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MicroRNAs (miRNA) regulate key aspects of development and
physiology in animals and plants. These regulatory RNAs act
as guides of effector complexes to recognize specific mRNA
sequences based on sequence complementarity, resulting in
translational repression or site-specific cleavage1,2. In plants,
most miRNA targets are cleaved and show almost perfect
complementarity with the miRNAs around the cleavage site3–8.
Here, we examined the non–protein coding gene IPS1
(INDUCED BY PHOSPHATE STARVATION1) from Arabidopsis
thaliana. IPS1 contains a motif with sequence complementarity
to the phosphate (Pi) starvation–induced miRNA miR-399,
but the pairing is interrupted by a mismatched loop at the
expected miRNA cleavage site. We show that IPS1 RNA is
not cleaved but instead sequesters miR-399. Thus, IPS1
overexpression results in increased accumulation of the
miR-399 target PHO2 mRNA and, concomitantly, in reduced
shoot Pi content5–8. Engineering of IPS1 to be cleavable
abolishes its inhibitory activity on miR-399. We coin the term
‘target mimicry’ to define this mechanism of inhibition of
miRNA activity. Target mimicry can be generalized beyond the
control of Pi homeostasis, as demonstrated using artificial
target mimics.

In plants, phosphorous nutrition is one of the processes regulated by
miRNAs9–12. Pi homeostasis is a critical determinant of growth
performance and is subject to a complex regulatory system13–15. The
Pi starvation–responsive miR-399 can guide the cleavage of PHO2
RNA, which encodes an E2 ubiquitin conjugase–related protein that
negatively affects shoot Pi content and Pi remobilization through an
unknown mechanism9–12. In addition to PHO2 mRNA, other RNAs
containing a region of complementarity with miR-399 constitute a
new class of Pi starvation–induced, non–protein coding RNAs, the
TPSI family, originally described in tomato and represented in
A. thaliana by several genes, including IPS1 and At4 (refs. 16–20).
The functional importance of the region of miR-399 complemen-
tarity has been unknown. Here we show that IPS1 is not
cleaved by miR-399 but that IPS1 can inhibit the effect of miR-399

on PHO2 mRNA using a strategy based on target mimicry. This
mechanism can be exploited to inhibit miRNAs other than miR-399.
IPS1, At4 and other members of this family have only short,

nonconserved ORFs, although an ORF that has the potential to
encode a peptide of four amino acids, Met-Ala-Ile-Pro, is shared
between IPS1 and its close paralog At4 (Fig. 1a)17–20. In contrast, a
23-nt-long motif has been conserved in members of this gene family
from different plant species (Fig. 1a and Supplementary Fig. 1a
online). This 23-nt nucleotide motif shows extensive sequence com-
plementarity with miR-399. However, there are critical mismatches,
including a bulge opposite positions 10–11 of the miRNA. Sequence
complementarity in this region is required for miRNA-guided cleavage
of mRNA targets3–8.

To investigate the effect of miR-399 on IPS1 mRNA, we examined
transgenic plants overexpressing IPS1 and miR-399, either alone or in
combination. miR-399 overexpression did not result in any sign of
IPS1 RNA degradation (Fig. 1b), although it was effective in reducing
PHO2 mRNA accumulation. Notably, the effect of miR-399 on PHO2
mRNA was greatly suppressed by simultaneous IPS1 overexpression,
suggesting that IPS1 antagonizes the effects of miR-399. In agreement
with previous reports on the negative effect of PHO2 on shoot
Pi content9–12, the shoot Pi content of IPS1-overexpressing plants
was lower than that in their counterparts lacking IPS1 overexpression.
We observed this effect both with and without miR-399 overexpres-
sion (Fig. 1c).

The fact that IPS1 overexpression increased PHO2 mRNA accu-
mulation in plants not overexpressing miR-399, in which miR-399 was
not even be detected on small RNA blots, led us to examine whether
there was any indirect evidence for miR-399 activity in these plants.
Analysis of miR-399 cleavage products of PHO2 mRNA in plants not
overexpressing miR-399 demonstrated there is indeed miR-399 activ-
ity in these plants and that this activity is reduced by IPS1 over-
expression (Supplementary Fig. 2 online). These findings suggested
that IPS1 inhibits miR-399 activity, thereby resulting in increased
PHO2 mRNA accumulation and activity. In line with this, mapping
the sequences of IPS1 responsible for its effect on shoot Pi content and
PHO2 mRNA accumulation identified the region of complementarity
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with miR-399 as crucial for the inhibitory effect of IPS1 on miR-399
activity (Supplementary Fig. 3 online).

We also tested the effects of overexpressing a close IPS1 paralog,
At4. As with IPS1I, At4 overexpression also resulted in decreased shoot
Pi accumulation (Supplementary Fig. 4a online). This finding sug-
gests redundancy between IPS1 and At4 and possibly among the other
IPS1 family members, all of which are responsive to Pi starvation and
contain a region of miR-399 complementarity (Supplementary
Fig. 1). In line with the notion of functional redundancy is the
observation that combined overexpression of IPS1 and At4 did not
result in a further decrease of Pi accumulation (Supplementary
Fig. 4a), which can be explained by IPS1 and At4 having very similar
biological activity.

The effect of At4 overexpression on shoot Pi accumulation is in
agreement with the phenotypic consequences of inactivating At4,
which results in a moderate but significant increase in shoot
Pi content upon Pi starvation20. The modest size of the effect of At4
inactivation is consistent with the presumed functional redundancy
among the five members of the IPS1 family in A. thaliana.
The opposite type of effect of At4 downregulation and overexpression
argue against At4 overexpression having nonphysiological effects.
Instead, they support the notion that IPS1 family members are
bona fide riboregulators, rather than mere targets of miR-399.
Consistent with the hypothesis that IPS1 family members antagonize
miR-399 activity, PHO2 mutations masked the effects of IPS1
or At4 overexpression on Pi accumulation in shoots (Supple-
mentary Fig. 4a).

We decided to further examine the hypothesis that IPS1 and At4
directly inhibits miR-399 activity and explore the mechanism of
inhibition using transient expression of IPS1, miR-399 and a
PHO2:GFP reporter in Nicotiana benthamiana. The expression cas-
settes were placed under the control of the 35S constitutive promoter
to avoid feedback loops obscuring the interpretation of results. As
expected, PHO2:GFP fluorescence and protein accumulation were
reduced after overexpression of wild-type miR-399 (Fig. 2a,b). The
direct interaction between PHO2:GFP and miR-399 was further
confirmed by the observation that a form of PHO2:GFP with muta-
tions in the miR-399-targeting motif was guided to cleavage by a form

of miR-399 carrying the corresponding compensatory mutations
(Fig. 2a,c and Supplementary Fig. 5 online)21. The effect of miR-
399 on PHO2:GFP was suppressed by simultaneous expression of IPS1
(Fig. 2b), and a mutant form of IPS1 with reduced complementarity
to miR-399 did not affect miR-399–mediated silencing of PHO2:GFP
(Fig. 2a,d). Finally, we reconstituted the interaction between IPS1,
miR-399 and PHO2 in a system in which complementary and
compensatory mutations were introduced in all three components
(Fig. 2a,d), also demonstrating that the IPS1–miR-399 interaction is
direct. This suggests a model in which IPS1 sequesters miR-399
through complementary interaction.

The resistance of IPS1 mRNA to miRNA-guided degradation could
be due to the presence of a mismatched loop in the miR-399
complementarity region that is predicted to impair miR-399-guided
cleavage3–8. In this context, the sensitivity of miR-399 activity to IPS1
overexpression could potentially be explained by IPS1 RNA acting
like a (noncleavable) pseudosubstrate inhibitor in classical enzyme
reactions rather than acting as a competing substrate. In support of
this hypothesis, the mismatched bases in IPS1 are less highly conserved
than the 5¢ and 3¢ positions that pair with miR-399, as the role of
the mismatch is simply to prevent IPS1 cleavage (Supplementary
Fig. 1a,b).

To test directly whether noncleavability of IPS1 is critical for its
function, we performed transient expression assays to compare the
wild-type form, IPS1, and a mutant form, ips1 Perfect Match (ips1PM),
in which perfect base-pairing with miR-399 is extended to the
normally mismatched center of the miR-399–complementary
motif. The ips1PM mutation is predicted to render IPS1 RNA suscep-
tible to miR-399–guided cleavage. Whereas accumulation of
wild-type IPS1 RNA was unaffected by miR-399 overexpression,
miR-399 caused degradation of ips1PM RNA. Concomitantly, the
inhibitory effect of ips1PM on miR-399–mediated downregulation of
PHO2:GFP was negligible (Fig. 3). It has recently been reported
that a noncleavable miR-390 target site is in vitro a more efficient
competitor for miR-390 compared with a cleavable substrate22. Our
results agree with this finding and also suggest that cleavage of
the miRNA competitor reduces its concentration to nonfunctional
levels in planta.

Figure 1 IPS1 RNA resistance to miR-399–

guided cleavage. (a) Diagram of IPS1 highlighting

the conserved miR-399 complementarity region

(CR; blue shading). The region surrounding the

CR (gray shading) and a short ORF that could

encode the tetrapeptide Met-Ala-Ile-Pro (orange

shading) is also related in sequence with At4, a

close paralog gene from A. thaliana. The miR-

399 family member shown is miR-399b, called

‘miR-399’ throughout the text, which has the

highest complementarity to IPS1. Nucleotide

positions invariant in more than 80% of all

known IPS1 and miR-399 family members are

indicated in blue. (b,c) Counteracting effects of

miR-399 and IPS1 overexpression. Shown is
RNA blot analysis of PHO2, IPS1 and miR-399

RNA accumulation (b) and shoot Pi content (c)

of wild-type and IPS1-overexpressing (IPS1-OE)

plants either overexpressing miR-399 (miR-399-

OE, three independent lines) or not

overexpressing miR-399, grown for 12 d under a

Pi-rich regime. We observed significant differences (Student’s t-test, P o 0.001) among all genotypes for shoot Pi content (error bars represent s.e.m.).

Ethidium bromide staining of rRNA and small RNA is shown as a loading control for mRNA and miRNA hybridizations, respectively. Relative PHO2 mRNA

accumulation in the different plant genotypes is indicated by numbers below each lane (normalized to accumulation in wild-type plants).
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That the mismatched loop in IPS1 is critical for its function is
consistent with previous reports that overexpression of miRNA targets
with cleavable target sites has few, if any phenotypic effects, in general.
In contrast, overexpression of miRNA targets with disrupted target
sites that are no longer accessible to miRNA-guided cleavage often
leads to marked phenotypes3. If miRNA targets with intact target sites
were generally able to sequester miRNAs, one would expect that
overexpression of unmodified miRNA targets would have similar
effects as overexpression of miRNA targets with disrupted target sites.

Two examples of miRNAs where overexpression of the wild-type
targets has few consequences are miR-156, which targets a series of
SPL genes23, and miR-319, which has complementary motifs in a
series of TCP and MYB genes24. To demonstrate that target mimicry
provides insight into general principles of miRNA function, we
modified the miR-399–complementary motif of IPS1 to mimic target
sites for miR-156 (‘MIM156’) and miR-319 (‘MIM319’) (Fig. 4a). In
contrast to the weak effects previously reported for overexpression of
cleavable miR-156 or miR-319 target sites, we found that plants

overexpressing MIM156 and MIM319 had marked phenotypes.
MIM156-overexpressing plants had very long plastochrons, flowering
at the same time as control plants, but with a much smaller number of
leaves (3.4 ± 1.3 rosette leaves, n ¼ 81, primary transformants) than
in controls (10.1 ± 0.8, n ¼ 30), which is the opposite of the
phenotype seen in plants with increased miR-156b expression6.
Likewise, MIM319-overexpressing plants had smaller leaves
(Fig. 4b), which is the opposite of what is seen in plants over-
expressing miR-319a24. In addition, stamen development was arrested.
In line with the phenotypic effects, several targets of miR-156
and miR-319 showed an increase in expression in different tissues of
transgenic plants overexpressing these mimics (Fig. 4c,d). There
was variation in the magnitude of the effect of artificial mimicry,
which we attribute to differential expression of the target mimics
in different transgenic plants. All phenotypes were confirmed in
following generations.

In conclusion, target mimicry, consisting of a noncleavable RNA
that forms a nonproductive interaction with a complementary

Figure 3 Efficient IPS1 inhibition of miR-399

requires IPS1 RNA resistance to miR-399–

guided cleavage. (a) Agroinfiltration assays in

which the Agrobacterium strain harboring the

PHO2:GFP reporter gene was inoculated in

combination with a mock strain or a miR-399

strain, alone or with strains harboring wild-type

IPS1 or a mutant derivative (ips1PM). ips1PM

is a mutant derivative of IPS1 with full
sequence complementarity to miR-399 in the

complementary region. RNA expression was

examined by blot analysis. Ethidium bromide

staining of rRNA and small RNA is shown as a

loading control for mRNA and miRNA

hybridizations, respectively. Arrowheads indicate

RNA molecules shorter than the full-length

transcript, indicative of miRNA-guided cleavage. (b) Model for miRNA inhibition by target mimicry. The target mimic, represented here by IPS1, requires

miRNA recognition (that is, sequence complementarity) as well as resistance to miRNA-guided cleavage. A degradation-sensitive substrate does not show any

significant miRNA inhibitory activity, as measured on a second substrate (PHO2).
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Figure 2 Effect of IPS1 on miR-399–dependent

PHO2 accumulation requires base-pairing between

IPS1 and miR-399. (a) Constructs used in the

agroinfiltration assays, driven by the 35S promoter

of CaMV. PHO2:GFP contains the PHO2 5¢ UTR
with five potential miR-399 target sites and the

ATG initiation codon fused to the GFP coding

region. In the mutant (‘Mut’) PHO2:GFP, four

point mutations were introduced into the third

miR-399 target site, one of the two most fre-

quently cleaved sites5. The IPS1 construct is

depicted as in Figure 1. Mutant IPS1 has

mutations at positions within the miR-399 com-

plementarity region, equivalent to those in mutant

PHO2:GFP. Mutant miR-399 has mutations that

restore base pairing with those in mutant PHO2:

GFP and mutant IPS1. (b–d) Transient expression

assays in N. benthamiana, monitoring PHO2:GFP

either by fluorescence microscopy or by protein

blot. ‘–’ indicates control agroinfiltration experi-

ments using strains with an empty vector. Ponceau

staining showing the Rubisco band is shown as

loading control. Relative PHO2:GFP accumulation
in the different agroinfiltration assays is indicated

in bar graphs below each panel. Error bars

represent s.e.m. from three replicates.
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miRNA, provides a new strategy that can be used to inhibit the activity
of specific miRNAs. We propose that IPS1 family members represent
an example of natural target mimicry. In this proposed situation, the
Pi starvation responsiveness of both miR-399 and IPS1 family mem-
bers along with their antagonistic roles provides a fine-tuning
mechanism for the control of Pi starvation responses and homeostasis.
This principle, in which elicitation of a signal is closely followed by
attenuation of the signal, is common to many signal transduction
pathways that rely on regulatory protein molecules. We are not
surprised that RNA-based signaling uses a similar mechanism. It
will be interesting to determine how often this general principle is
used in nature and whether endogenous target mimics are normally
restricted to noncoding RNAs. In addition, because many occur in
large families, reverse genetic analyses of plant miRNAs have been
difficult. Artificial target mimicry provides a new tool for the func-
tional analysis of plant miRNAs.

METHODS
Plants and Pi measurements. Arabidopsis thaliana (L.) Heynh (ecotype Col-0)

plants were grown as described25. For Pi starvation treatments, plants where

grown for 7 d in complete medium and were then transferred to medium

lacking Pi for 3–4 additional days before harvesting25. Cellular Pi was measured

according to the method of Ames26 in plants grown for 12 d in complete

medium. Data represent mean ± s.e.m. from three replicates and three

independent experiments.

Binary constructs and plant transformation. IPS1 and At4 constructs

were made from almost full-size cDNA19. cDNA was excised with NotI,

blunt-ended with the Klenow fragment of DNA polymerase I and cloned in

the SmaI site of pROK2 downstream of the 35S promoter of cauliflower mosaic

virus27. The 5¢ UTR region of PHO2 and miR-399b were obtained by PCR from

genomic DNA. Details on the constructs can be found in Supplementary

Methods and Supplementary Table 1 online. All binary constructs were

introduced into the C58 strain of Agrobacterium tumefaciens, and A. thaliana

plants were transformed as described28. Agrobacterium-mediated transient

expression assays in N. benthamiana plants were carried out as described29.

All experiments were performed twice in five independent plants; representative

data are shown.

RNA blotting. RNA was extracted with the RNAwiz reagent (Ambion), and

15 mg RNA was loaded in each lane. RNA electrophoresis, transfer to nylon

membranes and hybridization were performed using standard procedures, as

described25. Details on the probes can be found in Supplementary Methods

and Supplementary Table 1. Small RNAs (30 mg) were separated on 15%

polyacrylamide gels containing 8 M urea. A DNA antisense probe correspond-

ing to miR-399b was labeled with T4 polynucleotide kinase (Roche) and 50 mCi

of g-32P-ATP. Hybridizations were performed at 37 1C overnight in 50%

formamide/5� SSC/5� Denhardt’s solution/0.5% SDS.

GFP analyses. Immunochemical detection of GFP and imaging were per-

formed as described30.

Construction and analysis of transgenic artificial mimicry plants. Artificial

mimicry sequences were engineered into the IPS1 gene, cloned into pGEM-T

Easy vector (Promega) and used as PCR template (see Supplementary

Methods for details). Total RNA was extracted from pooled primary transfor-

mants using TRIzol Reagent (Invitrogen), either from 10-d-old seedlings

(12–15 individuals per pool) or from leaves and inflorescences from

30-d-old plants (5–7 individuals per pool). Reverse transcription was per-

formed with the RevertAid First Strand cDNA Synthesis Kit (Fermentas), using

as starting material 2 mg of total RNA treated with DNase I (Fermentas). PCR

(see Supplementary Table 1 for oligonucleotides) was carried out in presence

of SYBR green (Invitrogen) and was monitored in real time with the Opticon

Continuous Fluorescence Detection System (MJR).

Accession codes. GenBank CoreNucleotide (all are mRNA sequences; MIPS

codes are given in parentheses): IPS1 (ref. 19), AF236376 (At3g09922); At4

(ref. 17), AF055372 (At5g03545); At4-1 (ref. 20), AY536062; At4-2 (ref. 20),

AY334555; At4-3, AI995459; PHO2 (refs. 9–12), NM–179887 (At2g33770).

miRBase: miR-399b precursor, MI0001021 (refs. 9–12); mature miR-399b9–12,

MIMAT0000952; mature miR-156b23, MIMAT0000167; mature miR-319b24,

MIMAT0000512.
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Figure 4 Artificial target mimics. (a) Design strategy for changing the miR-399 complementary sequence in IPS1 into a mimic sequence for miR-156

(‘MIM156’) and miR-319 (‘MIM319’) families. (b) Phenotypes of 25-d-old primary transformants constitutively expressing MIM156 (left) and MIM319

(right) compared with a wild-type plant (center, shown at smaller scale). Scale bars ¼ 0.5 cm. (c,d) Real-time RT-PCR analysis of selected targets of miR-

156 (c) and miR-319 (d). Expression in different tissues is shown as a multiple of expression in control plants, in two independent experiments.
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Note: Supplementary information is available on the Nature Genetics website.
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