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During RNA-directed DNA methylation (RdDM), the DDR complex,
composed of DRD1, DMS3, and RDM1, is responsible for recruiting
DNA polymerase V (Pol V) to silence transposable elements (TEs) in
plants. However, how the DDR complex is regulated remains
unexplored. Here, we show that the anaphase-promoting complex/
cyclosome (APC/C) regulates the assembly of the DDR complex by
targeting DMS3 for degradation. We found that a substantial set of
RdDM loci was commonly de-repressed in apc/c and pol v mutants,
and that the defects in RdDM activity resulted from up-regulated
DMS3 protein levels, which finally caused reduced Pol V recruitment.
DMS3 was ubiquitinated by APC/C for degradation in a D box-
dependent manner. Competitive binding assays and gel filtration
analyses showed that a proper level of DMS3 is critical for the as-
sembly of the DDR complex. Consistent with the importance of the
level of DMS3, overaccumulation of DMS3 caused defective RdDM
activity, phenocopying the apc/c and dms3 mutants. Moreover,
DMS3 is expressed in a cell cycle-dependent manner. Collectively,
these findings provide direct evidence as to how the assembly of
the DDR complex is regulated and uncover a safeguarding role of
APC/C in the regulation of RdDM activity.
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The anaphase-promoting complex or cyclosome (APC/C) is a
large multi-subunit complex that promotes the metaphase-to-

anaphase progression and G1 arrest by targeting different sub-
strates for ubiquitination and proteasome-mediated destruction
(1). The APC/C contains at least 13 subunits, in which APC10 is
involved in recognizing and recruiting substrates (2–5). The
APC/C is evolutionarily conserved, as different APC/C subunits
from distinct species are able to complement the corresponding
yeast mutants (6–10). The APC/C, like other E3 ubiquitin ligases
of the RING family, serves as a binding platform that brings
together a specific substrate and an E2 coenzyme, resulting in
polyubiquitination and degradation of the substrate by the 26S
proteasome (11). Because most APC/C subunits are encoded by
single genes, mutants are embryo and/or gametic lethal in both
plants and animals (6, 10, 12–16).
The APC/C promotes degradation of more than a 100 substrates

in a specific motif-dependent manner (17). Typically, substrates of
APC/C contain at least one of three motifs: the destruction box (the
D box, RXXLXXXN) (18), the KEN box (19), or the ABBA motif
(20). Interestingly, besides the well-known cell cycle regulation-
related proteins targeted by APC/C, several epigenetic regulators
are substrates of APC/C in animals. For example, Dnmt1 (DNA
methyltransferase) (21) and G9a (H3K9 methyltransferase) (22)
were targeted by APC/C in response to DNA damage, while MIWI
(the mouse homolog of Argonaute) (23) and HIWI (the human
homolog of Argonaute) (24) were targeted by APC/C during male
germline development. These studies provided novel insights into
the function of APC/C, and connect two important regulatory ac-
tivities: protein degradation and epigenetic regulation. However,
although APC/C degrades DRB4, a double-stranded RNA-binding

protein acting in small RNA-mediated gene silencing in plants (25),
the biological importance of APC/C-involved epigenetic regulation
in plants was unexplored.
In plants, gene silencing of transposable elements (TEs) is con-

trolled by RNA-directed DNA methylation (RdDM), which de-
pends on specialized transcriptional machineries that are performed
by two plant-specific DNA-dependent RNA polymerases, poly-
merase IV (Pol IV) and Pol V (26). In brief, transcripts from Pol IV/
RDR2 are processed by Dicer-like 3 (DCL3) into siRNAs, which
are mainly loaded onto Argonaute 4 (AGO4). Nascent scaffold
transcripts from regions flanking RdDM loci are produced by Pol V,
which possibly facilitates the recruitment of the siRNA–AGO4
complex, DNA methyltransferases, and/or the histone modification
machinery to silence TEs by DNA methylation and histone modi-
fications. Notably, a complex termed DDR (DRD1, DMS3, and
RDM1) recruits Pol V to the chromatin (27–31). Among the three
DDR components, only DMS3, a protein with homology to the
hinge region of structural maintenance of chromosome (SMC)
proteins, was identified in a ubiquitinated proteome study (32).
However, in vitro evidence for DMS3 ubiquitination, the identity of
the E3 ligase, and the biological significance of DMS3 ubiquitination
remain unexplored. Moreover, it remains unknown how the DDR
complex is regulated.

Significance

RNA-directed DNA methylation (RdDM) is an important mecha-
nism in the silencing of transposable elements in plants. The
framework of RdDM has been well established, in which DNA
polymerase IV (Pol IV) and Pol V act in upstream siRNA biogenesis
and downstream DNA methylation, respectively. The DDR com-
plex, consisting of DMS3, DRD1, and RDM1, is responsible for
recruiting Pol V, and dysfunction of any of them causes com-
promised RdDM activity. However, how the association among
DMS3, DRD1, and RDM1 is regulated is unexplored. We show
here that the anaphase-promoting complex/cyclosome (APC/C), a
key cell cycle regulatory complex, regulates the assembly of the
DDR complex by targeting DMS3 for degradation, and thereby
provide a perspective in understanding the regulatory mecha-
nism of RdDM activity.
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Here, we show that APC/C regulates the association of the
DDR complex by controlling DMS3 abundance as an E3 ligase.
We found that a substantial subset of RdDM loci were de-
repressed in apc/c mutants, without significantly disturbing Pol
IV-dependent siRNA biogenesis but compromising the function
of Pol V. Mechanistically, we show that APC/C targets DMS3 for
ubiquitination and degradation in a D box-dependent manner,
and that the level of DMS3 determines the proper association of
the DDR complex. We thus provide direct evidence that APC/C-
mediated DMS3 degradation is indispensable for regulation of
the DDR complex.

Results
APC/C Is Required for TE Silencing in Plants. To investigate whether
APC/C is important for epigenetic regulation in plants, we first
examined expression of common RdDM loci using a weak allele of
APC8 (8). Quantitative RT-PCR (qRT-PCR) analyses showed that
AtSN1, AtGP1, SDC, and soloLTR were significantly de-repressed
in apc8-1 relative to their expression levels in Col-0 (the WT con-
trol), a de-repression trend similar to that seen for nrpe1-12
(NRPE1, the largest subunit of Pol V) (Fig. 1A). Then, we de-
termined the effects of apc8-1 on TE expression on a genome-wide
scale by RNA sequencing, using the nrpe1-12mutant as the control.
We quantified transcripts derived from TEs by normalizing against

total reads using featureCounts (33). Correlation analysis showed
that expression data for Col-0, nrpe1-12, and apc8-1 were highly
reproducible between biological replicates (SI Appendix, Fig. S1A).
Overall, we identified that 211 and 118 TEs were significantly de-
repressed [log2 (mutant/WT) > 1; P < 0.05] using edgeR (34) in
nrpe1-12 and apc8-1, respectively (Fig. 1B and Dataset S1). Notably,
as apc8-1 is a weak allele, the number of APC8-dependent TEs
might be underestimated. Of the 211 TEs de-repressed in nrpe1-12,
18.9% (40 of 211) were also de-repressed in apc8-1 (Fig. 1B and
Dataset S1), and of the 118 TEs de-repressed in apc8-1, 33.9%
(40 of 118) were de-repressed in nrpe1-12 (Fig. 1B and Dataset S1),
indicating that APC8 plays a role in the RdDM pathway, possibly
by associating with NRPE1. We also confirm that de-repressed
RdDM loci affected expression of their flanking regions in apc8-1
and nrpe1-12 (SI Appendix, Fig. S1B). The number of apc8-1–
dependent TEs overlapping with nrpe1-12–dependent TEs was sig-
nificantly larger than expected (P < 1e-10, χ2 test). Boxplot analysis
further showed that the genome-wide effects of apc8-1 on TE si-
lencing were generally similar to those of nrpe1-12 (SI Appendix,
Fig. S1C). Notably, both APC8 and NRPE1 play a dominant role in
a subset of TEs, respectively (SI Appendix, Fig. S1C). To validate
expression of TEs identified from RNA sequencing, we used qRT-
PCR to examine expression of At3TE47905, At3TE13000,
At4TE34015, and At1TE89775 (Fig. 1C). We showed that these
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Fig. 1. APC/C is required for a subset of TE silencing. (A) Effect of apc8-1 and cs lines of APC10 on transcriptional silencing as determined by qRT-PCR.
Transcript levels of RdDM loci AtSN1, AtGP1, soloLTR, and SDC were measured. The UBQ5 gene was amplified as an internal control. Data are presented as
mean ± SE (n = 3). (B) Overlap of de-repressed TEs from RNA-sequencing between apc8-1 and nrpe1-12. The Venn diagram shows the number of de-repressed
TEs between apc8-1 and nrpe1-12. P = 4.217 × 10−10, calculated by the Pearson’s χ2 test with the Yates’ continuity correction. (C) Normalized expression levels
of transcripts from selected TE loci in Col-0, apc8-1, and nrpe1-12. Peaks of RNA sequencing in each genotype are indicated by different colors. The x axis
indicates the chromosomal location of TEs, and the y axis indicates normalized peaks. The same scales (“0–100” indicates numbers of normalized reads
coverage) are identical for each genotype. Ch, chromosome; R1, replicate 1; R2, replicate 2. (D) Validation of TEs identified from RNA sequencing by qRT-PCR.
UBQ5 was amplified as an internal control. Data are presented as mean ± SE (n = 3).
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four tested TEs were indeed de-repressed in both apc8-1 and nrpe1-
12 (Fig. 1D). Furthermore, these TEs that were up-regulated by
APC8 and NRPE1 mostly belong to the MuDR, Helitron, Copia,
and Gypsy transposon families with similar trends (SI Appendix, Fig.
S1D and Dataset S2), suggesting that APC8 and NRPE1 regulate
the same classes of TEs. These data indicate that APC8 is involved
in TE silencing potentially by overlapping with Pol V.
Because APC/C plays a role in the miRNA pathway by regu-

lating the occupancy of Pol II at the promoter of some specificMIR
genes (8), and because Pol V silences TEs mainly by the RdDM
pathway (26), we then wanted to investigate whether APC/C acts in
TE silencing at the step of siRNA production. Small RNA se-
quencing showed that 7,529 individual 24-nt siRNA clusters had
lower levels in the pol ivmutant (SI Appendix, Fig. S2A and Dataset
S3), while only 494 individual 24-nt siRNA clusters had lower levels
in apc8-1 (SI Appendix, Fig. S2A and Dataset S3). Moreover,
among the 494 siRNA clusters reduced in apc8-1, ∼30% (156 of
494) of these siRNA clusters were dependent on Pol V (35) (SI
Appendix, Fig. S2B) and ∼50% (264 of 494) of the APC8-
dependent siRNA clusters were coregulated by DMS3 (35) (SI
Appendix, Fig. S2B). Northern blotting showed that the siRNA
levels from AtRep2, AtSN1, and siR1003, three representative
RdDM loci, were unaltered in apc8-1 (SI Appendix, Fig. S2C),
confirming a dispensable role of APC/C in siRNA biogenesis. To

further demonstrate that the role of APC8 in TE silencing is fun-
damental to the function of APC/C, we examined TE expression in
cosuppression (cs) lines of APC10 (SI Appendix, Fig. S2D), which
exhibited bonsai phenotypes similar to that of apc8-1 (36). The
qRT-PCR analysis showed that four tested RdDM loci were de-
repressed in cs lines of APC10 (Fig. 1A), and the extent of TE de-
repression was comparable to that in apc8-1 (Fig. 1A). Considering
that apc8-1 is a weak allele and cs lines of APC10 are also partially
functional, there might be more severe defects on TE silencing in
loss-of-function alleles of APC/C. Taken together, these results
indicate that APC/C is involved in TE silencing in plants, and that
APC/C functions downstream of siRNA biogenesis.

APC/C Is Involved in Pol V Recruitment and Pol V Transcription. Because
APC/C acts downstream of siRNA biogenesis in the RdDM path-
way, and because APC/C coregulates a subset of RdDM loci with Pol
V, we hypothesized that the function of Pol V might be regulated by
APC/C. We therefore examined the occupancy of Pol V at TE
chromatin in apc8-1. We performed chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) experiments using an anti-
NRPE1 antibody to detect the recruitment of NRPE1 at typical
Pol V-dependent intergenic noncoding (IGN) regions. Relative to
occupancy in Col-0, there was an obvious reduction of Pol V occu-
pancy at RdDM loci in apc8-1 (Fig. 2A), indicating that APC/C is
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involved in Pol V recruitment. Subsequently, RT-PCR analysis
showed that Pol V-dependent scaffold RNAs from AtSN1, IGN,
and two TE loci were significantly reduced in apc8-1, similar to
reduced expression in dms3-5 and nrpe1-12 (Fig. 2B). These
results indicate that APC/C facilitates TE silencing by regulating
Pol V function.
De-repression of TEs is usually accompanied by reduced DNA

methylation and H3K9 dimethylation (37). We therefore de-
termined DNAmethylation by bisulfite sequencing analysis (Dataset
S4). DNA methylation of AtSN1, soloLTR, SDC, and At3TE47905
at CHH sites was substantially reduced in apc/cmutants as well as in
nrpe1-12 (Fig. 2C and Dataset S4), whereas DNA methylation at
CG and CHG sites was only slightly affected in apc/cmutants, except
for the CHGmethylation at the soloLTR locus (Fig. 2D and Dataset
S4). ChIP-qPCR experiments using an anti-H3K9me2 antibody
showed that H3K9me2 was significantly reduced in apc8-1 and
nrpe1-12 (Fig. 2E). These results further indicate that APC/C is
involved in TE silencing by the RdDM pathway.
To determine the genetic relationship of APC/C and Pol V in

TE silencing, we examined TE expression in the apc8-1 nrpe1-12
double mutant. We predicted that the expression of coregulated
TEs would be similar to their expression in the nrpe1-12 mutant,
if APC/C and Pol V act in the same pathway to repress TEs.
Indeed, the extent of de-repression of both common RdDM loci
and selected TEs (identified from RNA sequencing) in apc8-
1 nrpe1-12 was comparable to that in nrpe1-12 (Fig. 1). Bisulfite
sequencing (Fig. 2 C and D) showed that DNA methylation of
de-repressed TE loci in apc8-1 nrpe1-12 was similar to that in
nrpe1-12. Taken together, these results indicate that APC/C is
required for TE silencing by regulating the function of Pol V.

APC/C Interacts with DMS3 in a D Box-Dependent Manner. In general,
APC/C functions by targeting specific substrates (i.e., APC10
recognizes and recruits substrates) (2–5). To find out the target of
APC/C in regulating TE silencing in plants, we carried out yeast
two hybrid (Y2H) assays to test the interaction between APC10
and components known to be essential for TE silencing, including
Pol IV (38) and Pol V subunits (38, 39), SHH1 (40), AGO4 (41),
KTF1 (42), SUVH proteins (35), MORC proteins (43), DRM2
(44), and DDR complex components (30, 31). DRB4 was used as
the positive control (25). Under four amino acid-depleted growth
conditions, only yeast cells coexpressing APC10 with DMS3,
RDM1, and DRB4 exhibited normal growth (SI Appendix, Fig.
S3A), suggesting a direct interaction between APC10 and these
three components. To further test whether these interactions are
specific to APC10, we examined the interaction between DMS3
and other APC/C subunits by Y2H assays. Indeed, DMS3 spe-
cifically interacted with APC10 (SI Appendix, Fig. S3B), which is
consistent with the idea that APC10, the core subunit of the
composite pocket, binds to substrates (45). To validate the in-
teraction between APC/C and DMS3, we performed reciprocal
pull-down assays using recombinant His-DMS3 and 35S::APC8-
YFP transgenic plants or GST-APC10 and 35S::DMS3-YFP
transgenic plants, respectively. We confirmed the interaction be-
tween APC/C and DMS3 (Fig. 3A) and the interaction between
RDM1 and APC10 (SI Appendix, Fig. S3C). A coimmunopreci-
pitation (co-IP) assay using transgenic plants of pAPC8::APC8-
YFP showed that APC8 is associated with DMS3 under the en-
dogenously expressed APC8 condition (Fig. 3B). Of note, the
association between APC8 and NRPE1 (Fig. 3C) or RDM1 (SI
Appendix, Fig. S3D) was only detected when APC8 was overex-
pressed. Collectively, these results indicate that APC/C interacts
with the DDR complex.
To understand how APC/C recognizes DMS3 and RDM1, we

searched these two protein sequences for the D box, KEN box, and
ABBA motifs. Three putative D boxes with the core amino
acids RXXL were found at amino acids 179–182 (R1), 248–251
(R2), and 291–294 (R3) of DMS3, respectively (Fig. 3D and SI

Appendix, Fig. S3E). Among these putative D boxes, the R1 and
R2 motifs are not conserved among plant species, and are located
within the conserved SMC-hinge domain (Fig. 3D), while R3, lo-
cated outside of the SMC-hinge domain (Fig. 3D), is highly con-
served in flowering plants (Fig. 3D). Only one putative D box with
the RXXL motif was found in RDM1 (SI Appendix, Fig. S3E). To
determine whether these putative D boxes of DMS3 and RDM1
are recognition sites for APC/C, we generated corresponding
variants in which the putative D boxes were mutated into AXXL
(DMS3R or RDM1R) and tested their capacity to interact with
APC10. The putative D box of RDM1 mutation had no effect on
the interaction between APC10 and RDM1 (SI Appendix, Fig. S3
F and G). The DMS3R3 variant, but not the DMS3R1 and DMS3R2

variants, abolished interaction with APC10 (Fig. 3E), indicating that
the R3 D box is essential for the interaction. Notably, the DMS3R3

variant showed a normal interaction with RDM1 (SI Appendix, Fig.
S3H) and DRD1 (SI Appendix, Fig. S3I). Pull-down assays further
confirmed that the R3 D box of DMS3 was essential for interaction
with APC10 (Fig. 3F). To further examine the role of D boxes in
the interaction with APC/C, we used a split luciferase comple-
mentation imaging assay (46) to determine the interaction between
APC10 and DMS3 or RDM1 variants. We fused APC10 and
DMS3 to the N-terminal fragment of luciferase (nLUC) or the
C-terminal fragment of luciferase (cLUC), respectively, and in-
troduced paired proteins into Nicotiana benthamiana leaves by
infiltration. Indeed, the DMS3–APC10, DMS3R1

–APC10, and
DMS3R2

–APC10 interactions were robust (Fig. 3G), but only a
few faint signals were observed from the DMS3R3

–APC10 in-
teraction (Fig. 3G). Collectively, these results indicate that the
conserved D box of DMS3 mediates the specific recognition
by APC/C.
To further understand the significance of the R3 D box for

DMS3 function, we introduced YFP-tagged fusions of DMS3
and DMS3R3, driven by the endogenous promoter, into the
dms3-5 mutant. Since DNA methylation of RdDM loci is sig-
nificantly reduced in dms3-5 (27, 28, 30), we performed Chop-
PCR experiments to examine DNA methylation of soloLTR and
IGN26 in these transgenic lines. As expected, the WT version of
DMS3 was able to completely complement defects in DNA
methylation at both soloLTR and IGN26 (Fig. 3H), demonstrating
that the fusion protein of DMS3-YFP is functional in vivo. In
contrast, four independent transgenic lines of DMS3R3-YFP only
showed partial complementation (Fig. 3H), indicating that the R3
D box is essential for DMS3 function. To exclude the possibility
that the difference was due to the different levels of DMS3R3-YFP
in transgenic plants, we examined the level of DMS3 by Western
blotting and found that the accumulation of DMS3R3 in transgenic
plants was comparable to those in DMS3 (SI Appendix, Fig. S3I).
Taken together, we concluded that APC10 interacts with DMS3 in
a D box-dependent manner and that this interaction is essential for
the function of DMS3.

DMS3 Is Ubiquitinated and Degraded by APC/C. Since DMS3 inter-
acts with APC/C and DMS3 was ubiquitinated (32), we hy-
pothesized that DMS3 might be ubiquitinated by APC/C.
Therefore, an in vivo ubiquitination assay was performed using
seedlings of Col-0, apc8-1, and dms3-5 plants. Lysates were
treated with MG132 to inhibit potential degradation after
ubiquitination. The anti-Ubiquitin 11 (UBQ11) detected high-
molecular-mass smears of protein bands above 100 kDa in the
anti–DMS3-immunoprecipitated samples in Col-0 but not in
apc8-1, APC10cs-1, or dms3-5 plants (Fig. 4A), indicating that
proteins associated with DMS3 are ubiquitinated in vivo. To
further confirm the smear shown in Fig. 4A harbors ubiquiti-
nated DMS3, anti-DMS3 antibodies were used for Western
blotting. As shown in Fig. 4B, we observed a major band together
with smeared bands above 130 kDa in Col-0. Importantly, the
smeared larger bands of DMS3 were eliminated in apc8-1 and
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dms3-5 (Fig. 4B). These results demonstrate that APC/C medi-
ates DMS3 ubiquitination in vivo.
To show that Ub-DMS3 conjugates were detectable in the

presence of E1, E2, and E3, we used in vitro APC/C-ubiquitination
assays, in which the APC/C complex (E3) immunoprecipitated from
APC8-YFP transgenic plants was incubated with Ub, ATP, E1, E2,
and recombinant His-DMS3 (Fig. 4C). In contrast, when His-
DMS3 was replaced by His-DMS3R3, no Ub-DMS3R3 conjugates
were observed (Fig. 4C). Consistent with the finding of no visible
effect on RDM1 regulated by APC/C, there were not any smeared
larger bands in immunoprecipitates (SI Appendix, Fig. S4A), and
RDM1 levels were not affected in apc/c mutants (SI Appendix, Fig.
S4B), further supporting that RDM1 is not ubiquitinated and that

RDM1 is unlikely to be a substrate of APC/C in vivo. We thus
conclude that DMS3 is indeed ubiquitinated, and that APC/C is the
E3 ligase responsible for DMS3 ubiquitination.
Because DMS3 is targeted by APC/C for ubiquitination, we ex-

amined the abundance of DMS3 in apc/cmutants. Western blotting
showed that DMS3 consistently overaccumulated in both apc8-1
and cs lines of APC10 (Fig. 4D), while it was slightly reduced in
overexpression lines of APC8 (APC8-OE) (Fig. 4E). To further
confirm that the regulation of DMS3 by APC/C occurs post-
transcriptionally, we performed qRT-PCR assays to examine the
mRNA level of DMS3 in apc8-1 and in cs lines of APC10. As
expected, the transcripts of DMS3 were largely unchanged in both
(SI Appendix, Fig. S4C), indicating that APC/C degrades DMS3.
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between APC8 and DMS3. Anti-DMS3 antibody coupled to the protein A beads was used to immunoprecipitate (IP) APC8 from inflorescence of pAPC8::APC8-
YFP transgenic plants. Anti-GFP and anti-DMS3 antibodies were used to detect APC8 (Top) and DMS3 (Bottom) by Western blotting, respectively. The asterisk
indicates the band of the heavy chain resulting from the excess anti-DMS3 antibody. (C) Reciprocal co-IP between APC8, NRPE1, and DMS3. GFP-Trap beads
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various species. DMS3 proteins from Brassica napus (XP_013693242.1), Gossypium hirsutum (cotton, XP_016737311.1), Arabidopsis thaliana (NP_566916.1),
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spotted onto nonselective (-LT) and selective (-LTHA) media. (F) In vitro pull-down assays to examine the APC10–mDMS3 interaction. Protein precipitates were
analyzed by Western blotting using an anti-His antibody. (G) Split luciferase complementation imaging assays to examine the interaction between APC10 and
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To conclusively demonstrate that APC/C targets DMS3 for
degradation, we monitored the degradation of recombinant
DMS3 using a cell-free degradation assay. His-DMS3 was
expressed and purified from Escherichia coli, and then incu-
bated with lysates from Col-0 and apc8-1. The degradation rate
of DMS3 in apc8-1 was slower than in Col-0 (Fig. 4 F and G). To
investigate whether the degradation of DMS3 was proteasome-
dependent, we compared the degradation rate in the presence or
absence of the protease inhibitor MG132. As shown in Fig. 4 F
and G, the addition of MG132 significantly suppressed the de-
stabilization of His-DMS3. Consistently, when His-DMS3R3 was
incubated with Col-0 lysates, the degradation of His-DMS3R3

was attenuated (SI Appendix, Fig. S4 D and E). To test the
proteolytic regulation of endogenous DMS3, we conducted
protein decay assays in plants. Ten-day-old Col-0 and apc8-1
seedlings were treated with cycloheximide to block de novo

synthesis of DMS3. In Col-0, DMS3 began to be degraded after
1 h and was at a very low level after 2 h (Fig. 4 H and I), further
indicating that DMS3 is a short-lived protein. In contrast, in
apc8-1, similar levels of DMS3 persisted until 4 h (Fig. 4 H and
I). Moreover, the addition of MG132 significantly stabilized
DMS3 (Fig. 4 H and I). Notably, both RDM1 and DRD1, two
other components of the DDR complex, were much more stable
proteins than DMS3 (SI Appendix, Fig. S4F). Collectively, these
results demonstrate that DMS3, but not RDM1, is directly tar-
geted by APC/C for its degradation.

APC/C Optimizes the Assembly of the DDR Complex by Maintaining a
Proper Abundance of DMS3. Since the protein level of DMS3 is
controlled by APC/C (Fig. 4), and this regulation is important for
the function of DMS3 in vivo (Fig. 3), we hypothesized that
APC/C-dependent DMS3 regulation might be necessary for the
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of His-DMS3 in F. The levels of His-DMS3 were plotted versus the level at 0 min. Data are presented as mean ± SE (n = 3). (H) Decay rate of DMS3 in Col-0 or
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termined with anti-DMS3. Hsc70 was the loading control. (I) Statistical analysis of decay rate of DMS3 in H. Data are presented as mean ± SE (n = 3).
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assembly/association of the DDR complex. To test this hypoth-
esis, we examined whether the amount of DMS3, RDM1, and
DRD1 determines the extent of the interaction. We first evalu-
ated the effects of DMS3 levels on the interaction between
RDM1 and DRD1 by split luciferase complementation imaging
assays. We fused RDM1 and DRD1 to the N-terminal fragment
(nLUC) or the C-terminal fragment (cLUC), respectively, and
introduced paired proteins into N. benthamiana leaves by in-
filtration. Consistent with previous results from co-IP and mass
spectrometry analyses (30, 31), LUC activities were produced
from RDM1 and DRD1 (Fig. 5 A and B), but no signal was
detected when either RDM1 or DRD1 was paired with the
empty vector (Fig. 5 A and B). Moreover, the LUC activity
produced from RDM1 and DRD1 was significantly enhanced
when an equal amount of DMS3 was supplied (Fig. 5 A and B),
suggesting that the interaction between DRD1 and RDM1 was
stabilized by DMS3. However, when more DMS3-YFP (fourfold
more than the amount of RDM1 or DRD1) was added, the LUC
activity produced from RDM1 and DRD1 was significantly at-
tenuated (Fig. 5 A and B), although excess YFP alone showed no
effect on the LUC activity produced from RDM1 and DRD1
(Fig. 5 A and B). Notably, the D box-mutated DMS3 exhibited
similar effects on the DRD1–RDM1 interaction (Fig. 5 A and
B), further indicating that the amount of DMS3 determines the
association of the DDR components.

To further demonstrate the importance of the amount of
DMS3 on assembly of the DDR complex, we performed pull-
down assays to assess the role of DMS3 in the interaction intensity
between RDM1 and DRD1. In this assay, the His-RDM1 beads
were incubated with transiently expressed DRD1-YFP and the
amounts of GST-DMS3 or GST alone gradually increased over
2 h. After stringent washing, the DRD1-YFP retained in the beads
was detected by Western blotting using an anti-YFP antibody.
Consistent with the results of the competitive split luciferase
complementation imaging assay, the addition of excess GST-
DMS3, but not of excess GST, significantly sequestered the as-
sociation of DRD1 and RDM1 (Fig. 5C). These results indicate
that the amount of DMS3 is important for the association of the
DDR components.
Because the DMS3 level is controlled by APC/C for proper

assembly of the DDR complex, we hypothesized that the asso-
ciation pattern of the DDR complex would be compromised in
apc/c mutants. To test this hypothesis, we characterized the as-
sociation between DMS3, RDM1, and Pol V by analyzing total
protein extracts from Col-0 and apc8-1 by gel filtration, followed
by Western blotting. The elution peak of the DDR complex is
around ∼440 kDa in WT plants (30, 35). Using a Superose
6 column, we confirmed that the majority of DMS3 and
RDM1 coeluted in Col-0 at ∼440 kDa (Fig. 5D) and that
NRPE1 eluted as a broad high-molecular-mass peak at
∼669 kDa (SI Appendix, Fig. S5A). In contrast, the major peaks

A

C

B
D

Fig. 5. Proper level of DMS3 promotes the interaction between DRD1 and RDM1. (A) Split luciferase complementation imaging assays were performed to
examine the RDM1–DRD1 interaction after the addition of different levels of DMS3 or DMS3R3. Three plasmids were inoculated into tobacco leaves at the
indicated ratios, and YFP was used as the negative control. cLUC or nLUC was used to exclude background contamination. (B) Statistical analysis of LUC activity
produced from the indicated combinations in A. The relative intensities of LUC were normalized with indiGo software (Berthhold Technologies). Data are
presented as mean ± SE (n = 3). (C) Pull-down assays to analyze the interaction intensity between RDM1 and DRD1 after addition of different amounts of
DMS3. Two milligrams of His-RDM1 conjugated onto nickel-nitrilotriacetic acid agarose beads was preincubated with DRD1-YFP, and different amounts of
GST or GST-DMS3 were then added. After the reactions were stopped, the levels of DRD1-YFP retained on the beads (Top) and the initial amounts in each
aliquot (Bottom) were quantified by Western blotting using an anti-GFP antibody. (D) Gel filtration of RDM1 and DMS3 in Col-0, apc8-1, and DMS3-OE plants.
The proteins eluted from a Superose 6 column were detected by Western blotting with anti-RDM1 and anti-DMS3 antibodies. Eluate fractions and sizing
standards are indicated. Specific bands are marked by arrowheads.
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of both DMS3 and RDM1 were eluted in lower molecular-mass
fractions in apc8-1 (Fig. 5D), indicating that the assembly of the
DDR complex is disrupted in apc8-1. Consistent with findings
that the function of the DDR complex is tightly related to Pol V
function (30, 31), we showed that the Pol V-associated complex
was also shifted from ∼669 kDa in Col-0 to lower molecular-
mass fractions in apc8-1 (SI Appendix, Fig. S5A), further con-
firming the role of the DDR complex in the function of Pol V.
Consistent with the requirement of APC/C in the assembly of the
DDR complex, we showed that the addition of either APC10-
GFP or Flag-APC10 attenuated the LUC activity produced from
RDM1 and DMS3 (SI Appendix, Fig. S5 B and C), and the inhibitory
effects were enhanced as the amount of APC10 increased (SI
Appendix, Fig. S5 B and C). Taken together, these results indi-
cated that APC/C optimizes the assembly of the DDR complex
by maintaining a proper abundance of DMS3.

Overexpression of DMS3 Partially Phenocopies dms3 and apc/c. Since
the level of DMS3 is important for association between two
other DDR components, it was expected that overexpression of
DMS3 in the WT plants would mimic or partially mimic de-
fective RdDM activity seen in the apc/c and dms3 mutants. To
test whether that was the case, we overexpressed DMS3 by in-
troducing DMS3 driven by the 35S promoter into WT plants

(Col-0) (SI Appendix, Fig. S5D). Similar to the results with the
dms3 mutant, common RdDM loci, including AtSN1, AtGP1,
SDC, and soloLTR, as well as TEs identified from our RNA
sequencing, were de-repressed in two independent transgenic
lines of DMS3-OE (overexpression of DMS3) (Fig. 6A), al-
though the extent of de-repression was weaker than in the dms3
mutant (Fig. 6A). Moreover, bisulfite sequencing of AtSN1,
soloLTR, SDC, and At3TE47905 showed that DNA methylation
at CHH sites in DMS3-OE plants was decreased as in the apc8-1
mutant (Fig. 6B and Dataset S4). In contrast, DNA methylation
at CHG and CG sites in DMS3-OE plants was comparable to
that in Col-0 (SI Appendix, Fig. S5E and Dataset S4). Of note, an
obvious reduction of CHG methylation at soloLTR was observed
in DMS3-OE plants, similar to that seen in apc8-1 (SI Ap-
pendix, Fig. S5E and Dataset S4). These results show that
overaccumulation of DMS3 impairs RdDM activity, further in-
dicating the importance of APC/C-mediated surveillance of DMS3
in TE silencing.
To further determine whether impaired assembly of the DDR

complex occurred in the DMS3-OE plants, we performed gel
filtration followed by Western blotting to detect associations
between DMS3 and RDM1 in Col-0 or DMS3-OE. As in the
dms3 mutant (Fig. 5D), we found that DMS3 was distributed
evenly in all fractions in the DMS3-OE plants (Fig. 5D), possibly
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Fig. 6. Overexpression of DMS3 mimics impaired RdDM activity in dms3 and apc/c. (A) qRT-PCR to determine transcript levels of the RdDM loci AtSN1, AtGP1,
soloLTR, SDC, At1TE89775, At4TE34015, At3TE13000, and At3TE47905 in Col-0, apc8-1, and DMS3-OE plants. Total RNA from inflorescences was analyzed. The
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due to significantly higher DMS3 levels. Interestingly, although
the availability of DMS3 is enhanced, the major RDM1 peak was
shifted to smaller molecular-mass fractions in DMS3-OE
plants (Fig. 5D), notably different from the major RDM1 peak
at ∼440 kDa in Col-0 (Fig. 5D), indicating that the assembly of
the DDR complex is altered in DMS3-OE plants, similar to that
in the dms3 and apc/c mutants. Collectively, these data indicate
that a proper level of DMS3 is critical for the assembly of a
functional DDR complex.

The Level of DMS3 Is Expressed in a Cell Cycle-Dependent Manner.
Because APC/C is a core regulator during cell cycle regulation, and
because the substrates of APC/C are generally expressed in a cell
cycle-dependent manner (18, 22, 47), the degradation of DMS3 by
APC/C prompted us to investigate whether the protein level of
DMS3 is expressed in a cell cycle-dependent manner. To this end,
root tips from the pCYCB1;1::CYCB1-GFP reporter line were
synchronized on medium containing hydroxyurea (HU). About
1-wk-old indicated plants were transferred to medium containing
2 mM HU; harvested; and ground for total protein extraction at 0,
2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, and 26 h after transfer. We
showed that CYCB1;1-GFP, a well-known substrate of APC/C,
stabilized after 10–16 h of synchronization and decreased after
∼18 h of synchronization, indicating that the HU treatment is ef-
fective. Interestingly, the endogenous DMS3 exhibited a pattern
very similar to that of CYCB1;1 (Fig. 6C). By contrast, Hsc70, the
loading control, remained unchanged after synchronization. The
similarity of DMS3 and CYCB1;1 indicates that DMS3 is indeed
regulated in a cell cycle-dependent manner.
To further conclusively demonstrate that DMS3 is regulated at

the posttranscriptional level during cell cycle progression, root
tips from the 35S::DMS3-YFP transgenic plants were also syn-
chronized by HU. Unexpectedly, the level of DMS3-YFP showed
a cell cycle-dependent trend similar to the endogenous DMS3 (SI
Appendix, Fig. S6). Notably, the observation that the cell cycle-
dependent amplitude of the endogenous DMS3 is much more
obvious than that of the transgenic DMS3-YFP could be caused
by the constitutive expression of DMS3-YFP in root cells. Taken
together, these results indicate that DMS3 is a cell cycle-dependent
component.

Discussion
An important question in the RdDM pathway is how the DDR
complex is regulated to recruit Pol V. We provide evidence that
APC/C, an E3 complex traditionally functioning in control of cell
cycle, targets DMS3 for its degradation, and thus regulates the
assembly of the DDR complex by maintaining a proper level of
DMS3. Our findings provide a direct molecular link between
selective protein degradation and TE silencing in plants, shed-
ding light on how assembly of the DDR complex is exquisitely
regulated. Moreover, together with the findings that APC/C
targets DnMT1 (21), G9a (22), DRB4 (25), and MIWI (23), the
role of APC/C in gene silencing is widely conserved in eukary-
otes. In addition, since the R3 D box is highly conserved from
monocots to dicots, it is plausible that the regulation of APC/C
for DMS3 was positively selected for effective TE silencing
during plant evolution.
Because DMS3 overaccumulated in apc/c mutants (Fig. 4), it

was unexpected that TEs were also de-repressed in apc/c mu-
tants, as shown in dms3 mutants (27–31). Mechanistically, we
provide evidence that a precise stoichiometry among the three
DDR components is critical for the formation of a functional
DDR complex. Stoichiometric imbalances can sequester com-
plex partners and disrupt the DDR multiprotein complex into
nonfunctional subassemblies, such as DD (DRD1 and DMS3),
DR (DMS3 and RDM1), or RD (RDM1 and DRD1). Among
three DDR components, DMS3 has been found only to assemble
with the DDR complex, whereas both RDM1 and DRD1 are

also associated with other complexes. For example, RDM1 as-
sociates with Pol II (29), and DRD1 associates with Pol V (30).
Therefore, it is reasonable why the amount of DMS3 has to be
tightly controlled, because sorting of RDM1 and DRD1 among
different protein complexes potentially attenuates the disad-
vantages of the imbalanced amounts.
In fission yeast, RNA interference (RNAi)-mediated histone

methylation is regulated by the cell cycle. Centromeric repeats
are transiently transcribed in the S phase of the cell cycle, and
RNAi occurs specifically in the S phase to reconstitute histone
modifications after DNA replication (48, 49). In plants, how
heterochromatin silencing is inherited during cell divisions, and
whether RdDM activity is regulated during the cell cycle, re-
mains unexplored. Our finding that APC/C is involved in the
regulation of RdDM activity provides a potential molecular link
that RdDM activity might be dynamically regulated during the
cell cycle. APC/C is activated from the late G2 phase, remains
active throughout mitosis, and is specifically inactivated at the
G1-to-S phase transition (1). If RdDM activity, similar to RNAi
in yeast, is selectively activated during the S phase, it is plausible
that the level of DMS3 is tightly controlled by APC/C before and
after the S phase, thus delimiting a window for effective RdDM
activity during cell cycle progression. Indeed, we show that
DMS3 fluctuates during cell cycle progression (Fig. 6C and SI
Appendix, Fig. S6). In conclusion, this study offers a perspective
for the regulation of RdDM and uncovers the importance of a
proper level of DMS3 controlled by APC/C.

Materials and Methods
Plant Materials, Regents, and Plasmid Construction. T-DNA insertion mutants
of nrpe1-12, pol iv, and dms3-5 were obtained from the Arabidopsis In-
formation Resource. Details are provided in SI Appendix, Supplemental
Materials and Methods.

RNA Sequencing and Small RNA Sequencing. The raw and processed data for
both RNA sequencing and small RNA sequencing have been deposited into
the National Center for Biotechnology Information Gene Expression Omnibus
database under the series accession number GSE106972. The original data can
be reached by the link https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE106972 and the secure token: afyhqmwgxnqnlep. Details are pro-
vided in SI Appendix, Supplemental Materials and Methods.

Cell-Free Decay Assay. Recombinant proteins were incubated with cell lysates
from plants and analyzed by SDS/PAGE, followed by immunoblots. Details are
provided in SI Appendix, Supplemental Materials and Methods.

In Vitro Ubiquitination Assay. In vitro APC/C-mediated ubiquitination was
carried out as described (50). Details are provided in SI Appendix, Supple-
mental Materials and Methods.

Gel Filtration. Gel filtration was carried out as described (30) with modifi-
cations. Details are provided in SI Appendix, Supplemental Materials
and Methods.

DNA Methylation Assay. Genomic DNA was treated using the BisulFlash DNA
Modification Kit (catalog no. P-1026-050; Epigentek). Details are provided in
SI Appendix, Supplemental Materials and Methods.

Synchronization by HU Treatment. The synchronization was performed as
described (47). Details are provided in SI Appendix, Supplemental Materials
and Methods.
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