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ABSTRACT

Pluripotent stem cells localized in proliferating growth centers, the meristems, are the origin of life-long or-
gan formation and growth in higher plants. In the shoot apical meristem of Arabidopsis thaliana, the closely
related ARGONAUTE proteins AGO1 and ZLL/AGO10 bind miR165/166 species to regulate mRNAs of HD-
ZIP lll transcription factors that are essential to maintaining stem cells. Several genetic studies showed that
AGO1 and ZLL/AGO10 act redundantly to maintain stem cells. By contrast, the reported biochemical data
suggested antagonistic functions: AGO1 utilizes miR165/166 to slice HD-ZIP Il mRNAs, whereas ZLL/
AGO10 promotes degradation of miR165/166 and thus stabilizes HD-ZIP Ill mRNAs. How these different
functions are balanced in stem cell regulation has remained enigmatic. Here, we show that autorepression
of AGO1 through miR168-mediated slicing of its own RNA is required to maintain the ability of AGO1 to sup-
press HD-ZIP lll mRNAs. Increased AGO1 expression, either in the miR168a-2 mutant or by transgenic
expression, inhibits this ability despite the presence of high levels of miR165/166, effectively uncoupling
HD-ZIP Il and miR165/166 expression. AGO1 activity can be restored, however, by increasing the levels
of chaperones SQN and HSP90, which promote assembly of RNA-induced silencing complex (RISC). This
suggests that cellular abundance of SQN and HSP chaperones limits AGO1-mediated RNA interference
in shoot meristem stem cell regulation. Localized misexpression of AGO1 indicates that the cells surround-
ing the shoot meristem primordium play a crucial role in stem cell development. Taken together, our study
provides a framework that reconciles biochemical and genetic data, showing that restriction of AGO1 levels
by miR168-mediated autorepression is key to RISC homeostasis and the function of AGO1 in stem cell
regulation.
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INTRODUCTION
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meristem stem cells is regulated by several pathways (Aichinger
et al., 2012). Among them, class Il homeodomain-leucine zipper
(HD-ZIP 1ll) transcription factors promote shoot meristem
development. Their activity is negatively regulated by the micro-
RNA (miRNA) species miR165 and miR166 that are used to
cleave HD-ZIP Il mRNAs (Prigge et al., 2005; Byrne, 2006)
by the AGO1 protein, the main slicing activity in plants.
AGO1 deficiency leads to upregulation of its miRNA targets,
including HD-ZIP Il mRNAs, and consequently to pleiotropic
developmental phenotypes (Bohmert et al., 1998; Vaucheret
et al., 2004). AGO1 also binds miR168 to slice its own mRNA,
ensuring correct AGO1 expression levels. Disruption of this
negative feedback regulation causing increased AGO1 levels
results in pleiotropic phenotypical defects, including abortion of
the shoot meristem in severe cases (Vaucheret et al., 2004).
Two chaperones, the cyclophilin 40 SQUINT (SQN) and the
heat shock protein 90 (HSP90) are required for assembly of an
AGO1-containing RNA-induced silencing complex (RISC), the
functional unit of RNA interference (Smith et al., 2009; Iki et al.,
2012). Mutations in SQN and redundant genes trigger
overproliferation of the shoot and floral meristem (Prunet et al.,
2008) and suppress shoot meristem termination by CLV3
overexpression (Prunet et al., 2015), suggesting a loss of the
stem cell restriction. ZWILLE (ZLL)/AGO10 is the closet paralog
of AGO1 and is specifically required for maintaining stem cells
of the shoot meristem during embryogenesis, for the initiation
of axillary shoot meristems, and for floral meristem regulation
(Moussian et al., 1998; Lynn et al., 1999; Tucker et al., 2008).

Genetic and biochemical analysis revealed contradictory results
of how AGO1 and ZLL/AGO10 affect shoot meristem mainte-
nance. Several genetic studies suggest that both genes act
similarly in stem cell regulation: Double-mutant analysis demon-
strated redundant functions of AGO1 and ZLL/AGO10 in the
development of bilateral symmetry and the shoot meristem dur-
ing embryogenesis, including the expression of the stem cell
regulator SHOOTMERISTEMLESS (Lynn et al., 1999). In floral
meristems, AGO1 and AGO10 redundantly promote stem cell
termination (Ji et al., 2011). Finally, several studies showed that
AGO1 can complement ZLL/AGO10 function in shoot meristem
stem cell maintenance (Mallory et al., 2009; Tucker et al., 2008).
In contrast to these genetic data, molecular data suggest
opposite functions of AGO1 and ZLL/AGO10: Misexpression of
ZLL/AGO10 increases the levels of HDZIP-IIIL mRNAs
(Supplemental Figure 1) that are degraded by AGO1 (Liu et al.,
2009). Loss-of-function ago? mutants have opposite effects on
miR165/166 and HD-ZIPIIl mRNA levels compared with zll/ago1
mutants in flower development (Ji et al., 2011). A detailed
biochemical study revealed that ZLL/AGO10 can act as a
decoy AGO protein that preferentially binds miR165/166. Unlike
AGO1, however, ZLL/AGO10 shows only a weak ability to
cleave HD-ZIP Il mRNAs in vitro, and in planta this activity
seems to be largely inefficient (Ji et al., 2011; Zhu et al,
2011); rather, the bound mIiRNA is degraded (Yu et al,
2017). As a consequence, ZLL/AGO10 reduces miR165/166
levels and protects HD-ZIP Ill mRNAs against AGO1-mediated
slicing, which in turn promotes stem cell maintenance (Liu
et al., 2009).

In this study, we address these different models and show that
AGO1 affects stem cell maintenance in different ways depending
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on its expression levels. We also show that the balanced abun-
dances of AGO1 and the RISC assembly factors SQN and
HSP90 are crucial for stem cell maintenance. We reveal a critical
role of miR168-mediated autorepression of AGO1 levels to pre-
vent dominant-negative inhibition of AGO1 activity.

RESULTS

Loss of miR168 Function Restores Shoot Meristem
Formation in the z/l-1 Knockout Mutant

To address the controversial models of ZLL/AGO10 and AGO1
function in the context of stem cell regulation, we analyzed
stem cell maintenance during embryo maturation. We first ad-
dressed the consequences of increasing AGO1 level in zll mu-
tants. AGO1 autoregulates its own expression levels in a nega-
tive feedback loop by slicing its own mRNA through miR168.
We therefore analyzed the effect of the mir168a-2 mutation
that causes a severe reduction of miR168 and a two-fold in-
crease in AGOT mRNA level in wild-type and z/l-1 and zll-15
mutants (Vaucheret, 2009) (Figure 1A). Approximately 75% of
zll-1 seedlings display a terminated shoot meristem with
differentiated organs or structures in place of the stem cells
(Figure 2A, 2C, and 2G) (Moussian et al., 1998; Tucker et al.,
2008). Introgression of mir168a-2 into zll-1 or the weaker
allele zll-15 strongly restored shoot meristem formation
(Figure 2D and 2G), while it had no recognizable effect on the
shoot meristem in a wild-type background (Figure 2B). As a
control, expression of a genomic MIR168A fragment
abolished this effect (24 out of 34 transgenic T1 plants;
Figure 2E and 2F), confirming that the mutation in the
MIR168A gene caused the phenotypes. Similar to the
miR168a-2 mutant, reduction of miR168 function through
expression of MIMICRY FOR MIR168 (MIM168) (Varallyay
et al., 2010) (Supplemental Figure 2A) also caused recovery
of shoot meristem formation in zl/l-1 mutants, albeit to a
smaller extent (Supplemental Figure 2B). In an alternative
approach, introduction of an additional 8-kb genomic AGO1
fragment (Vaucheret et al., 2004) into zll-1 also strongly
recovered shoot meristem formation (Supplemental Table 1).
One possible explanation for the suppression of stem cell
termination by increasing AGO1 dose could be that AGO1
expression is reduced in the z//-1 mutant. However, gRT-PCR
shows no significant difference of AGO7 transcript levels
between Ler and z/l-1 plants (Figure 1A), arguing against such
a mechanism. We did not observe any phenotype suggestive
of AGO1 co-suppression in any experiment, such as terminated
seedlings as observed by Mallory et al. (2009) when using a
different transgene (0ZLL:AGO1).

To elucidate where and when during embryo development AGO1
mRNA is regulated by miR168, we first constructed a fluorescent
miR168 sensor. This sensor combines nuclear localized GFP
fused to an oligonucleotide carrying the miR168 binding site of
AGO1 as the miR168-sensitive reporter and nuclear localized
RFP with a mutated version of miR168 binding site as transcrip-
tional control (Supplemental Figure 3). Both GFP and RFP
reporters are driven by the RPS5A promoter and arranged on
one single T-DNA. The ratio of RFP/GFP, as a direct readout for
miR168 activity, indicates that miR168 is active in the apical
half of the globular embryo, but subsequently becomes
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Figure 1. miR168 Regulates AGO1 Expres-
sion in a Dynamic Manner during Embryo-
genesis.

(A) Levels of AGOT1 transcript in seedling shoots
of the indicated genotypes with or without
mir168a-2 mutation. Date represent means + SD
from three biological replicates. ***p < 0.001 by
two-sided, non-paired t-test. AGO7 expression
levels in Ler, zll-1 and zll-15 carrying the MIR168
wild-type allele are not significantly different.

(B) A tandem reporter co-expressing a miR168-
resistant RFP (r-RFP) and a miR168-sensitive
GFP (s-GFP) driven by the RPS5A promoter in
embryos at the indicated stages. The lower panel
shows merged channels. The same pattern was
found in 13 out of 14 independent transgenic lines
of the tandem reporter.

(C) mRNA pattern of the endogenous AGO7 gene
detected by in situ hybridization with antisense
AGO1 probe 1 (Supplemental Figure 4).
Genotypes, frequencies of observed patterns,
and embryo stages are indicated. Insets show
higher magnification of the embryonic shoot
apical meristems. AS, antisense; S, sense; cp,
cotyledon primordium.

Scale bars: 20 um.

mir168a-2
AGO1AS

restricted to the shoot apex and the adaxial sides of the
cotyledonary primordia (Figure 1B).

To analyze the effect of miR168 on the spatiotemporal AGO1
mRNA pattern, we performed in situ hybridization (Figure 1C
and Supplemental Figure 4). In the wild type, AGOT mRNA is
detected throughout the embryo with a slightly higher
expression in the vascular and shoot meristem primordia until
the late torpedo stage. Thereafter, AGO7 mRNA becomes
more pronounced in the shoot apex. In mir168a-2 embryos,
AGO71 mRNA signal is stronger than in the wild type
throughout the embryo at all stages. Thus, miR168
downregulates AGO7T mRNA in a domain of the embryo that
encompasses the developing shoot meristem. Together,
release of AGO1 levels from miR168-mediated autorepression
complements stem cell defects of the z//-17 mutant, suggesting
that AGO1 and ZLL/AGO10 can act synergistically in stem cell
maintenance.

Region-Specific AGO1 Expression
Restores Shoot Meristem Formation
in zll-1

We next determined in which region of the
zll-1 embryo upregulation of AGO1 levels
restores shoot meristem formation. To this
end, we first expressed the CFP-AGO1 fusion
protein from the pAGO71 promoter, which
mimics the endogenous AGO7 mRNA
pattern (Mallory et al., 2009) (Figures 2H, 2I,
and 1C) and completely complements the
ago1-1 mutant (Supplemental Figure 5),
indicating that the fusion protein is
functional. Confirming previous findings
(Tucker et al., 2008; Mallory et al., 2009),
expression of pAGO71:CFP-AGO1 in zll-1
resulted in efficient shoot meristem recovery (Figure 2J and 2G),
similar to introducing additional genomic AGO1 copies
(Supplemental Table 1), ruling out that the CFP-AGO1 chimeric
construct behaves significantly different from the native AGO1. As
expected, the AGOT mRNA level is significantly increased after
expressing pAGO1:CFP-AGOT1 in zll-1 seedlings, excluding a po-
tential co-suppression effect by the AGO1 transgene (Figure 2N).
As a control, overexpression of a CFP protein driven by RPS5A
promoter had no effect on shoot meristem recovery in zll-1
background (Figure 2K-2M and 2G), excluding an unexpected
effect of the CFP protein.

Expression of CFP-AGO1 from the pZLL promoter that is active in
the vasculature, the shoot meristem, and the adaxial region of the
cotyledons (Tucker et al., 2008) restored stem cells in z/l-1 with a
slightly reduced efficiency compared with pZLL:YFP-ZLL/AGO10
(Figure 3A, 3B, and 3G). Expression of CFP-AGO1 specifically in
the apical embryo domain (pAS7 promoter; Figure 3C) restores
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Figure 2. Increased AGO1 Expression Recovers Shoot Meristem Formation in z/I-1.

(A-F) Phenotypes of 14-day-old seedlings of indicated genotypes. The functional shoot apical meristems (sam) in (A), (B), and (D) produce rosette leaves
(rl), while the terminated meristem (tm) in (C) only produces a filamentous structure (inset). (E and F) z/l-1 mir168a-2 double mutants transformed with
empty vector (E) or genomic MIR168A (F).

(G) Frequency of 14-day-old seedlings containing a functional shoot meristem (SAM) for the indicated genotypes. n, number of seedlings. For the
transgenic seedlings, data from three independent transgenic lines were pooled. **p < 0.0001 by two-sided, non-paired Fisher’s exact tests and
Bonferroni correction. ns, not significant.

(H and I) Expression patterns of a functional CFP-AGO1 fusion protein driven by the AGO7 promoter in heart (H) and torpedo (l) stage z//-1 embryos. cp,
cotyledon primordium; sp, shoot apical meristem primordium.

(J) Phenotype of a 14-day-old transgenic zl/l-1 seedling expressing pAGO1:CFP-AGO1.

(K-L) Expression patterns of a CFP fluorescent protein driven by the RPS5A promoter in heart (K) and torpedo (L) stage z/l-1 embryos. The exposure time
of microscopy is one-tenth of that used for pAGO7:CFP-AGO1 embryos.

(M) Phenotype of a 14-day-old transgenic z/l-1 seedling expressing pRPS5A:CFP.

(N) AGOT transcript levels in 14-day-old seedlings of the indicated genotypes.

Data represent means + SD from three biological replicates. ***p < 0.001 by two-sided, non-paired t-test. Scale bars, 2.5 mm (A-F, J, M) and 20 um
H, |, K, L).
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Figure 4. Increased AGO1 Levels Restore HD-ZIP Ill mRNA Levels in zll-1 Shoot Apices.
(A-E) In situ hybridization analysis of transcripts of all five HD-ZIP lll genes in bent-cotyledon-stage embryos of indicated genotypes using the antisense

probes of PHB (A), PHV (B), REV (C), CNA (D), and ATHBS (E).

(F-J) Hybridization using the sense probes of PHB (F), PHV (G), REV (H), CNA (I), and ATHBS (J) in Ler bent-cotyledon-stage embryos.
The position of the embryonic shoot apical meristem is marked by an arrow. The ratio of embryos showing the corresponding pattern of HD-ZIP III
transcript is indicated. cp, cotyledon primordium; vp, vascular primordium. Scale bars, 10 pm.

stem cells in z/l-1 with a similar efficiency (Figure 3G). Expressing
CFP-AGO1 in cells surrounding the shoot apical meristem
primordium (pUFO; Figure 3D) or in the provasculature
(PATHBS; Figure 3E) partially suppresses stem cell termination
in zll-1 (Figure 3G), whereas AGO1 expression in the adaxial
regions of the cotyledons (pAS2; Figure 3F) had no effect
(Figure 3G). Thus, transgenic expression of AGO1 around the
shoot apical meristem primordium or in the vasculature is
sufficient for shoot meristem stem cell recovery in z/l-1.

Increased AGO1 Expression Restores Stem Cells in zl/l
Mutants by Uncoupling HD-ZIP il Levels from miR165/
166 Accumulation

Based on findings that AGO1 and ZLL/AGO10 both can promote
stem cell formation despite their opposite biochemical functions,
we considered two hypotheses. The first hypothesis holds that
because mR165/166 can move from cell to cell (Carlsbecker
et al., 2010; Miyashima et al., 2013), increased levels of AGO1
in cells surrounding the shoot meristem primordium might
create a sink for miR165/166, thereby draining it from the shoot
meristem and consequently increasing HD-ZIP Il transcripts.
To test this hypothesis, we first compared the levels of HD-ZIP
I mMRNAs between zll-1 mutants expressing pZLL:YFP-ZLL or
pZLL:CFP-AGO1 and the untransformed mutant. The
Arabidopsis genome encodes five HD-ZIP |ll transcription

factors, namely PHABULOSA (PHB), PHAVOLUTA (PHV),
REVOLUTA (REV), CORONA (CNA), and ARABIDOPSIS
THALIANA HOMEOBOX8 (ATHBS). In bent-cotyledon-stage
wild-type embryos, the transcripts of PHB, REV, and CNA each
are detected in the shoot apical meristem primordia, the adaxial
domain of cotyledon primordia, and the provasculature, whereas
PHV and ATHBS transcripts are restricted to the shoot apical
meristem primordium and the provasculature, respectively
(Figure 4A-4E, first column).

In zll-1 embryos, the expression of all five HD-ZIP Il genes in all
tissues is strongly reduced (Figure 4A-4E, second column),
supporting previous observations (Liu et al., 2009). As
expected, expression of pZLL:YFP-ZLL/AGO10 fully restored
the expression of all five HD-ZIP Ill genes in zll-1 (Figure 4A-4E,
third column). Likewise, expression of pZLL:CFP-AGOT1 also
restored the expression of all HD-ZIP lil transcripts (Figure 4A-
4E, fourth column), albeit to a weaker degree than pZLL:YFP-
ZLL/AGO10.

We then asked whether this restoration of HD-ZIP Il mRNA levels
was due to correspondingly decreased miR165/166 concentra-
tions. In heart- to late-torpedo-stage embryos, miR165/166
accumulation is detected by in situ hybridization with the stron-
gest signal in the abaxial domains of cotyledon primordia and
the embryo axis in both wild-type and z/l-1 embryos (Figure 5A

6 Plant Communications 1, 100002, January 2020 © 2019 The Authors.
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and 5B). At the bent-cotyledon stage, miR165/166 signal is
strongly enhanced in the shoot apical meristem region of zll-1
and to a lesser extent in surrounding tissues, whereas in
the wild type, miR165/166 is undetectable in the shoot meristem
(Figure 5C and 5D). Reducing the activity of miR165/166
by expressing the miRNA mimicry MIM165/166 in the
shoot apex resulted in restoration of a functional shoot
meristem (Supplemental Figure 6), confirming that miR165/
166 accumulation in the shoot apex is essential for stem
cell loss in the zll-1 mutant (Liu et al., 2009). As expected,

zll-1 mir168a-2
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Figure 5. Increased AGO1 Levels Do Not
Alter miR165/166 Accumulation in the z/l-1
Shoot Apical Meristem.

(A and B) In situ hybridization using an antisense
miR166 LNA probe in Ler (A) and zlI-1(B) embryos
at heart, torpedo, and late torpedo stages.
Representative patterns for each stage of Ler and
zll-1 embryos are shown (n > 20 embryos per
stage were examined).

(C-H) miR165/166 accumulation patterns in bent-
cotyledon stage embryos of six indicated geno-
types. The position of the embryonic shoot apical
meristem is marked by an arrow. The ratio of
embryos showing the corresponding miR165/166
pattern is indicated.

cp, cotyledon primordium; ad, adaxial region; ab,
abaxial region. Scale bars, 20 um.

complementation of the zll-1 mutant by
PZLL:YFP-ZLL/AGO10 eliminates miR165/
166 accumulation back to the wild-type
pattern (Figure 5E). Surprisingly, however,
when restoring HD-ZIP Ill expression and
stem cells by expressing pZLL:CFP-AGO1
(Figure 5F) or introducing the miR168a-2
mutation  (Figure  5H), miR165/166
accumulation is not reduced.

In summary, upregulation of AGO1 in the z/l-
1 mutant increases HD-ZIP Il expression in
the shoot meristem region but, unlike ZLL/
AGO10, does not simultaneously reduce
miR165/166 accumulation. This refutes the
first hypothesis and suggests that raising
AGO1 levels in zll-1 uncouples HD-ZIP Il
mRNA and miR165/166 levels.

S T

3
=

Expression of RISC Chaperones
Suppresses the Effects of AGO1
Overexpression

Our second hypothesis holds that
increased AGO1 protein levels might
sequester co-factors required to assemble
a functional RISC and thus cleave HD-ZIP
Il mMRNAs. To address this hypothesis, we
compared the effects of expressing
SQUINT (SQN) and the Heat Shock Pro-
tein 90 (HSP90), which are required for
AGO1 function and RISC assembly
(Smith et al., 2009; Iki et al., 2012),
between zll-1 miR168a-2 or zll-1 pZLL:CFP-AGOT1 and the
untransformed z/l-1 mutant. When expressed from the pZLL
promoter, SQN is able to partially suppress the recovery of
stem cells in both zll-1 mir168a-2 and zll-1 pZLL:CFP-AGOT1,
whereas it has no significant effects in the z/l-1 control
(Figure 6A-6E). To test whether this suppression of AGO1-
mediated stem cell recovery is accompanied by downregula-
tion of HD-ZIP Ill mRNAs, we analyzed the expression levels
by gRT-PCR from dissected seedling shoot apices. We found
that pZLL:SQN causes downregulation of PHV and REV mRNA
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Figure 6. Expression of AGO1 Co-factors SQN and HSP90 Partially Suppresses the Recovery of Shoot Apical Meristem in zl/-1.
(A-D) Phenotypes of 14-day-old seedlings of the indicated genotypes expressing either empty vector or pZLL:SQN as indicated. Insets show the

magnification of terminated shoot apices.

(E) Shoot apical meristem phenotypes of 14-day-old seedlings of the indicated genotypes in homozygous T3 generations. The numbers from at least two
independent transgenic lines were combined. **p < 0.01, **p < 0.001 by two-sided, non-paired Fisher’s exact tests. ns, not significant.

(F) Shoot apical meristem phenotypes of 14-day-old seedlings of the indicated genotypes in homozygous T3 generations. For the transgenic seedlings,
individual counts from two or three independent transgenic lines not significantly different by chi-square test were pooled. *p < 0.0017, ***p < 0.0003 by
two-sided, non-paired Fisher’s exact tests and Bonferroni correction. ns, not significant.

levels in zll-1mir168a-2 and of PHB, PHV, and REV mRNA
levels in zll-1 pZLL:CFP-AGOT1 (Supplemental Figure 7).

Similar to SQN, expression of the HSP90 isoforms HSP90.1-3
(Earley and Poethig, 2011) significantly suppresses the recovery
of stem cells in zll-1 mir168a-2 and zll-1 pZLL:CFP-AGO1
(Figure 6F). We found that in these cases, expression of
pZLL:HSP90.1 causes downregulation of PHB and PHV mRNA
levels in zll-1 mir168a-2, and of PHB in zll-1 pZLL:CFP-AGO1
(Supplemental Figure 8). Thus, elevated HD-ZIP Il gene
expression and, consequently, stem cell recovery by increased
AGO1 levels are suppressed by upregulated levels of SQN,
HSP90.1, and HSP90.2.

DISCUSSION

AGO1 and ZLL/AGO10 are central regulators of shoot meristem
stem cell maintenance, to a large part through post-transcrip-
tional regulation of HD-ZIP Il transcription factors. However,
contradictory to their opposite biochemical functions (Zhu
et al., 2011; Yu et al., 2017), genetic evidence in several studies
suggested that AGO1 and ZLL/AGO10 have overlapping
functions in stem cell regulation (Lynn et al., 1999; Tucker et al.,
2008; Mallory et al., 2009; Ji et al., 2011). Addressing this
discrepancy, we confirmed that increased expression of AGO1
complements the loss of ZLL/AGO10 function, but we find that
it does so by protecting HD-ZIP Il mRNA via a mechanism
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different from that of ZLL/AGO10. In the latter case, ZLL/AGO10
promotes degradation of miR165/166 in the shoot meristem and
thus protects their targets, HD-ZIP Il mRNAs, from AGO1-
mediated slicing (Zhu et al., 2011; Yu et al., 2017). By contrast,
increased AGO1 expression in zll-1 causes increased HD-ZIP I
mRNAs levels without changing the high abundance of miR165/
166 in the shoot meristem primordium, thus uncoupling HD-ZIP
I mRNA and miR165/166 levels. This suggests that the ability
of AGO1 and miR165/166 to catalyze degradation of HD-ZIP Il
mRNAs is compromised rather than increased, as one might
expect, if AGO1 levels increase.

These findings imply that to maintain AGO1 activity in stem cell
regulation, its level must be carefully kept in check. We show
that mir168a mutation is sufficient to induce dominant-negative
effects of increased AGO7 expression, indicating that the role
of AGO1 autorepression via miR168 is not only to restrict AGO1
activity but to prohibit increased AGO1 dose that would lead to
inactivation. This interpretation is consistent with previous find-
ings that upregulation of AGO1 in a wild-type background
increased the levels of several miRNA targets, rather than more
efficiently degrading them (Vaucheret et al., 2004, 2006;
Deveson et al., 2013).

Why does upregulation of AGO1 levels result in the stabilization of
its target HD-ZIP Il mRNAs, rather than in their degradation, as
one would expect from a Slicer protein? AGO proteins function
as part of RISCs (Meister, 2013). We find that upregulation of
SQN and HSP90 proteins suppresses AGO1-mediated HD-ZIP
Il mRNA stabilization and stem cell recovery in zll-1. Previous
studies revealed that HSP90 promotes RISC assembly in vitro
through a chaperone cycle involving ATP binding and hydrolysis
(Iki et al., 2010), and that SQN promotes the activity of AGO1
in vivo and HSP90-mediated RISC assembly in vitro (Smith
et al., 2009; Iki et al., 2012).

Therefore, one model to explain how upregulation of AGO1
might stabilize HD-ZIP Il mRNAs is that an even moderate
excess of AGO1 disturbs the assembly of active RISCs because
of limited cellular abundances of SQN and HSP90 co-factors,
plausibly by sequestering limited RISC components. In this
view, upregulation of SQN and HSP90 levels overcomes this
shortage and restores assembly of active AGO1-containing
RISC and, consequently, HD-ZIP Il degradation and stem cell
termination.

The rate-limiting abundance of HSP90 might appear surprising,
since HSP90 can be considered a housekeeping gene. However,
previous studies showed that HSP90.1 and HSP90.3 in non-
stress conditions are mainly expressed in the cotyledons and
the root tip of maturing embryos rather than in the shoot meristem
(Prasinos et al., 2005), and plants with reduced levels of HSP90
resemble ago7 mutants (Sangster et al., 2007).

We note that increased dosage of SQN and HSP90 only partially
suppresses shoot meristem recovery in zll-1 pZLL:CFP-AGO1 or
zll-1 mir168a-2, implying that other mechanisms might also
contribute. Such mechanisms might involve other miRNAs and/
or the phytohormone auxin that were found to act together with
ZLL/AGO10 in shoot meristem formation (Ji et al., 2011; Knauer
et al., 2013; Roodbarkelari et al., 2015).

Plant Communications

A rate-limiting model of SQN and HSP90 for AGO1 activity in
stem cell maintenance can also explain differences in ZLL/
AGO10 and AGO1 requirements in different Arabidopsis acces-
sions. In the Ler accession that has higher SQN expression
levels and thus a higher potential for AGO1-mediated slicing
of HD-ZIP Il mRNAs, the decoy function of ZLL/AGO10 is
crucial for shoot meristem stem cell maintenance during
embryogenesis. By contrast, in the Columbia accession that
has lower SQN expression, ZLL/AGO10 is dispensable for this
process (Tucker et al., 2013).

Transgenic ZLL/AGO10 and AGO1 promote stem cell mainte-
nance not only when expressed in the shoot meristem but also
from the underlying vasculature (Tucker et al., 2008). Because
miR165/166 has been found to move between embryo cells
(Miyashima et al., 2013), the non-cell-autonomous manner of
ZLL/AGO10 function can conceivably be explained by its
sequestration of miR165/166. In this model, ZLL/AGO10
expression in the vasculature would create a sink for miR165/
166, consequently draining it from the shoot meristem
primordium (Zhu et al., 2011). Because AGO1 binds to SQN
and HSP90 proteins, the non-cell-autonomous function of
increased AGO1 levels in the surrounding cells observed here,
in analogy, could be explained by creating a sink for SQN or
HSP90 co-factors, thus preventing assembly of a functional
RISC in the stem cells and consequently enabling HD-ZIPIII func-
tion and stem cell survival.

METHODS

Plant Materials

The mutant alleles of zll-1 (Ler), zll-15 (Ler), mir168a-2 (Ler), and ago1-1
(Col) have been previously described (Bohmert et al., 1998; Moussian
et al., 1998; Tucker et al., 2008; Vaucheret, 2009). The pZLL:YFP-ZLL
and pAGO1:ZLL transgenic lines were previously reported (Tucker et al.,
2008; Mallory et al., 2009). All plants were grown under 16-h/8-h
photoperiod conditions at 19°C. Medium cultivated seedlings were
grown in half-strength Murashige and Skoog medium containing
vitamins supplemented with 0.5 g/I 2-(N-morpholino)ethanesulfonic acid
and 8 g/l agar. The genotyping protocol and primers are listed in
Supplemental Tables 2 and 3.

Plasmid Construction

The plasmid carrying the native endogenous AGO7 gene in the form of an
8-kb genomic fragment has already been described (Vaucheret et al.,
2004). To generate different Promoter:CFP-AGO1 constructs, we
amplified the fragment containing CFP fused to the full-length genomic
sequence of AGOT1 gene from the original pZLL:CFP-AGO1 construct
(A53) (Mallory et al., 2009) by oFD653/0oFD654 and cloned it into
pBarMAP via Ascl/Pacl. The promoters of AGO1, ZLL, AS1, UFO,
ATHBS8, and AS2 were then inserted upstream of the CFP-AGO1
module via Ascl. To generate the pRPS5A:CFP construct, we amplified
the CFP coding sequence with NOS terminator from ALHO07 by
oFD653/0FD717 and cloned it into pBarMAP vector via Ascl/BamHI.
The RPS5A promoter was then inserted upstream of the CFP-NOSt
module via Ascl.

To generate miR168a-2 complementation constructs, we amplified the
genomic fragment of MIR168A gene (—2281 to +1369 bp) from Ler
genomic DNA by oFD894/0FD930 and cloned it into the pGreenll vector
via Ascl/Xmal.

Plant Communications 1, 100002, January 2020 © 2019 The Authors. 9
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To generate MIM168 constructs, we amplified the MIM168 fragment from
35S:MIM168 (Varallyay et al., 2010) by oFD971/0FD972 and cloned it
between pRPS5A and NOSt in the pGreenll vector.

To generate the tandem miR168 sensor, we amplified the NLS-miR168
site-1X GFP-NOSt fragment from STK157 by oFD899/0FD900 and cloned
it into pJET1.2 (Thermo Fisher Scientific). The second GFP coding
sequence was introduced from MU594 via BsrGl to make NLS-miR168
site-2x GFP-NOSt, which was cloned into the pGreenll vector via
Sall/’Xmal. The RPS5A promoter was then inserted upstream of the
NLS-miR168 site-2xGFP-NOSt module via Sall to make pRPS5A:NLS-
miR168 site-2XGFP-NOSt (named pFD205). In parallel, the NLS-
miR168-4m site-1XRFP was amplified from STK285 by oFD916/
oFD915 and cloned into pJET 1.2. The second RFP coding sequence
was introduced from STK286 via BamHI to make NLS-miR168-4m site-
2xRFP, which was cloned into pFD205 via Kpnl/Xhol. Lastly, pRPS5A
and NOSt were introduced upstream and downstream of NLS-miR168-
4m site-2xRFP via Kpnl and Xhol, respectively.

To generate the pZLL:SQN construct, we amplified the full-length coding
sequence (CDS) of SQN from Ler cDNA by oFD1134/0FD1135 and cloned
it into pGreenll vector via Ascl/Notl. pZLL and NOSt were introduced
upstream and downstream of the SQN CDS via Ascl and Notl, respec-
tively. To generate the pZLL:HSP90.2 and pZLL:HSP90.3 constructs,
we amplified the full-length CDS of HSP90.2 and HSP90.3 from Ler
cDNA by oFD1136/0FD1137 and oFD1138/0FD1139 and cloned them
into the pGreenll vector via Ascl/Notl. pZLL and NOSt were introduced
upstream and downstream of each CDS via Ascl and Notl, respectively.
To generate the pZLL:HSP90.1 construct, we amplified full-length
genomic HSP90.1 (from ATG to TAA) from Ler cDNA by oFD1144/
oFD1145 and cloned it into the pGreenll vector via Ascl/Notl. pZLL and
NOSt were introduced upstream and downstream of gHSP90.1 via Ascl
and Notl, respectively.

To generate the pUFO:MIM165/166 line, we used the LhG4-pOp two-
component expression system (Moore et al., 1998). The UFO promoter
(cloned in STK195) was introduced into the pGreenll vector STK164b
via Ascl. pOp:MIM165/166 (SB229) was introduced into pOp:NLS-
3XYFP (SB225) via Ascl to generate SB233 in the binary vector
pBarMap. MIM165/166 sequence was obtained according to Todesco
et al. (2010) and was introduced into SB229 by LIC cloning.

Primers and constructs used for cloning are listed in Supplemental
Tables 4 and 5.

RNA In Situ Hybridization

For the in situ hybridization experiments, we collected siliques with em-
bryos at different stages from each genotype. To prepare probes, we
amplified fragments of protein-coding genes by PCR from Ler cDNA
and cloned them into pGEM-T Easy vectors (Promega, catalog no.
A1360) for in vitro transcription using the Digoxigenin Labeling Kit (Roche,
catalog no. 11277073910). Antisense and sense probes were synthesized
using SP6 (Promega, catalog no. P1085) or T7 RNA polymerase (Prom-
ega, catalog no. P2075). The long probes were then hydrolyzed to an
average length of 150 bp with carbonate buffer (2x buffer: 80 mM
NaHCO3;, 120 mM Na,CO3) and resuspended in 50% formamide at the
desired concentration. The miR166 locked nucleic acid (LNA) probe
(zma-miR166a) was obtained from the EXIQON company with 5’ end la-
beling of digoxigenin: /5'Dig/GGG GAA TGA AGC CTG GTC CGA. Primers
for amplifying hybridization probes are listed in Supplemental Table 6.

In situ hybridization experiments were performed as previously described
(Zhang et al., 2017). For the miR166 LNA probe, the hybridization and
washing were performed at 60°C and staining at 4°C, as previously
described (Liu et al., 2009). For other probes, the hybridization and
washing were performed at 55°C and staining at room temperature.

AGO1-Mediated Inhibition of mMiRNA165/166 Pathway

RT-PCR and qRT-PCR

Total RNA from aerial parts of randomly collected 14-day-old seedlings
was extracted using the RNeasy Plant Mini Kit (Qiagen), and first strand
cDNA was synthesized using SuperScript Il First Strand Synthesis
SuperMix (Invitrogen). For quantitative real-time PCR, LightCycler 480
SYBR Green | Master Mix (Roche) was used and the experiments were
performed on the LightCycler 480 Il gPCR machine (Roche). gRT-PCR re-
sults were analyzed with the LightCycler 480 Software release 1.5.0.
Expression levels of target genes were normalized to the levels of ACTIN7
for RT-PCR and PP2AA3 (Czechowski et al., 2005) for gRT-PCR. Primers
for RT-PCR and gRT-PCR are listed in Supplemental Table 7.

Image Acquisition

Pictures of seedlings were taken with a Leica DC300 camera on an
Olympus SZ-CTV stereozoom microscope. A Zeiss Axioskop microscope
was used to take Nomarski pictures of in situ hybridization. For analysis of
the expression patterns of YFP-ZLL/AGO10 or CFP-AGOT1 driven by
different promoters in embryos, ovules were squeezed from siliques,
mounted with 10% (v/v) glycerol, and imaged by a Zeiss Axio Imager mi-
croscope with AxioVision 4.4 software. For analysis of the patterns of
miR168-sensitive GFP and miR168-insensitive RFP, the embryos were
imaged by a LSM700 (Zeiss) laser scanning confocal microscope using
ZEN 2010 software. All images of independent experiments were taken
under the same settings of microscopy.
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