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ABSTRACT

Argonaute 2 (Ago2) protein is a central effector of RNA interference (RNAi) pathways and regulates mammalian genes on a global
level. The mechanisms of Ago2-mediated silencing are well understood, but less is known about its regulation. Recent reports
indicate that phosphorylation significantly affects Ago2 activity. Here, we investigated the effect of mutating all known
phospho-residues within Ago2 on its localization and activity. Ago2 associates with two different cytoplasmic RNA granules
known as processing bodies (P-bodies) and stress granules, but the nature of this phenomenon is controversial. We report that
replacing serine with a phospho-mimetic aspartic acid at position 798 completely abrogates association of Ago2 with P-bodies
and stress granules. The effect of this mutation on its activity in gene silencing was modest, which was surprising because
association of Ago2 with cytoplasmic RNA granules is thought to be a consequence of its role in RNAI. As such, our data
indicate that targeting of Ago2 to P-bodies and stress granules is separable from its role in RNAi and likely requires dynamic

phosphorylation of serine 798.
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INTRODUCTION

Argonaute proteins are critical for small RNA-dependent
gene silencing in eukaryotes. Recent estimates suggest that
in mammalian cells, Argonautes regulate expression of the
majority of protein-encoding genes through post-transcrip-
tional mechanisms (Friedman et al. 2009). As such, it is
critical that these pathways are tightly controlled. Indeed,
the number of identified trans-acting factors that directly or
indirectly affect Argonaute protein activity is growing quick-
ly. One of the first Argonaute modulators described is the
molecular chaperone Hsp90 (Tahbaz et al. 2001; Pare et al.
2009). Subsequent studies revealed that Hsp90 activity is
required for biogenesis of RNA-induced silencing complexes
(RISCs), of which Argonautes are core components (Tahbaz
et al. 2004; Iwasaki et al. 2010; Miyoshi et al. 2010; Iki et al.
2012; Izumi et al. 2013; Martinez et al. 2013; Pare et al.
2013). Moreover, recent evidence indicates that co-opting
of Hsp90 as a RISC assembly factor occurred very early dur-
ing evolution of the RNAi pathway (Wang et al. 2013).
Post-translational modification of Argonaute proteins can
also modulate RISC formation and/or activity. For example,
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hydroxylation of specific proline residues is required for
both Argonaute stability (Qi et al. 2008) and interaction
with Hsp90 (Wu et al. 2011). Methylation of arginine resi-
dues in some Argonaute proteins, particularly those of the
Piwi subfamily, have been shown to increase stability
and consequently gene-silencing function (Kirino et al.
2009). Conversely, during virus infection or cellular stress,
inhibition of small RNA-dependent gene silencing is
correlated with an increase in poly(ADP)-ribosylation of
Argonautes (Leung et al. 2011; Seo et al. 2013). Similarly,
the expression profiles of miRNAs can be significantly af-
fected by ubiquitylation of Argonaute proteins, which results
in their destabilization (Rybak et al. 2009). Finally, similar
to many other proteins in eukaryotic cells, Argonaute pro-
teins are substrates for multiple protein kinases (Zeng
et al. 2008; Rudel et al. 2011; Horman et al. 2013; Shen et
al. 2013).

There are four members of the Argonaute subfamily in
mammalian cells, but Ago2 is the only member that can
cleave targeted mRNAs (Liu et al. 2004). Although Ago2 is
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Phosphorylation of Ago2

the most widely expressed and predominant Argonaute iso-
form in mammalian somatic cells, the majority of endoge-
nous miRNA-mediated gene silencing does not involve
endonucleolytic cleavage of targeted mRNAs. Results from
mass spectrometry analyses indicate the presence of at least
seven phosphoamino acid residues in Ago2 (Rudel et al.
2011). To date, only three of these phosphoamino acid resi-
dues in Ago2 have been studied in a functional manner; how-
ever, it is evident that Argonaute phosphorylation affects
small RNA-based gene silencing through multiple mecha-
nisms. First, phosphorylation of tyrosine-393 negatively im-
pacts the interaction between Ago2 and Dicer (Shen et al.
2013), the RNase responsible for processing duplex precur-
sors into mature microRNAs (miRNAs). Disrupting this in-
teraction affects miRNA maturation, particularly with respect
to precursor miRNAs containing a long-loop structure. Once
pre-miRNAs are processed into mature duplexes, the MID
domains of Argonaute proteins anchor the 5 phosphates of
guide RNA strands in RISC. However, phosphorylation of ty-
rosine-529 in this domain of Ago2 prevents loading of small
RNAs onto RISC (Rudel et al. 2011). As such, regulated phos-
phorylation of tyrosine-529 may be a critical step in RISC ac-
tivation. Finally, the phosphorylation status of serine-387 has
been reported to suppress the endonucleolytic cleavage activ-
ity of Ago2, while enhancing the silencing of the targeted
mRNAs by translational repression (Horman et al. 2013).
Phosphorylation of serine-387 by AKT reportedly stimulates
Ago2 interaction with GW182, a P-body resident protein and
critical component of the ribonucleoprotein complex that
represses translation of miRNA-targeted mRNAs. Increased
interaction between phosphorylated Ago2 and GW182 may
underlie the change of silencing mechanism for this protein.
Consistent with this scenario is the observation that acti-
vation of the PI3K-AKT-mTOR kinase pathway in hema-
topoietic cells increases both expression of GW182 and
association of Argonaute proteins with mRNAs in high mo-
lecular weight complexes (La Rocca et al. 2015). The associ-
ation of Argonautes with high molecular weight complexes
correlated with improved efficiency of slicer-independent si-
lencing by RISC loaded with miRNAs and provides strong ev-
idence of an intricate kinase-mediated regulatory mechanism
for RNAIi involving both direct and indirect modification of
Argonautes.

Given the large number of genes targeted by small RNA-
based gene silencing, these pathways must be regulated at
multiple levels. Evidence to date indicates that phosphory-
lation of serine-387, tyrosine-393, and tyrosine-529 regulate
Argonaute activity by three different mechanisms. However,
the role of phosphorylation at other sites in Ago2 has not
been reported. Here, we used site-directed mutagenesis to
change every known phosphoamino acid residue in Ago2
to residues that either prevent or mimic constitutive phos-
phorylation. The subcellular localizations as well as endonu-
clease-dependent and -independent gene-silencing activities
of these mutants were then analyzed. Whereas most Ago2

mutants did not exhibit significant changes in localization
or RNAI activity, substitution of aspartic acid for serine at
position 798 elicited modest but significant changes in silenc-
ing activity. Intriguingly, association of this Ago2 mutant
with P-bodies and stress granules was completely abolished.
Whereas other studies have shown that microscopic P-bodies
are not required for RNAi (Behm-Ansmant et al. 2006;
Chu and Rana 2006; Eulalio et al. 2007b), this is the first
report indicating that the association of Ago2 with cytoplas-
mic RNA granules can be uncoupled from its role in gene
silencing.

RESULTS AND DISCUSSION

Previous studies revealed that mammalian Ago2 is phos-
phorylated on at least seven amino acid residues (Fig. 1A),
but the functional consequences of only three of these events
have been studied in any significant detail. To further ex-
plore the role of phosphorylation at each of these sites, we
used site-directed mutagenesis to create a panel of 14 mutants
in which each phosphoamino acid residue was converted
to either a nonphosphorylatable amino acid residue or a
mimic of a constitutively phosphorylated amino acid resi-
due. Serines and threonines were substituted with alanines
(nonphosphorylatable) or aspartic acid (phospho-mimetic),
whereas tyrosine residues were changed to either phenyl-
alanine (nonphosphorylatable) or glutamic acid (phospho-
mimetic).

Mutation of specific phospho-residues of Ago2
alters its subcellular localization

Earlier reports have drawn a correlation between Ago2 ac-
tivity and its interaction with cytoplasmic ribonucleoprotein
granules such as P-bodies and stress granules (Chu and Rana
2006; Eulalio et al. 2007a,b; Franks and Lykke-Andersen
2008). The relationship between RNAi-mediated silencing
activity and localization to P-bodies is not fully understood,
but targeting of Ago2 to these granules is dependent on small
RNA binding (Pare et al. 2011). This observation was consis-
tent with the idea that Ago2 localizes to RNA granules as a
consequence of its mRNA silencing activity, as opposed
to a previous theory that espoused that RNAi activity was
confined to these structures. To determine whether any of
the 14 phospho-mutants had altered subcellular localiza-
tions, we performed a high-content, unbiased, automated
image analysis using laser scanning cytometry. HeLa cells
were transfected with plasmids encoding myc-tagged ver-
sions of each of the 14 phospho-mutants, wild type, as well
as Ago2 PAZ9 and Ago2 H634P, which served as controls.
The Ago2 PAZ9 mutant has been previously characterized
(Liu et al. 2005) and, because of multiple site-directed muta-
tions the PAZ domain, cannot bind to small RNAs, and
it is therefore inactive in both slicer-mediated and slicer-in-
dependent silencing. Conversely, the Ago2 H634P mutant
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FIGURE 1. Localization of Ago2 phosphorylation mutants. (A) Schematic representation of Ago2 domains and known phosphoamino acid residues.
(B) HeLa cells transiently transfected with plasmids expressing wild-type or mutant Ago2 were processed for indirect immunofluorescence (IIF) mi-
croscopy. Dcpla-positive P-bodies were analyzed for Ago2 signal using quantitative laser scanning cytometry. The colocalization between Ago2 and
Dcpla for all mutants is relative to wild type, which was set to 1.0. (C) HeLa cells were transiently cotransfected with plasmids expressing wild-type or
mutant Ago2. Before processing for ITF microscopy, cells were treated with 500 uM sodium arsenite for 45 min. Stress granules positive for endog-
enous TIA-1 were analyzed for Ago2 signal using quantitative laser scanning cytometry. The colocalization between Ago2 and TIA-1 for all mutants is
relative to wild type, which was set to 1.0. Paired Student’s two-tailed ¢-test were used to compare relative colocalization of mutant Ago2 and RNA
granule to that of wild-type Ago2. Error bars indicate SE. (D) HeLa cells transiently transfected with plasmids expressing myc-tagged Ago2 (wild type,
PAZ9, or S798D) were processed for IIF microscopy. Exogenously expressed Ago2 was detected using an anti-myc antibody. Dcpla-positive P-bodies
are marked by arrows. (E) HelLa cells were transiently cotransfected with plasmids expressing myc-tagged Ago2 (wild type, PAZ9, or S798D) and
DsRed-tagged TIA-1. Following treatment with 500 uM sodium arsenite for 1 h, cells were processed for IIF microscopy. Exogenously expressed
Ago2 was detected using an anti-myc antibody. TIA-1-positive stress granules are marked by arrowheads. Outlined regions are expanded in inset.
Scale bars, 10 um. (*) P<0.05; (**) P<0.01; (***) P<0.001; (****) P <0.0001.

retains its small RNA-binding and slicer-independent silenc-
ing activities, but it is catalytically inactivated by a mutation
in the endonuclease domain active site (Liu et al. 2004). As
such, it is unable to cleave targeted mRNAs. At 24 h post-
transfection, cells were processed for indirect immuno-
fluorescence microscopy using antibodies to myc and Dcpla,
a well-characterized P-body component (van Dijk et al.
2002). At least 500 cells were analyzed for each sample
(n=13), after which the mean colocalizations between Ago2
mutants and Dcpla were plotted relative to that observed
for wild type (myc-Ago2 WT; Fig. 1B). As expected, Ago2
PAZ9 and Ago2 Y529E, two mutants that cannot bind
miRNAs, did not colocalize with P-bodies. Decreased colo-
calization was also observed for Ago2 Y529F, an observation
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that is consistent with a previous report from this laboratory
(Pare et al. 2011). Interestingly, very little of the Ago2 S798D
mutant was found to associate with P-bodies, whereas the
Ago2 T303D mutant showed a small, yet significant, increase
in colocalization with P-bodies compared with wild-type
Ago2 (Fig. 1B). In contrast to a previous report (Zeng et al.
2008), we found that changing serine 387 to alanine (Ago2
S387A) had no effect on localization of the Ago2 to P-bodies.
This may be due to the fact that different methodologies were
used to determine the extent of colocalization to P-bodies.
Zeng et al. (2008) used the H1299 cell line and manually
counted “Flag-Ago2-stained” P-bodies in 40 cells. In con-
trast, we used Hela cells, and relied on automated analysis
software to count the number of myc-Ago2-positive P-bodies
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(as indicated by colocalization with costained Dcpla) in a
minimum of 500 cells.

For the most part, expression of each of the 14 phospho-
mutants was comparable to that of exogenously expressed
wild-type myc-Ago2 and, in all cases, higher than endoge-
nous Ago2 (Supplemental Fig. 1). As such, the observed de-
creased P-body localization of Ago2 S798D was not due to
lower expression. Moreover, expression levels of two other
myc-tagged mutants (Ago2 S798A and Ago2 Y393E) were
routinely lower than Ago2 S798D; however, no appreciable
decrease in granule localization was observed in these cases.

Similar to P-bodies, localization of Ago2 to stress granules
requires small RNA binding (Pare et al. 2011). It is therefore
thought that targeting of Ago2 to these structures is also a
consequence of its role in RNAi and is mediated by its inter-
action with targeted mRNAs. We next sought to determine
whether recruitment of Ago2 to stress granules was affected
by mutation of phosphoamino acid residues. Transfected
HelLa cells expressing myc-tagged Ago2 mutants were used
in a similar approach as above except that 45 min before fix-
ation cells were treated with sodium arsenite (500 uM), an
oxidative stressor, to induce the formation of stress granules.
Cells were then processed for indirect fluorescence with anti-
bodies to myc and TIA-1, a stress granule resident protein
(Kedersha et al. 1999). Computational analysis of the data
showed that, as with targeting to P-bodies, recruitment of
Ago2 PAZ9, Ago2 Y529E, Ago2 Y529F, and the Ago2
§798D mutants to stress granules was significantly impaired
(Fig. 1C). Similar to what was observed for Ago2 T303D
and P-bodies, targeting of Ago2 S387D to TIA-1-positive
stress granules was slightly, but significantly, increased com-
pared with wild-type Ago2. We were able to rule out the triv-
ial possibility that decreased localization of Ago2 mutants to
RNA granules resulted from loss of these structures because
the total number of granules was unchanged in cells overex-
pressing wild-type or mutant Ago2 (Supplemental Fig. 2).

The aberrant localization of Ago2 S798D (Fig. 1B,C) was
confirmed using confocal microscopy. HeLa cells were trans-
fected with plasmids expressing myc-Ago2 WT, 3xmyc-Ago2
PAZ9, or myc-Ago2 S798D. A plasmid expressing DsRed-
tagged TIA-1 was cotransfected into cells treated with arse-
nite for 45 min before fixation, while endogenous Dcpla
was used as a marker for P-bodies. Ago2 PAZ9 and Ago2
S798D were distributed diffusely throughout the cytoplasm
and did not overlap with Dcpla-positive P-bodies or TIA-
1-positive stress granules (Fig. 1D,E). We also validated the
localization data of the remaining mutants by transfecting
plasmids expressing all 14 myc-tagged Ago2 mutants into
HeLa cells that were subsequently treated with or without ar-
senite before fixation. Endogenous Dcpla was used as a
marker for P-bodies, whereas endogenous TIA-1 was used
to detect stress granules. Together, results from these exper-
iments confirmed that Y529F, Y529E, and S798D are the only
phospho-mutants of Ago2 with marked localization defects
(Supplemental Fig. 3).

Phospho-mimetic substitution at position 798 does not
affect interaction of Ago2 with mature miRNAs or RISC-
loading complex components Dicer and Hsp90

In some cases, point mutations can have profound effects on
the folding of proteins, resulting in altered three-dimensional
structures. To address the possibility that loss of RNA granule
targeting was due to Ago2 S798D being misfolded, we as-
sessed its ability to interact with well-characterized protein
(Hsp90 and Dicer) and nucleic acid (miRNAs) binding part-
ners. HeLa cells were transfected with plasmids encoding
myc-tagged Ago2 (wild type, PAZ9, S798A, or S798D) and
then processed for coimmunoprecipitation and immuno-
blotting. Data in Figure 2A show that both Hsp90 and
Dicer coimmunoprecipitated with the Ago2 S798D mutant.
Levels of coimmunoprecipitated Hsp90 and Dicer were nor-
malized to the amount of Ago2 bound by the anti-myc beads.
The relative amounts of Hsp90 and Dicer detected in the
coimmunoprecipitates are shown in Figure 2B. Similar to
Ago2 PAZ9, significantly more Hsp90 and Dicer were bound
to Ago2 S798D than to wild-type Ago2. Moreover, we dem-
onstrated that wild type Ago2, Ago2 S798A, and Ago2 S798D
all formed stable complexes with Dcpla. (Supplemental Fig.
4). However, the significance of this interaction remains un-
clear as Ago2 PAZ9, which does not associate with P-bodies,
also binds Dcpla (Supplemental Fig. 4; Liu et al. 2005).
Furthermore, it has been shown that Ago2 Y529E, despite
being functionally inactive and not localized to granules,
interacts with GW182, a P-body resident protein and criti-
cal component to the RNAi-mediated silencing pathway
(Rudel et al. 2011). One interpretation of the results in
Figure 2, A and B, is that the transfer of the miRNA from
Dicer to Argonaute triggers the dissolution of the RISC-load-
ing complex; therefore, Ago2 mutants that cannot be effi-
ciently loaded with miRNA, dwell in complex with Dicer
and the loading machinery. In contrast to Ago2 S798D, the
amount of Dicer and Hsp90 associated with Ago2 S798A
was not significantly different from wild-type Ago2. Given
that Ago2 S798D interacts with two critical proteins (Dicer
and Hsp90) involved in RISC-loading, as well as Dcpla, we
conclude that this mutant is not misfolded.

The localization defect associated with Ago2 S798D (Fig.
1) closely resembles that of two other Ago2 mutants (Ago2
PAZ9 and Ago2 Y529E), which are unable to bind to small
RNAs. Moreover, both S798D and PAZ9 Ago2 mutants
bind significantly more Hsp90 and Dicer than wild-type
Ago2. Analysis of the crystal structure of Ago2 in complex
with a miRNA suggests that serine-798 interacts with the
phosphate backbone at position 5 of the miRNA (Schirle
and MacRae 2012). According to this structure, serine-798
is predicted to have limited surface availability, which would
restrict access by protein kinases. However, tyrosine-529 has
similar predicted surface availability and increasing evidence
indicates that it is phosphorylated in vivo (Rudel et al. 2011;
Mazumder et al. 2013). This may indicate that Ago2 adopts a
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FIGURE 2. Interaction of myc-hAgo2 S798D with components of the
RISC-loading complex and small RNAs. (A) Hela cells transiently
transfected with plasmids encoding wild-type or mutant Ago2 were
lysed 16 h post-transfection and subjected to immunoprecipitation us-
ing sepharose beads coated with anti-myc antibodies. Total cell lysate
(Input) and bound fractions were subjected to SDS-PAGE and immu-
noblotted for Ago2, Hsp90, and Dicer as indicated. (B) Signal intensities
for Hsp90 and Dicer were quantitated and normalized to level of immu-
noprecipitated Ago2. The bar graph indicates the fold change in the
amount of each coimmunoprecipitated Ago2-binding partner relative
to the amount associated with wild-type Ago2. Paired Student’s two-
tailed #-test was used to compare amounts of coimmunoprecipitated
Hsp90 and Dicer to amounts bound to wild-type Ago2, (*) P <0.05;
(**) P<0.01. Error bars indicate SE. (C) HeLa cells transiently trans-
fected with plasmids expressing wild-type or mutant Ago2 were lysed
16 h post-transfection and subjected to immunoprecipitation using
sepharose beads coated with monoclonal anti-myc antibodies. RNA
was extracted from the bound fractions (IP a-myc) and subjected to
UREA-PAGE. Cells transfected with empty vector were used as the neg-
ative control for immunoprecipitation (labeled “Vector”). Loading of
RNA was normalized to level of bound Ago2 (immunoblot of 3% of im-
munoprecipitated protein shown below). MiRNAs detected by
Northern blotting using *?P-labeled oligonucleotide probes. Total
RNA isolated from cell lysate included as a control (Input RNA).
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conformation where one or both of these amino acid residues
are accessible to kinases. Based on these data, we predicted
that Ago2 S798D would not bind small RNAs because of elec-
trostatic repulsion. To test this, the relative levels of two en-
dogenous miRNAs (hsa-let-7b and hsa-miR-21) bound to
myc-tagged wild-type and mutant Ago2 proteins were deter-
mined by coimmunoprecipitation and Northern blotting.
Data in Figure 2C revealed, unexpectedly, that Ago2 S798D
behaves similarly to wild-type Ago2 in binding endogenous
mature miRNAs. These observations appear to rule out the
possibility that at position 798 (unlike at position 529) the
presence of a large, negative charge serves to prevent binding
of the small RNA. Although it seems unlikely, we cannot rule
out the possibility that the substituted aspartic acid at posi-
tion 798 is differentially aligned within the structure of
Ago2 than a phosphoserine at this position, thereby allowing
for the interaction with the negatively charged phosphate
backbone of the small RNA, whereas phosphorylation of
the native serine residue may have more significant effects
on small RNA binding. Irrespective of the mechanism, to
our knowledge, this is the first mutation of Ago2 that uncou-
ples miRNA binding from targeting to cytoplasmic RNA
granules.

Silencing activity of Ago2 is mildly affected
by phospho-mimetic mutation of Serine-798

Given the evidence linking Ago2 localization to cytoplasmic
RNA granules and gene-silencing function, we next explored
the consequence of mutating phosphoamino acid residues on
the activity of Ago2. To measure endonuclease-dependent si-
lencing activity, we constructed a reporter (dsGFP-miR21)
encoding destabilized GFP (dsGFP) and a single perfectly
complementary binding site to mouse miR-21 (Fig. 3A), a
miRNA that is highly expressed in MEFs. A plasmid encod-
ing dsGFP and an untargeted 3’ UTR site (dsGFP-nsc), was
used as a negative control. MEF cells lacking the gene en-
coding Ago2 (Liu et al. 2004) were electroporated with plas-
mids encoding either wild-type Ago2 or the phospho-
mutants; DsRed-C1-Monomer; and dsGFP-miR21 reporter
(or dsGFP-nsc control). The molar ratios of plasmids in
the electroporation ensured that all DsRed-expressing cells
were cotransfected with Ago2 and the dsGFP-based reporters
(data not shown). Expression of dsGFP and DsRed was deter-
mined by flow cytometry 24 h after electroporation, followed
by normalization of dsGFP against DsRed. GFP expression is
represented as a percent of the total expression of the dsGFP-
nsc control. As expected, cotransfection of the plasmid ex-
pressing wild-type Ago2 caused a 91% reduction in the fluo-
rescence of cells expressing dsGFP-miR21 (Fig. 3B). Levels of
dsGFP expression in cells transfected with plasmids encoding
the slicer-dead (Ago2 H634P) or small RNA-binding mu-
tants (Ago2 PAZ9 and Ago2 Y529E) of Ago2 were not signif-
icantly different from those expressing vector alone. Paired
sample t-tests were performed, confirming that the difference
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translation without cleaving the targeted
mRNA. Following normalization to
DsRed expression, expression of dsGFP
from the dsGFP-Nonslicer was deter-

mined relative to expression from the
nonsilenced control plasmid (Fig. 3D).
Consistent with our expectations, coex-
pression of Ago2 PAZ9 or Ago2 Y529E
did not cause an appreciable decrease
in fluorescence compared with vector
alone. That is, Ago2 PAZ9 and Ago2
Y529E were relatively ineffective in sup-
pressing dsGFP-Nonslicer translation,
in contrast to exogenously expressed
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FIGURE 3. Efficiency of myc-Ago2 phospho-mutantsin slicer-dependentand slicer-independent
silencingassays. (A) Schematic representation of dsGFP-miR21 reporter used to assay slicer-depen-
dent silencing activity. (B) Ag02 =~ mouse embryonic fibroblast cells were transiently electropo-
rated with plasmids expressing wild-type or mutant Ago2 alongside dsGFP-miR21 (or dsGFP-
nsc as a control), and pDsRed-C1-monomer. GFP expression was determined by flow cytometry
and normalized against DsRed expression. The bar graph represents the expression of dsGFP-
miR21 relative to dsGFP-nsc for each Ago2 construct. (C) Schematic representation of dsGFP-
Nonslicer reporter used to assay slicer-independent silencing activity. (D) Ag02 ~'~ mouse embry-
onic fibroblast cells were transiently electroporated with plasmids expressing wild-type or mutant
Ago2 alongside dsGFP-NonSlicer (or dsGFP-nsc as a control), and pDsRed-C1-monomer. Cells
were then transfected with Dicer-substrate siRNA. GFP expression was determined by flow cytom-
etry and normalized against DsRed expression. The bar graph represents the expression of dsGFP-
NonSlicer relative to dsGFP-nsc for each Ago2 construct. Paired Student’s two-tailed ¢-test was used
to compare amounts of dsGFP expression in cells cotransfected with mutant Ago2 constructs to
) P<0.05; (**) P<0.01. Error bars indicate SE.

those cotransfected with wild-type Ago2, (*

in GFP expression, relative to wild-type Ago2, was significant
for Ago2 H634P, Ago2 PAZ9, Ago2 Y529E, and Ago2 S798D.
However, although the decrease in slicer-dependent silencing
efficiency of Ago2 S798D was significantly different from
wild-type Ago2, it was not as impaired as the Ago2 H634P,
Ago2 PAZ9, or Ago2 Y529E mutants. That is, silencing activ-
ity of Ago2 S798D was reduced less than twofold compared
with approximately sixfold for the silencing null mutants,
Ago2 PAZ9, and Ago2 H634P (Fig. 3B). The differences in si-
lencing activity between wild-type Ago2 and Ago2 S798D
proteins were not specific to myc-tagged variants, as we ob-
served similar differences with DsRed-tagged variants (data
not shown).

We also constructed a reporter plasmid containing a syn-
thetic, 107-bp 3’ UTR (dsGFP-Nonslicer; Fig. 3C) containing
three binding sites for a Dicer-substrate siRNA engineered
not to target any mammalian (including murine) genomic
sequences. To prevent Ago2-mediated cleavage of the
mRNA target, the binding sites within the synthetic 3 UTR
were mismatched at positions 9 and 10 (Bartel 2004).
Finally, the binding sites within the 3" UTR were spaced in
a manner to bias nonslicer silencing by Ago2 (Broderick
et al. 2011).

Using the same experimental conditions described above,
followed by transfection of the Dicer-substrate siRNA, we as-
sessed the ability of the Ago2 phospho-mutants to repress
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wild-type Ago2 (Fig. 3D). The mean
GFP fluorescence in cells expressing the
Ago2 phospho-mutants was somewhat
variable, likely because of silencing func-
tions of the three remaining endogenous
Ago proteins 1, 3, and 4. Despite this var-
iability, Ago2 S798D was the only other
mutant whose silencing activity was stat-
istically different from wild-type Ago2.

In contrast to what we observed in
the slicer-dependent silencing assay, the
activity of Ago2 S798D in the slicer-in-
dependent silencing assay was slightly in-
creased relative to wild-type Ago2 (Fig.
3D). A recent study showed that phos-
phorylation at tyrosine-393 impairs maturation of long-
loop miRNAs (Shen et al. 2013). However, because neither
miR-21 nor the Dicer-substrate siRNA are of this type, it
was not unexpected that Ago2 Y393E exhibited normal si-
lencing activity in our assays. Despite the low electroporation
efficiency and the presence of Agos 1, 2, and 3 in MEFs, we
were able to detect the gene-silencing activity of ectopically
expressed Ago2 in our assays (Supplemental Fig. 5).

The opposing effect of substituting an aspartic acid for
serine-798 on slicer-dependent versus slicer-independent si-
lencing somewhat mirrors, albeit with lessened effect, the ob-
servations of Zeng et al. (2008) for serine-387 mutations.
Phosphorylation of serine-798 could be a mechanism by
which the silencing preference of Ago2 is shifted toward
translational repression rather than slicer activity. However,
the effect of the S798D substitution on the silencing activity
was relatively small. Whether this is due to its altered subcel-
lular localization and/or subtle changes in small RNA-bind-
ing activity is not known at this point. It is possible that the
high concentration of the small RNAs used in the reporter as-
says (i.e., miR-21 and the synthetic Dicer-substrate siRNA)
partially compensated for subtle RNA binding, or slicer-me-
diated silencing, defects of Ago2 S798D. Nevertheless, the
striking difference in localization of Ago2 S798D compared
with wild-type Ago2 makes it tempting to speculate that dy-
namic phosphorylation of serine-798 is a mechanism for
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regulating the association of Ago2 with cytoplasmic RNA
granules, either directly or by promoting interaction with
binding partners that prevent its association with those struc-
tures. To this end, future work in identifying the kinase(s)
responsible for the phosphorylation of serine-798 will un-
doubtedly improve our understanding of this means of
regulating Argonaute activity. Analysis of the amino acid se-
quences surrounding serine-798, which is highly conserved
among vertebrates, suggests that this amino acid residue
is a substrate for AKT and/or protein kinase A (http:/
scansite.mit.edu/). The observation that Ago2 S798D binds
miRNAs normally and maintains translational repression ac-
tivity suggests that neither miRNA-binding nor translational
suppression activity is sufficient for targeting Ago2 to cyto-
plasmic RNA granules. Indeed, association with these gran-
ules may reflect a mechanism that negatively regulates the
translational repression activity of Ago2, and that phosphor-
ylation of serine-798 prevents this inhibition, allowing the
protein to remain active in the cytoplasm.

MATERIALS AND METHODS

Antibodies

Mouse monoclonal anti-myc (9E10) was prepared from a hybrid-
oma cell line obtained from the American Type Culture Collection
(ATCC). The rabbit polyclonal antibody (2D4) was generated
against the PAZ domain of Ago2 in this laboratory (Tahbaz et al.
2004). Mouse monoclonal anti-Dicer (ab14601) and rabbit mono-
clonal anti-Dcpl-a (ab47811) were from Abcam. Goat polyclonal
anti-HSP90 (sc-1055) and goat anti-T-cell-restricted intracellular
antigen (TIA-1) (sc-1751) were from Santa Cruz Biotechnology.
Donkey anti-mouse conjugated to Alexa 680 (A10038), donkey
anti-goat conjugated to Alexa 680 (A21084), donkey anti-mouse
conjugated to Alexa 488 (A21202), donkey anti-rabbit conjugated
to Alexa 647 (A31573), and chicken anti-goat conjugated to Alexa
647 (A21469) were purchased from Life Technologies. Donkey
anti-rabbit conjugated to IR-Dye 800 was purchased from Li-Cor
Biosciences.

Plasmid construction

Myc-Ago2 WT construction was described previously in Pare et al.
(2011). The Ago2 mutants H634P and PAZ9 were obtained from
Dr. G.J. Hannon (Cold Spring Harbor Laboratory). All 14 Ago2
phospho-mutants were created from a myc-tagged Ago2 wild-type
construct using the QuickChange site-directed mutagenesis kit
from Agilent technologies using primers described in Supplemental
Table 1.

The plasmids pcDNA-5/TO and pDsRed-Monomer-C1l were
purchased from Life Technologies and Clontech Laboratories, re-
spectively. Construction of pDsRed-TIA-1 was described previously
(Pare et al. 2009).

Construction of the plasmid encoding destabilized GFP (dsGFP),
a gift from Dr. C.S. Sullivan, was previously described (Sullivan and
Ganem 2005). dsGFP-mir21 was constructed by ligating the duplex
(5'-AATTCTCAACATCAGTCTGATAAGCTAGA; 5'-AATTCTAG-
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CTTATCAGACTGATGTTGAG) into dsGFP digested with EcoR1.
dsGFP-nsc was constructed by ligating the duplex (5'-AATTCGT-
CGTTAATCGCGTATAATACAGATCTG; 5-AATTCAGATCTGT-
ATTATACGCGATTAACGACG) into dsGFP digested with EcoRI.
dsGFP-Nonslicer was constructed by ligating the duplex (5'-AATT-
CCGTATTATATTGATTAACGAAACGGGACGGCGCACGCGCG-
TATTATATTGATTAACGAAACGGGACGGCGCACGCGCGTATT-
ATATTGATTAACGGGGCCAGATCTG; 5'-AATTCAGATCTGG-
CCCCGTTAATCAATATAATACGCGCGTGCGCCGTCCCGTTT-
CGTTAATCAATATAATACGCGCGTGCGCCGTCCCGTTTCGTT-
AATCAATATAATACGG) into dsGFP digested with EcoR1.

Cell culture and transfections

Hela cells (ATCC) and mouse embryonic fibroblasts (MEFs) con-
taining a homozygous deletion for Ago2 (a gift from Greg Hannon,
Cold Spring Harbor) were cultured in Dulbecco’s Modified Eagle
Medium containing 10% heat-inactivated fetal bovine serum, 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
and 2.5 pg/mL Plasmocin (InvivoGen) at 37°C in a 5% CO,
atmosphere.

Electroporation was used to introduce plasmid DNA into Ago2™"~
MEE cells. Briefly, 1 x 10° cells were resuspended in 25 mM HEPES
(pH 7.6), 10 mM KH,PO,, 120 mM KCl, 0.15 mM CaCl,, 2 mM
ethylene glycol tetraacetic acid (EGTA), 5 mM MgCl,, 5 mM aden-
osine triphosphate (ATP), and 2 mM L-glutamine and electropo-
rated using 2 mm cuvettes (Bio-Rad) at 260 V, 500 puF. DsiRNA
was transfected using RNAiMax (Life Technologies) following
manufacturer’s instructions.

HelLa cells were transfected with plasmid DNA using Lipofect-
amine 2000 (Life Technologies) following manufacturer’s protocol
in OptiMEM media (Life Technologies).

Immunofluorescence

Transfected cells were grown on coverslips in six-well plates or clear-
bottom 96 pClear Greiner plates (Sigma-Aldrich), and then washed
twice with 2 mL or 200 puL of phosphate-buffered saline (PBS), re-
spectively. Cells were fixed using 2% paraformaldehyde for 10
min, and then permeabilized with 0.2% Triton X-100 in PBS for
4 min. Samples were blocked for 30 min using 5% skim milk in
PBS before incubation with primary antibodies overnight at 4°C.
Following two 10-min washes with PBS, slides were incubated
with secondary antibodies for 1 h. 4’,6-diamidino-2-phenylindole
(DAPI) (Life Technologies) was then added at 1 ug/mL in PBS for
10 min followed by mounting with ProLong Antifade Kit (Life
Technologies). Samples were imaged on an Olympus IX-81 motor-
ized microscope (Olympus) equipped with a spinning disk confocal
unit (CSU X1, Yokogawa Electric Corporation) Images were ac-
quired with a Hamamatsu EMCCD (C9100-13) (Hamamatsu
Photonics) digital camera and analyzed using Volocity software
(PerkinElmer Life and Analytical Sciences).

Laser scanning cytometry and image analysis

High-content quantitative imaging of Ago2 mutants in transfected
HeLa cells was performed using a laser scanning cytometer system
equipped with 405-, 488-, 561-, and 640-nm lasers, iBrowser
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analysis software (Thorlabs Inc.), and a 40X objective (0.45 NA) ata
step size of 0.25 um and a composite image composed of either 81
(9 x9)or 100 (10 x 10) fields. Voltages were set allowing for a back-
ground pixel intensity of between 200 and 500 to limit saturation of
the images. The cells were identified using the nuclear stain DAPI
and the localization of myc-tagged Ago2 relative to P-bodies and
stress granules was determined using object-based segmentation us-
ing iCys software (Thorlabs Inc.). Data were represented by plotting
the integrated signals of myc-Ago2 integral versus that of P-bodies
and stress granules. Background fluorescence levels were set by mea-
suring the signals from cells transfected with the empty vector
PcDNA-5/TO. At least 500 transfected cells were analyzed for each
mutant or control. Paired sample t-test was used to determine the
statistical significance of differences.

Flow cytometry

Ago2™"~ MEFs were electroporated with DsRed-Monomer, myc-
Ago2, and dsGFP reporter plasmids using a molar ratio of 1:4:16.
Twenty-four hours post-electroporation, cells were harvested from
plates by trypsinization followed by centrifugation at 1000g after
which the cells were resuspended in PBS with 10% FBS and 5
mM EDTA. Samples were analyzed using a BD LSRFortessa cell an-
alyzer and FACSDiva Software (BD Biosciences). After gating a min-
imum of 1000 DsRed-monomer-positive cells, the mean GFP
fluorescence of this population was recorded. Background fluores-
cence was set using cells electroporated with the empty vector
(pcDNA-5/TO). Cell doublets were excluded from the analyses by
using a forward-scatter-width-discrimination.

Immunoprecipitation and immunoblotting

Protein G-Sepharose 4 fast flow beads (GE Healthcare) were washed
twice with PBS, and then incubated at room temperature for 1 h
with anti-myc (9E10) antibody followed by washing once with 10
volumes of 100 mM sodium borate. The cross-linking reagent dime-
thylpimelimidate (20 mM) was added to the beads for 30 min at
room temperature, followed by two washes with 10 volumes of
200 mM ethanolamine. Beads were then incubated at room temper-
ature with 200 mM ethanolamine for 2 h before washing three times
with 10 volumes of PBS. Finally, beads were stored as a 50% slurry in
PBS at 4°C until use in immunoprecipitation experiments.

Transfected cells were lysed for 10 min at 4°C with rotation in IP
lysis buffer: 1% Triton X-100 buffer containing 1 mM MgCl,, 20
mM NaCl, and 50 mM Tris—HCI (pH 7.2) supplemented with 1x
Complete protease inhibitor (Roche). Following centrifugation at
15,000, anti-myc beads were added to the supernatants and rotated
at 4°C for 1 h. Beads were then washed once with lysis buffer and
Ago2-complexes were eluted by boiling in 2x Laemmli sample buff-
er (4% SDS, 20% glycerol, and 120 mM TRIS-HCI [pH 6.8]).
Samples were resolved on 8% acrylamide gels by SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad). Membranes
were blocked in 5% skim milk in PBS and then incubated with pri-
mary antibodies diluted in 1% bovine serum albumin in PBS con-
taining 0.1% Tween-20 (PBS-T) overnight at 4°C. After several
washes with PBS-T, blots were incubated with fluorophore-conju-
gated secondary antibodies for 1 h and washed in PBS-T.
Membranes were scanned using an Odyssey 9120 infrared imaging
system (Li-Cor Biosciences).

Northern blots

Total RNA was resolved by electrophoresis using 15% acrylamide
gels (19:1 acrylamide/bisacrylamide) containing 8 M urea before
transfer to GeneScreen Plus membrane (PerkinElmer). The mem-
branes were probed in UltraHyb Oligo buffer (Life Technologies)
at 42°C with 5'-[32F]-end-labeled DNA oligonucleotides with exact
complementarity to the mature miRNA sequences. U6 was probed
as a loading control. The expression of miRNAs was quantified us-
ing ImageQuant software (GE Health Sciences).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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