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MicroRNAs (miRNAs) are 20-24
nucleotide RNAs that regulate a
variety of developmental and metabolic
processes. The accumulation of miRNAs
in vivo can be controlled at multiple lev-
els. In addition to miRNA biogenesis,
mechanisms that lead to RNA degra-
dation, such as 3' uridylation and 3'
truncation, also affect the steady-state
levels of miRNAs. On the other hand,
2'-O-methylation in plant miRNAs pro-
tects their 3' ends from truncation and
uridylation. The recent identification of
HESOL1 as the key enzyme responsible
for miRNA uridylation in Arabidopsis
was a first step toward a full under-
standing of the mechanisms underly-
ing miRNA turnover. Analyses of the
hesol mutant predicted the existence of
another uridylation activity and a pre-
viously unknown nuclease that act on
miRNAs. The future identification of
these enzymes will enrich our under-
standing of miRNA turnover.

Introduction

miRNAs are small RNAs of 20-24
nucleotides (nt) that play crucial roles
in numerous developmental and meta-
bolic processes in plants and animals by
regulating gene expression primarily at
post-transcriptional levels."? They bind
to Argonaute proteins to form functional
effector complexes to engage in target
recognition through sequence comple-
mentarity and repression of target gene
expression by mRNA degradation and
translational repression.>? Plant miRNAs
regulate genes encoding various types of
proteins, including transcription factors or
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other regulatory proteins that function in
plant development or signal transduction.*
The critical roles of miRNAs in pattern-
ing, signaling and metabolism necessitate
the proper control of their steady-state lev-
els, which are presumably influenced by
the opposing activities of miRNA biogen-
esis and degradation. Here, we discuss the
mechanisms that impact miRNA stability
in plants, with an emphasis on the oppos-
ing effects of methylation and uridylaton.

miRNA Biogenesis

miRNAs are the final products of non-
coding RNA genes. Following transcrip-
tion, the primary transcript (pri-miRNA)
is processed into the hairpin-structured
precursor (pre-miRNA), which is further
processed into the mature miRNA, by
RNase II-type nucleases’ In animals,
the maturation of the miRNA from the
pri-miRNA involves the nuclear enzyme
Drosha® and the cytoplasmic enzyme
Dicer.”® In Arabidopsis, the formation of
the pre-miRNA from the pri-miRNA and
the processing of the pre-miRNA to the
mature miRNA are both performed by the
Dicer-like protein, DCL1.>"" The process-
ing of the pre-miRNA by Dicer or DCLI
yields the miRNA/miRNA* duplex, which
has a 2-nt overhang at the 3' end of each
strand, as well as a 5' phosphate (P) and
a 3' OH on each strand.”* miRNA accu-
mulation in Arabidopsis requires a protein
named HENI1." HENI is a methyltrans-
ferase that acts on the miRNA/miRNA*
duplex to deposit a methyl group onto the
2' OH of the 3' terminal ribose on each
strand.'” In vitro methylation assays'? and
structures of HENI in complex with a
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miRNA/miRNA* duplex” indicate that
the two termini of the miRNA/miRNA*
duplex are separately and independently
methylated. Therefore, HENI does not
distinguish the miRNA strand from
miRNA* or contribute to strand selection.
After methylation, the miRNA/miRNA*
duplex is loaded into the RNA-induced
silencing complex (RISC) that contains
the ARGONAUTE! (AGOI) protein as
the core component, where the miRNA,
after shedding of the miRNA* strand,
guides the cleavage or translation repres-
sion of its target mRNAs through base-
pairing with specific targets."1¢
2'-0O-Methylation Increases
miRNA Stability

The abundance of a certain miRNA in
cells is governed by its rates of biogen-
esis and degradation. Studies on one of
the biogenesis steps in plants, miRNA
2'-O-methylation, first
glimpse into processes that lead to miRNA

provided the

degradation. Methylation on the ribose of
the last nucleotide by HEN1 is a univer-
sal step in the biogenesis of miRNAs in
plants.'*" In Arabidopsis, almost all miR-
NAs are fully 2'-O-methylated at their 3'
ends in vivo. In order to understand the
function of miRNA methylation, north-
ern blots were conducted to examine
various miRNAs in wild type and henl
mutants. It was found that miRNAs are
reduced in abundance and heterogeneous
in size when they are unmethylated.'
Primer extension experiments showed that
the size heterogeneity resides in the 3" ends
of miRNAs."® Cloning and sequencing (by
the traditional Sanger method) of miR173
and miR167 in wild type and henl
mutants revealed that miRNAs undergo
3' truncation and 3' uridylation, the addi-
tion of a short U-rich tail.'"® This led to the
hypothesis that the 2'-O-methyl moiety
in plant miRNAs promotes their stability
by protecting them from a 3'-to-5' exonu-
cleolytic activity and a uridylation activ-
ity.”® In our recent study, high-throughput
sequencing was employed to examine a
large number of miRNAs in wild type
and henl mutants. Results confirmed
conclusions from our previous study'® and
showed that all annotated miRNAs pres-
ent in the libraries undergo 3' truncation
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and 3' uridylation in the absence of meth-
ylation.” In addition to miRNAs, siRNAs
in plants and Drosophila and piRNAs in
animals also undergo 2'-O-methylation
by HEN1 or HENI orthologs.’®?'*¥ In
both plants and animals, the lack of small
RNA methylation is often associated with
small RNA instability as inferred from
reduced accumulation, 3' truncation, and

3" uridylation.!$21:2829

SDNs Degrade Mature miRNAs

It is now known that multiple enzymes,
such as 3" and 5' exonucleases, can engage
in miRNA degradation. For example, in
C. elegans, XRN-2 (a 5'-to-3' exonuclease)
is involved in the degradation of mature
miRNAs.>** SDNs, a family of 3'-to-5'
exonucleases encoded by the SMALL
RNA DEGRADING NUCLEASE (SDN)
genes, degrade mature miRNAs in
Arabidopsis.® SDN1 has specificity for
short, single-stranded RNAs and does not
digest small RNA duplexes, pre-miRNAs,
or longer RNAs in vitro.! Knock-down
of multiple SDN genes in Arabidopsis
results in elevated miRNA levels and
pleiotropic
ties.”’ This suggests that maintaining
proper miRNA levels through miRNA
turnover is crucial to plant development.

developmental abnormali-

Are SDNs the enzymes responsible for
the production of the 3' truncated spe-
cies in henl mutants? This has not yet
been determined. If they were respon-
sible for the production of these 3' trun-
cated species, knocking down SDNs in a
henl mutant background would reduce
the levels of 3" truncated species, which
can be determined through small RNA
high-throughput sequencing. It is known,
however, that the SDNs impact the
steady-state levels of miRNAs. Knocking
down multiple members of the SDN gene
family using an artificial miRNA results
in elevated miRNA accumulation.’ Since
miRNA species are nearly all methyl-
ated in wild type,'>'® the effect of SDN
knockdown on miRNA accumulation in
the wild-type background suggests that
SDNs can degrade methylated miRNAs.
Biochemical assays show that SDN1 can
degrade 2'-O-methylated miRNAs in
vitro, although at a lower efficiency than
unmethylated miRNAs.!
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POINT-OF-VIEW

Uridylation by HESO1 Destabilizes
Unmethylated miRNAs

miRNA 3" uridylation is a widespread
phenomenon in Aenl mutants in plants
and animals.'®2%2%2 Our recent study
identified the HENI SUPPRESSORI
(HESOI) gene to be responsible for
small RNA uridylation in henl mutants
1920 High-throughput
sequencing of miRNAs in henl hesol
and henl showed that the hesol muta-
tion greatly reduces uridylation. In vitro,
HESO1 exhibits nucleotidyl transfer-
ase activity that adds tens of non-tem-
plated Us to an RNA oligonucleotide,
and its activity is completely inhibited
by 2'-O-methylation on the RNA’
3" terminal ribose. HESOI1 prefers U
relative to the other three nucleotides.

in  Arabidopsis.

These biochemical properties are con-
sistent with the genetic data showing
that miRNAs gain a U-rich tail in the
absence of methylation. The hesol-1
mutation is likely a null allele, yet uri-
dylation, mostly monouridylation, is
still present in this mutant, suggest-
ing that another nucleotidyl transferase
can uridylate unmethylated miRNAs.
This activity is likely also inhibited
by 2'-O-methylation since monouri-
dylation does not occur as frequently
in wild type as it does in henl hesol.
BLAST searches using known nucleo-
tidyl transferases from Saccharomyces

cerevisiae, Schizosaccharomyces
pombe,  Chlamydomonas  reinhardtii,
Caenorbabditis  elegans and human

revealed at least ten potential nucleotidyl
transferase genes, including HESOI, in
Arabidopsis (Fig. 1). It is possible that
one of the other nine genes is responsible
for monouridylation of miRNAs in the
absence of HESOLI activity.

Uridylation leads to miRNA degra-
dation, as miRNA levels are increased
in henl hesol relative to henl. We note
that miRNAs remain unmethylated in
henl hesol, but the increased levels of
miRNAs result in more effective repres-
sion of miRNA target genes in henl hesol
relative to henl.”?® This indicates that
unmethylated miRNAs are functional in
target regulation. Therefore, the methyl-
ation of miRNAs probably only serves to
stabilize miRNAs instead of impacting
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TRF4 Saccharomyces cerevisiae

AT4G00060
MUT68 Chlamydomonas reinhardtii
AT3G61690
AT5G53770
AT3G51620
AT3G56320
AT2G40520
AT3G45760
AT3G45750
AT2G39740 HESO1
01 CDE-1 Caenorhabditis elegans »
- PUP-2 Caenorhabditis elegans

TUT4 Homo sapiens

Cid1 Schizosaccharomyces pombe

AT2G45620

Figure 1. A Phylogenetic tree of the nucleotidyl transferase (NT) domain from polyA polymerases and terminal uridylyl transferases. Ten Arabidopsis
proteins and homologous proteins from other eukaryotes were used in the analysis. The Arabidopsis proteins all have the “AT” prefix, and HESO1 is
At2g39740. Evolutionary distance is indicated by the scale bar.

their functionality. How does uridylation
trigger the degradation of miRNAs?
We presume that the U-rich tail serves
as a preferred substrate for a nuclease.
Intriguingly, the nuclease is most likely
distinct from that causing the 3' trunca-
tion of miRNAs in henl mutants because
the abundance of 3' truncated miRNA
species was similar in henl hesol and
henl, although the former genotype has
greatly reduced uridylation.”** Although
the nature of this enzyme is currently
unknown, we predict that, if it were an
exonuclease, it would differ from the
one generating the 3' truncated species
in that it is highly processive such that
it completely degrades uridylated miR-
NAs without leaving many truncated
intermediates.

So far, it is not clear whether HESO!
is also involved in the degradation
of 2'-O-methylated miRNAs. Loss-
of-function in HESOI did not affect
miRNA accumulation in the wild-type
HENI background, which suggests that
HESOI does not affect miRNA stability
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in wild type, in which miRNAs are fully
methylated. This is consistent with the
fact that HESOLI activity is completely
inhibited by 2'-O-methylation on its
substrate. However, it is possible that
HESOL1 acts to degrade miRNAs in wild
type through collaboration with other
enzymes. For example, it may act cooper-
atively with SDNI1, which truncates small
RNAs,*! or another nucleotidyl transfer-
ase, which can act on 2'-O-methylated
miRNAs.  Unmethylated ~ miRNAs
that are generated from the activities of
these enzymes can then be uridylated
by HESOI. Further investigations are
needed to determine the relationship
between HESO1 and other miRNA-
degrading activities.

siRNAs Negatively Influence
HEN1-Mediated
miRNA Methylation

siRNAs are similar to miRNAs in

structure, biogenesis and function. But
unlike miRNAs, which come from
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hairpin pre-miRNAs, siRNAs originate
from long double-stranded RNA pre-
cursors.’>? Both miRNAs and siRNAs
in plants carry a 2'-O-methyl group on
the 3'-terminal nucleotide, a modifica-
tion introduced by the methyltransfer-
ase HENIL1.">"® §iRNAs compete with
miRNAs for methylation in Arabidopsis
when HENT1 function is compromised.*
This conclusion was drawn from stud-
ies of mutations in DNA-dependent
RNA polymerase IV or RNA-dependent
RNA polymerase 2, both of which are
essential for the biogenesis of endog-
enous 24-nt siRNAs.>% These muta-
tions can rescue the defects in miRNA
methylation of henl-2, a weak henl
allele, revealing the negative influence
of siRNAs on HENI1-mediated miRNA
methylation.** These mutations do not
exhibit large effects on miRNA levels in
wild type, suggesting that HEN1 activ-
ity is not limiting. However, HENI
activity may be rendered limiting under
conditions when large quantities of siR-
NAs are produced.
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Possible Roles of Argonaute
Proteins in miRNA 3' Truncation
or 3' Uridylation

Based on the well-established framework
of miRNA biogenesis, the final step of
miRNA maturation, following miRNA
methylation, is the formation of RISC that
contains an Argonaute protein and a small
RNA as the core components. Structures
of prokaryotic and eukaryotic Argonaute
proteins in complex with a guide strand
reveal that the 3" end of the guide strand
is anchored in the Argonaute PAZ domain
(reviewed in refs. 38 and 39). This raises
the question whether the 3'-to-5" exonu-
clease SDNI or the 3' uridylation enzyme
HESOI can access a miRNA while it is
bound by AGO1, the major miRNA effec-
tor in Arabidopsis.

Argonaute association appears to stabi-
lize miRNAs. For example, in Arabidopsis
agol mutants, many miRNAs are reduced
in abundance.* this does
not rule out the possibility that AGO1-
bound miRNAs are accessible by SDN1
or HESOI1. Structural studies suggest

However,

that RISC undergoes dynamic changes
between conformational states, and in
some states, the 3' end of the miRNA
becomes dislodged from the PAZ domain.
For example, in the structure of a Thermus
thermophilus Argonaute-guide-target ter-
nary complex in which the target strand
has a long stretch of sequence complemen-
tarity to the guide, the 3' end of the guide
is dislodged from the PAZ domain.*' This
suggests that when the RISC targets an
mRNA with extensive sequence comple-
mentarity to the guide strand, the guide
strand’s 3" end could become vulnerable
to 3' targeting enzymes such as SDN1 or
HESOL. In fact, in Drosophila and mam-
malian cell culture, the introduction of
artificial targets with longer stretches of
sequence complementarity to the miR-
NAs than natural targets leads to the
3" truncation and 3' uridylation of the
miRNAs. 24

We observed that the 3' truncated and/
or uridylated miRNA species in henl and
henl hesol mutants are associated with
AGOL in vivo (Fig. 2). The AGO1-bound
miRNAs in henl or henl hesol resemble
their corresponding input RNAs in terms
of the presence of the 3" truncated and
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Figure 2. northern blots of miR167 and miR165/166 from total RNA or AGO1 immunoprecipitates
from hen1-8 and hen1-8 hesol-1 inflorescences. Note that the Col (wild type) samples only serve as
a size reference; RNA from seedlings was used and was not in the equivalent quantity as the
heni-8 or heni1-8 hesol-1 samples. The bands representing miRNAs of the wild-type size are
indicated by asterisks. The arrows above and below the asterisks mark bands that represent 3'

3' uridylated species. This indicates that
most 3' truncated or uridylated species
that are observed are bound by AGOL.
The fact that these degradation intermedi-
ates are bound by AGO1 implies that the
initial 3" truncation or uridylation occurs
on AGOIl-bound miRNAs. Perhaps,
truncation or uridylation beyond a certain
length threshold would cause the miRNA
to be released from AGOL. In fact, AGO1
binding may determine the length of the
U tails observed in vivo. In vitro activ-
ity assays show that HESOL is capable of
adding a long U tail (tens to hundreds of
nucleotides), but in vivo, the tail length is
at most 7 nt.”®2° It could be that species
with longer tails cannot be protected by
AGOIL and are degraded. We envision that
SDN1 and HESO1 shorten and lengthen,
respectively, AGO1l-bound miRNAs to
trigger their dissociation from AGO1 and
their eventual degradation.

Materials and Methods

Phylogenetic analysis. For ten putative
Arabidopsis nucleotidyl transferases and
selected homologs from other eukaryotes,
sequences corresponding to the NT_PAP_
TUTase (cd05402) domain® were aligned
using ClustalW (www.ebi.ac.uk/Tools/
msa/clustalw2/) with default parame-
ters.* The phylogenetic tree in Figure 1
was generated using TreeView.®
Immunoprecipitation and northern
blotting. AGO1l was immunoprecipi-
tated as described* from henl and henl

RNA Biology

hesol inflorescences and wild-type seed-
lings with mouse-anti-AGO1 antibodies
generated by Dr. Xiaofeng Cao’s group at
Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences.
RNAs were isolated from AGO1 immu-
noprecipitates as well as input samples
(total RNA) using Tri-reagent (Molecular
Research Center, Inc.). Northern blot-
ting to detect miRNAs was performed
as described.”” The DNA oligonucleotide
probe for detection of miR167a is 5-TAG
ATCATG TTG GCA GTT TCA-3'; that
for detecting miR165/166 is 5-AAT GAA
GCCTGG TCC GA-3'.

Conclusion

miRNA degradation is a major factor
affecting the steady-state levels of miR-
NAs. Factors that participate in or control
miRNA degradation are just beginning
to be understood. Many questions await
elucidation. Does HESOL1 play a role in
miRNA degradation in wild type, in
which miRNAs are 2'-O-methylated?
What is the enzyme(s) that degrades uri-
dylated miRNAs? Does SDN1 or HESO1
act on AGOI-bound miRNAs? What
factors influence the accessibility of the
3" end of a miRNA to SDN1 or HESO1
when it is AGO-bound? Is there temporal
or spatial regulation of miRNA degrada-
tion? Are there mechanisms that impart
specificity to miRNA degradation (such
that a particular miRNA is made unsta-
ble under certain conditions)? Answers to
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these questions will help establish a frame-
work for understanding miRNA turnover.
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