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Methylation protects microRNAs from an AGO1-
associated activity that uridylates 5 RNA
fragments generated by AGO1 cleavage
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of Genetic Engineering, Department of Biochemistry and Institute of Plant Biology, School of Life Sciences, Fudan University, Shanghai 200433, China;
and “Department of Botany and Plant Sciences and Institute of Integrative Genome Biology and “Howard Hughes Medical Institute, University of

California, Riverside, CA 92521

Contributed by Xuemei Chen, March 21, 2014 (sent for review January 14, 2014)

In plants, methylation catalyzed by HEN1 (small RNA methyl trans-
ferase) prevents microRNAs (miRNAs) from degradation triggered
by uridylation. How methylation antagonizes uridylation of miRNAs
in vivo is not well understood. In addition, 5 RNA fragments (5’
fragments) produced by miRNA-mediated RNA cleavage can be
uridylated in plants and animals. However, the biological signifi-
cance of this modification is unknown, and enzymes uridylating
5’ fragments remain to be identified. Here, we report that in
Arabidopsis, HEN1 suppressor 1 (HESO1, a miRNA nucleotidyl trans-
ferase) uridylates 5’ fragments to trigger their degradation. We also
show that Argonaute 1 (AGO1), the effector protein of miRNAs,
interacts with HESO1 through its Piwi/Argonaute/Zwille and PIWI
domains, which bind the 3’ end of miRNA and cleave the target
mRNAs, respectively. Furthermore, HESO1 is able to uridylate
AGO1-bound miRNAs in vitro. miRNA uridylation in vivo requires
a functional AGO1 in hen1, in which miRNA methylation is im-
paired, demonstrating that HESO1 can recognize its substrates in
the AGO1 complex. On the basis of these results, we propose that
methylation is required to protect miRNAs from AGO1-associated
HESO1 activity that normally uridylates 5’ fragments.

mall interfering RNAs (siRNAs) and microRNAs (miRNAs),
~20-25 nucleotides (nt) in size, are important regulators
of gene expression. miRNAs and siRNAs are derived from
imperfect hairpin transcripts and perfect long double-stranded
RNAs, respectively (1, 2). miRNAs and siRNAs are then asso-
ciated with Argonaute (AGO) proteins to repress gene expres-
sion through target cleavage and/or translational inhibition (3).
The cleavage of target mRNAs usually occurs at a position
opposite the tenth and eleventh nucleotides of miRNAs,
resulting in a 5' RNA fragment (5’ fragment) and a 3’ frag-
ment (4). In Arabidopsis, the major effector protein for
miRNA-mediated gene silencing is AGO1, which possesses
the endonuclease activity required for target cleavage (5-7).
In Drosophila, the exosome removes the 5’ fragments through
its 3’-to-5’ exoribonuclease activity (8). How 5’ fragments are
degraded in higher plants remains unknown. It has been
shown that the 5’ fragments are subject to untemplated uri-
dine addition at their 3’ termini (uridylation) in both animals
and plants (9). However, the biological significance of this
modification remains unknown because of a lack of knowledge
of the enzymes targeting 5’ fragments for uridylation.
Uridylation plays important roles in regulating miRNA bio-
genesis. In animals, TUT4, a terminal uridyl transferase, is
recruited by Lin-28 (an RNA binding protein) to the let-7 pre-
cursor (prelet-7), resulting in uridylation of prelet-7 (10, 11).
This modification impairs the stability of prelet-7, resulting in
reduced levels of let-7. In addition, monouridylation has been
shown to be required for the processing of some miRNA pre-
cursors (12). Deep sequencing analysis reveals that precursor
uridylation is a widespread phenomenon occurring in many
miRNA families in animals (13). Uridylation also regulates the
function and stability of mature miRNAs and siRNAs in both

www.pnas.org/cgi/doi/10.1073/pnas.1405083111

animals and plants (14-16). Uridylation of miR26 in animals
reduces its activity without affecting its stability (17). In contrast,
uridylation of some siRNAs in Caenorhabditis elegans restricts
them to CSR-1 (an AGO protein) and reduces their abundance,
which is required for proper chromosome segregation (18). In
the green algae Chlamydomonas reinhardtii and the flowering
plant Arabidopsis, uridylation causes the degradation of miRNAs
and siRNAs (19-21). Enzymes that uridylate miRNAs and
siRNAs have been identified in both animals and plants. In
humans and C. elegans, terminal uridyl transferases zinc finger,
CCHC domain containing (ZCCHC) 6, ZCCHC11, terminal
uridylyl transferase 1, and other enzymes have been shown to
uridylate miRNAs in a miRNA sequence-specific manner (22),
whereas HESO1 acts on most miRNAs and siRNAs in Arabidopsis
(20, 21). Nevertheless, it is unclear how these terminal uridyl
transferases recognize their targets.

Here we show that HESOL1 catalyzes the uridylation of 5’
fragments produced by AGO1-mediated cleavage of miRNA
target RNAs. Uridylation of the 5’ fragment of MYB domain
protein 33 (MYB33-5'; a target of miR159) is impaired in hesol-2,
resulting in increased abundance of MYB33-5'. In addition, the
proportion of MYB33-5" with 3’ truncation is increased in hesol-2
compared with in wild-type plants. These results demonstrate
that HESO1-mediated uridylation triggers 5’ fragment degra-
dation through a mechanism that may be different from 3’-to-5’
trimming activity. Furthermore, we show that HESO1 interacts
with AGO1 and is able to uridylate AGO1-bound miRNAs in
vitro. On the basis of these observations, we propose that HESO1

Significance

This study, for the first time to the authors’ knowledge, estab-
lishes HUA1 enhancer 1 (HEN1) suppressor 1 as a 5’ fragment
uridyl transferase and shows that uridylation triggers the deg-
radation of 5’ fragments. This study also demonstrates that
HEN1 suppressor 1 interacts with Argonaute (AGO1) and is able
to act on microRNA substrates in the AGO1 complex. Further-
more, this study reveals that methylation protects microRNAs
from AGO1-associated uridylation activity in plants. Because
methylation and uridylation are conserved processes in small
RNA pathways in plants and animals, this study may have
a broad effect in related fields.
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gel-purified, cloned, and sequenced (Fig. S1), and 75%, 59.1%,
and 26.5% of MYB33-5', ARF10-5', and LOM1-5" were uridy-
lated in Ler, respectively (Fig. 1 B and C and Dataset S1). In
contrast, the proportions of uridylated MYB33-5', ARF10-5', and
LOMI-5" were reduced to 5.9%, 23.8%, and 12.9% in hesol-2,
respectively (Fig. 1 B and C and Dataset S1). Furthermore, the 3’
tail length of 5" fragments was reduced in hesol-2 compared with
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Fig. 1. HESO1 uridylates 5’ fragments. (A) HESO1 uridylates a long single-

stranded RNA (ssRNA) in vitro. A 5-end [*?P]-labeled ssRNA was incubated
with buffer, MBP, or MBP-HESO1 in the presence of UTP for 120 min, and
products were resolved on a denaturing polyacrylamide gel. (B) Uridine ad-
dition (red rectangle) at the 3’ end of the cleavage site of MYB33-5'. A and
'V represent the adaptor. (C) Uridylation of 5’ fragments in Ler and heso7-2.
Uridines in lowercase indicate that they can alternatively be considered as
a templated addition. The numbers of clones for each modification were
shown in parentheses. Clones are the numbers of sequenced clones. Ratio is
the frequency of clones with 3’-end modifications among sequenced clones.

can uridylate AGO1-associated 5’ fragments and miRNAs, re-
sulting in their degradation.

Results

HESO1 Uridylates 5' RNA Fragments Generated by miRNA-Mediated
Cleavage. HESO1 possesses terminal uridyl transferase activity
on 21-nt small RNAs in vitro (20, 21). However, whether HESO1
acts on other RNAs is not known. To address this question, we
generated a [**P]-labeled single-stranded RNA (ssRNA; ~100 nt),
which corresponds to a portion of UBQ5 mRNA through in vitro
transcription. HESO1 lengthened this ssSRNA in the presence of
UTP (Fig. 14). This result suggested that HESO1 might have
substrates other than small RNAs and, therefore, prompted us to
test whether 5’ fragments are also substrates of HESO1. We
compared 5’ fragment uridylation in the null zesol-2 mutant (20)
with that in Landsberg erecta (Ler; wild-type control of hesol-2),
using a 3’ adaptor-ligation mediated rapid amplification of
cDNA ends (al-RACE) approach. Total RNAs from Ler or
hesol-2 were isolated, ligated to a 3’ adapter, and reverse-tran-
scribed with a primer recognizing the 3’ adapter. Seminested
PCR was subsequently performed to amplify 5’ fragments gen-
erated by AGOL1 slicing of MYB domain protein 33 (MYB33-5'),
Auxin Response Factor 10 (ARF10-5"), and Lost Meristems 1
(LOM1-5"), which are targets of miR159, miR160, and miR171,
respectively (23-26). PCR products of the expected sizes were

6366 | www.pnas.org/cgi/doi/10.1073/pnas.1405083111
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Fig. 2. HESO1-mediated uridylation triggers the degradation of MYB33-5".
(A) A schematic diagram of the MYB33 cDNA showing the positions of
probes used for Northern blotting analyses. The filled circle represents the
stop codon. A represents the cleavage site. (B) The abundance of MYB33-5’
was higher in heso7-2 than in Ler. MYB33 RNAs were detected by Northern
blotting, using probes (shown in A) recognizing MYB33-5' or MYB33-3'
generated by AGO1-mediated cleavage. FL, full-length MYB33 transcripts;
CP, cleavage product; myb33, a mutant allele of MYB33 in which a T-DNA in-
sertion disrupts the transcription of MYB33 (26). The levels of cleavage products
in heso1-2 were normalized to FL transcripts and compared with those in Ler.
(C) Northern Blot analysis of miR159 in Ler and heso7-2. U6 RNA was probed
as a loading control. Note that the miR159 probe also recognizes miR319.
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Fig. 3. cRACE analysis of MYB33-5. (A) and (B)

OH Schematic diagrams of cRACE followed by nested
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uncapped (gray) MYB33-5'. (C) A schematic diagram

X of the MYB33 cDNA showing the positions of pri-
mers for nested RT-PCR. ¥ represents the cleavage
site. (D) Analyses of 5" and 3’ ends of MYB33-5'. The
3’-end signature (y axis) of individual MYB33-5'
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that in Ler (1-3nt versus 1-15 nt; Fig. 1C). These results, together
with the in vitro activity analysis (Fig. 1 A and C), demonstrated
that HESO1 catalyzes uridylation of 5’ fragments generated by
miRNA-mediated cleavage. However, the presence of uridylated
5’ fragments in the null sesol-2 mutant (Fig. 1C) indicated that
additional HESO1 homologs might also act on 5’ fragments.

HESO1-Mediated Uridylation Triggers the Degradation of the 5’
Fragment of MYB33 Generated by AGO1 Cleavage. Next, we exam-
ined whether uridylation induced the degradation of 5’ frag-
ments, using MYB33 as a reporter RNA. MYB33 was selected
because the majority of its 5’ fragments (MYB33-5') are uridy-
lated (Fig. 1C) (9). We compared the accumulation of MYB33-5'
in hesol-2 with that in Ler by Northern blotting, with probes
recognizing MYB33-5' (Fig. 24). To determine the specificity of
probe for MYB33-5', we included a myb33 mutant in which a
transfer (T)-DNA insertion abolished the transcription of MYB33
(26). We were able to detect MYB33-5' in Ler and hesol-2, but
not in myb33. The levels of MYB33-5' increased in hesol-2 rela-
tive to those in Ler (Fig. 2B). This could be a result of the en-
hanced cleavage of MYB33 by AGOL1 or decreased degradation of
MYB33-5'. If increased levels of MYB33-5" were caused by en-
hanced target cleavage, the abundance of MYB33-3’ would in-
crease as well. Our data showed that the levels of MYB33-3' were
similar in sesol-2 to those in Ler (Fig. 2B), indicating that miRNA-
mediated MYB33 cleavage did not increase in hesol-2. Consistent
with this observation, the levels of miR159 were not altered and the
abundance of MYB33 was only slightly elevated in hesol-2 (Fig. 2 B
and C and Fig. S24). Thus, we concluded that HESO1-mediated
uridylation promotes 5’ fragment degradation.

heso1-2 Increases the Proportion of 3’ Truncated MYB33-5'. Next we
asked whether uridylation could trigger 3’-to-5’ degradation
of MYB33-5', as 5’ fragments can be degraded from the 3’ end by
the exosome in Drosophila and in the green algae C. reinhardtii

Ren et al.
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(8, 27). The 3’ ends of both capped and uncapped MYB33-5' in
Ler and hesol-2 were examined separately, as they both contain
U-tails (9). We used a circularized rapid amplification of cDNA
ends (cCRACE; Fig. 3 A-C) approach to analyze the 3’ ends. Two
ligation experiments were performed. In the first set of experi-
ments, RNAs were self-ligated to analyze uncapped MYB33-5,
whose 5’ monophosphate allows self-ligation (Fig. 34). In con-
trast, the self-ligation of capped MYB33-5'was blocked by the cap
structure (Fig. 34). In the second set of experiments, total
RNAs were treated with alkaline phosphatase, calf intestinal
(CIP), which removes the 5’ monophosphate and thus inhibits
self-ligation of uncapped 5’ fragments (Fig. 3B). The resulting
RNAs were further treated with tobacco acid pyrophosphatase
(TAP) to remove the cap structure of capped RNAs, resulting in
RNAs with a 5' monophosphate. After this step, RNAs were
ligated, which enabled us to analyze the capped 5’ fragments
(Fig. 3B). Nested RT-PCR was then performed, using the liga-
tion products generated from these two sets of experiments as
templates (Fig. 3C and Fig. S2B). RT-PCR products were di-
rectly cloned and sequenced (Dataset S2). Both capped and
uncapped MYB33-5" contained U-tails in Ler (Fig. 3 D and E).
However, the relative levels of uridylated MYB33-5 in the cap-
ped population were lower than those in the uncapped pop-
ulation in Ler (Fig. 3 D and E). The relative levels of uridylated
MYB33-5" in both capped and uncapped populations were re-
duced in hesol-2 compared with Ler (Fig. 3 D and E), consistent
with our al-RACE results (Fig. 1C). We compared the levels of
3’ truncated MYB33-5' in hesol-2 and Ler. If uridylation trig-
gered 3'-to-5’ degradation, lack of uridylation in sesol-2 should
reduce the proportion of 3’ truncated MYB33-5'. However, the
proportion of both capped and uncapped 5’ fragments with 3’
truncation increased in hesol-2 relative to Ler (59.1% versus
47.1% for capped ones; 48% versus 19.1% for uncapped ones;
Fig. 3F), suggesting that 3’ trimming of 5’ fragments may com-
pete with uridylation. We also examined whether hesol-2 had

PNAS | April 29,2014 | vol. 111 | no.17 | 6367
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any effect on the 5’-to-3’ truncation of uncapped MYB33-5'.
However, no obvious changes for the positions of 5’ truncation
were observed in hesol-2 relative to Ler (Fig. 3D).

Exoribonuclease 4 Can Degrade 5 Fragments. Studies have shown
that exoribonucleases are involved in the degradation of RNA
products generated by miRNA-mediated cleavage in Drosophila
and C. reinhardtii (8, 27). We therefore asked whether exoribo-
nucleases have roles in degrading 5’ fragments in Arabidopsis.
We examined whether exoribonuclease 4 (XRN4), which is a
major cytoplasmic 5'-to-3’ exoribonuclease in Arabidopsis (28,
29), could degrade MYB33-5'. The levels of MYB33-5' in xrn4-5,
in which a T-DNA insertion completely abolished XRN4 func-
tion (29), were higher than those in wild-type control (Col) by
Northern blotting. In contrast, the full-length MYB33 transcript
was not obviously affected by xrn4-5 (Fig. S3), suggesting that the
5’ fragments are subjected to 5'-to-3’ degradation in Arabidopsis.
We also tested the function of the exosome components CSL4
and RRP6L in MYB33-5" degradation. Northern blotting showed
that the levels of MYB33-5' in csl4-1 and rp6l1-1 rip6I2-1 rp6l3-1
were comparable with those in Col (Fig. S3), suggesting that CSL4
and RRP6L may not be involved in 5’ fragment degradation.

HESO1 Interacts with AGO1. Next we asked how HESO1 recognizes
miRNAs and 5’ fragments. Because both miRNAs and 5’ frag-
ments are associated with AGO1 during the cleavage process, we
hypothesized that HESO1 might interact with AGOL1 to recog-
nize its substrates. Consistent with this hypothesis, AGO1 is as-
sociated with uridylated miRNAs (15, 30). We first examined
whether HESO1 colocalized with AGO1. We coexpressed
HESOI1 fused with a red fluorescence protein (HESO1-RFP) and
AGOL1 fused with a yellow fluorescence protein (AGO1-YFP-
HA) in Nicotiana benthamiana. The yellow fluorescence signal
produced from AGO1-YFP overlapped with the red fluores-
cence signal generated by HESO1-RFP (Fig. 44), indicating
that HESO1 and AGO1 might be associated with each other.

To confirm the AGO1-HESO1 interaction, we performed
reciprocal coimmunoprecipitation assays. We transiently ex-
pressed HESO1-YFP (20) in leaves of N. benthamiana, mixed
the HESO1-YFP containing protein extracts with the AGO1
containing protein extracts from Arabidopsis inflorescence, and
performed immunoprecipitation with either anti-AGO1 anti-
body (Fig. 4B and Fig. S44) or anti-YFP antibody (Fig. 4C). We
were able to detect HESO1-YFP (~95 kDa) in the AGO1
immunoprecipitates and AGO1 (~120 kDa) in the HESO1-YFP
immunoprecipitates (Fig. 4 B and C). In contrast, YFP (~26
kDa) and AGO1 did not coimmunoprecipitate (co-IP) with each
other (Fig. 4 B and C). In addition, protein A beads without
antibody failed to pull down either AGO1 or HESO1-YFP (Fig.
4 B and C). As both AGO1 and HESO1 recognize RNAg, it is
possible that the AGO1-HESOL1 interaction might be RNA-
mediated. To test this, we treated the protein extracts with
RNase A during the immunoprecipitation. We used this assay
previously to show the RNA-dependent factor of DNA methylation
1-AGO4 interaction (31). This treatment did not abolish the
AGOI1-HESOL1 interaction, suggesting that HESO1 may interact
with AGO1 in an RNA-independent manner (Fig. S4B).

We next asked which domains of AGO1 interact with HESOL1.
We expressed five N-terminal 10XMYC-fused AGO1 fragments
named FL (full-length; ~150 kDa), Al (aa 1-390; the N-terminal
domain; ~80 kDa), A2 [aa 381-530; the Piwi/Argonaute/Zwille
(PAZ) domain; ~40 KDa], A3 [aa 521-700; the linker2-middle
(L2-Mid) domain; ~45 kDa], and A4 (aa 671-1050; the PIWI
domain; ~75 kDa; Fig. 4D) individually in N. benthamiana and
performed coimmunoprecipitation with HESO1-YFP. The PAZ
and PIWI domains (A2 and A4), but not the N-terminal and L2-
MID domains, interacted with HESO1 (Fig. 4E). We also
identified the protein domains of HESO1 that mediate the
AGO1-HESOL1 interaction. Two fragments of HESO1 (Fig. 4F),
an N-terminal fragment, which covers the poly(A) polymerase
domain (PAP/25A) and the PAP-associated domain (aa 1-320;T1;
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Fig. 4. HESOT1 interacts with AGO1. (A) Colocalization of HESO1-RFP and
AGO1-YFP. HESO1-RFP and AGO1-YFP fusion proteins were coinfiltrated into
N. benthamiana leaves, and RFP and YFP fluorescence signals were moni-
tored 48 h after infiltration by confocal microscopy. (B) HESO1-YFP coim-
munoprecipitates with AGO1. (C) AGO1 co-IPs with HESO1-YFP. The protein
mixtures containing AGO1/HESO1-YFP or AGO1/YFP were incubated with
anti-AGO1-protein A-agarose beads and anti-YFP-protein A-agarose beads
to capture AGO1, HESO1-YFP, and YFP, respectively. (D) A schematic dia-
gram of AGO1 domains and truncated AGO1 fragments used for coimmu-
noprecipitation assays. (E) A diagram of truncated HESO1 fragments used
for coimmunoprecipitation assays. (F) HESO1 co-IPs with the PAZ and PIWI
domains of AGO1. Anti-YFP-protein A agarose beads were incubated with
the protein extracts containing HESO1-YFP and full-length AGO1 or a trun-
cated AGO1 fragment (indicated on the left or right side of the image) to
capture the HESO1-YFP complex. Full-length AGO1 and truncated AGO1
fragments were fused with 10XMYC at their N-termini. Please note only one
IP picture was shown for HESO1-YFP. (G) The N-terminal region of HESO1
interacts with AGO1. Both IP and co-IP signals were detected by Western
blot analyses; ~10% (vol/vol) input (for detecting IP signals) and ~1% input
(for detecting co-IP signals) were analyzed in parallel.

~63 kDa), and a C-terminal fragment that contains the PAP-
associated domain and the glutamine-rich region (aa 200-511; T2;
~62 kDa), were fused with YFP at their C terminus, expressed in
N. benthamiana, and analyzed for interactions with AGO1. The
results showed that T1, but not T2, interacted with AGO1
(Fig. 4G).

HESO1 Acts on AGO1-Bound miRNAs. The AGO1-HESO1 inter-
action suggested that HESO1 might act on miRNA in the AGO1
complex. If so, uridylation of miRNAs may require a functional
AGOL. To test this, we crossed agol-27 carrying a point mu-
tation in the PIWI domain of AGO1 into the null henl-1 mu-
tant and examined the status of 3’ tailing of miRNAS in agol-27
henl-1. Northern blotting revealed that the tailing of miR159/319
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Fig. 5. HESO1 is able to uridylate an AGO1-bound miRNA in vitro. (A) The
uridylation of miR159/319 and miR171/170 was reduced in ago7-27 hen1-1.
(B) HESO1 lengthens AGO1-bound miR166a. The AGO1-miR166a complex or
miR166a alone was incubated with HESO1-MBP or MBP in a reaction buffer
containing UTP for 30 min. After the reactions, miR166a was extracted and
separated by denaturing PAGE. MiR166a was [3?P] labeled at the 5’ end,
using T4 Polynucleotide Kinase. Fp, Free probe.

and miR171/170 was dramatically impaired in agol-27 henl-1
compared with henI-1 (Fig. 54). Consistent with this result, the
agol-11 mutation also reduces the tailing of many miRNAs in
henl-2 (32). These results supported that HESO1 may uridylate
miRNAs after AGO1 loading. We therefore examined whether
HESO1 could act on AGO1-bound miRNA in vitro. We transiently
expressed AGO1-YFP in N. benthamiana and immunoprecipitated
the AGO1 complex using anti-AGO1 antibodies conjugated to
protein A-agarose beads (Fig. S54). The resulting AGO1 complex
was incubated with 5’ [*?P]abeled miR166a (unmethylated) to as-
semble the AGO1-miR166a complex, and unbound miR166a was
removed through washing. AGO1-miR166a (Fig. SSB) was sub-
sequently incubated with maltose-binding protein (MBP)-HESO1 or
MBP in the presence of UTP. After washing, miR166a was extracted
from the AGO1 complex and separated in a denaturing PAGE gel.
miR166a was lengthened by MBP-HESO1, but not MBP, indicating
that HESOL1 is able to target AGO1-bound miRNA in vitro (Fig.
5B). It should be noted that endogenous N. benthamiana HESO1
might be coimmunoprecipitated with AGO1 as well. However,
its amount might be too low to contribute to the lengthening of
AGO1-bound miR166a in our assay, as no obvious activity was
detected in the control reaction (Fig. 5B).

Discussion

In this study, we show that HESO1, a miRNA nucleotidyl
transferase, uridylates 5’ fragments produced by miRNA-medi-
ated target cleavage. We also reveal that HESO1 associates with
AGO1 and acts on AGO1-bound miRNAs in vitro. Because both
miRNAs and 5’ fragments are associated with AGO1 during the
cleavage process, we propose that HESOI1 can uridylate its sub-
strates in the AGO1 complex (Fig. 6). However, the 3’ end of a
miRNA may be protected by the PAZ domain of AGO1, which
may reduce its exposure to HESO1. It is tempting to speculate
that the uridylation of unmethylated miRNAs by HESO1 may
depend on base-pairing between miRNAs and their targets in
vivo, as base-pairing with targets is predicted to release the 3’
end of miRNAs from the PAZ domain (33). Consistent with this
notion, miRNA uridylation is blocked when AGO1 function is
impaired in henl (Fig. 54) (32), and extensive complementarity
between targets and miRNAs triggers miRNA tailing in animals
(34). However, the majority of miRNAs are normally methylated
in plants, which prevents HESO1 function and, therefore, main-
tains the recycling of the miRNA-AGO1 complex (15, 20, 21, 35).
Lack of HESOL1 cannot completely eliminate uridylated 5’ frag-
ments and miRNAs (20, 21), indicating that one or more HESO1
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homologs may function redundantly with HESO1 in the
miRNA pathway.

The abundance of 5’ fragments is increased in heso1-2 relative
to Ler, demonstrating that uridylation induces the degradation of
5’ fragments (Figs. 2B and 6B). How does uridylation trigger 5’
fragment degradation? In Drosophila and C. reinhardtii, it has
been observed that 5’ fragments can be degraded through
3’-to-5'" exonuclease activities (8, 27). However, the relative
levels of 5’ fragments with 3’ truncation in both capped and
uncapped 5’ fragment populations in hesol-2 are increased
compared with those in Ler, suggesting that uridylation may
trigger activities other than 3’-to-5’ exonucleases in Arabidopsis
(Figs. 3 and 6). In fact, oligouridylation could prevent RNA from
3’ to 5’ degradation in vitro (36). However, we cannot rule out
the possibility that 3’-to-5’ degradation activities triggered by
uridylation are highly progressive, such that no or few 3’ trun-
cation intermediates are accumulated in vivo. In both hesol and
Ler, 5’ fragments with 5’ truncation exist, suggesting that 5'-to-3’
degradation of 5’ fragments may occur. Indeed, XRN4 can de-
grade the 5’ fragments. However, it is possible that the 5'-to-3’
truncation of 5’ fragment occurs independent of uridylation, as
lack of uridylation has no obvious effect on 5’-to-3’ truncation of
5’ fragments. The presence of capped and uncapped MYB33-5'
with 3’ truncation indicates that they both can be degraded
through 3’-to-5" degradation activities (Fig. 3), which may be
a slow process, and compete with HESO1 for substrates in
Arabidopsis (Fig. 3). The enzymes degrading 5’ fragments from
3’-to-5’ remain to be identified, as the abundance of MYB33-5’
is not altered in exosome mutants rrp6lI rrp6l2 rp613 and csl4
(Fig. S3). In humans and yeast, uridylation has been shown to
induce decapping of some RNAs, followed by degradation (36—
38). The ratio of uridylated MYB33-5’ in the uncapped pop-
ulation is higher than that in the capped population in Ler,
suggesting that uridylation may also have a role in stimulating
decapping. Clearly, this possibility needs to be examined in the
near future.

Materials and Methods

Materials. The myb33 (C5851168), xrn4-5 (C5829864), csl4-1 (SALK_004562),
rrp6/1-1 (Salk_004432), rrp6/2-2 (Salk_113786), and rrp6/3-1 (SALK_018102)
mutants were all in the Col-0 background and were obtained from the
Arabidopsis Biological Resources Center. The heso7-2 mutant is in the Ler
background (20).

Ly UUU

! .

Uridylation dependent  Alternative degradation
degradation pathways (3'-to-5' or 5-to-3)

Uridylation dependent Uridylation independent
degradation 3'to 5" trimming

Fig. 6. A proposed model for HESO1 function in Arabidopsis. (A) HESO1
uridylates unmethylated miRNAs to lead to its degradation. (B) HESO1 uri-
dylates the 5’ fragment to promote its degradation. Both 3'-to-5’ trimming
activities and HESO1 target 5’ fragments and unmethylated miRNAs. HESO1-
mediated uridylation triggers the degradation of 5 fragments through
a mechanism that is likely different from 3’-to-5’ trimming activities. Me, 3’
methyl group; H, HESO1; blue oval, AGO1.

PNAS | April 29,2014 | vol. 111 | no.17 | 6369

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405083111/-/DCSupplemental/pnas.201405083SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405083111/-/DCSupplemental/pnas.201405083SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405083111/-/DCSupplemental/pnas.201405083SI.pdf?targetid=nameddest=SF3

Plasmid. HESO1 and AGO1 CDS were amplified by RT-PCR and cloned into
Gateway vector pB7WGR2,0 (39) and pEarleyGate 101 (40) to generate
HESO1-RFP and AGO1-YFP-HA, respectively. To express truncated AGO1 and
HESO1, different AGO1 fragments (A1-A4) and HESO1 fragments (T1 and
T2) were PCR-amplified and cloned into the Gateway vectors pGWB521 (41)
and pEarleyGate101 to generate YFP (YFP fused at C terminus)-tagged and
10XMYC (10XMYC fused at N terminus)-tagged proteins, respectively. Primer
sequences are listed in Table S1.

Protein Expression, Confocal Microscopy, Protein Size Fractionation, and
Coimmunoprecipitation. Protein expression in N. benthamiana and Escherichia
coli strain BL21, confocal microscopy, and coimmunoprecipitation were
performed as described (42). The affinity-purified anti-AGO1 antibodies
recognizing the N-terminal peptide of AGO1 (N-MVR KRRTDAPSC-C; ref. 6)
were produced by GenScript. Anti-GFP (Clontech) and anti-AGO1 were
precoupled to protein A agarose beads (Santa Cruz) and used for IP analyses.
Anti-GFP, anti-MYC, and anti-AGO1 antibodies were used for Western blot
detection of the respective proteins.

AGO1-miR166a Assembly and Terminal Uridyl Transferase Assay. The AGO1-
miR166a complex was prepared according to ref. 5 and used for an in vitro
terminal uridyl transferase assay (20). The detailed protocol can be found in
SI Materials and Methods.
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AI-RACE and cRACE. AI-RACE and cRACE were performed according to ref. 9,
with some modifications. In the al-RACE experiment, 5 ug total RNA was first
ligated to 100 pmol RNA adaptor by T, RNA ligase. In the cRACE experiment,
5 pg treated (CIP followed by TAP) or nontreated RNAs were subjected to
self-ligation. First-strand ¢cDNA was synthesized using the 3’ RT primer (for
al-RACE) or the R1 primer (for cRACE). First-round PCR was performed using
3'RT/F1 (for al-RACE) or R1/F1 (for cRACE), and then 1 pL PCR product was
diluted 50 times and used for the second round of PCR, using 3'RT/F2 (For al-
race) or R2/F2 (for cRACE) and F2. The PCR products were cloned into
PGEM-T Easy Vector (Promega) and sequenced. Primer sequences are listed
in Table S1.

Northern Blot. Small RNA Northern blot was conducted as described (43). To
detect MYB33-5'or MYB33- 3’ by Northern blot, 30 pg total RNAs were re-
solved by electrophoresis on a 1.2% denaturing-formaldehyde agarose gel
and transferred onto Zeta-probe membranes (Bio-Rad). Membranes were
UV cross-linked and hybridized with probes recognizing MYB33-5" or MYB33-3'.
Radioactive signals were detected using a Typhoon 9500 phosphorimager.
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SI Materials and Methods
Argonaute-miR166a Assembly and Terminal Uridyl Transferase Assay.
To test HUA1 enhancer 1 (HEN1) suppressor 1 (HESO1) activity
on long single-stranded RNA (ssRNA), a portion of UBQ5 CDS was
PCR amplified and used as a template to synthesize ssSRNA, using T7
RNA polymerase in the presence of [a-**P] UTP. Fifty nanograms
maltose-binding protein (MBP) or MBP-HESO1 were incubated
with [*?P]-labeled RNA in the New England Biolabs 2 buffer with 40
U RNase inhibitor and 1 mM UTP at 25 °C. The reaction was stopped
by the addition of the formamide/EDTA RNA sampling buffer.

To assemble the Argonaute (AGO1)-miR166a complex,
proteins from N. benthamiana leaves expressing AGO1 fused
with a yellow fluorescence protein (AGO1-YFP) were extracted

MYB33 ARF10

using extraction buffer (50 mM Tris-Cl at pH 7.5, 150 mM NaCl,
5 mM MgCl2, 5% glycerol, 2mM DTT, 0.1mM PMSF, and 1/100
protease inhibitor). The AGO1-YFP complex was immuno-
precipitated overnight at 4 °C with anti-AGO1 coupled to pro-
tein A-agarose beads. The AGO1-YFP complex were incubated
with [**P]-labeled miR166a (unmethylated) in 0.5 mL protein
extraction buffer containing 20 U RNase inhibitor for 1 h and
then washed three times with protein extraction buffer. The
AGO1-miR166a complex was then subjected to the terminal
uridyl transferase assay in the presence of 1 mM ATP and 1 mM
UTP. The beads were washed three times after 30 min in-
cubation, and AGO1-bound miR166a was extracted and ana-
lyzed on a 16% polyacrylamide denaturing gel. The radioactive
signals were detected using a Typhoon 9500 phosphorimager.
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Adaptor-ligation mediated rapid amplification of cDNA ends (al-RACE) cloning of 5’ fragments. Total RNAs from Landsberg erecta (Ler) or heso1-2

were ligated to a 3’ RNA adaptor and subjected to 3’ al-RACE, which was followed by RT-PCR. The nested-PCR products were resolved in a 1.5% (vol/vol)
agarose gel. DNAs of the expected size were gel purified before cloning (white boxes).
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Fig. S2. Circularized rapid amplification of cDNA ends (cRACE) cloning of the capped and uncapped 5’ fragment of MYB domain protein 33 (MYB33-5'). (A)
Quantitative RT-PCR analysis of MYB33 transcripts using primers that span the microRNA cleavage site. (B) RT-PCR analysis of cRACE products of uncapped and
capped MYB33-5" in Ler and hesol-2. Total RNAs with or without the sequential treatment by alkaline phosphatase, calf intestinal, and tobacco acid py-
rophosphatase were subjected to self-ligation (see Fig. 2 A and B). The nested-PCR products were resolved in a 1.5% (vol/vol) agarose gel.
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Fig. S3. The accumulation of MYB33-5' is increased in exoribonuclease 4-5 (xrn4-5). MYB33 RNAs in wild-type control, xrn4-5, rrp6l1 rrp612 rrp6l3 (rrp6l triple), and
csl4-1 were detected by Northern blotting, using the 5’ probe shown in Fig. 2A. FL, full-length MYB33 transcripts; 5' CP, 5’ cleavage product. *Nonspecific signal.
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Fig. S4. HESOT1 interacts with AGO1 in an RNA-independent manner. (A) Examination of anti-AGO1 antibodies by Western blot. The ago7-36 mutant, a null
allele of ago7, was used as a negative control. A 1:2,000 (vol/vol) dilution of anti-AGO1 was used for the Western blot. Larger-chain gene of ribulose-1,5-
bisphosphate carboxylase (RbcL) was visualized by staining with Coomassie brilliant blue. (B) The HESO1-AGO1 interaction is resistant to the RNase A
treatment.
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Fig. S5. Assembling of the AGO1-miR166a complex in vitro. (A) Immunoprecipitation of AGO1-YFP by anti-AGO1 coupled with protein A beads. Proteins were re-
solved on an SDS-polyacrylamide gel and detected by Western blot with an anti-YFP antibody (Covance). (B) Detection of [*2P]-labeled miR166a in the AGO1 complex.
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Table S1. Primers used in this study

Name Sequence (5’ - 3')

Applications

Plasmid construction

HESO1gGWF CACCATTCTCTCATGTGGAACGAG
HESO1gGWR CTGCTCATGTCTCGGTCTCCAGA
HESO1cGWF CACCATGAGTAGAAACCCTTTCCTG
HESO1cGWR CTGCTCATGTCTCGGTCTCCAGA
HESO1-T1F CACCATGAGTAGAAACCCTTTCCTGG
HESO1-T1R TATTCTGTCCAAATTTCTACGG
HESO1-T2F CACCATGGCAATCTTGCCGCCTCTAAGAG
HESO1-T2R CTGCTCATGTCTCGGTCTCCAG
AGO1cGWF CACCATGGTGAGAAAGAGAAGAACG
AGO1cNS GWR GCAGTAGAACATGACACGCTTCAC
A1-GWF CACCATGGTGAGAAAGAGAAGAACG
A1-GWR CTAAGGGTTTGCCTCTATGAAGGC
A2-GWF CACCTCATCGACAGCCTTCATAGAG
A2-GWR CTATCGATCTATCGGGCGCTGACA
A3-GWF CACCAAGGTTACCTGTCAGCGCCCGAT
A3-GWR CTAAGTCTCACATATGCGTTTCAA
A4-GWF CACCTCCCAAGGAAAAGAAATTGATC
A4-GWR TCAGCAGTAGAACATGACACGCTTC
In vitro transcription
T7-UBQ5F taatacgactcactatagggATGCAGATCTTCGTGAAAACC
UBQ5 R2 GGATTCCTTCCTTGTCTTGGA
Small RNA probes
miR159/319 GGG+AGC+TCC+CTT+CAGHTCC+AA
U6 TCATCCTTGCGCAGGGGCCA
Primers for gRT-PCR
MYB33qgF CTACGGATGGCATTGTTCCT
MYB33qgR GGTGGTGGTGGAGACTGAAT
N_UBQ5 GGTGCTAAGAAGAGGAAGAAT
C_UBQ5 CTCCTTCTTTCTGGTAAACGT
AI-RACE and cRACE
RNA Adaptor pUUUACATdGATdAdGAGACAAdCACdAdTACAAdAdTidT
3'RT ATTGATGGTGCCTACAG
MYB33F1 AAGCGACTTTGGGAATCTGA
MYB33R1 GCCATACGTGCCCATCTATT
MYB33F2 AAGAATTCTCGTCGCCTGAA
MYB33R2 TTGGCCTCAGATGATTAGCC
LOM1F1 TTATCTCCACCGGCTAAACG
LOM1F2 TCGTCGTCAACATCAGTTTCA
ARF10F1 GGACAAGCGTTTGAGGTTGT
ARF10F2 AATGGCGTTTGAAACAGAGG
Northern Blot
MYB33 NpF AAGCGACTTTGGGAATCTGA
MYB33 NpR AGGAACAATGCCATCCGTAG
MYB33 CpF CACCAAGGCAGAGAGAAAAAAAGCG
MYB33 CpR ACAGGTGGCATGTTGCTCCAAGAAC

PHESO1-HESO1-YFP
HESO1-RFP
HESO1-T1

HESO1-T2
AGO1-YFP
10XMYC-A1
10XMYC-A2
10XMYC-A3

10XMYC-A4

100 nt ssRNA

Northern blot

Northern blot

gRT-PCR

qRT-PCR, Southern blot probe

For RNA ligation
RT and PCR
MYB33 RACE-PCR

LOM1 RACE-PCR

ARF10 RACE-PCR

MYB33 5’ probe

MYB33 3’ Probe

qRT-PCR, quantitative RT-PCR.

Other Supporting Information Files

Dataset S1 (XLSX)
Dataset S2 (XLSX)
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