertion mutants, mir393b and dcl/I-9. Furthermore,
the mir393b mutant plants compared to the WT showed a greater number of leaves, more leaf
elongation and more leaf epinasty, a typical phenotype for auxin hypersensitivity [102]. These results
indicate that miR393 is involved in auxin signaling by regulating its four auxin receptor targets.
Moreover, miR393 is identified to be metal-responsive, since miR393 expression was up-regulated in
Medicago truncatula upon 80 uM Cd and 20 uM Hg, and decreased upon 80 uM Cd in Brassica
napus and 450 uM Al in rice [74,77,78].

Altogether, it is clear that metal stress-induced signal transduction involves a multitude of signaling
components that interact with each other and whereby miRNAs play an important role that needs to be
taken into account in future studies.

4.4. Other Metal Stress Regulated miRNAs

Besides the metal stress regulated miRNAs discussed in the above parts, a number of studies
demonstrated also the regulation of non-conserved species-specific miRNAs under metal stress
(see Figure 2). The function of these miRNAs is mostly unknown, since the targets of these miRNAs
are unknown proteins, unspecific TFs or have an unspecific role in metabolism. In addition,
several conserved miRNAs that have no (known) function in metal complexation, oxidative stress
or signal transduction were identified to be metal stress regulated, like miR397 and miR408
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(see Figure 2) [72,75,76,78,80]. Both miRNAs target laccases (LAC) that are Cu-containing proteins
able to catalyze the oxidation of various substrates, such as phenols and amines [103]. It is suggested
that these enzymes are involved in lignin biosynthesis, but the definitive function remains largely
unknown [103,104]. In Arabidopsis, T-DNA insertion mutations in LAC4 and LACI7 resulted in
reduced stem lignifications, demonstrating that these laccases have a function in lignin synthesis [105].
Several studies reported an increased lignin synthesis upon metal treatment [106,107]. Furthermore,
X-ray spectroscopy analysis in Juglans regia demonstrated that metal ions (Pb) can interact with the
oxygen atoms of lignin, providing evidence that lignins can complex metal ions [106]. These results
suggest a role for miR397 and miR408 in extracellular metal complexation by targeting laccases, but
this function remains to be elucidated.

5. Stress-Specific Regulation of miRNAs Is Not Always Straightforwardly Connected to
Beneficial Target Gene Regulation

Plants have to react in a correct way to various stresses to be able to complete their life cycle.
Different stresses determine a specific regulation of the stress response. Also microRNA expression is
differently regulated by several kinds of stresses. In Arabidopsis thaliana, UV-B radiation, cold stress
and salt stress induced expression of miR169, while it was down-regulated by ABA and drought
stress [23]. Also, for miR395, a diverse expression array was observed, being induced by sulfate
deprivation and down-regulated by hypoxia. Interestingly, the same kind of stress can induce
contrasting miRNA responses in different species. For example, upon salt stress miR167 was induced
in Arabidopsis thaliana, but down-regulated in Zea mays [23]. Furthermore, different metals can
provoke different responses of miRNA expression. For example, miR398 is up-regulated by Cu
excess, but the expression decreased after Cd treatment [14]. Moreover, miRNAs of the same family
can also be differently regulated, as seen after exposure to excess Zn, where miR398a transcript levels
were decreased and levels of miR398b and miR398c were induced [20]. These examples indicate that
the regulation of miRNAs is stress-specific and clearly emphasizes the need for further research to a
gain better insight in these regulations. Genetic screens using mutagenized transgenic miRNA
promoter-reporter lines may be used to identify upstream events leading to up- or down-regulation of
miRNA promoter activity.

Activation of a MIR gene to form pri-miRNA transcripts, processing of these into a mature miRNA,
and subsequent down-regulation of the mRNA target, is a sequence of events that is sometimes
followed straightforwardly. It is interesting to argue that this scheme of regulation is followed strictly
when the miRNA-mediated regulation of the target mRNA is essential and functionally important.
Hence, it has evolved evolutionary as a dominant and direct response leading to correct regulation of
target gene expression, for example, during development. Deviations can occur in this process, for
example, a “non-logical” response or an absence of correspondence between miRNA expression and
target regulation. These deviations may be the result of a less dominant regulation by miRNA and the
involvement of other regulations, for example, at the transcriptional level. This is often observed as the
consequence of stress effects and lead to secondary responses that are either beneficial, neutral or
disadvantageous responses.
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Cd exposure leads to oxidative stress, and exposure to various agents causing oxidative stress have
been reported to down-regulate miR398, thereby allowing increased CSD expression levels [21].
Strikingly, a “non-logical” response was observed for miR398, which was up-regulated thereby
down-regulating CSDs after Cd treatment [14]. This may be a secondary response that is not
necessarily beneficial for the plant.

A large number of miRNAs have different targets that do not necessarily belong to the same gene
family. Interestingly, not all targets of a miRNA are regulated in the same way. While miR395 was
induced upon sulfate deficiency, its APS targets were not all down-regulated. APS/ showed no
response, APS3 was up-regulated, while APS4 was induced after sulfate deficiency [65].

Another possible deviation of the miRNA-target process is that both miRNA and target are
regulated in the same way. In this case, a certain stress stimulates the transcription of a miRNA and its
target. The outcome of this response is dependent of the balance between the transcription rate and the
post-transcriptional regulation of the target. Several studies have already investigated the proteins
involved in the miRNA biogenesis pathway and the RISC complex, but additional protein factors,
e.g., that may cause stress specific regulations, cannot be ruled out. There may be some (unknown)
protein factors of the RISC complex, some of which are perhaps stress-dependent, that may determine
whether miRNA-target interaction takes place. It is clear that the elucidation of the exact role of
miRNAs in regulating stress responses has a complexity that in many cases remains to be untied, as it
cannot be explained by all current knowledge on mechanisms of miRNA action.

6. Conclusions

A precise and accurate regulation of stress responses is of major importance for plants to be able to
complete their life cycle. Upon metal stress, major alterations in the gene expression of plants occur to
regulate complexation of the metals, defense against the metal-induced oxidative stress and changes in
various biological processes. MicroRNAs are crucial components of the gene regulatory network
through their negative regulation of target genes. A complete insight into the functions of miRNAs will
increase our understanding of plant responses to metal stress. Therefore, the identification of entire sets
of metal-regulated miRNAs and their targets in a tissue-specific manner is needed. If these identified
metal-regulated miRNAs are specifically altered in their gene expression for adjustment and tolerance
to the metal stress or if these alterations in miRNA expression are secondary consequences of a
disturbed cellular homeostasis due to the metal stress, remains to be uncovered in future studies.
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