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ABSTRACT

In plants, most microRNAs (miRNAs) and several
endogenous small interfering RNAs (siRNAs) bind
to ARGONAUTE1 (AGO1) to regulate the expression
of endogenous genes through post-transcriptional
gene silencing (PTGS). AGO1 also participates in a
siRNA-mediated PTGS defense response that thwarts
exogenous RNA deriving from viruses and trans-
genes. Here, we reveal that plants supporting trans-
gene PTGS exhibit increased levels of AGO1 protein.
Moreover, increasing AGO1 levels either by mutating
miRNA pathway components or, more specifically,
by impairing miR168-directed regulation of AGO1
mRNA leads to increased PTGS efficiency, indicat-
ing that the miRNA pathway dampens the efficiency
of PTGS, likely by limiting the availability of AGO1.
We propose that during the transgene PTGS initi-
ation phase, transgene siRNAs and endogenous
siRNAs and miRNA compete to bind to AGO1,
leading to a transient reduction in AGO1-miR168
complexes and a decline in AGO7T mRNA cleavage.
The concomitant increase in AGO1 protein levels
would facilitate the formation of AGO1-transgene
siRNA complexes and the entry into the PTGS amp-
lification phase. We suggest that the miRNA
pathway imposes an important limitation on PTGS
efficiency, which could help protect endogenous
mRNAs from being routinely targeted by PTGS.

INTRODUCTION

Although a large portion of the plant genome is actively
transcribed into RNA, only a small fraction encodes
proteins. In many cases, non-protein coding RNAs
produce small RNAs, 20-30 nt in length that direct tran-
scriptional or post-transcriptional repression of genes with

conserved cellular functions. Most small RNAs fall into
one of two classes: microRNAs (miRNAs) or short-
interfering RNAs (siRNAs). Although they are closely re-
lated biochemically, siRNAs and miRNAs differ function-
ally and in their mode of biogenesis (1,2). Primary miRNA
transcripts (pri-miRNA) are transcribed from specific
non-protein-coding MIR genes and fold to form imper-
fectly paired stem—loops. The maturation and processing
of pri-miRNA requires the activity of several proteins,
including the Cap-binding proteins CBP20 and CBP80/
ABHI, the zinc finger protein SERRATE (SE), the
double-stranded RNA-binding protein DRB1/HYLI, the
RNAselll protein DCL1 and the small RNA export pro-
tein HASTY (3). miRNAs bind to ARGONAUTE
(AGO) proteins and act in trans to modulate the spatial
and temporal expression of partially complementary
mRNAs. In contrast, siRNAs are processed by DCL4/
DCL2 from long perfectly dsSRNA precursors produced
by overlapping or converging transcription, or by the
action of cellular or viral RNA-dependent RNA polymer-
ases (RDRs) (1,2). Based upon their origin and func-
tion, plant endogenous siRNAs can be divided into four
classes: trans-acting siRNAs (tasiRNAs), natural anti-
sense transcript-derived siRNAs (natsiRNAs), endogen-
ous inverted repeat-derived siRNA and POLYMERASE
IV-dependent siRNAs (p4-siRNAs). Small RNAs bind to
specific ARGONAUTE (AGO) family proteins (4), which
function as the core of RNA-induced silencing complexes
(RISCs), using small RNAs as sequence-specific guides to
target complementary RNA. Small RNA-AGO complexes
silence their target mRNAs post-transcriptionally through
RNA cleavage and translational repression, or transcrip-
tionally by directing chromatin modifications (5).
Arabidopsis encodes 10 AGO proteins (4). The central
role of AGOI in both miRNA and siRNA-mediated RNA
silencing has been established through both genetic ana-
lysis and the identification of its associated small RNAs
(6). Moreover, variations in AGOI1 activity greatly affect
Arabidopsis performance as revealed by the different
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developmental defects exhibited by hypomorphic and null
agol alleles (7-10). Due to the wide-reaching importance
of AGOI in development, its expression is tightly regula-
ted in both an AGOIl- and a PNH/ZLL/AGOI10-
dependent manner by negative feedback loops involving
miR168 and AGOI-derived siRNAs (11-14). AGOI also
is positively regulated by the cyclophylin protein SQUINT
(SQN) (10) and negatively regulated by the F-box protein
FBW2 (15).

To examine the crosstalk between the miRNA and siRNA
pathways, we determined the effect of miRNA pathway
mutants on sense transgene-mediated post-transcriptional
gene silencing (S-PTGS) using the Arabidopsis L1 and Hcl
reporter lines, which carry a transgene consisting of the
viral 35S promoter fused to the bacterial uidA gene-
encoding B-glucuronidase (GUS) (16). We revealed that
destabilization of the miRNA pathway leads to increased
accumulation of AGOI1 and positively influences S-PTGS
efficiency. Overall, our results indicate that components
of the miRNA pathway act as endogenous suppressors
of S-PTGS likely by controlling AGO1 accessibility to
the different RNA silencing pathways and suggest that
a functional equilibrium between the miRNA and PTGS
pathways serves as an important manager of gene
repression.

MATERIALS AND METHODS
Plant material

All plants are in the Columbia accession. The L/ and Hcl
lines, the cbp20-1, se-1, se-2, se-3, dcll-7, dcll-9, hyll-1,
hyll-2, hst-6, sgs2-1, sgs3-1 and sgn-1 mutants, and
the 4mAGOI construct have been described before
(10,11,16-19). Lines LI and Hcl carry a p35S-uidA trans-
gene. Line L/ is systematically silenced by PTGS, whereas
line Hcl triggers PTGS only in 20% of the plant popu-
lation (16). The T-DNA insertion mutant cbp80
(SAIL_1227 E07) was obtained from  NASC.
Arabidopsis thaliana seeds were surface-sterilized by im-
mersion in a 0.8% (w/v) Bayrochlor (Bayrol France SA,
Mundolscheim, France) in 80% ethanol for 10 min under
strong agitation, rinsed once in 100% ethanol, and dried
under a sterile airflow. Sterilized seeds were sown on
Bouturage media (Duchefa) and were kept at 4°C for
72 h. After stratification, plants were grown in controlled
growth chambers. Analyses were performed on flowers
from 51 dag plants grown on Bouturage media
(Duchefa) in 16h light, 8h dark at 22°C and transferred
to soil at 14 dag and grown in controlled growth chambers
in standard long-day conditions (16 h of light, 8 h of dark)
at 21°C. The double mutants were obtained by
cross-pollenizing either the L/ or Hcl lines with each of
the different mutants, and the homozygous lines were
identified based on PCR assays.

RNA extraction, fractionation and RNA gel blot
hybridization

For RNA gel blot analyses, frozen tissue was homogen-
ized in a buffer containing 0.1 M NaCl, 2% SDS, 50 mM
TrissHCL (pH 9), 10mM EDTA (pH 8) and 20mM

B-mercaptoethanol and RNAs were extracted two times
with phenol and recovered by ethanol precipitation.

LMW were fractionated by denaturing PAGE on 15%
gels, stained with ethidium bromide and transferred to
nylon membrane (HybondNX, Amersham). Blots were
hybridized with radioactively labeled riboprobes for de-
tecting GUS plus and minus siRNAs, random-primed
DNA probes for GUS mRNA, and an end-labeled oligo-
nucleotide probe for U6 detection. Riboprobes were ob-
tained by in vitro transcription under the control of the
promoter of the T7 or the T3 RNA polymerase.
Hybridization was at 35°C with PerfectHyb Plus hybrid-
ization buffer (Sigma). Hybridization signals were quan-
tified using a Fuji phosphor imager and normalized to a
U6 oligonucleotide probe for small RNA gel blot
analyses.

Protein extraction, GUS activity quantification and
immuno blotting

GUS activity was quantified by measuring the quantity of
4-methylumbelliferone product generated from the sub-
strate  4-methylumbelliferyl-b-p-glucuronide (Duchefa)
on a fluorometer (Fluoroscan II; Thermo Scientific), and
fluorescence values were normalized to total protein ex-
tracted, which was quantified using an absorbance micro-
plate reader (Elisa Elx 808; Avantec) and the Bradford
protein assay. The same homogenized samples that were
used to extract RNA were also used to extract protein for
all analyses. Protein was extracted in buffer containing
20mM Tris—=HCI pH 7.5, 5SmM MgCl,, 300 mM NacCl,
0.1% NP-40. Protein concentrations were determined
using BioRad DC protein assay. Twenty micrograms of
protein were resuspended in Laemmli buffer (20 mM Tris—
HCI pH 6.8, 2% SDS, 5% glycerol, 40mM DTT and
0.02% bromophenol blue), heated at 100°C for 5min,
and separated on an 8% SDS-PAGE gel. Proteins were
transferred to PVDF membrane (BioRad) using a semi-
dry electro blotter. For AGO1 detection, the membrane
was blocked in 5% non-fat dry milk in 1x TBS, 0.1%
Tween-20 (1 x TBST) for 1h at room temperature, rinsed
for 5min in 1x TBST, and incubated with a 1:5000
dilution of AGOI1 primary polyclonal antibody
(Agrisera) in 5% non-fat dry milk and 1x TBST for 1 h
at room temperature. The membrane was then rinsed in
Ix TBST for 20 min before incubation with a secondary
peroxidase-conjugated anti-rabbit antibody in 5% non-fat
dry milk in 1x TBST at room temperature for 1 h. AGOI
signal was revealed using the Immun-Star WesternC Kit
(Bio-Rad) following the manufacturer’s specifications.

RESULTS AND DISCUSSION
Mutants deficient in the miRNA pathway undergo PTGS

Forward and reverse genetic screens based on sense trans-
genes have revealed that AGOIl, DCL2, DCL4, HENI,
HPR1, RDR6, SDES and SGS3 are required for
S-PTGS (8,16,20-26). This set of proteins partially
overlaps with the set of proteins required for the biogen-
esis and cleavage activity of the miRNA pathway (AGOL,
CBP20, CBP80, DCLI1, HENI1, HST, HYL1 and SE). To



further examine the interdependency of these two path-
ways, the L/ locus, which carries a post-transcriptionally
silent p35S:GUS transgene (16), was introgressed into
dell, hst, hyll and se mutants, and GUS activity was
analyzed at 40 days after germination (dag) (Figure 1A).
In contrast to LlI/rdr6, Ll/sgs3 and Ll/agol mu-
tants, which had high levels of GUS activity (25) and
Figure 1A), Li/dcll, L1/hst, L1/hyll and LI/se, mutants
had levels of GUS activity similar to L/ silenced plants,
indicating that dcll, hst, hyll and se mutations do not
compromise L/ S-PTGS.

Mutants deficient in the miRNA pathway exhibit
increased PTGS efficiency

A kinetic analysis of GUS activity and GUS mRNA levels
in L1 plants at 5, 11 and 17 dag revealed that GUS activity
and GUS mRNA levels progressively decreased from 5 to
17 dag, and then remained low (Figure 1B). To further
examine the effect of mutations in the miRNA pathway
on LI S-PTGS, GUS profiles were analyzed at 11 dag,
before L1 S-PTGS is fully established in wild-type
plants. GUS activity and GUS mRNA levels were sub-
stantially lower (ranging between 20- and 2-fold lower)
in L1/hst, L1/hyll and LI/se mutants than in L/ plants
at 11 dag, suggesting that S-PTGS was improved in these
mutants (Figure 1C).

To test if mutations in miRNA-specific components
could enhance S-PTGS, we introduced the Hcl locus
(16), which carries the same p35S:GUS transgene as the
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Figure 1. Mutants impaired in the miRNA pathway undergo efficient
L1 PTGS. GUS activity is indicated in fluorescence units per minute
per milligram of total protein (FU/min/mg protein). High-molecular
weight (HMW) RNA gel blots were hybridized with a GUS riboprobe.
25S RNA served as loading control. (A) GUS activity of the indicated
lines was analyzed from mature rosette leaves 40 days after germination
(dag). (B) GUS and RNA analyzed from aerial parts of L/ line seed-
lings at the indicated age in dag. (C) GUS and RNA analyzed from
aerial parts of seedlings from the indicated mutant and control lines at
11 dag.
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L1 locus but triggers S-PTGS less efficiently, into chp20,
¢bp80, dcll, hst, hyll and se mutants. chp20 and cbp80
mutations were included in this analysis because they
also disrupt miRNA production. In line Hcl, at each gen-
eration, S-PTGS consistently is restricted to only 20% of
the plant population whereas S-PTGS occurs in 100% of
the LI plant population (16). GUS activity and GUS
mRNA analysis indicated that S-PTGS efficiency was
elevated from 20% to 42, 75, 100, 100, 96 and 100% in
Hcl/cbp20, Hellcbp80, Helldcll, Hellhst, Hel/hyll and
Hcl/se plants (Figure 2A and B), respectively, indicating
that CBP20, CBP80, DCL1, HST, HYL1 and SE act as
endogenous suppressors of S-PTGS.
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Figure 2. Mutants impaired in the miRNA pathway exhibit enhanced
Hel PTGS. (A) Percentages of silenced Hcl plants in indicated plant
lines. The number of individual plants analyzed is indicated above each
bar. (B) RNA gel blot analyses of the indicated mutant and control
lines of GUS siRNAs of minus polarity (top), plus polarity (middle)
and GUS mRNA (bottom), in flowers from plants 51 dag. For line
Hcl, silenced and non-silenced plants were analyzed (— and +, respect-
ively). 258 RNA and U6 snRNA hybridization served as loading
controls. Values of siRNAs are normalized to U6 RNA (with Hcl
(—) control set at 1.0).
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Increased PTGS efficiency in miRNA mutants correlates
with increased AGO1 levels

Competition for a limiting factor shared between the
miRNA and S-PTGS pathways could explain the increase
of S-PTGS efficiency in mutants impaired in the miRNA
pathway. HEN1 and AGO1 are shared components of the
two pathways. However, it is improbable that HENI is
limiting for S-PTGS. Indeed, HENI methylates and
protects all types of small RNAs from degradation,
including endogenous 24-nt siRNAs that represent about
90% of the small RNA population of a wild-type plant
and miRNAs that represent about 10%. Elimination of
the 24-nt siRNA population by mutating RDR2 or
NRPDI does not significantly enhance methylation of
the remaining miRNAs (27). Therefore, it is unlikely
that eliminating the miRNA population in ¢bp20, cbp80,
dcll, hst, hyll and se mutants would significantly increase
the methylation of PTGS-related siRNAs. In fact, un-
changed levels of GUS siRNAs were observed in chp20,
cbp80, dcll, hst, hyll and se mutants (Figure 2B).

By contrast, AGOI could be limiting for S-PTGS in
wild-type plants. Owing to its crucial role in the miRNA
pathway, the expression of AGOI is tightly regulated.
AGOI1 homeostasis is partially achieved by a feedback
regulatory loop that involves miR168, a miRNA that
guides cleavage and translational repression of AGO!
mRNA through the activity of the AGOI protein
(11,28). AGOI primarily binds to miRNAs, but it can
also bind 21-nt siRNAs, including endogenous siRNAs
and transgene/virus PTGS-related siRNAs (4), and
AGO1 homeostasis involves a second feedback regulatory
loop that involves 4GOI siRNAs deriving from AGOI
mRNA following miR168-guided cleavage (13). Like
miR 168, these siRNAs have the potential to guide cleavage
and translational repression of 4GOI mRNA (14).
Through these regulatory loops, AGO1 levels are adjusted
to the amount of miRNAs and siRNAs present in the cell.
It is likely that during the establishment of exogenous
PTGS in wild-type plants, the transgene/virus siRNAs
that are produced compete with miRNAs and endogenous
siRNAs for AGOI. Indeed, transgenes that trigger PTGS
commonly are driven by very strong promoters such as the
Cauliflower Mosaic Virus 35S promoter. Moreover, during
virus infection, viral siRNA can represent up to 64% of
the total SRNA population (29). In this scenario, the com-
petition between transgene or virus siRNAs and miR168,
a miRNA that is not efficiently loaded on AGOI1, could
lead to a transient depletion of AGO1-miR 168 complexes,
which in turn would reduce the cleavage of AGOI mRNA,
resulting in an increase in the amount of AGOI protein
and the incorporation of both transgene siRNAs and en-
dogenous siRNAs and miRNAs in silencing complexes.
Supporting this hypothesis, western blot analysis of
silenced L/ plants revealed that the amount of AGOI1
protein in silenced L/ plants was higher than that in
wild-type plants (Figure 3A), while miR168 levels re-
mained unchanged (Figure 3B). Moreover, analysis of
Hcl plants revealed that the amount of AGOI1 protein
was higher in Hcl silenced than in non-silenced plants
(Figure 3C). Finally, western blot analysis of ¢bp20,
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Figure 3. AGOIl overacumulates in silenced plants and in mutants
impaired in the miRNA pathway. (A and C) Protein blot from
flowers collected at 51 dag was probed with an anti-AGO]1 antibody.
Tubulin was used as a loading control. (B) RNA gel blot analysis of
miR168 in flowers from 51 dag plants. U6 snRNA hybridization served
as loading control. Values of miR168 are normalized to U6 snRNA
(with Col-0 set at 1.0).

cbp80, dcll, hst, hyl and se mutants revealed that the
amount of AGOI protein was higher in these mutants
compared with non-silenced Hcl plants (Figure 3C),
indicating that more AGOI1 protein was available for
transgene siRNA loading in these mutants, which, in
turn, likely increases S-PTGS efficiency.

AGOL1 is limiting for PTGS

To test if AGOI1 availability is the limiting factor in
S-PTGS effectiveness, we introduced the Hcl locus in
4mAGO1 plants, which express an AGOI mRNA that is
resistant to cleavage by miR168, owing to additional mis-
matches between miR168 and the AGOI mRNA (11). In
4mAGOI plants, AGOI mRNA levels are higher than
those of wild-type plants (11), and western blot analysis
revealed that AGOI1 protein levels also are increased
(Figure 3C). In contrast, globally miRNA levels are un-
changed in 4mAGOI plants, with the exception of
miR168, which is increased (12). We reasoned that if
AGO is limiting for S-PTGS effectiveness, 4mAGO1 ex-
pression should increase PTGS efficiency. Indeed, Hcl
PTGS efficiency was elevated to 100% in Hcl/4mAGO1
plants (Figure 4A and B). We also introduced the Hc/
locus in sgn mutants. SQN encodes a cyclophylin protein
that acts as a positive regulator of AGOI, likely at the
level of its activity (10). According to our hypothesis, we
anticipated that sgn mutants would be less prone to undergo
PTGS owing to reduced AGOI1 activity. Indeed, Hcl
PTGS efficiency was reduced to 1% in sgn mutants
(Figure 4A and B), confirming the direct correlation be-
tween AGOI level/activity and the efficiency of S-PTGS.

CONCLUSIONS

Our results reveal that components of the miRNA
pathway act as endogenous suppressors of transgene
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PTGS, suggesting that the miRNA pathway antagonizes
siRNA-mediated PTGS, likely by limiting the availability
of AGOI. Recently, it was shown that increasing Ago2
expression during early Xenopus development increases
RNAI efficiency, suggesting that Ago activity is limiting
in other systems (30). We anticipate that the antagonistic
effect of the miRNA pathway is not limited to transgene
PTGS but extends to siRNA-mediated PTGS defense
against invasive RNA such as RNA deriving from patho-
gens. Supporting this hypothesis, dc// mutants exhibit
increased resistance to Red Clover Necrotic Mosaic Virus
(31), Turnip Crinckle Virus (32) and Agrobacterium
tumefaciens (33).

We also show that plants supporting transgene PTGS
accumulate higher levels of AGO1 protein than wild-type
plants. Induction of AGOI mRNA accumulation was
reported previously as a general response to viral infection
(34-36). However, this induction is generally not accom-
panied by an increase in AGOI1 protein or activity levels
because viral suppressors of RNA silencing (VSR)
encoded by most viruses counteract either small RNA
production, small RNA stability, small RNA loading on
AGOI, AGOI mRNA translation, AGOI1 protein stability
or AGOI1 activity (37). Because the L/ and Hcl transgenes
do not encode suppressors of RNA silencing, both lines
provide a means to analyze the consequences of an induc-
tion of siRNA-mediated PTGS defenses against exogen-
ous RNA unencumbered by the effect of suppressor
proteins. We propose that during transgene PTGS,

AGOI induction results from the competition of trans-
gene siRNAs with endogenous siRNAs and miRNAs,
including miR168, leading to a relative depletion of
AGO1-miR168 complexes and, thus, reduced cleavage
of AGOI mRNA and a concomitant increase in AGO1
protein amounts.
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