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Figure 5-8. The effects of cdc5-1 on the accumulation of miRNAs and target
transcripts. (A) CDCS5 recovers the miRNA abundance in cdc5-1. U6 RNA was probed
for loading control. Number represents the relative abundance of miRNAs in Col (wild-
type control), cdc5-1 and two complementation lines (cdc5-1+CDCS5). (B) cdc5-1
increases the transcript levels of miRNA and ta-siRNA targets . The levels of target
transcripts in cdc3-1 were normalized with UBQUITINS (UBQ5) and compared with
those in Col. Value of Col is 1. Standard deviations of three technical replications are
shown as error bars. A similar result was produced with an additional biological replicate.

*:P<0.05; **:P<0.01.
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Figure 5-9. The occupancy of Pol II and CDCS5 at DCL1 promoter. (A) The
occupancy of Pol I at DCL1 promoter detected by ChIP using anti-RBP2 antibody in
cdc5-1 and Col. (B) The occupancy of CDC5 at DCLI promoter detected by ChIP using
anti-YFP antibody in plants containing pCDC5::CDC5-YFP. DNAs co-purified with
CDCS or Pol II were analyzed with qPCR. Means and standard derivations of three

technical repeats are presented. t-test was used for statistic analysis.
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Figure 5-10. The effects of cdc5-1 on the expression of several genes involved in
miRNA biogenesis. (A) Transcript levels of several genes involved in miRNA
biogenesis determined by qRT-PCR in cdc5-1 and Col. UBQS5 was used as a reference
control. Error bars represent standard deviation of three technical replications. The
experiment was repeated once with similar results. (B) DCL1 and (C) HYL1 protein
levels detected by western blot in cdc5-1 and Col. dcli-9 containing a truncated DCL1
protein and Ayll-2 lacking of HYL1 were used as controls. (D) RNase A treatment
abolished the AGO4-FDM!1 interaction. Proteins extracts containing myc-AGO4/GST or
myc-AGO4/GST-FDM1 incubated with glutathione beads to capture GST or GST-FDM 1
complex. After pull down, proteins were detected by western blot. The proteins detected

by western blot were labeled left side of the picture.
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CHAPTER 6

Methylation protects miRNAs from AGO1-associated activity that uridylates 5’

RNA fragments generated by AGO1 cleavage
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Abstract

In plants, methylation catalyzed by HEN1 (small RNA methyl transferase) 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 significance of this modification is
unknown and enzymes uridylating 5’ fragments remain to be identified. Here, we report
that in Arabidopsis, HEN1 SUPRESSOR1 (HESO1, a miRNA nucleotidyl transferase)
uridylates 5’ fragments to trigger their degradation. We also show that AGO1, the
effector protein of miRNAs, interacts with HESO1 through its PAZ and PIWI domains,
which bind the 3’ end of miRNA and cleave the target mRNAs, respectively.
Furthermore, HESOI is able to uridylate AGO1-bound miRNAs in vitro and miRNA
uridylation in vivo requires a functional AGO1 in kenl, in which miRNA methylation is
impaired, demonstrating that HESO1 can recognize its substrates in the AGO1 complex.
Based on these results, we propose that methylation is required to protect miRNAs from

AGO1-associated HESOI1 activity that normally uridylates 5° fragments.

Introduction

microRNAs (miRNA) and small interfering RNAs (siRNAs), ~ 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 associated with Argonaute (AGO) proteins to
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repress gene expression through target cleavage and/or translational inhibition (3). The
cleavage of target mRNAs usually occurs at a position opposite to the 10th and 11th
nucleotides of miRNAs, resulting in a 5 RNA fragment (5° fragment) and a 3’ fragment
(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 uridine addition at their 3’
termini (uridylation) in both animals and plants (9). However, the biological significance
of this modification remains unknown due to lack of knowledge of the enzymes targeting

5’ fragments for uridylation.

Uridylation plays important roles in regulating miRNA biogenesis. In animals, TUT4, a
terminal uridyl transferase is recruited by Lin-28 (an RNA binding protein) to the let-7
precursor (pre-let-7), resulting in uridylation of pre-let-7 (10, 11). This modification
impairs the stability of pre-let-7, resulting in reduced levels of let-7. In addition, mono-
uridylation has been shown to be required for the processing of some miRNA precursors
(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 animals and
plants (14-16). Uridylation of miR26 in animals reduces its activity without affecting its
stability (17). In contrast, uridylation of some siRNA in C. elegans restricts them to

CSR-1 (an AGO protein) and reduces their abundance, which is required for proper
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chromosome segregation (18). In the green algae Chlamydomonas reinhardtii (C.
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 ZCCHC6, ZCCHCI11, TUT1 and other enzymes have been shown to
uridylate miRNAs in a miRNA sequence-specific manner (22) while HESOI1 acts on
most of miRNAs and siRNAs in Arabidopsis (20, 21). Nevertheless, it is unclear how

these terminal uridyl transferases recognize their targets.

Here we show that HESO1 catalyzes the uridylation of 5’ fragments that are produced by
AGO1-mediated cleavage of miRNA target RNAs. Uridylation of the 5’ fragment of
MYB33 (atarget of miR159; MYB33-5") 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 when compared with those in wild-type plants. These results
demonstrate that HESO1-mediated uridylation triggers 5’ fragment degradation 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.
Based on these observations, we propose that HESOT1 can uridylate AGO1-associated 5’

fragments and miRNAs, resulting in their degradation.

Results:

HESOI1 uridylates 5> RNA fragments generated by miRNA-mediated cleavage
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HESOI1 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 UBQS5 mRNA through in vitro transcription. HESO1
lengthened this ssSRNA in the presence of UTP (Figure 6-1A). 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 seso /-2 mutant (20) with that in Landsberg erecta (Ler; wild type
control of hesol-2) using a 3’ al-RACE (adaptor-ligation mediated rapid amplification of
cDNA ends) approach. Total RNAs from Ler or hesol-2 were isolated, ligated to a 3’
adapter and reverse transcribed with a primer recognizing the 3’ adapter. Semi-nested
PCR was subsequently performed to amplify 5’ fragments generated by AGO]1 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

miR 171, respectively (23-26). PCR products of the expected sizes were gel-purified,
cloned and sequenced (Figure 6-7). 75%, 59.1% and 26.5% of MYB33-5°, ARF10-5" and
LOM1-5" were uridylated in Ler, respectively (Figure 6-1B and 1C). In contrast, the
proportions of uridylated MYB33-5°, ARF10-5" and LOM1-5" were reduced to 5.9%,
23.8% and 12.9% in hesol-2, respectively (Figure 6-1B and 1C). Furthermore, the 3’ tail
length of 5° fragments was reduced in hesol-2 compared with that in Ler (1-3nt vs 1-15
nt; Figure 6-1C). These results together with the in vitro activity analysis (Figure 6-1A
and 6-1C) demonstrated that HESO1 catalyzes uridylation of 5’ fragments generated by

miRNA-mediated cleavage. However, the presence of uridylated 5° fragments in the null
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hesol-2 mutant (Figure 6-1C) indicated that additional HESO1 homolog(s) might also act

on 5’ fragments.

HESOI1-mediated uridylation triggers the degradation of the 5’ fragment of MYB33
generated by AGO1 cleavage

Next, we examined whether uridylation induced the degradation of 5’ fragments using
MYB33 as a reporter RNA. MYB33 was selected because the majority of its 5° fragments
(MYB33-5") are uridylated (Figure 6-1C) (9). We compared the accumulation of MYB33-
57 1in heso -2 with that in Ler by Northern blotting with probes recognizing MYB33-5’
(Figure 6-2A). To determine the specificity of probe for MYB33-5’, we included a myb33
mutant, in which a 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 heso -2 relative to those in Ler (Figure 6-2B). This could be a result of the
enhanced cleavage of MYB33 by AGO1 or decreased degradation of MYB33-5". If
increased levels of MYB33-5" were caused by enhanced target cleavage, the abundance of
MYB33-3" would increase as well. Our data showed that the levels of MYB33-3’ were
similar in hesol-2 to those in Ler (Figure 6- 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 (Figure 6- 2B, 2C and S2A). Thus, we concluded that HESO1-mediated

uridylation promotes 5’ fragment degradation.

hesol-2 increases the proportion of 3’ truncated MYB33-5’
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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 Chlamydomonas reinhardtii (C. reinhardtii) (8, 27). The 3’ ends of both
capped and uncapped MYB33-5" in Ler and hesol-2 were examined separately since they
both contain U-tails (9). We used a cRACE (circularized rapid amplification of cDNA
ends, Figure 6-3A-3C) approach to analyze the 3’ ends. Two ligation experiments were
performed. In the first set of experiments, RNAs were self-ligated to analyze uncapped
MYB33-5°, whose 5° mono-phosphate allows self-ligation (Figure 6-3A). In contrast, the
self-ligation of capped MYB33-5 'was blocked by the cap structure (Figure 6-3A). In the
second set of experiments, total RNAs were treated with CIP (Alkaline Phosphatase, Calf
Intestinal), which removes the 5 mono-phosphate and thus inhibits self-ligation of
uncapped 5’ fragments (Figure 6-3B). The resulting RNAs were further treated with TAP
(tobacco acid pyrophosphatase) to remove the cap structure of capped RNAs, resulting in
RNAs with a 5> mono-phosphate. After this step, RNAs were ligated, which enabled us
to analyze the capped 5’ fragments (Figure 6-3B). Nested RT-PCR was then performed
using the ligation products generated from these two sets of experiments as templates
(Figure 6-3C and Figure 6-8B). RT-PCR products were directly cloned and sequenced.
Both capped and uncapped MYB33-5’ contained U-tails in Ler (Figure 6-3D and 3E).
However, the relative levels of uridylated MYB33-5" in the capped population was lower
than those in the uncapped population in Ler (Figure 6-3D and 3E). The relative levels
of uridylated MYB33-5" in both capped and uncapped populations were reduced in Aesol-
2 when compared with Ler (Figure 6-3D and 3E), consistent with our alRACE results

(Figure 6-1C). We compared the levels of 3’ truncated MYB33-5"in hesol-2 and Ler. If
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uridylation triggered 3’-to-5" degradation, lack of uridylation in keso -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% vs
47.1% for capped ones; 48% vs 19.1% for uncapped ones; Figure 6-3F), suggesting that
3’ trimming of 5’ fragments may compete with uridylation. We also examined whether
hesol-2 had 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 heso -2 relative to

Ler (Figure 6- 3D).

Exoribonuclease 4 (XRN4) 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 exoribonucleases have roles in degrading 5° fragments
in Arabidopsis. We examined whether XRN4, which is a major cytoplasmic 5’-to-3’
exoribonuclease in Arabidopsis (28, 29), could degrade MYB33-5". The levels of MYB33-
57 1in xrn4-5, in which a T-DNA insertion completely abolished XRN4 function (29),
were higher than those in Col (wild-type control) by Northern blotting. In contrast, the
full-length MYB33 transcript was not obviously affected by xrn4-5 (figure 6-9),
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 rrp6l1-1
rrp612-1 rrp6l3-1 were comparable with those in Col (Figure 6-9), suggesting that CSL4

and RRP6L may not be involved in 5° fragment degradation.
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HESOL1 interacts with AGO1

Next we asked how HESO1 recognizes miRNAs and 5° fragments. Since both miRNAs
and 5’ fragments are associated with AGO1 during the cleavage process, we
hypothesized that HESO1 might interact with AGO]1 to recognize its substrates.
Consistent with this hypothesis, AGO1 is associated with uridylated miRNAs (15, 30).
We first examined whether HESO1 co-localized with AGO1. We co-expressed HESO1
fused with a red fluorescence protein (HESO1-RFP) and AGO1 fused with a yellow
fluorescence protein (AGO1-YFP-HA) in Nicotiana benthamiana (N. benthamiana). The
yellow fluorescence signal produced from AGO1-YFP overlapped with the red
fluorescence signal generated by HESO1-RFP (Figure 6-4A), indicating that HESO1 and

AGO1 might be associated with each other.

To confirm the AGO1-HESOI interaction, we performed reciprocal co-
immunoprecipitation (Co-IP) assays. We transiently expressed HESO1-YFP (20) in
leaves of N. benthamiana, mixed the HESO1-YFP containing protein extracts with the
AGOI1 containing protein extracts from Arabidopsis inflorescence and performed IP with
either anti-AGO1 antibody (Figure 6-4B and Figure 6-S4A) or anti-YFP antibody (Figure
6-4C). We were able to detect HESO1-YFP (~95 KDa) in the AGO1 immunoprecipitates
and AGO1 (~120 KDa) in the HESO1-YFP immunoprecipitates (Figure 6-4B and 6-4C).
In contrast, YFP (~26 KDa) and AGO1 did not co-IP with each other (Figure 6-4B and
4C). In addition, Protein A beads without antibody failed to pull down either AGO1 or

HESO1-YFP (Figure 6-4B and 6-4C). As both AGO1 and HESO1 recognize RNAs, it is
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possible that the AGO1-HESO1 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 FDM1-AGO4 interaction (32). This
treatment did not abolish the AGO1-HESOI interaction, suggesting that HESO1 may

interact with AGO1 in an RNA-independent manner (Figure 6-10B).

We next asked which domains of AGO1 interact with HESO1. We expressed five N-
terminal 10XMYC-fused AGO1 fragments named FL (Full-length; ~150 KDa), A1 (AA
1-390; the N-terminal domain; ~ 80Kda), A2 (aa 381-530; the PAZ domain; ~40 KDa),
A3 (aa 521-700; the L2-MID domain; ~45 KDa) and A4 (aa 671-1050; the PIWI domain;
~75 KDa) (Figure 6-4D) individually in N. benthamiana, and performed co-IP with
HESO1-YFP. The PAZ and PIWI domains (A2 and A4) but not the N-terminal and L2-
MID domains interacted with HESO1 (Figure 6-4E). We also identified the protein
domains of HESOI1 that mediate the AGO1-HESOI interaction. Two fragments of
HESOI1 (Figure 6-4F), an N-terminal fragment, which covers the poly A polymerase
domain (PAP/25A) and the PAP-associated domain (aa 1-320;T1; ~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 (Figure 6-4G).

HESOL1 acts on AGO1-bound miRNAs
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The AGO1-HESOLI interaction suggested that HESO1 might act on miRNA in the AGO1
complex. If so, uridylation of miRNAs may require a functional AGO1. To test this, we
crossed agol-27 carrying a point mutation in the PIWI domain of AGO1 into the null
henl-1 mutant and examined the status of 3’ tailing of miRNAs in agol-27 henl-1.
Northern blotting revealed that the tailing of miR159/319 and miR171/170 was
dramatically impaired in agol-27 henl-1 when compared with henl-1 (Figure 6-5A).
Consistent with this result, the ago/-11 mutation also reduces the tailing of many
miRNAs in henl-2 (33). These results supported that HESO1 may uridylate miRNAs
after AGOI1 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 (Figure 6-11A). The resulting AGO1 complex was incubated
with 5° [**P] labeled miR166a (unmethylated), to assemble the AGO1-miR166a complex,
and unbound miR 166a was removed through washing. AGO1-miR166a (Figure 6-11B)
was subsequently incubated with 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 (Figure 6-5B). It should be noted
that endogenous N. benthamiana HESO1 might be co-immunoprecipitated with AGO1 as
well. However, its amount might be too low to contribute to the lengthening of AGO1-
bound miR166a in our assay since no obvious activity was detected in the control

reaction (Figure 6-5B).



200

Discussion

In this study, we show that HESO1, a miRNA nucleotidyl transferase, uridylates 5’
fragments produced by miRNA-mediated target cleavage. We also reveal that HESO1
associates with AGO1 and acts on AGO1-bound miRNAs in vitro. Since both miRNAs
and 5’ fragments are associated with AGO1 during the cleavage process, we propose that
HESOI1 can uridylate its substrates in the AGO1 complex (Figure 6-6). 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 since base-pairing with targets is predicted to release the 3’ end of miRNAs from the
PAZ domain (34). Consistent with this notion, miRNA uridylation is blocked when
AGOI1 function is impaired in henl (Figure 6-5A) (33) and extensive complementarity
between targets and miRNAs triggers miRNA tailing in animals (35). However, the
majority of miRNAs are normally methylated in plants, which prevents HESO1 function
and, therefore, maintains the recycling of miRNA-AGO1 complex (15, 20, 21, 36). Lack
of HESO1 cannot completely eliminate uridylated 5° fragments and miRNAs (20, 21),
indicating one or more HESO1 homologs may function redundantly with HESO1 in the

miRNA pathway.

The abundance of 5’ fragments is increased in hesol-2 relative to Ler, demonstrating that
uridylation induces the degradation of 5’ fragments (Figure 6-2B and Figure 6-6B). 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’ exonulcease activities
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(8, 27). However, the relative levels of 5’ fragments with 3’ truncation in both capped
and uncapped 5’ fragment populations in seso /-2 are increased when compared with
those in Ler, suggesting that uridylation may trigger activities other than 3’-to-5’
exonucleases in Arabidopsis (Figure 6-3 and Figure 6-6). In fact, oligouridylation could
prevent RNA from 3’ to 5’ degradation in vitro (37). 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’ truncation intermediates are accumulated in vivo. 5’
fragments with 5’ truncation exist in both sesol and Ler, suggesting that 5°-to-3
degradation of 5’ fragments may occur. Indeed, XRN4 can degrade the 5’ fragments.
However, it is possible that the 5°-to-3’ truncation of 5’ fragment occurs independently of
uridylation since lack of uridylation has no obvious effects 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 (Figure 6-3), which
may be a slow process and compete with HESO1 for substrates in Arabidopsis (Figure 6-
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 r7p6l1 rrp6l2 rrp613 and csl4
(Figure 6-S3). In humans and yeast, uridylation has been shown to induce decapping of
some RNAs followed by degradation (37-39). The ratio of uridylated MYB33-5" in
uncapped population is higher than that in 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
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Materials

The myb33 (CS851168), xrn4-5 (CS829864), csi4-1 (SALK 004562), rrp6li-1

(Salk 004432), rrp6i2-2 (Salk_113786) and rrp6l3-1 (SALK 018102) mutants were all
in the Col-0 background and were obtained from the Arabidopsis Biological Resources

Center. The hesol-2 mutant is in the Ler background (20).

Plasmid

HESO1 and AGO1 CDS were amplified by RT-PCR and cloned into Gateway vector
pB7WGR2,0 (40) and pEarleyGate 101 (41) to generate HESO1-RFP and AGO1-YFP-
HA, respectively. To express truncated AGO1 and HESO1, different AGO1 fragments
(A1-A4) and HESOI1 fragments (T1 and T2) were PCR amplified and cloned into the
Gateway vectors pGWB521 (42) and pEarleyGatel101 to generate YFP (YFP fused at C

terminus)- and 10xMYC (10xMYC fused at N terminus)-tagged proteins, respectively.

Protein expression, confocal microscopy, protein size-fractionation and co-
immunoprecipitation

Protein expression in N. benthamiana and the E. coli strain BL21, confocal microscopy
and co-immunoprecipitation were performed as described (43). The affinity purified anti-
AGOI1 antibodies recognizing the N-terminal peptide of AGO1 (N-MVR KRRTDAPSC-
C; 6) were produced by GenScript (Piscataway, NJ). Anti-GFP (Clontech) and anti-
AGO1 were pre-coupled 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.
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AGO1-miR166a assembly and terminal uridyl transferase assay
The AGO1-miR166a complex was prepared according to (5) and used for an in vitro

terminal uridyl transferase assay (20) .

AI-RACE and cRACE

AI-RACE and cRACE were performed according to (9) with some modifications. In the
al-RACE experiment, Spg total RNA was first ligated to 100 pmol RNA adaptor by Ty
RNA ligase. In the cRACE experiment, Sug treated (CIP followed by TAP) or non-
treated 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). Then 1ul PCR product
was diluted for 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.

Northern blot

Small RNA Northern blot was conducted as described (44). To detect MYB33-5 ‘or
MYB33- 3’ by Northern blot, 30ug total RNAs were resolved 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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Figures

Figure 6-1. HESO1 uridylates 5° fragments. (A) HESOI1 uridylates a long single-
stranded RNA (ssRNA) in vitro. A 5'-end [**P] labeled ssRNA was incubated with
buffer, MBP or MBP-HESOI in the presence of UTP for 120 minutes, and products were
resolved on a denaturing polyacrylamide gel. (B) Uridine addition (red rectangle) at the
3’ end of the cleavage site of MYB33-5'( Aor V). =: the adaptor. (C) Uridylation of 5’
fragments in Ler and heso-2. Uridines in lowercase indicate that they can alternatively
be considered as templated addition. The numbers of clones for each modification were
shown in (). Clones: numbers of sequenced clones. Ratio: frequency of clones with 3’ end

modifications among sequenced clones.
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Figure 6-2. 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: cleavage site.
(B) The abundance of MYB33-5" was higher in hesol-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;
myb33: a mutant allele of MYB33, in which a T-DNA insertion disrupts the transcription
of MYB33 (26). The levels of cleavage products in hesol-2 were normalized to full-
length transcripts and compared with those in Ler. (C) Northern Blot analysis of miR159
in Ler and hesol-2. U6 RNA was probed as a loading control. Note that the miR159

probe also recognizes miR319.
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Figure 6-3. cRACE analysis of MYB33-5". (A) and (B) Schematic diagrams of cRACE
followed by nested RT-PCR (cRT-PCR) used to analyze capped (black) or uncapped
(gray) MYB33-5". CIP: Alkaline Phosphatase (Calf Intestinal). TAP: Tobacco acid
pyrophosphatase. (C) A schematic diagram of the MYB33 cDNA showing the positions
of primers for nested RT-PCR. ¥ : Cleavage site. (D) Analyses of 5’ and 3’ ends of
MYB33-5". The 3’ end signature (Y-axis) of individual MYB33-5" clones was plotted
against its 5° end position (X-axis). The values on the X-axis indicate the 5 positions of
individual MYB33-5" clones relative to the translation start site that is set as +1. The
positive values on the Y-axis indicate the lengths (nt) of 3’ tailing while the negative
values on the Y-axis represent the degree of 3’ truncation that is calculated as -Log; (-
N+1) (N represents the distance between the 3” end position of MYB33-5" with 3’
truncation to the miRNA cleavage site, which is set as 0). Note: The reason to use Log (-
N+1) instead of log, N is to include clones with one nucleotide truncation on the plot.
Different colors were used to distinguish clones with the same 5° end signature (1%,
Black; 2", Red; 3", Blue; 4™ Cyan; 5, Pink). 5> UTR: 5° untranslated region. CDS:
Coding sequence. (E) The frequency of 3’ end uridylation in Ler and hesol-2. (F) The
proportions of 3’ truncated MYB33-5" in hesol-2 and Ler. The proportion indicates the
frequency of 3’ truncated clones among all sequenced clones of cRT-PCR products. n:

numbers of sequenced clones.
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Figure 6-4. HESO1 interacts with AGOL1. (A) Co-localization of HESO1-RFP and
AGO1-YFP. HESOI1-RFP and AGO1-YFP fusion proteins were co-infiltrated into N.
benthamiana leaves and RFP and YFP fluorescence signals were monitored 48h after
infiltration by confocal microscopy. (B) HESO1-YFP co-immunoprecipitates (Co-IPs)
with AGOL1. (C) AGOI1 co-IPs with HESO1-YFP. The protein mixtures containing
AGO1/HESOI1-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 diagram of AGO1 domains and truncated AGO1 fragments
used for co-IP assays. (E) A diagram of truncated HESO1 fragments used for co-IP
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 AGOI1 or a truncated AGO1 fragment (indicated on the left or right side of the
picture) 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 HESOI1 interacts with
AGOL. Both IP and co-IP signals were detected by western blot analyses, ~10% input
(for detecting IP signals) and ~1% input (for detecting co-IP signals) were analyzed in

parallel.
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Figure 6-5. HESOL is able to uridylate an AGO1 bound miRNA in vitro. (A) The
uridylation of miR159/319 and miR171/170 was reduced in agol-27 henl-1. (B) HESOI1
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 minutes.
After the reactions, miR166a was extracted and separated by denaturing PAGE. MiR166a

was [**P] labeled at the 5° end using T4 Polynucleotide Kinase. Fp: Free probe.
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Figure 6-6. A proposed model for HESO1 function in Arabidopsis. (A) HESO1
uridylates unmethylated miRNAs to lead to its degradation. (B) HESOI1 uridylates 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: AGOI.
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Figure 6-7. AI-RACE cloning of 5° fragments. Total RNAs from Ler or hesol-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% agarose gel. DNAs of the

expected size were gel purified before cloning (white box).
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Figure 6-8. cRACE cloning of capped and uncapped MYB33-5’. (A) Quantitative RT-
PCR analysis of MYB33 transcripts using primers that span the miRNA 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 CIP and TAP were
subjected to self-ligation (See Fig. 2A and 2B). The nested-PCR products were resolved

in a 1.5% agarose gel.
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Figure 6-9. The accumulation of MYB33-5’ is increased in xrn4-5. MYB33 RNAs in
Col, xrn4-5, rrp6l1 rrp6l2 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. *: non-specific signal.
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Figure 6-10. HESO1 interacts with AGO1 in an RNA-independent manner. (A)
Examination of anti-AGO1 antibodies by western blot. The ago/-36 mutant, a null allele
of agol, was used as a negative control. 1:2000 dilution of anti-AGO1 was used for the
western blot. RbcL was visualized by staining with Coomassie Brilliant Blue (CBB). (B)

The HESO1-AGOI1 interaction is resistant to the RNase A treatment.
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Figure 6-11. Assembling of the AGO1-miR166a complex in vitro. (A)
Immunoprecipitation of AGO1-YFP by anti-AGO1 coupled to protein A beads. Proteins
were resolved on an SDS-polyacrylamide gel and detected by western blot with an anti-

YFP antibody (Covance). (B) Detection of [**P] labeled miR166a in the AGO1 complex.
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7.1 FDM1 and FDM2 are involved in RdAdDM

FDM1 and FDM? display a highly correlated expression pattern with known components
of RADM, such as AGO4, NRPEI1, and RDR2. FDM1 and FDM2 act redundantly in
DNA methylation, accumulation of Pol V-dependent rasiRNAs and silencing of RdADM
loci. FDM1 and FDM2 mutants display reduced DNA methylation and siRNA levels.
The results that FDM1 and FDM?2 are not required for the accumulation of POL V- and
POL II-dependent scaffold transcripts suggest that FDM1 and FDM2 may be involved in

DNA methylation downstream of POL V transcription.

FDM1 and FDM2 are potential RNA-binding proteins with four domains: zinc-finger,
XH, Coil-coil, and XS domain. To study the detailed function of FDM1 and FDM2 in
RdDM, we studied the biochemical features of FDM1 and functions of each domain of
FDM1. We found that FDM1 acts as a complex in RADM. FDMI1 interacts with both
itself and IDN2. Gel filtration analysis suggests that FDM 1 exists as a homodimer in a
heterotetramer complex that may contain IDN2 in vivo. XH domain is necessary for the
formation of FDM1 complex. The mutant FDM1 protein lacking its XH domain fails to
form a complex and is unable to complement the DNA methylation defects of fdm -1
fdm?2-1, demonstrating that XH-domain mediated complex formation of FDM1 is
required for its function in RADM. FDMI1 binds DNA in vitro through its coiled-coil
domain. RNAs with 5’ overhangs do not abolish the DNA binding ability of FDM1,
indicating that FDM1 may bind both DNA and RNA simultaneously. Through functional
analyses of FDM1 protein domains, this study extends our understanding on the RdADM

pathway.
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In order to furtherly study roles of FDM1 and FDM2 in RdADM, RNA
immunoprecipitation and DNA immunoprecipitation following deep sequencing are
necessary to determine the RNA and DNA targets of FDM1 and FDM2 in vivo.
Additionally, this whole genome study is possible to unveil new RdDM targets. On the
other hand, the crystal structure of FDM1 and FDM2 will be able to reveal the process of
how FDM1 complex recognize and bind to dsRNA substrates from AGO4-siRNA-POL

V transcript complex.

7.2 Functions of TOUGH and CDCS are partially overlapped

We studied the function of TOUGH in miRNA biogenesis. We show that TOUGH
(TGH) is an important factor for miRNA and siRNA biogenesis. Loss-of-function
TOUGH in tgh-1 reduces the activity of multiple DCLs in vitro and the accumulation of
miRNA and siRNAs in vivo. The results that TOUGH associates with the DCL1
complex, binds pri-miRNAs and pre-miRNAs, and is required for the efficient in vivo
interaction between pri-miRNA and HYL1 suggest that TGH assists DCLs to efficiently

process and/or recruit the precursors of miRNAs and siRNAs.

We found that CDCS is also involved in miRNA biogenesis but has a different role from
TOUGH. Similar to TOUGH mutants, CDC5 mutants showed reduced miRNA levels.
Our results suggest that CDC5 may have dual roles in miRNA biogenesis. The fact that
CDCS interacts with both the promoters of genes encoding MIR and POL II and
positively regulates MIR transcription and the occupancy of Pol I at MIR promoters

demonstrate that CDCS is a transcription factor that regulates POL II transcription. On
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the other hand, similar to TOUGH, CDCS5 interacts with DCL1 and is required for
efficient pri-miRNA processing, demonstrating that CDCS acts as a component of the

DCL1 complex to enhance pri-miRNA processing.

Besides miRNA, our results demonstrate that TOUGH and CDCS5 are required for the
accumulation of some siRNAs. However it is unclear whether TOUGH and CDCS5 have a
direct role in siRNA biogenesis or not. It is also possible that there is a cross talk between
miRNA biogenesis and siRNA biogenesis pathway. In this way, TOUGH and CDCS5 may
indirectly regulate siRNA production. These two possibilities need to be examined in the

near future.

7.3 AGOL1 is required for HESO1-triggered miRNA uridylation and degradation.
Previously, our lab reported that in Arabidopsis, HESO1 uridylates 5’ fragments to
trigger their degradation. In this work, we show that AGO1 interacts with HESO1
through its PAZ 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 and miRNA uridylation in vivo requires a functional AGO1 in henl, in
which miRNA methylation is impaired, demonstrating that HESO1 can recognize its
substrates in the AGO1 complex. Based on these results, we propose that methylation is
required to protect miRNAs from AGO1-associated HESO1 activity that normally

uridylates 5’ fragments.
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In our future work, homologs of HESOI1 in Arabidopsis will be studied. We will test
whether they have overlapping functions in miRNA uridylation and degradation or not.
On the other hand, we will determine and compare the substrate preferences of these

nucleotidyl transferases.



