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The 3’ end methylation catalyzed by HUA Enhancer 1 (HEN1) is a
crucial step of small RNA stabilization in plants, yet how unmethy-
lated small RNAs undergo degradation remains largely unknown.
Using a reverse genetic approach, we here show that Atrimmer 2
(ATRM2), a DEDDy-type 3’ to 5’ exoribonuclease, acts in the degra-
dation of unmethylated miRNAs and miRNA*s in Arabidopsis. Loss-
of-function mutations in ATRM2 partially suppress the morphological
defects caused by HEN1 malfunction, with restored levels of a subset
of miRNAs and receded expression of corresponding miRNA targets.
Dysfunction of ATRM2 has negligible effect on miRNA trimming, and
further increase the fertility of hen? heso1 urt1, a mutant with an
almost complete abolishment of miRNA uridylation, indicating that
ATRM2 may neither be involved in 3’ to 5’ trimming nor be the
enzyme that specifically degrades uridylated miRNAs. Notably, the
fold changes of miRNAs and their corresponding miRNA*s were sig-
nificantly correlated in hen1 atrm2 versus hen1. Unexpectedly, we
observed a marked increase of 3’ to 5’ trimming of several miRNA*s
but not miRNAs in ATRM2 compromised backgrounds. These data
suggest an action of ATRM2 on miRNA/miRNA* duplexes, and the
existence of an unknown exoribonuclease for specific trimming of
miRNA*. This asymmetric effect on miRNA/miRNA* is likely related
to Argonaute (AGO) proteins, which can distinguish miRNAs from
miRNA*s. Finally, we show that ATRM2 colocalizes and physically
interacts with Argonaute 1 (AGO1). Taken together, our results
suggest that ATRM2 may be involved in the surveillance of unme-
thylated miRNA/miRNA* duplexes during the initiation step of
RNA-induced silencing complex assembly.
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M icroRNAs (miRNAs) are a class of endogenous small
noncoding RNAs with 20-24 nucleotides (nt) in size. They
play important roles in reproduction, development, and responses
to environmental stimuli by negatively regulating gene expression
through target RNA cleavage, deadenylation-mediated RNA de-
cay, and/or translation inhibition (1). The transcription, processing,
and stability of miRNAs are spatiotemporally controlled to ensure
their optimal cellular levels. In plants, miRNAs are transcribed by
RNA Polymerase II (Pol II) and processed into miRNA/miRNA*
duplex by an RNase III endoribonuclease Dicer-like 1 (DCL1) (2,
3). The 3’ terminal ribose on each strand of the miRNA/miRNA*
duplex is methylated by the small RNA methyltransferase HUA
Enhancer 1 (HEN1), before being channeled onto Argonaute 1
(AGO1) to form the miRNA-induced silencing complex (miRISC)
(4). The 5’ terminal nucleotide, duplex structure, and asymmetric
thermostability of miRNA/miRNA* duplex are important for
Argonaute sorting and/or guide strand selection (reviewed in refs.
5-7). In plants, loss of function in the dsRNA binding protein
Hyponastic Leaves 1 (HYL1) not only diminishes the production
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of miRNAs (i.e., guide strands), but also increases the abundance
of some miRNA*s (i.e., passenger strands), suggesting that HYL1
may also be involved in miRNA strand selection, which bridges the
gap between miRNA biogenesis and RISC assembly (8).
HEN1-mediated 3’ end methylation is crucial for the stability of
miRNAs in plants and piRNAs in animals (9). In the absence of
HENI1, miRNAs undergo extensive 3’ tailing (predominantly
uridylation) and 3’ to 5’ trimming (4, 10). Two terminal uridylyl
transferases, HEN1 Suppressor 1 (HESO1) and UTP:RNA Uri-
dylyltransferase 1 (URT1), act synergistically to add one to six
uridines to the 3’ termini of miRNAs, which triggers their deg-
radation by yet unknown enzymes (11-14). Unlike methylation,
miRNA tailing likely occurs after RISC loading (15, 16). The 3’ to
5’ trimming seems to antagonize with tailing because loss of tailing
in the henl hesol urtl mutant is accompanied by an extensive
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Fig. 1. ATRM2 mutations partially suppress the morphological defects of hen? and hen1 heso1. (A) ATRM2 gene structure and various atrm2 mutants used in
this study. LP, RP, and LB, primers used for genotyping of atrm2-1; PAM, protospacer adjacent motif. LB, T-DNA left border primer; LP, ATRM2 left primer; RP,
ATRM2 right primer. (B) atrm2-1 restores the phyllochron of hen1-8 and hen1-8 heso1-1. Three-week-old plants and their rosette leaves are shown. (C) atrm2-1
partially restores the fertility of hen7-8. Primary inflorescences of hen1-8 atrm2 and hen1-8 from 6-wk old plants are shown. White triangles indicate fertile
siliques. (D) atrm2-1 partially restores the fertility of hen1-2 and hen1-2 heso1-2. (E) Quantification of silique length in various genotypes. For each genotype,
30~40 siliques from at least six individual plants were analyzed. Different letters indicate statistically significant differences (ANOVA test, P < 0.001). (Scale bar: 1 cm.)

increase in trimming (11). Nevertheless, the enzyme that catalyzes
the trimming reaction of unmethylated miRNAs has not yet been
identified, and as such, the precise effect of trimming modification
on miRNA stability remains unclear. In addition, the enzyme(s)
directly involved in the degradation of unmethylated miRNAs has
not been characterized.

The 3’ to 5" exoribonucleases are evolutionarily conserved en-
zymes that play diverse roles in almost all aspects of RNA meta-
bolic processes. Five superfamilies of 3’ to 5 exoribonucleases,
namely DEDD, PDX, RNR, RBN, and RRP4, have been classi-
fied based on sequence conservation (17). The DEDD superfamily
can be further divided into the DEDDh and DEDDy subfamilies
according to the distinct conservation patterns in motif III {i.e., H-
x[4]-D for DEDDh and Y-x[3]-D for DEDDy} (17). In animals, a
number of 3’ to 5’ exoribonucleases are involved in diverse steps of
different RNAi pathways (18-21). Most of them belong to the
DEDDh subfamilies except for MUT-7 in Caenorhabditis elegans
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and Nibbler in Drosophila, which are the DEDDy subfamily
exoribonucleases. MUT-7 interacts with another RNAi factor
RDE-2 and acts possibly in the step of siRNA amplification (22).
Nibbler was originally identified to trim the 3’ ends of a subset of
24 nt miRNAs on AGOL into isoforms with the preferred length
(19, 20). Recently, Nibbler was reported to resect a subset of
prepiRNAs to mature piRNAs, representing a novel piRNA 3
end formation pathway that parallels the Zucchini pathway (23).

In Arabidopsis, Small RNA Degrading Nucleases (SDNs), a
class of DEDDh 3’ to 5’ end exoribonucleases, are involved in
plant miRNA decay (24). Since SDNs can degrade methylated
miRNAs, SDNs may serve as a “demethylase” by trimming off
the last few nucleotides (25). Importantly, a small fraction of
miRNAs in wild-type (WT) plants is also unmethylated and can
be uridylated and/or trimmed, with patterns similar to those in
henl (11). It has been postulated that uridylation and trimming
may play a role in miRNA surveillance and quality control or act
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Fig. 2. Comparison of miRNA expression and profiles among different
genotypes by small RNA Northern blots (long gel). Low molecular weight
(LMW) RNA extracted from inflorescence tissues of indicated genotype was
used. U6 was used as a loading control.

downstream of SDNs during active turnover (26). Although a
DEDDy exoribonuclease WEX has been shown to be involved in
sense transgene-induced posttranscriptional gene silencing (S-
PTGS), its function remains elusive (27).

In the course of seeking enzymes that are responsible for ei-
ther 3’ to 5’ trimming or degradation of unmethylated miRNAs
in Arabidopsis, we discovered that loss of function in ATRM2, a
DEDDy type 3’ to 5’ exoribonuclease, rescues the henl pheno-
type by selectively increasing the abundance of a subset of
miRNAs, without affecting the trimming and tailing profiles.
Further genetic analysis indicates that ATRM2 functions
downstream of methylation but possibly upstream of uridylation.
Notably, we found a significant coregulation of miRNAs and
their corresponding miRNA*s by ATRM2. For at least some
miRNA*s, we found an overaccumulation of trimmed species by
loss of ATRM2, a pattern not observed for miRNAs, suggesting
the involvement of AGO selection. These data, together with the
result that ATRM2 colocalizes and physically interacts with
AGO1, indicate that ATRM2 may function in miRNA quality
control by unmethylated miRNA/miRNA* duplex surveillance
during the initiation step of RISC loading.

Results

Loss of ATRM2 Function Partially Suppresses the Morphological Defects
of hent and hen1 heso1. To identify genes that are responsible for
either 3’ to 5’ trimming or degradation of unmethylated miRNAs,
protein sequences of 32 known 3’ to 5’ exoribonucleases (Dataset
S1), representing the RNR, DEDDy/h, RBN, PDX, and RRP4
exoribonuclease superfamilies, were used to BLAST against the
Arabidopsis protein database (www.arabidopsis.org; TAIR v10.0).
A total of 64 genes were retrieved with a cutoff e-value of 10E-6
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(Dataset S1). In this manuscript, we focused on the DEDDy sub-
family exoribonucleases, as several members of this subfamily have
been reported to be involved in RNA silencing. Among 13 DEDDy
proteins retrieved, 3 were targeted to chloroplast/mitochondria and
5 showed variations in core residues (i.e., DEDDy). These proteins
were excluded from further analysis except EXD1, which had
conserved DEDD but bore a Y to A substitution (SI Appendix,
Fig. S1 4 and C). For the remainder, we ordered T-DNA insertion
mutants from the Arabidopsis Biological Resource Center (ABRC)
and crossed each of them into henl-8 hesol-1, which contained a
weak allele of HEN1 and a null allele of HESO1, and is in the same
ecotype (Columbia, Col-0) as T-DNA mutants (13). We assumed
that disruptions of the enzyme(s) involved in trimming or decay of
miRNAs would either enhance or suppress the phenotype of plants
carrying mutations in HENI. We used henl-8 hesol-1 instead of
henl-8 simply because we were able to obtain a different combi-
nation of mutants in one cross experiment, which facilitated our
follow-up analyses.

One T-DNA insertion mutant (SALK 099860) disrupting
At1G56310, but not other tested ones, greatly rescued the
morphological defects of heni-8 and henl-8 hesol-1, including
accelerated growth, better fertility, and recovered phyllochron
(Fig. 1 A-C and SI Appendix, Fig. S2 A and B). At1G56310 was
previously shown to be involved in sidRNA (for siRNA in-
dependent of DCLs) biogenesis through 3’ to 5’ trimming of
AGO4 bound sidRNA precursors and was named Atrimmer 2
(28) (ATRM2, SALK_099860 accordingly called atrm2-1). Nev-
ertheless, our following miRNA profiling suggests that it may not
be involved in 3’ to 5 trimming of miRNAs (Figs. 2 and 3D and
SI Appendix, Fig. S94). According to our phylogenetic analysis,
At5g24340 shares the highest homology with ATRM2 and is
tentatively named ATRM2-Like (ATRM2L) (SI Appendix, Fig.
S1A4). To test whether ATRM2L acts redundantly with ATRM?2,
we introduced atrm2l into henl-8 atrm2-1 and henl-8 hesol-
1 atrm2-1, respectively. We found that henl-8 atrm2-1 atrm?2l-1
and henl-8 hesol-1 atrm2-1 atrm2l-1 was morphologically in-
distinguishable from henl-8 atrm2-1 and henl-8 hesol-1 atrm2-1,
respectively (SI Appendix, Fig. S2C), arguing against the role of
ATRM2L in miRNA decay pathway.

To validate the role of ATRM2 as a henl suppressor, we
transformed a genomic fragment of ATRM?2 fused with a GFP at
its C terminus (pATRM2:ATRM2-GFP) into henl-8 hesol-
1 atrm2-1 and found it fully restored the fertility and phyllochron
to the henl-8 hesol-1 level (SI Appendix, Fig. S3). However, a
mutant version of ATRM2 with the key catalytic residues DEDD
changed to AADD (ATRM2m?2) failed to complement the heni-
8 hesol-1 atrm2-1 phenotype (SI Appendix, Fig. S3B). We also
knocked out ATRM?2 (atrm2-2) in henl-2 hesol-2, which is in the
Landsberg erecta (Ler) background (12), using the CRISPR-
Cas9 genome editing technique (Fig. 14) (29). As expected,
henl-2 atrm2-2 and henl-2 hesol-2 atrm2-2 produced longer si-
liques compared with henI-2 and henl-2 hesol-2, respectively
(Fig. 1 D and E). Taken together, these results demonstrate that
loss of function in ATRM2 was responsible for the phenotypic
rescue of henl-8 hesol-1. Under normal growth conditions, both
morphology and small RNAs in atrm2-1 were indistinguishable
from those in wild-type plants (Figs. 1B and 2), implying that
ATRM?2 functions downstream of HEN1 and targets unmethy-
lated small RNAs. Indeed, loss of ATRM2 was unable to rescue
hyll-2 or se-1, two miRNA biogenesis pathway mutants (SI Ap-
pendix, Fig. S4).

Loss of ATRM2 in hen1 Results in an Increased Level of a Subset of
miRNAs with Trimming and Uridylation Largely Unaffected. We next
investigated whether loss of ATRM?2 activity affected 3’ to 5’
trimming and/or overall amount of miRNAs. The miRNA ex-
pression patterns in Col-0 (WT), atrm2-1, henl-8, henl-8 atrm2-1,
henl-8 hesol-1, and henl-8 hesol-1 atrm2-1 were compared by
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small RNA Northern blot (Fig. 2). Consistent with our previous
report, loss of function in HESO1 significantly shortened
miRNA tailing in henl background (12). Strikingly, miRNA
profiles in henl-8 hesol-1 atrm2-1 resemble those in henl-
8 hesol-1 for all tested miRNAs (Fig. 2). Similar results were
also observed in a parallel set of mutants in the Ler background
(SI Appendix, Fig. S54). Notably, the overall abundance of
miR156, miR158, miR172, and miR390, but not miR159/319,
miR164, miR165/166, miR167, and miR173, were increased by
the ATRM?2 mutation, and tended to be more prominent when
HESOL1 is also compromised (Fig. 2 and SI Appendix, Fig.
S54). The more accumulation of miR156 and miR390 is con-
sistent with the restored phyllochron and adult-to-juvenile
recovery of the first two pairs of true leaves in henl-8 hesol-
1 atrm2-1 (30-32) (Fig. 1B and SI Appendix, Fig. S3 B-D).
Moreover, the miRNA levels were largely unaffected by the
ATRM2L mutation (SI Appendix, Fig. S5B), further demon-
strating that ATRM2, but not ATRM2L, is involved in miRNA
degradation.

Residual HEN1 Activity Is Not Necessary for atrm2-Mediated Phenotypic
Rescue. Given that both henl-8 and henl-2 are weak alleles, it is
possible that atrm2 rescues the henl™~ phenotype through en-
hancing miRNA methylation. To test this, we conducted a
B-elimination assay to compare the miRNA methylation level
between henl-8 hesol-1 atrm2-1 and henl-8 hesol-1. Periodate
treatment followed by p-elimination results in faster migration of
unmethylated but not methylated miRNAs (4). As shown in S/
Appendix, Fig. S6, methylation levels of miR156, miR158, and
miR167 were comparable between henl-8 hesol-1 atrm2-1 and
henl-8 hesol-1. Interestingly, methylation of miR390 in heni-
8 hesol-1 atrm2-1 was remarkably increased relative to that in
henl-8 hesol-1. miR390 is specifically associated with AGO7 and
modulates plant growth through the transacting siRNA pathway,
which depends on RNA-dependent RNA polymerase 6 (RDR6)
(33). However, our data showed that afrm2 was able to rescue
the henl rdr6 phenotype, reflecting that miR390 contributes only
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partially, if at all, to the atrm2-mediated phenotypic recovery (SI
Appendix, Fig. S7).

We also mutated ATRM2 (named atrmm2-3) in henl-1 hesol-2
by CRISPR-Cas9 (Fig. 14). henl-1 is a null allele of HEN1. We
found that henl-1 hesol-2 atrm2-3 grew more vigorously and had
better fertility than henl-1 hesol-2 (SI Appendix, Fig. S8 A-D).
Therefore, atrm2-mediated phenotypic recovery does not rely on
residual HENT1 activity.

ATRM2 Negatively Regulates miRNA Function in hent. Since plant
miRNAs are mainly involved in target RNA silencing through
endogenous cleavage (1), we examined the levels of miRNA
targets in WT, henl-1, henl-1 hesol-2, and henl-1 hesol-
2 atrm2-3 by qPCR, with primers spanning their cleavage sites.
As expected, the expression levels of all tested targets were
increased in henl-1 and their levels were greatly receded in
henl-1 hesol-2 (SI Appendix, Fig. SS8E). SPL10, TAS3, and
ARF4, targets of miR156, miR390, and TAS3, respectively,
were further reduced in henl-1 hesol-2 atrm2-3 relative to
those in henl-1 hesol-2 (SI Appendix, Fig. SSE). Notably, the
transcripts of HAP2b/2c and AGL16, which were targeted by
miR169 and miR824, respectively, also showed an obvious re-
duction by the ATRM2 mutation (SI Appendix, Fig. S8E). In
contrast, CUCI, MYB65, and SCL6, which are targets of
miR164, miR159, and miR171, respectively, appeared to be
unaffected by the ATRM2 mutation (SI Appendix, Fig. S8E).
These data were consistent with the result that ATRM?2 only
affects the abundance of a subset of miRNAs in vivo (Fig. 2 and
SI Appendix, Fig. S54).

Uridylation Is Dispensable for ATRM2 Function. Our previous study
has shown that uridylation of miRNAs can stimulate their deg-
radation (9, 12). We surmised that ATRM2 might degrade uri-
dylated miRNAs. To examine this, we crossed henl-2 hesol-
2 atrm2-2 with henl-2 hesol-2 urtl-3, a mutant with an almost
complete depletion of miRNA uridylation (11). We obtained
henl-2 hesol-2 urtl-3 atrm2-2 in the F2 generation by genotyping.

Wang et al.
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Fig. 4. Coregulation of miRNA and the corresponding miRNA* by ATRM2. (A) Differential expressions of miRNAs and miRNAs* shown by volcano plots. DE,
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We found that the silique length and the abundance of miR156,
miR167, and miR390, but not other tested miRNAs, was
markedly increased in the henl-2 hesol-2 urtl-3 atrm2-2 qua-
druple mutant compared with those in the henl-2 hesol-2 urtl-3
triple mutant (Fig. 3). Although we cannot rule out the possi-
bility that ATRM2 can target and degrade uridylated miRNAs,
uridylation seems dispensable for ATRM2 function.

ATRM2 Selectively Degrades a Subset of miRNAs/miRNA*. Consid-
ering each band of a miRNA ladder shown by Northern blot
might be a mixed effect of trimming and tailing, we therefore
performed small RNA deep sequencing to analyze the tailing
and trimming patterns quantitatively and globally. Small RNA
libraries were constructed from two biological replicates of Col-
0, atrm2-1, henl-8, henl-8 atrm2-1, henl-8 hesol-1, and henl-
8 hesol-1 atrm2-1. Tailing and trimming profiles were analyzed
as described previously (11). Loss of ATRM2 in different henl
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backgrounds resulted in only slightly increased levels of 1 nt
trimming or tailing, with the patterns of most examined miRNAs
largely unaffected (SI Appendix, Fig. S9). Consistent with our
Northern blot assay, the abundances of a subset of miRNAs were
significantly increased (Fig. 44 and Dataset S2). The up-
regulation of miR824 and miR396 was further validated by
Northern blot (SI Appendix, Fig. S10). To test whether ATRM2
affects miRNAs and miRNA*s differentially, we reannotated
miRNA*s based on miRBase and plant massively parallel sig-
nature sequencing (MPSS) database (Dataset S3) (34, 35). Loss
of HESOL1 globally and predominantly increased the levels of
miRNAs, consistent with its role in AGO1-associated miRNAs
(Fig. 44). Intriguingly, in addition to miRNAs, many miRNA*s
were increased in henl atrm2 and henl hesol atrm?2 relative to
their respective controls (Fig. 44). The increase of miRNA*s
was validated by Northern blot (Fig. 5B). Remarkably, the fold
changes of miRNAs and their corresponding miRNA*s were
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significantly correlated in henl atrm2 versus henl (Fig. 4 B and
C), which implies that ATRM2 may act on miRNA/miRNA*
duplexes. Strikingly, ATRM2 malfunction also changes the
profiles of several miRNA*s, with a markedly increased trim-
ming (Fig. 54 and SI Appendix, Fig. S11A4). The result was fur-
ther validated by Northern blot (Fig. 5B and SI Appendix, Fig.
S11B). Considering ATRM?2 is a 3’ to 5’ exoribonuclease, an-
other yet unknown trimmer(s) must confer miRNA* trimming,
either upstream or downstream of ATRM2. We then examined
whether increased miRNAs* in atrm2-1 were bound to AGO1
through AGO1 immunoprecipitation followed by Northern blot
or small RNA deep sequencing. However, no overaccumulation
of AGOIl-bound miRNA*s was detected in henl-8 hesol-
1 atrm2-1 (SI Appendix, Fig. S12), suggesting that ATRM2 may
not be involved in miRNA/miRNA* strand selection and/or
duplex unwinding.

ATRM2 Colocalizes and Interacts with AGO1. Our in vivo data sug-

gest that ATRM2 may be involved in miRNA/miRNA* degra-
dation but is downstream of HEN1 (Figs. 1B and 2). Thus,
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ATRM?2 likely functions in the initiation stage of RISC assembly
before duplex unwinding. If this were the case, we would see a
physical association between ATRM2 and AGO1. We first
transiently expressed ATRM2-GFP under the control of a
Cauliflower mosaic virus (CaMV) 35S promoter in Arabidopsis
protoplast and Nicotiana benthamiana. The ATRM2-GFP signal
was mainly detected in cytoplasm (Fig. 6 A and C). We also
performed nuclear-cytoplasmic fractionation (36) using a com-
plementation line expressing pATRM?2::ATRM2-GFP. The quality
of nuclear-cytoplasmic fractionation was assessed by Actin and
H3, which are markers of cytoplasm and nucleus, respectively.
ATRM2-GFP protein was mainly detected in the cytoplasm
fraction, similar to AGO1 (Fig. 6B) (11, 16, 37). We then checked
whether ATRM2 was colocalized with AGO1. We coexpressed
ATRM2-GFP and RFP-AGO1 in N. benthamiana leaves
and found that the RFP-AGO1 signal was partially overlapped
with ATRM2-GFP, with RFP-AGO1 more abundant in the
nucleus than ATRM2-GFP (Fig. 6C). The nuclear localization of
AGOL1 is consistent with recent findings that RISC assembly oc-
curs in the nucleus and AGO1 can directly interact with chromatin
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Histone 3 (H3) served as cytoplasmic and nucleus markers, respectively. (C) Colocalization of ATRM2-GFP and RFP-AGO1/DCP1-RFP in N. benthamiana leaves.
+Heat, 42 °C for 60 min. (D) 10xMYC-AGO1 coimmunoprecipitates with ATRM2-GFP. (E) ATRM2-GFP coimmunoprecipitates with 10xMYC-AGO1. (F) Heat
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to promote gene expression (38, 39). It has been reported that
AGOL1 enriches in stress granules under heat stress (40). We
then tested whether ATRM2 colocalizes with AGO1 in stress
granules after heat treatment. Indeed, ATRM2-GFP and RFP-
AGOL1 are colocalized in discrete cytoplasmic foci after a 1-h
42 °C treatment. In addition, ATRM2-GFP was colocalized
with DCP1-RFP, DCP2-RFP, and PABPS-RFP (Fig. 6C and S/
Appendix, Fig. S13), confirming these cytoplasmic foci are bona
fide stress granules.

We next investigated whether ATRM2 physically interacts
with AGO1. We transiently expressed respective pairs of tagged
proteins in N. benthamiana and performed coimmunoprecipita-
tion (co-IP) assays. GFP-Trap beads and anti-MYC beads were
used to capture GFP-tagged and MYC-tagged proteins, re-
spectively. We were able to detect ATRM2-GFP in the MYC-
AGO1 immunoprecipitates and MYC-AGO1 in the ATRM2-
GFP immunoprecipitates (Fig. 6 D and E and SI Appendix,
Fig. S15 A4 and B). As negative controls, 10xMYC-LUC (Luciferase)
did not co-IP with ATRM2-GFP and GFP alone did not co-IP
with MYC-AGOI, and protein A beads without antibody failed
to capture both proteins (Fig. 6 D and E). The interaction be-
tween HESO1-GFP and 10xMYC-AGOI1, which served as a
positive control, was stronger than that between ATRM2 and
AGOL1 (Fig. 6E). Consistent with the colocalization results, heat
treatment could greatly enhance the ATRM2 and AGO1 in-
teraction (Fig. 6F and SI Appendix, Figs. S14 and S15C). As a
control, no interaction was observed between PRL1-GFP and
10xMYC-AGOI1 regardless of heat treatment or not (SI Appendix,
Fig. S14). Moreover, RNaseA treatment failed to abolish the
ATRM2-AGOL1 interaction (Fig. 6F), suggesting that ATRM2
interacts with AGO1 in a miRNA-independent manner.

Discussion

Compared with relatively well-established pathways for small
RNA biogenesis, much less is understood for their degradation.
HENI1 mediated 3’ end 2’-O-methylation provides a key mech-
anism in protecting various small RNAs in plants and piRNAs in
animals against degradation (9). Previously, we and colleagues
found that HESO1 and URT1 cooperatively catalyze unmethylated
miRNAs uridylation, which initiates their degradation (11-14). In
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this study, we identified ATRM2, a DEDDy type 3’ to 5’ exori-
bonuclease (Fig. 1B), as another henl suppressor through a reverse
genetic approach.

ATRM?2 has a profound effect only when HENI1 function is
compromised (Figs. 1B and 2 and SI Appendix, Fig. S54), in-
dicating that ATRM2 targets unmethylated small RNA species
and acts downstream of HEN1. ATRM2 is likely not a trimmer
because trimming of miRNAs was only marginally affected (Figs.
2 and 3D and SI Appendix, Fig. S9). In addition, ATRM2 is not
specifically involved in the degradation of uridylated miRNAs, as
atrm?2 could rescue the phenotype of henl-2 hesol-2 urtl-3, a
mutant with almost complete loss of U tailing (Fig. 3) (11). In
fact, atrm2, but not hesol, restored the phyllochron defects of
henl (Fig. 1B). Moreover, atrm2 appeared to have a more pro-
found effect when uridylation was impaired (Figs. 2 and 3D).
One possible explanation for this observation is that accumu-
lated unmethylated miRNAs caused by ATRM?2 malfunction can
further be degraded through the uridylation-mediated miRNA
decay pathway.

Interestingly, we detected a significant coregulation of miR-
NAs and their corresponding miRNA*s by ATRM?2 in the henl
background (Fig. 4 B and C). This implies that ATRM2 may act
on miRNA/miRNA* duplexes rather than single stranded
miRNAs. Unfortunately, we were unable to detect any robust
activities of ATRM2 on single strand miR156, miR156/miR156*
duplex, or miRNAs from AGO1 imunoprecipitates. Consider-
ing the facts that ATRM?2 itself does not contain any dsRBD
domain and functions downstream of HEN1, we postulate that
ATRM?2 may function during RISC loading before duplex un-
winding (Fig. 7). Consistent with this model, we found that
ATRM2 colocalized and physically interacted with AGO1 (Fig.
6 C-F). Because AGO distinguishes miRNAs from miRNA*s,
this may also help explain why several miRNA*s, but not
miRNAs, are trimmed in atrm2 mutant (Fig. 5 and SI Appendix,
Fig. S11).

Unlike HESO1, ATRM2 only regulates a limited number of
miRNAs in vivo. There are two possible interpretations of this
observation: (i) ATRM2 is a general factor, while multiple
feedback mechanisms exist for the regulation of miRNA steady
levels; and (/) ATRM2 may recognize specific motifs or structures
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of miRNA/miRNA* duplex. Nevertheless, our attempts to find
such cis-elements were not successful.

Strikingly, we found that miR390, but not all other tested
miRNAs and miRNA*s including miR390%, were significantly
more methylated in heni-8 hesol-1 atrm2-1 than in henl-8 hesol-1
(SI Appendix, Fig. S6). The mechanism for miR390 remethylation
is currently unknown. We guess this phenomenon may be related
to the specific association of miR390 with AGO7. To provide
specificity, at least part of HEN1-mediated methylation must oc-
cur at or very close to each AGO site, positionally different from
the nascent small RNA duplex generating loci (e.g., b-body for
most miRNA/miRNA*s) (41). Since plant HEN1 specifically
recognizes miRNA/miRNA* duplex (4, 42), it seems that in-
creased miR390/miR390* by ATRM2 mutation is more likely at
their unloaded status. We propose two possible mechanisms: (i) A
specific connection between HEN1 and AGO7 marks this
specificity; and (ii) HEN1 works nonspecifically at different
AGOs. While many small RNAs compete for limited HEN1
activity at other AGO sites, it is reasonable that we did not see an
obvious increase of methylation for individual miRNAs. A more

E6666 | www.pnas.org/cgi/doi/10.1073/pnas.1721917115

accurate examination of methylation is required for testing
this hypothesis.

Since a small proportion of miRNAs is unmethylated when
HENT1 is fully competent, we envision that ATRM2 behaves the
same in WT (11). Indeed, we found that miR158* was more
trimmed in atrm2 compared with that in Col-0 (Fig. 54 and SI
Appendix, Fig. S114), resembling the observations in HEN1
compromised mutants (Fig. 5 and SI Appendix, Fig. S11). This is
consistent with our sequencing results (S Appendix, Fig. S9B)
and previous report that miR158 is partially unmethylated in WT
background (15). The biological significance of ATRM2 in WT is
still unclear. We postulate that ATRM2 may regulate miRNA
function in response to abiotic stresses since both ATRM?2
and AGOI1 were overaccumulated in stress granules after heat
treatment. Moreover, ATRM2 may carry out additional func-
tion beyond miRNA regulation. In fact, it has been reported
that ATRM?2 is responsible for the shortening of a set of long
siRNAs (28).

Materials and Methods

Plant Materials. All mutants are in the Col-0 ecotype, except heni-1, heni-2,
heso1-2, urt1-3, atrm2-2, atrm2-3, and their high order mutants, which are in
the Ler ecotype. atrm2-2 and atrm2-3 were generated by CRISPR-Cas9 (29). A
detailed protocol for CRISPR-Cas9 can be found in S/ Appendix, Supplemental
Materials and Methods.

gqPCR Analysis and Small RNA Northern Blotting. qPCR analysis, p-elimination
assay, and small RNA Northern blotting were performed as previously de-
scribed (11, 12). For small RNA Northern blot, either biotin labeled (for S/
Appendix, Fig. $10) or 32p_labeled probes (for all others) were used.

Small RNA Library Construction and Deep Sequencing. Total RNAs or anti-
AGO1 (16) immunoprecipitated small RNAs extracted from inflorescence
tissues of each indicated genotypes were used for sRNA library construction.
The deep-sequencing data were deposited to Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE107070. A detailed protocol for sequencing data analysis can be found in
SI Appendix, Supplemental Materials and Methods.

Coimmunoprecipitation. pGWB521-AGO1 (p355:10xMYC-AGOT), pEarleyGate
101-HESO1 (p35S::HESO1-YFP), and pMDC83-PRL1 (p35S::PRL1-GFP) were pre-
viously described (11, 43). pPGWB521-LUC (p355:10xMYC-LUC) was generated in
the same way and used as a negative control. p35S::ATRM2-GFP and 10xMYC-
tagged AGO1 were coexpressed in the presence of P19 in N. benthamiana
leaves for 72 h and harvested. Protein extraction and coimmunoprecipi-
tation analysis were performed as previously described (44). GFP-Trap
beads (gta-20, ChromoTek) and anti-MYC (A7470, Sigma) agarose beads
were used to immunoprecipitate the GFP-tagged and 10xMYC-tagged
proteins, respectively. Anti-MYC (AM1007a, Abgent) and anti-GFP (MMS-
118R, Covance) were diluted at 1:2,500 and used for the Western
blot assay.

Nuclear-Cytoplasmic Fractionation Assay. Nuclear-cytoplasmic fractionation
assay was performed according to a previous description (36). Inflorescence
tissues from hen7-8 hesol-1 atrm2-1 + pATRM2::ATRM2-GFP transgenic
plants were used as starting materials. Anti-H3 (AS10710, Agrisera), anti-
Actin2 (60008-1-Ig, Proteintech), anti-AGO1, and anti-GFP were diluted at
1:2,500 and used for the Western blot assay.

Exoribonuclease BLAST, Genomic Complementation, and Confocal Microscopy.
Methods for exoribonuclease BLAST, genomic complementation, and con-
focal microscopy are described in S/ Appendix, Supplemental Materials
and Methods.

DNA and RNA Oligos. All primers and oligos for genotyping, qPCR, plasmid
construction, and Northern blots used in this study are listed in Dataset S4.
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