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Summary

HEN1-mediated 2" - O-methylation has been shown to be a key mechanism to protect plant
microRNAs (miRNAs) and small interfering RNAs (siRNAs) as well as animal piwi-interacting
RNAs (piRNAs) from degradation and 3” terminal uridylation [1-8]. However, enzymes
uridylating unmethylated miRNAs, siRNAs, or piRNAs in sen are unknown. In this study, a
genetic screen identified a second-site mutation henl suppressor1-2 (hesol-2) that partially
suppresses the morphological phenotypes of the hypomorphic Aen-2allele and the null feni-1
allele in Arabidopsis. HESO1 encodes a terminal nucleotidyl transferase that prefers to add
untemplated uridine to the 3" end of RNA, which is completely abolished by 2"-C-methylation.
hesol-2 affects the profile of u-tailed miRNAs and siRNAs and increases the abundance of
truncated and/or normal sized ones in /enl, which often results in increased total amount of
miRNAs and siRNAS in Aenl. In contrast, overexpressing HESOI in henl-2causes more severe
morphological defects and less accumulation of miRNAs. These results demonstrate that HESO1
is an enzyme uridylating unmethylated miRNAs and siRNAs in Aenl. These observations also
suggest that uridylation may destabilize unmethylated miRNAs through an unknown mechanism
and compete with 3’-to-5” exoribonuclease activities in #eni. This study shall have implications
on piRNA uridylation in AenZ in animals.

Results

hesol-2 Partially Rescues the Morphological Phenotypes of henl1-2 and henl1-1

In Arabidopsis hen1-2, an asparagine to aspartic acid substitution impaired HEN1 activity,
reduced miRNA abundance, and caused pleiotropic developmental defects such as delayed
growth and reduced fertility (short siliques) [9]. An ethyl methanesulfonate (EMS)
mutagenized population of /#eni-2was screened for second-site mutations that rescued the
fertility defects of h#eni-2[10]. This genetic screen was expected to identify components
destroying unmethylated miRNAs because lack of them might increase the abundance of
miRNAs and therefore suppress the fertility defects of /#eni-2. NRPD1 and NRPD2/NRPE2,
two essential genes for sSiRNA biogenesis, were identified from this screen [10-13].

We further screened the EMS mutagenized Aeni-2 population and isolated a suppressor with
partially rescued vegetative phenotypes and longer siliques (Figures 1A and 1B). The
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average silique length of this suppressor was ~1.6- fold of that of senZ-2 (Figures 1B and
1C). Backcross analysis revealed that a single recessive mutation caused the phenotypic
changes in this suppressor. Following the nomenclature of the companion paper [14], the
mutation was named fenl suppressorl-2 (hesol-2).

We next evaluated whether heso1-2 suppressed heni-2through restoring HEN1 activity. In
this scenario, heso1-2should not suppress the null s#eni-1 allele. However, heni-1 heso1-2
grew better, produced longer siliques (~2-fold increase), and flowered earlier than Aeni-1
(Figures 1A-1C). To confirm that miRNA methylation status was not altered in Aeni-1
heso1-2, we performed a periodate/p-elimination assay. Periodate/B-elimination treatment of
unmethylated but not methylated miRNAs would result in faster migration during
electrophoresis under denaturing condition, which could be detected by northern blot [15].
After chemical treatment, miR167 showed similar mobility alterations in heni-1 hesol-2as
in heni-1 (Figure S1). These results demonstrated that /esoZ-2-mediated phenotypic rescue
of hen did not require HEN1 methylase activity.

hesol-2 Partially Restores miRNA and trans-acting siRNA Function in henl-1

The rescue of developmental defects of /eni by hesoi-2 could be best explained by the
recovery of small RNA-mediated gene regulation, because dysregulation of small RNA
targets was thought to be the major reason for the morphological phenotypes of /en [16,
17]. We therefore compared the transcript levels of four miRNA targets, CUC, PHV,
HAPZ2b, and MYB65and a trans-acting siRNA (ta-siRNA) target, ARF3, in henl-1 hesol-2
with those in /eni-1by quantitative RT-PCR (qRT-PCR) [17, 18]. As previously reported,
their steady-state transcript levels were increased in Aen1-1 compared with those in Ler
plants (wild-type [WT] plants) [17, 18]. Relative to #eni-1, the transcript levels of these
targets but not the control UBQUITIN 5were significantly reduced in heni-1 hesol-2
(Figure 1D). These results indicated that #eso1-2 might partially restore miRNA and ta-
siRNA function in Aeni-1.

heso1l-2 Alters miRNA and siRNA Profiles in hen1-2 and henl-1

We next examined several miRNASs in heni-2, heni-1, hen-1-1 hesol-2, and henl-2 hesol-2
by northern blot. Tailed miRNAs were still present in seni-1 heso1-2and heni-2 hesol-2
(Figure 2). To determine whether the tail consisted of untemplated Us in heni-1 hesol-2, we
performed a primer-extension analysis of miRNA-specific RT-PCR products amplified from
miRNAs ligated to adaptors from heni-1 heso1-2[2]. A ladder of primer-extension products
was observed in both heni-1 heso1-2and henl-1, indicating the presence of U-tailed
miRNA in heni-1 hesol-2 (Figure S2B). This result was consistent with the deep
sequencing result in the companion paper [14].

Quantification analyses showed that AesoZ-2increased the total amounts of miR166/165,
miR169, miR171/170, miR172, and miR173 in heni-1and henl-2, respectively (Figure 2),
but not of miR167, whose overall levels had no obvious change (Figure 2). heso1-2
appeared to have a greater effect in #eni-1than hAeni-2, presumably due to the fact that
heni-1isanull allele, whereas heni-2is a weak allele (Figure 2). For the examined
miRNAs, truncated forms were increased in abundance in heni1-1 hesol-2(2.2- to 4.3-fold
of those in heni-1) and henl-2 hesol-2 (1.8- to 6.8-fold of those in heni-2), compared with
heni-1and heni-2, respectively (Figure 2; Figure S2A). Sequencing analysis of miR167
demonstrated that truncations occurred at 3” end (Table S1), in agreement with deep-
sequencing analysis results in the companion paper [14]. The normal-sized miR169,
miR171, miR172, and miR173 were increased in accumulation as well by Aeso1-2in heni-1
and henli-2, respectively (Figure 2; Figure S2). hesol-2also appeared to reduce the
abundance of tailed miR167 and miR166/165 (>21 nt for miR167, >22 nt for miR166/165;
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Figure 2; Figure S2A). Although the levels of short-tailed miR171 (22-23 nt), miR172 (23—
24 nt), and miR173 (23-24 nt) were increased by heso1-2in heni-1and henl-2, the
abundance of longer ones (>24 nt for miR171, >25 nt for miR172 and miR173) was reduced
(Figure 2; Figure S2A). These results suggested that seso-2increases the levels of normal-
sized, 3" truncated, and/or short-tailed miRNAs in Aen, which often led to an increase of
the total amount of miRNAs.

We next examined the accumulation of a heterochromatic siRNA siR02 and a #rans-acting
siRNA TAS3-5"D8(+). hesol-2increased the total amount of TAS3-5"D8(+), which lacks
detectable U-tailed forms in /Aeni and double mutants, but not siR02 (Figure 2). However,
heso1-2did increase the abundance of normal-sized and truncated siR02 and reduced
accumulation of tailed isoforms in seni-1and heni-2 (Figure 2).

We also evaluated the effect of seso1-2 mutation on miRNA accumulation in WT. However,
northern blot showed that the levels of miR167, miR171, and miR173 in heso1-2are
comparable with those in WT (Figure S2C).

HESO1 Encodes a Cytoplasm and Nucleus- Localized Terminal Nucleotidyl Transferase

We next used a map-based cloning approach to determine the molecular nature of heso1-2
mutation. The mapping population was constructed by crossing /eni-2 hesol-2 with heni-8,
which carries the same mutation as f#en-2but is in the Columbia-0 genetic background
[10]. In the F2 segregating population, the plants with longer siliques were selected for
marker analysis. The heso1-2 mutation was mapped to a ~70 kb region of chromosome 2 on
the bacterial artificial chromosome (BAC) T517 (Figure S3A). Sequencing analysis of this
region revealed a G-to-A change at the end of fifth intron of the gene At2g39740 (Figures
S3B and S3C). Introduction of a WT genomic DNA covering At2g39740 promoter and
coding regions into seni-2 hesol-2was able to restore miRNA and fertility phenotypes of
heni-2(Figures 1B and 1C; Figure S3E). These results demonstrated that the G-to-A
mutation in At2g39740 was responsible for the partial rescue of heni-2. We named
At2939740 HEN1 SUPPRESSOR1 (HESOL1). HESO1 encodes a putative nucleotidyl
transferase that belongs to the DNA polymerase B-like superfamily [19]. It contains a poly A
polymerase domain, (PAP/25A), a PAP-associated domain, and a glutamine rich region
(Figure 3A). However HESO1 is distinct from canonical, eukaryotic PAPs because it lacks
the RNA-binding motif (RRM) of classical PAP. HESOL1 is thought to be a member of
GLD-2-related family that adds nucleotides to the 3" end of RNAs independent of templates
[20].

RT-PCR and subsequent sequencing analyses detected four abnormal but no WT HESO1
transcripts in henl-2 hesol-2 (Figure S3D), indicating that the G-to-A mutation caused
splicing defects. Either intron 5 was fully retained in the messenger RNA (mMRNA)
(transcript 1) or exon 6 was partially (transcript 2 and 3) or completely spliced out
(transcript 4; Figure S3D). Transcripts 1, 2, and 4 contained in-frame stop codons, which
should lead to the production of truncated proteins lacking the C-terminal region starting
from amino acid 194 (Figure 3A,; Figure S3D). Transcript 3 was predicted to produce a
mutant protein, in which 16 amino acids (194-209) including the last 4 amino acids of PAP/
5A core region were deleted (Figure 3A; Figure S3D). This deletion completely abolished
nucleotidyl transferase activity of HESO1 (Figure 3B, described below). Thus, Aeso1-2is
most likely a null allele.

The alteration of U-tailing profile of small RNAs in Aenl hesol-2together with the protein
annotation suggested that HESO1 might be an enzyme responsible for the untemplated
uridine addition to the 3" end of miRNAs and siRNAs in #en1. Therefore, we tested whether
HESOL1 possessed terminal nucleotidyl transferase activity using a recombinant maltose-
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binding protein (MBP)-HESOL protein. The recombinant MBP-HESO1 was expressed in £.
colf and purified with maltose resin (Figure S3F). As controls, a MBP protein and a MBP-
HESOL protein lacking amino acid from 194 to 209 (MBP-HESO1A16 encoded by the
transcript 3 in heni-2 hesol-2, Figure S3F) were also expressed. We incubated the proteins
with an in vitro synthesized 21 nt oligo RNA (oligo 248) [21], which was 5" P32-labeled,
under the presence of uridine triphosphate (UTP). After the reaction was stopped, the RNA
was resolved on a polyacrylamide gel. MBP-HESO1 but not MBP and MBP-HESO1A 16
lengthened the substrate RNA (Figure 3B), indicating that HESO1 added untemplated
uridines to the 3" end of oligo 248. A time-course experiment revealed that the RNA
substrate was elongated during the reaction (Figure 3C), demonstrating that HESO1 had
template-independent polymerase activity. A 2"-O-methyl group at the 3" end of oligo 248
completely abolished HESO1 activity (Figure 3C), which is consistent with the notion that
methylation prevents 3" uridylation of plant miRNAs and siRNAs and animal piRNAs [1, 2,
8]. MBP-HESOL1 was able to add one cytidine (C), deoxythymidine (dT), or deoxycytidine
(dC) to the 3 end of oligo 248 (Figure 3D). The results demonstrated that HESO1 has
preference to add Us to the 3" end of RNA under our assay conditions.

In order to examine the localization of HESOL in cells, we transiently expressed HESO1
under the control of a Cauliflower mosaic virus (CaMV) 35S promoter in Nicotiana
benthamiana [22]. The transgene was able to produce functional protein because it caused
more severe defects of seni-2when expressed (described below). The yellow florescence
signal could be observed in both cytoplasm and nucleus in the leaf epidermal cells of A.
benthamiana harboring 35S..HESO1-YFP (Figure S3G), suggesting that HESO1 might be
localized in both cytoplasm and nucleus, consistent with the observation that both miRNAs
and siRNAs were affected by heso1-2in heni-1and heni-2.

Overexpression of HESOL1 in henl1-2 Causes More Severe Morphological Defects and Less
miRNA Accumulation

The fact that lack of HESO1 in Aenl increased the accumulation of miRNAs suggested that
HESO1-mediated uridylation might destabilize unmethylated miRNAs. If so, we would
expect that overexpression of HESOI in henl could further reduce the abundance of
miRNAs and cause more severe developmental defects. We overexpressed HESOZ under
the control of 35S promoter in A#eni-2. In T1 transgenic plants, three transgenic heni-2
hesol-2with 4- to 12-fold increased transcript levels of HESOI relative to heni-2were
selected by gRT-PCR analysis (Figure S4). All of these three transgenic lines showed more
severe leaf and flower morphological defects than Aeni-2 (Figure 4A). Northern blot
analysis revealed that the amount of miR166/165 and miR167 was reduced in three
transgenic heni-2lines overexpressing HESOI compared with Aeni-2 (Figure 4B). This
result supported that HESO1 might trigger degradation of unmethylated miRNAs.
Furthermore, we detected increased miRNA target transcript levels in overexpression lines
relative to heni-2 (Figure 4C), indicating that the reduction of miRNA abundance may be
the cause for severe morphological defects of overexpression lines.

Discussion

The in vitro uridylyl transferase activity of HESO1 and the effect of /esoZ-2on the profile
of uridylated small RNAs in /enl demonstrate that HESO1 is an enzyme targeting
unmethylated miRNAs and siRNAs in /enl. The facts that #eso-2increases the levels of
miRNAs and overexpression of HESOI reduces the abundance of miRNASs in Aenl
demonstrate the hypothesis that uridylation triggers degradation of plant miRNAs and
siRNAs or animal piRNAs in fenl [1-4, 8, 21, 23]. It has been observed that uridylation
triggers the degradation of miRNAs from 3" end by exosome component RRP6 in vitro in
Chlamydomonas [21]. However, the increased accumulation of 3" truncated miRNAs and
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siRNAs in hen heso1-2indicates that mechanisms other than 3’-to-5" degradation might be
employed by Arabidopsisto degrade uridylated miRNA and siRNAs. It is possible that
uridylation may trigger highly progressive 3’-to-5" degradation so that the 3" truncated
products was less accumulated in Aeni. The presence of 3" truncated miRNAs and siRNAs
in hen1 also indicates that 3’-to-5" degradation activities such as SDN1, exosome or
homologs of Nibbler might act on miRNAs and siRNAs in heni as well [21, 24-26]. It is
tempting to speculate that HESO1 may compete with 3-to-5" exoribonuclease activities or
their products as substrates in Arabidopsis.

Additional terminal uridylyl transferases must act in miRNA and siRNA uridylation
processes in henl because uridylated miRNASs and siRNAs are still present in feni heso1-2
and hesol-2is most likely a null allele. Arabidopsis encodes nine additional HESO1
homologs (Figure S3H). One or more of them may add U tails to the unmethylated small
RNAs in henl hesol-2. The increased accumulation of some miRNAs with short tails is
observed in henl heso1-2. A possible explanation is that other nucleotidyl transferases may
add a short tail to miRNA, which then can be used by HESO1 as substrates to elongate.
However, other possibilities are also present. This observation also suggests that the short-
tailed miRNAs may have a very slow degradation rate, or a certain U-tail length threshold
may be required to trigger degradation in Arabidopsis. The reduced abundance of U-tailed
miR166/165 and miR167 may reflect substrate preference of HESO1 homologs. Consistent
with this, terminal nucleotidyl transferases GLD-2 and ZCCHC11 have been shown to
specifically modify miR122 and miR26 in animals, respectively [27, 28]. Several putative
terminal nucleotidyl transferases are also proposed to modify miRNAs in a miRNA-specific
manner in human [29].

heso1-2has no obvious effect on several examined miRNAs in WT, indicating that 2’-O-
methylation prevents HESO1 activity. However, we cannot rule out the possibility that
HESOL has subtle effects on small RNA levels. In fact, tailed miRNAs and siRNAs are also
present in WT plants [2]. In addition to miRNAs and siRNAs, HESO1 may have other
substrates in vivo such as 5 fragments of RNA-induced silencing complex cleavage
products, U6 small nuclear RNA and ribosomal 5S RNAs. Uridylation of these RNAs has
been established [30-32]. In animals, uridylation of pre-let7 is also observed [33-35].
Clearly, these possibilities need to be examined in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. hesol-2 M utation Partially Suppresses the Phenotypes of henl1-1 and henl-2

(A) Morphological phenotypes of the indicated genotypes.

(B) Siliques from plants of the indicated genotypes. Leris WT plants. heni-1 hesol-2and
heni-2 hesol-2are heni-1and henl-2harboring the hesol-2 mutation, respectively. Comp
is henl-2 hesol-2harboring the HESO1 genomic DNA.

(C) Average silique length in various genotypes. Thirty siliques from six plants for each
genotype were included in the analysis. ***p < 0.001.

(D) The transcript levels of miRNA and ta-siRNA targets in various genotypes. Target
MRNA accumulation in various genotypes was quantified by gRT-PCR and compared with
those of WT. Quantifications are normalized with ACT/NZtranscript. UBQ5: UBQUITINS,
which served as an internal control. The WT value is 1. *p < 0.05; **p <0.01; ***p < 0.001.
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Figure 2. hesol-2 Affects miRNA and siRNA Profilesin hen1-1 and hen1-2

miRNAs and siRNAs in various genotypes were monitored by northern blot. U6 was used as
a loading control. Lerserved as a size control. miR166/165 and miR171/170, the paired
miRNAs were recognized by the same probe because of sequence similarities.

The number below heni-1 hesol-2and henl-2 hesol-2indicated the fold changes of total
amounts of miRNAs or siRNAs caused by /eso1-2in henl-1and henl-2, respectively. n.d.
represents not detected in sen-1. To obtain the total amount of a miRNA and siRNA in
each genotype, we quantified all individual bands in each sample and added them together.
The total amount of a miRNA and siRNA in heni-1 heso1-2and henl-2 hesol-2was then
normalized to U6 RNA and compared with that in #eni-1and henl-2, respectively.
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Figure 3.

HESO1 Encodes a 3" Terminal Uridylyl Transferase

(A) Schematic of HESO1 protein and its mutant forms generated by Aeso1-2. * represents
protein stop codon. The amino acids introduced by Aeso1-2following the truncated HESO1
are indicated. PAP/25A, poly A polymerase domain; PAPA, PAP associated domain; Core,
core regions of PAP/25A; GLN_RICH, glutamine rich region.

(B) Terminal uridylyl transferase activity of HESO1. Oligo 248 was 5’-end labeled with
P32 incubated with buffer alone (1), purified MBP (2), MBP-HESO1 (3) or MBP-
HESO1A16 (4) under the presence of UTP for 120 min, and resolved on a denaturing
polyacrylamide gel.

(C) Time-course reaction of HESO1 activity and the effect of 2”-O-methylation on HESO1
activity. 5" end-labeled oligo 248 or 2-O-methyl oligo 248 was incubated with MBP-
HESO1. The reaction was stopped at the indicated time.
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(D) Preference of HESOL1 to ribonucleotides and deoxyribonucleotides. 5" end labeled oligo

248 was incubated with MBP-HESO1 under the presence of UTP, ATP, CTP, GTP, dATP,
dTTP, dCTP, or dGTP for 40 min.
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Figure4. Overexpression of HESO1 in hen1-2 Causes M or e Sever e Phenotypes

(A) Morphological phenotypes of various genotypes. Leris WT plants. hen1-2 +
355::HESO1 is henl-2 overexpressing HESOL.

(B) miR167 and miR166/165 in various genotypes were monitored by northern blot. U6 was
used as a loading control. Lerserved as a miRNA size control; heni-2 + 355::HESOI,
heni-2overexpressing HESO1. The number below overexpression lines indicated the fold
changes of total amounts of miRNAs or siRNAs caused by overexpression of HESOZ1 in
hen1-2, respectively. To obtain the total amount of a miRNA and siRNA in each genotype,
we quantified all individual bands in each sample and added them together. The total
amount of a miRNA and siRNA in HESOZ1 overexpression lines 2was then normalized to
U6 RNA and compared with that in heni-2.

(C) The transcript levels of three miRNA targets in Ler, heni-2, and three HESO1
overexpression lines. Target MRNA accumulation in various genotypes was quantified by
gRT-PCR and compared with those of WT. Quantifications are normalized with ACTINZ
transcript. The seni-2value is 1. *p < 0.05; **p < 0.01; ***p < 0.001.
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