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A diRNA-protein scaffold module mediates SMC5/6
recruitment in plant DNA repair
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Abstract

In eukaryotes, the STRUCTURAL MAINTENANCE OF CHROMOSOME 5/6 (SMC5/6) complex is critical to maintaining
chromosomal structures around double-strand breaks (DSBs) in DNA damage repair. However, the recruitment mechanism
of this conserved complex at DSBs remains unclear. In this study, using Arabidopsis thaliana as a model, we found that
SMC5/6 localization at DSBs is dependent on the protein scaffold containing INVOLVED IN DE NOVO 2 (IDN2), CELL
DIVISION CYCLE 5 (CDC5), and ALTERATION/DEFICIENCY IN ACTIVATION 2B (ADA2b), whose recruitment is further
mediated by DNA-damage-induced RNAs (diRNAs) generated from DNA regions around DSBs. The physical interactions of
protein components including SMC5-ADA2b, ADA2b—CDCS5, and CDC5-IDN2 result in formation of the protein scaffold.
Further analysis indicated that the DSB localization of IDN2 requires its RNA-binding activity and ARGONAUTE 2 (AGQO2),
indicating a role for the AGO2-diRNA complex in this process. Given that most of the components in the scaffold are
conserved, the mechanism presented here, which connects SMC5/6 recruitment and small RNAs, will improve our under-
standing of DNA repair mechanisms in eukaryotes.

Introduction Ceccaldi et al, 2016). The NHEJ pathway utilizes a simple re-

DNA damage is induced by a variety of endogenous and ex-
ogenous factors during the development of all organisms
(Friedberg et al, 2004). DNA double-strand breaks (DSBs),
one of the most serious forms of DNA damage, severely re-
duce genomic stability and cell viability, and even result in
cancers in animals (Jackson and Bartek, 2009; Schubert,
2021). Several strategies including cell cycle control, pro-
grammed cell death, and DNA repair have evolved to re-
spond to DSBs (Su, 2006; Hu et al, 2016). Non-homologous
end joining (NHEJ) and homologous recombination (HR) are
two primary pathways for DSB repair (Puchta, 2005;

pair mechanism via directly rejoining DSBs (Lieber, 2010).
Unlike NHE), which ultimately generates genomic muta-
tions, HR relies on homologous sequences and precise re-
cruitment of repair factors to improve repair accuracy
(Kowalczykowski, 2015).

The DNA damage response (DDR) facilitates the recruit-
ment of a series of DNA repair factors to DNA break sites
and the production of single-strand DNA (ssDNA) tails for
subsequent repair (Waterman et al, 2020). First, ATAXIA-
TELANGIECTASIA  MUTATED (ATM) or ATM/RAD3-
RELATED (ATR) is activated for phosphorylation of H2AX

Received January 14, 2022. Accepted June 21, 2022. Advance access publication July 1, 2022

© American Society of Plant Biologists 2022. All rights reserved. For permissions, please email: journals.permissions@oup.com

€202 1aquianoN z0 uo isanb Aq 9995299/668€/01/€/o101Me/||99]d/wod dno-dlwapese//:sdiy woly papeojumod


https://orcid.org/0000-0002-7163-7477
https://orcid.org/0000-0003-1648-4815
https://orcid.org/0000-0002-9828-371X
https://orcid.org/0000-0001-5995-0738
https://orcid.org/0000-0001-8379-2397
https://orcid.org/0000-0003-4560-1689
https://orcid.org/0000-0003-3732-8010
https://orcid.org/0000-0001-6497-4515
https://orcid.org/0000-0002-9269-9052
https://orcid.org/0000-0002-2648-3181
https://academic.oup.com/plcell

3900 I THE PLANT CELL 2022: 34; 3899-3914

around DSBs (Gobbini et al, 2013; Turinetto and Giachino,
2015). Studies have shown that phosphorylated H2AX pro-
motes acetylation of histone H3 and recruitment of the
chromatin remodeling SWITCH/SUCROSE
NONFERMENTABLE (SWI/SNF) complex in mammalian
cells, which in turn enhances the exposure of DNA damage
sites via chromatin remodeling (Lee et al, 2010). The ends
of the DSB sites are then recognized and cleaved by the
complex containing MEIOTIC RECOMBINATION 11,
RADIATION SENSITIVE (RAD) 50, and NIMEGEN
BREAKAGE SYNDROME 1, to produce ssDNA tails (Syed
and Tainer, 2018), and are subsequently bound by the heter-
otrimeric protein complex REPLICATION PROTEIN A (RPA)
for the synthesis of DNA damage-induced RNA (diRNA)
(Wei et al, 2012; Liu et al, 2017; Storici and Tichon, 2017).
Conserved among eukaryotes, ARGONAUTE 2 (AGQ2) is a
predominant effector protein associated with diRNAs (Wei
et al, 2012, Gao et al, 2014). Under the guidance of the
diRNA-AGO2 complex, a dsRNA-binding protein
INVOLVED IN DE NOVO 2 (IDN2) is recruited to DSBs and
interacts with RPA to promote its release from ssDNA tails
and enhance the recruitment of RAD51 for subsequent HR
in plant cells (Liu et al,, 2017).

STRUCTURAL MAINTENANCE OF CHROMOSOME
(SMC) complexes, including cohesin (SMC1/3), condensin
(SMC2/4), and the SMC5/6 complex, have important roles
during DNA repair (Jeppsson et al, 2014; Yatskevich et al,
2019). The SMC5/6 complex primarily contributes to chro-
mosome structure maintenance in HR and is conserved
among eukaryotic species (Murray and Carr, 2008; Aragon,
2018). For instance, depletion of the components of SMC5/6
has been shown to result in HR defects in yeast, plant, and
human cells (Harvey et al, 2004 Potts et al, 2006;
Watanabe et al., 2009). A critical question is how the SMC5/
6 complex is precisely recruited at DSBs; however, the fac-
tors regulating this process vary among different organisms.
The BREAST CANCER SUSCEPTIBILITY GENE1 Carboxyl-
Terminal domain-containing protein REGULATOR OF TY1
TRANSPOSITION 107 (RTT107) was first identified in the
DSB localization of SMC5/6 in Saccharomyces cerevisiae
(Leung et al, 2011). In mammals, the SMC5/6 complex
interacts with the SMC5-SMC6 COMPLEX LOCALIZATION
FACTOR PROTEIN 1/2 (SLF1/SLF2) dimer, which links to
RAD18 near DNA damage sites (Raschle et al, 2015). In
Arabidopsis  thaliana, a  transcriptional  co-activator
ALTERATION/DEFICIENCY IN ACTIVATION 2B (ADA2b)
interacts with SMC5 for recruitment of the SMC5/6 com-
plex to DSBs (Lai et al, 2018; Jiang et al, 2019). However,
the original factor by which the above-mentioned protein
scaffolds are determined for DSB recruitment of SMC5/6
remains unclear in all species.

In this study, we found that CELL DIVISION CYCLE 5
(CDC5), a subunit of the MOS4-ASSOCIATED COMPLEX
(MAC) complex associated with RNA splicing and miRNAs
biogenesis (Lin et al,, 2007; Zhang et al,, 2013), is an adaptor
that connects ADA2b and IDN2. Thus, diRNAs generated by
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DNA damage mediate the precise localization of the IDN2-
CDC5-ADA2b scaffolds for recruitment of the SMC5/6
complex at DSBs in plant cells. This study provides evidence
of a functional association between small RNAs and SMC5/6
recruitment and improves our understanding of general
DNA repair mechanisms.

Results

CDCS5 interacts with ADA2b and participates in
DNA repair

Precise localization of the SMC5/6 complex at DSBs is essen-
tial for its function in DNA repair in eukaryotic cells (Diaz
and Pecinka, 2018). Our previous study showed that
ADAZ2b, a co-transcriptional activator, mediates the DSB re-
cruitment of SMC5/6 (Lai et al, 2018); however, the factors
that determine the correct localization of ADA2b at DSBs
remained completely unknown. Therefore, we performed a
yeast two-hybrid assay to identify the ADA2b-interacting
partner using a small library of chromatin-associated pro-
teins including HEAT SHOCK TRANSCRIPTION FACTOR
A2, SWITCH/SUCROSE NONFERMENTING 3A, MYC2,
CDC5, MAC3a, IDN2, HISTONE DEACETYLASE (HDA)6,
HDA19, ASYMMETRIC LEAVES 2, and BRAHMA. In this as-
say, only CDC5 was found to interact with ADA2b in yeast
cells (Figure 1A). Further detailed analysis indicated that the
N-terminal regions of CDC5 and ADA2b were their interact-
ing domains (Supplemental Figure S1). The physical interac-
tion between CDC5 and ADA2b was confirmed using an
in vitro pull-down assay, in which ADA2b-FLAG was precip-
itated specifically with the MBP-tagged CDC5 (Figure 1B).
The data from the in vivo precipitation assay indicated that
ADA2b bound to CDC5 in plant cells (Figure 1C).

CDC5 is a subunit of the MAC complex involved in
microRNA biogenesis and RNA splicing in plants (Zhang
et al, 2013). If the association between CDC5 and ADA2b is
essential for SMC5/6 recruitment, CDC5 may also be essen-
tial for DNA damage repair. To test this hypothesis, we
compared the phenotypes of CDC5 and ADA2b mutant
plants. Reverse transcription-quantitative real-time polymer-
ase chain reaction (RT-qPCR) data showed that depletion of
either CDC5 or ADA2b resulted in a significant increase in
transcripts of DDR genes (Figure 1D). Moreover, the results
of a comet assay indicated that DNA damage accumulated
in both the CDC5 and ADA2b mutant plants (Figure 1, E
and F) and the percentages of accumulated DNA in tails
were restored in the complementary plants (Supplemental
Figure S2, A and B). Then propidium iodide (PI) staining
was used to detect cell death in root meristems, which is
possibly associated with DNA damage. Cell death was ob-
served in the root meristems of the CDC5 mutant seedlings,
even without DNA-damaging treatments. Under treatment
with methyl methanesulfonate (MMS), a DNA-damage re-
agent, the areas of cell death in the root meristems of the
CDC5 and ADA2b mutants were significantly larger than
those in wild-type plants (Figure 1, G and H). The MMS sen-
sitivity of the root meristem was also restored to wild-type
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Figure 1 CDCS5 interacts with ADA2b and participates in DNA repair. A, The interaction between CDC5 and ADA2b was detected by yeast two-
hybrid assay. ADA2b was fused with binding domain (BD) and CDC5 was fused with activation domain (AD); the interaction was tested on SD/-
Leu/-Trp/-His medium containing 5-mM 3-AT. B, The interaction between CDC5 and ADA2b was measured by in vitro pull-down assay. MBP-
tagged CDC5 or free MBP (negative control) was used for precipitation of ADA2b-FLAG. Levels of MBP and MBP-CDC5 were measured by
Coomassie blue staining, and ADA2b-FLAG was detected using an anti-FLAG antibody. C, In vivo interaction of ADA2b and CDC5 was detected
by co-immunoprecipitation assay. CDC5-FLAG was co-expressed with YFP-ADA2b or free YFP (negative control), and total protein was extracted
for incubation with anti-GFP agarose. The lysates (left) and immunoprecipitated proteins (right) were detected using anti-GFP and anti-FLAG
antibodies. D, The transcript levels of DDR genes were measured via RT-qPCR in 2-week-old ADA2b and CDC5 mutant plants. Data are mean +sp
from four technical replicates using the same samples. P < 0.001, P < 0.01, Student’s t test (two-tailed). Results are representative of three in-
dependent experiments (independent plant growth and sample preparation). E and F, Detection of genomic integrity in 3-week-old ADA2b and
CDC5 mutant plants via comet assay. Representative images from three biologically independent experiments (independent plant growth and
sample preparation) are shown in (E); bars, 25 pum. Percentages of DNA in the tail (mean £sp; n = 15) are shown in (F). Significant differences are
indicated with different letters above the columns; P < 0.001, one way ANOVA followed by Tukey’s multiple comparisons test. G and H, MMS
sensitivity of ADA2b and CDC5 mutant plants. Five-day-old seedlings were transferred onto medium with or without 75-ug mL™' MMS, and
images of root meristems with Pl staining were obtained 2 days after transfer. Representative images from three biologically independent experi-
ments (independent plant growth and treatment) are shown in (G); bars, 50 um. Cell death areas were calculated using ImageJ; the data in (H)
are mean £sb from 15 roots. Significant differences are indicated with different letters above the columns; P < 0.001, one way ANOVA followed
by Tukey’s multiple comparisons test.
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levels in the ADA2b and CDC5 complementary lines
(Supplemental Figure S2, C and D). To exclude the possibil-
ity that the cell death was specifically caused by MMS, we
tested the sensitivity of the ADA2b and CDC5 mutants to
Zeocin, a radiomimetic agent (Chankova et al, 2007). Both
mutants were more sensitive to Zeocin than the corre-
sponding wild-type plants, with lower survival rates
(Supplemental Figure S3, A and B) and larger areas of cell
death in the root meristems (Supplemental Figure S3, C and
D). These phenotype analyses supported the notion that
CDC5 and ADA2b may work together in DNA repair in
plant cells.

Recruitment of ADA2b at DSBs is mediated by
CDC5

DNA damage induces phosphorylation of H2AX at DSBs
(Kinner et al, 2008). We have previously shown that both
ADA2b and SMC5 form foci that are co-localized with phos-
phorylated H2A.X at DSBs under MMS treatment (Lai et al,
2018; Jiang et al, 2019). Having shown that CDC5 interacts
with ADA2b and participates in DNA repair, the next ques-
tion was whether CDC5 was also localized at DSBs.
Therefore, CDC5 was fused with YFP and co-expressed with
CFP-ADA2b or SMC5-CFP in protoplasts. Microscopy results
showed that CDC5 formed foci in the nucleus, which were
co-localized with both ADA2b and SMC5 under treatment
with MMS (Supplemental Figure S4), supporting the DSB lo-
calization of CDCS5.

To elucidate the recruitment mechanism of the partners
of CDC5-ADA2b at DSBs, several experiments were per-
formed to detect whether the foci formation by ADA2b and
CDC5 was mutually dependent. First, YFP-CDC5 was
expressed in wild-type and ada2b-3 protoplasts with or
without MMS treatment. YFP-CDC5 was evenly distributed
in the nucleus in both cell types under the normal condi-
tion (Figure 2, A and B). Under MMS treatment, YFP-CDC5
was concentrated in nuclear foci in the majority of cells of
both types (Figure 2, A and B), suggesting that the localiza-
tion of CDC5 at DSBs is independent of ADA2b. Similarly,
YFP-ADA2b was expressed in the wild-type or cdc5-1 cells
for localization analysis. YFP-ADA2b was also found to be
generally localized in the nucleus in both types of cells un-
der the normal condition (Figure 2, C and D). When the
cells were treated with MMS, YFP-ADA2b formed nuclear
foci in the majority of wild-type cells but only in a very
small proportion of cdc5-1 cells (Figure 2, C and D), suggest-
ing that the localization of ADA2b at DSBs is predominantly
mediated by CDC5. Further analysis indicated that the foci
formation of SMC5-YFP was also dependent on CDC5
(Supplemental Figure S5), consistent with our previous con-
clusion that the DSB recruitment of SMC5/6 was mediated
by ADA2b (Lai et al., 2018).

To verify our conclusion in intact plants, genes encoding
ADA2b or CDC5 protein fused with YFP were introduced
into the ada2b-3 and cdc5-1 mutants under a native promo-
tor. The fertility of these mutants was restored, suggesting
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that these YFP-fused proteins were functional. Both ADA2b
and CDC5 were localized in the nucleus and formed foci in
the roots of complementary plants under MMS treatment
(Figure 2E; Supplemental Figure S6). The foci formation of
YFP-CDC5 was not affected in the ada2b-3 mutant roots
(Supplemental Figure S6), but YFP-ADA2b was unable to
form foci in the cdc5-1 mutant roots (Figure 2E), supporting
our conclusion from the protoplast experiments that CDC5
mediates the DSB localization of ADA2b.

We observed that the recruitment of ADA2b at DSBs was
impaired in the absence of CDC5 during DNA damage; thus,
an excess amount of ADA2b protein may improve its accu-
mulation at DSBs and contribute to DNA repair. Therefore,
we overexpressed ADA2b in cdc5-1 mutant plants. Cell
death in the meristem of cdc5-1 roots was partially attenu-
ated under both the normal (Supplemental Figure S7) and
MMS treatment (Figure 2, F and G) conditions. Endogenous
DNA damage was evaluated in 3-week-old plants in a comet
assay; overexpression of ADA2b significantly restored the ge-
nomic integrity of the cdc5-1 mutant plants (Figure 2, H
and 1), providing evidence of a functional association be-
tween ADA2b and CDC5 during DNA repair.

IDN2 interacts with CDC5 and participates in DNA
repair

Having shown that CDC5 is essential for the DSB localiza-
tion of ADA2b, the next question was what factors deter-
mine the specific localization of CDC5 at DSBs. Previous
studies showed that diRNAs, which are small RNAs gener-
ated from DSBs, are important in DNA repair (Wei et al,
2012; Liu et al, 2017). Given that CDC5 is involved in RNA
splicing and small RNA processing (Zhang et al, 2013), it is
possible that CDC5 interacts with diRNA-associated compo-
nents at DSBs.

In light of this assumption, a yeast two-hybrid assay was
performed to screen interactors of CDC5, using a small li-
brary including RPA2B, RPA1C, RPA1TE, RAD51, and IDN2,
which are localized at DSBs and associated with diRNAs (Liu
et al, 2017). Among these components, only IDN2 inter-
acted with CDC5 in yeast cells (Figure 3A). The detailed
yeast two-hybrid data indicated that the C-terminal region
of IDN2 specifically interacted with the N-terminal region of
CDC5 (Supplemental Figure S8). The further result of
in vitro pull-down showed that MBP-tagged CDC5 was spe-
cifically precipitated with the FLAG-tagged IDN2 (Figure 3B).
Moreover, IDN2-FLAG was associated with YFP-CDC5 but
not with the free YFP control in plant cells (Figure 3C).
Taken together, these results showed that IDN2 interacts
with CDC5 both in vitro and in vivo, implying their func-
tional association in the DDR.

A previous study reported a role of IDN2 in HR (Liu et al,,
2017), suggesting that the idn2 mutant might have a defect
in DNA repair. According to our real-time PCR results, DNA
repair-related  genes  including = BREAST  CANCER
SUSCEPTIBILITY1 ~ (BRCAT), ~ POLY  (ADP-RIBOSE)
POLYMERASE 2 (PARP2), and RAD51 were upregulated in
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Figure 2 Recruitment of ADA2b at DSBs is mediated by CDC5. A and B, Localization of YFP-CDC5 in wild-type (A) and ADA2b mutant (B) proto-
plasts with and without 100-g mL™" MMS. C and D, Localization of YFP-ADA2b in wild-type and CDC5 mutant protoplasts with and without
100-ug mL™' MMS. In the left-hand graphs of (A-D), representative images of YFP (green), DAPI (blue), and merged signals are shown (bars,
2.5 um). In the right-hand graphs of (A-D), percentages of cells with (purple) and without (blue) YFP foci are shown as the mean +sp of three in-
dependent experiments (independent plant materials and transformation; at least 100 cells were detected in each sample). E, Localization of
ADA2b-YFP in roots of ADA2b and CDC5 mutants stably expressing ADA2b-YFP driven by its native promoter. Five-day-old seedlings were trans-
ferred to medium with or without 100-ug mL™' MMS for 24 h. YFP signals were recorded using confocal microscopy. Bars, 50 um. F and G, Effect
of GFP-ADA2b overexpression on root cell death induced by DNA damage in the CDC5 mutant. Five-day-old seedlings were transferred to me-
dium with 100-ug mL™' MMS for 24 h, and then the meristem regions were stained with PI for confocal microscopy. Cell walls and dead cells

(continued)
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both idn2-3 and cdc5-1 mutant seedlings (Figure 3D).
Further comet assay data showed that mutation of IDN2 led
to an accumulation of DNA damage in plants, consistent
with mutation of CDC5 (Figure 3, E and F). Following Zeocin
treatment, the survival rates of both IDN2 and CDC5
mutants were lower than that of wild-type seedlings
(Supplemental Figure S9, A and B). The root development
of idn2-3 was normal under the control condition; however,
the cell death level in idn2-3 roots was significantly higher
than that in wild-type roots under treatment with MMS or
Zeocin (Figure 3, G and H; Supplemental Figure S9, C and
D). These data support the notion that IDN2 is involved in
DNA repair, possibly via a pathway associated with CDCS5.

Recruitment of CDC5 at DSBs is dependent on

IDN2

A previous study showed that IDN2 is recruited at DSBs,
mediating the dissociation of RPA to facilitate the correct lo-
calization of RAD51 (Liu et al., 2017). Moreover, our data in-
dicated that CDC5 and ADA2b form foci at DSBs under
DNA damage (Supplemental Figure S4; Lai et al, 2018; Jiang
et al, 2019). Consistent with these conclusions, our data
showed that IDN2 was co-localized with both CDC5 and
ADA2b at DSB foci (Supplemental Figure S10), supporting
the possibility that IDN2 is involved in the regulation of
SMC5/6 complex.

To further clarify the relationship between IDN2 and
CDC5 during DSB repair, YFP-IDN2 was expressed in wild-
type and cdc5-1 protoplasts. Deletion of CDC5 had no ap-
parent influence on the localization of IDN2 at DSBs
(Figure 4, A and B), as confirmed in stable transgenic lines
(Supplemental Figure S11). Conversely, the DSB localization
of YFP-CDC5 under DNA damage was significantly reduced
in idn2-3 mutant cells (Figure 4, C and D). Similarly, YFP-
ADA2b and SMC5-YFP were distributed generally in the nu-
clei of idn2-3 cells under MMS treatment (Supplemental
Figure S12), supporting the notion that recruitment of the
CDC5-ADA2b-SMC5 module is dependent on IDN2. Then,
YFP-CDC5 driven by its native promoter was introduced
into both idn2-3 and cdc5-1 mutants to generate stable
transgenic plants, in order to confirm the subcellular locali-
zation of CDC5. The short root phenotype of cdc5-1 was re-
stored, indicating that the YFP-tagged CDC5 was functional.
The YFP-CDCS5 signal was evenly distributed in the nuclei of
transgenic seedlings of both genotypes under the normal
condition (Figure 4E). Under MMS treatment, YFP-CDC5
formed foci in the nuclei of the CDC5 complementary lines,

Figure 2 (Continued)
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but no foci localization of CDC5 was detectable in the idn2-
3 mutant plants (Figure 4E), consistent with the observa-
tions in protoplasts. Therefore, these data from protoplasts
and transgenic plants indicate that the recruitment of CDC5
at DSBs is dependent on IDN2.

Given that CDC5 interacts with ADA2b and IDN2, it
could be supposed that ADA2b and IDN2 would be in-
cluded in a complex mediated by CDC5. To test this hy-
pothesis, the in vivo interaction between ADA2b and IDN2
was detected via a co-immunoprecipitation assay with and
without CDC5 overexpression. The FLAG-tagged IDN2 was
precipitated with the MYC-tagged ADA2b in plant cells, and
their interaction was enhanced by excess YFP-CDC5 and
MMS treatment, suggesting that CDC5 functions as a linker
in the association of ADA2b and IDN2 (Supplemental Figure
$13). In the absence of IDN2, trace amounts of CDC5 at
DSBs are not sufficient to enable DNA repair; however, the
presence of excess levels of CDC5 protein may improve its
accumulation at DSBs. Therefore, we overexpressed CDC5 in
the idn2-3 mutant to detect the effect of excess amounts of
CDC5 on the DDR in this background. Cell death was unde-
tectable in seedlings with these genotypes under normal
conditions (Supplemental Figure S14). Under the DNA dam-
age condition, areas of dead cells in the roots of idn2-3 seed-
lings were significantly attenuated by overexpression of
CDC5 (Figure 4, F and G). The comet assay results showed
that overexpression of CDC5 significantly suppressed DNA
fragmentation in the idn2-3 mutant (Figure 4, H and I).
Taken together, this evidence supports the notion that
IDN2 and CDC5 work together at DSBs to enable DNA
repair.

The RNA-binding domain of IDN2 is crucial for its
DSB recruitment
IDN2 is an RNA-binding protein involved in the RNA-
directed DNA methylation pathway via its XS domain,
which has been predicted to be a double-stranded RNA-
binding domain in plants (Ausin et al, 2009; Zhang et al,
2012). Mutation of the XS domain of IDN2 reduced the HR
repair rate in plants (Liu et al, 2017), suggesting that this
domain contributes to the function of IDN2 in DNA repair.
Thus, it was important to investigate whether the XS do-
main is essential for the recruitment of the CDC5-ADA2b-
SMC5 module at DSBs.

Therefore, following previous reports, a mutant form of
IDN2 (named IDN2m) with a point mutation followed by a
24-bp deletion in its XS domain (Ausin et al, 2009) was

were stained by PI (red). Representative images of three biologically independent experiments (independent plant growth and treatment) are
shown in (F); bars, 50 um. Images obtained under normal conditions are shown in Supplemental Figure S7. Cell death areas were calculated using
ImageJ, and the quantitative data in (G) are shown as the mean =+ sp from 15 roots. Significant differences are indicated with different letters above
the columns; P < 0.001, one-way ANOVA followed by Tukey’s multiple comparisons test. H and |, Effect of GFP-ADA2b overexpression on the
DNA integrity of the CDC5 mutant. The DNA damage status of 3-week-old plants was detected using a comet assay. Representative images from
three biologically independent experiments (independent plant growth and sample preparation) are shown in (H); bars, 25 um. Quantitative data
(mean +sp) of percentages of DNA in the tail (n = 15) are shown in (l). Significant differences are indicated with different letters above the col-
umns; P < 0.001, one-way ANOVA followed by Tukey’s multiple comparisons test.

€20z JaquianoN 0 uo 3senb Aq 9995299/668€/01 /7E/101HE/||[80]d/Wwod dno"dlWwapede//:sdly woly papeojumoq


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac191#supplementary-data

diRNA-protein module recruits SMC5/6 THE PLANT CELL 2022: 34; 3899-3914 3905

A B
Dilution 10 10 0.1 0.01 o
W Te oo i
Q kDa ¥ WA
T ¢ - [ o] o
jasl
2
=
AD-CDC5 g3
+ BD-IDN2 o 55—
—LW - L/W/H + 3AT - MBP
C D
I WT cdc5-1 idn2-3
?\} ?\"?500‘3 ?\/P Q\}Ooc:, 8 = . — P
¢ kDa &6 T
é l’“l I —l—'DN2 ¢
= 100— | -FLAG '94
— © = T T
i ] | -V E
o |130— -CDC5 L, T
b= i 5 =
¢| . -~ L=
_ oLl , :
Input IP: YFP BRCA1 PARP2 RAD51
F
60—
a
£ 40— I
3 b
& T
< 204
o c
0 * T T
cdc5-1 idn2-3 WT cdc5-1 idn2-3
G H
Control Control Control «— 200 3
a
5 150 d -
(1]
2
100 b
5 < B
& 50
g d d
00— | I E— —
MMS - + - + - +
cde5-1 idn2-3 WT cdc5-1 idn2-3

Figure 3 IDN2 interacts with CDC5 and participates in DNA repair. A, Yeast two-hybrid assay was used to detect the interaction of IDN2 (fused with
BD) and CDC5 (fused with AD). The interaction was determined on SD/-Leu/-Trp/-His medium containing 5-mM 3-AT. B, The interaction between
IDN2 and CDC5 was detected by an in vitro pull-down assay. CDC5 was fused with an MBP tag, while IDN2 was fused with a FLAG tag. IDN2 precipi-
tated with MBP-CDC5 and free MBP (negative control) were detected with an anti-FLAG antibody. C, The association of IDN2 and CDC5 was mea-
sured using co-immunoprecipitation in plant cells. IDN2-FLAG was co-expressed with YFP-CDC5 or free YFP (negative control) in protoplasts. Total
protein was used for immunoprecipitation (IP) with anti-GFP agarose. The input and IP protein signals were detected via anti-GFP and anti-FLAG anti-
bodies. D, Transcript levels of DDR genes in 4-week-old CDC5 and IDN2 mutant plants. The RT-gPCR data are shown as the mean +sp from triplicate
technical replicates. ""P < 0.001, P < 0.01, "P < 0.05, Student’s t test (two-tailed). These results are representative of three independent biological
experiments (independent plant growth and sample preparation) with similar patterns. E and F, Detection of DNA damage status in the leaves of 3-
week-old CDC5 and IDN2 mutant plants. Representative images from three biologically independent experiments (independent plant growth and sam-
ple preparation) are shown in (E); bars, 25 um. Quantitative data (mean + sp) of percentages of DNA in the tail (n = 20) are shown in (F). Significant dif-
ferences are indicated with different letters above the columns; P < 0.001, one-way ANOVA followed by Tukey’s multiple comparisons test. G and H,
DNA damage sensitivity of the CDC5 and IDN2 mutant seedlings. Five-day-old seedlings were transferred to medium with or without 100-ug mL™
MMS. Twenty-four hours after transfer, cell death in root meristems was detected by Pl staining. Representative images from three biologically indepen-
dent experiments (independent plant growth and treatment) are shown in (G); bars, 50 um. Cell death areas were calculated using Image), and the
quantitative data in (H) are presented as the mean = sp from 15 roots. Significant differences are indicated with different letters above the columns;
P < 0.001, one way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 4 Recruitment of CDC5 at DSBs is dependent on IDN2. A and B, Localization of YFP-IDN2 in wild-type (A) and CDC5 mutant (B) cells
with and without 100-ug mL™" MMS. C and D, Localization of YFP-CDC5 in wild-type (C) and IDN2 mutant (D) cells with and without 100-ug
mL™" MMS. In the left-hand graphs of (A-D), representative images of YFP (green), DAPI (blue), and merged signals are shown (bars, 2.5 um). In
the right-hand graphs of (A-D), the percentages of cells with (purple) and without (blue) YFP foci are shown as the mean +sp from three inde-
pendent experiments (independent plant materials and transformation; at least 100 cells were detected in each sample). E, Localization of YFP-
CDCs5 in intact roots of CDC5 and IDN2 mutants transgenically expressing YFP-CDC5. After incubation in medium with or without 100-ug mL™
MMS for 24 h, YFP signals were recorded in 7-day-old seedlings. Representative images are shown in (E); bars, 50 um. F and G, Effect of YFP-CDC5
overexpression on DNA damage sensitivity of IDN2 mutant roots. After treatment with 100-ug mL™" MMS for 24 h, the root meristems of 7-day-
old seedlings were stained with P, and cell death levels were detected using confocal microscopy. Representative images from three biologically
independent experiments (independent plant growth and treatment) are shown in (F); bars, 50 um. Control images are included in Supplemental
Figure S14. Cell death areas were calculated using Image), and quantitative data in (G) are presented as the mean +sp from 15 roots. Significant
differences are indicated with different letters above the columns; P < 0.001, one-way ANOVA followed by Tukey’s multiple comparisons test. H
and |, DNA integrity of 3-week-old plants was detected by comet assay. Representative images from three biologically independent experiments
(independent plant growth and sample preparation) are included in (H); bars, 25 um. Quantitative data (mean = sp) of percentages of DNA in the
tail (n = 15) are shown in (1). Significant differences are indicated with different letters above the columns; P < 0.001, one-way ANOVA followed
by Tukey’s multiple comparisons test.
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fused with YFP for further analyses. Subcellular localization
results showed that mutation of the XS domain dramatically
attenuated the DSB recruitment of IDN2 in the idn2-3 mu-
tant background (Figure 5, A and B). This conclusion was
confirmed by a localization analysis in stable complementary
lines with the YFP-tagged IDN2 or IDN2m (Figure 5C), indi-
cating that the localization of IDN2 at DSBs relied on its
dsRNA-binding ability. Co-expression data further indicated
that IDN2m failed to recruit CDC5, ADA2b, and SMC5 to
DSBs in the idn2-3 protoplasts (Figure 5, D, E, and F), sug-
gesting that the XS domain of IDN2 is required for the guid-
ance of the SMC5/6 complex to DSBs.

To further confirm the function of the XS domain of
IDN2 in the repair of DSBs, complementary plants
(Supplemental Figure S15) were subjected to DNA damage
treatment. Cell death analysis in root meristem showed that
the hypersensitivity of idn2-3 to MMS was completely inhib-
ited by the wild-type IDN2 but was only slightly suppressed
by IDN2m (Figure 5, G and H), providing evidence that the
binding of dsRNA is critical for the role of IDN2 during DSB
repair.

AGO?2 is essential for recruiting the IDN2-CDC5-
ADA2b-SMC5/6 module at DSBs

Previous data showed that recruitment of the AGO2/diRNA
complex at DSBs provides dsRNA structures for the binding
of IDN2 (Liu et al, 2017). Our results indicated that dsRNA
binding of IDN2 is essential for recruitment of components
of SMC5/6, and previous work has shown that AGO2 binds
to diRNAs and is recruited to DSBs via base pairing with na-
scent transcripts generated from DSBs (Wei et al, 2012; Gao
et al, 2014). Therefore, if the DSB recruitment of SMC5/6 is
dependent on diRNA, the localization of components in-
cluding IDN2, CDC5, ADA2b, and SMC5 would be expected
to change in the AGO2 mutant.

To test this hypothesis, YFP-IDN2, YFP-CDC5, YFP-ADA2b,
and SMC5-YFP were, respectively, expressed in wild-type or
ago2-1 mutant protoplasts with and without MMS treat-
ment. Confocal microscopy results demonstrated that the
DSB localization of these components was abolished in the
absence of AGO2 (Figure 6, A and B). The DSB recruitment
of SMC5-associated components was not altered in ago3-2,
a mutant of AGO3 that is not related to the diRNA pathway
and was used here as a control (Supplemental Figure S16).
These data provide evidence for the specific role of the
AGO2-diRNA complex in the guidance of the IDN2-
CDC5-ADA2b-SMC5/6 module to DSBs.

To characterize the role of AGO2 in DNA repair, we
detected the sensitivity of ago2-1 seedlings to DNA-
damaging agents. The ago2-1 mutants were more sensitive
to Zeocin than the wild-type seedlings (Supplemental Figure
S17, A and B). Moreover, cell death analysis in root meris-
tems suggested that the 5-day-old ago2-1 seedlings were
more sensitive to both MMS and Zeocin than the wild-type
seedlings (Figure 6, C and D; Supplemental Figure S17, C
and D). A comet assay using 3-week-old plants indicated
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that DNA damage accumulated in the dgo2-1 mutants
(Figure 6, E and F). These data suggest that AGO2 plays an
important part in plant DNA repair, consistent with our
conclusion that the AGO2-mediated diRNA pathway is es-
sential for formation of protein scaffolds for the recruitment
of SMC5/6 at DSBs.

Discussion

Accurate recruitment of repair factors at DNA lesions is nec-
essary for the efficiency of DNA repair (Lisby and Rothstein,
2005). The SMC5/6 complex, which maintains chromosome
structures in DSB regions, is conserved in eukaryotes (Kegel
and Sjogren, 2010; Aragon, 2018). However, the mechanism
by which SMC5/6 is precisely targeted to DSBs has remained
unclear. Although SLF1/2 in humans and RTT107 in yeasts
have been reported to be involved in mediating the DSB lo-
calization of SMC5/6 (Leung et al, 2011; Réschle et al,
2015), the original factor that determines the specificity and
accuracy of SMC5/6 recruitment is unknown in all species.
Based on our previous finding that the transcription co-
activator ADA2b is essential for the DSB localization of
SMC5/6 in plant cells (Lai et al, 2018), here, we further iden-
tified a role for the diRNA-associated IDN2-CDC5-ADA2b
protein scaffold in recruitment of SMC5, demonstrating that
this protein scaffold is the original determining factor for re-
cruitment of this conserved complex.

Non-coding RNA accumulates at DNA repair foci (Fijen
and Rothenberg, 2021), but its function in direct recruit-
ment of the SMC5/6 complex has not previously been
reported. DIRNA is generated from DNA regions close to
DSBs (Rzeszutek and Betlej, 2020); after binding to AGO2,
the diRNA-AGO2 complex targets DSBs, depending on the
base pairing between diRNAs and nascent transcripts
around the DSB regions (Wei et al, 2012; Gao et al, 2014),
to form dsRNA structures for IDN2 recognition (Liu et al,
2017). Our data showed that the dsRNA binding domain is
essential for its localization at DSBs and the subsequent
CDC5-ADA2b-SMC5 recruitment, supporting the notion
that diRNA is necessary for DSB localization of the SMC5/6
complex. This conclusion is further confirmed by our evi-
dence that the DSB localization of all these components, in-
cluding IDN2, CDC5, ADA2b, and SMC5, is impaired in
AGO2 mutant cells. Thus, the diRNA-AGO2 complex pre-
cisely recognizes DSBs (Wei et al., 2012), improving the tar-
geting accuracy and specificity of the localization of
downstream protein scaffolds for SMC5/6. As diRNA
sequences are dependent on the DNA information around
DSBs (Yang and Qi, 2015), diRNA originally determines the
DSB recruitment of the SMC5/6 complex.

We propose the following model. When DNA damage
occurs, diRNAs are generated from the chromatin regions
around DSBs. After specifically binding to AGO2, the
diRNA-AGO2 complex targets DSBs, together with nascent
transcripts, to form dsRNA structures; then, IDN2 binds to
dsRNA for its localization at damaged foci. IDN2 interacts
with CDC5 and mediates the DSB localization of CDCS5,
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Figure 5 The RNA-binding domain of IDN2 is crucial for its DSB recruitment. A and B, Localization of YFP-IDN2 (A) and YFP-IDN2m (B; mutation in
the XS domain for dsRNA binding) in the nuclei of idn2-3 mutants with and without 100-ug mL™" MMS. In the left-hand graphs of (A, B), representa-
tive images of YFP (green), DAPI (blue), and merged signals are shown (bars, 2.5 um). In the right-hand graphs of (A and B), percentages of cells with
(purple) and without (blue) YFP foci are shown as the mean +so from three independent experiments (independent plant materials and transforma-
tion; at least 100 cells were detected in each sample). C, Localization of YFP-IDN2 and YFP-IDN2m in complementary transgenic plants. The 5-day-old
complementary lines were transferred to medium with or without 100-ug mL™" MMS for 24 h. YFP signals in root cells were recorded via confocal mi-
croscopy. Bars, 50 um. D—F, Co-localization of IDN2m with CDC5 (D), ADA2b (E), and SMC5 (F) in idn2-3 mutant protoplasts. CFP-IDN2m was co-
expressed with YFP-CDC5, YFP-ADA2b, and SMC5-YFP in idn2-3 protoplasts treated with or not with 100-ug mL™" MMS for 24 h. Representative
images of CFP (green), YFP (blue), and merged signals from three independent experiments (independent plant materials and transformation) are
shown. Bars, 2.5 um. G and H, DNA damage sensitivity of roots of IDN2 and IDN2m complementary seedlings. Five-day-old seedlings were treated in
medium containing 100-ug mL™" MMS for 24 h before Pl staining for cell death analysis. Representative images from three biologically independent
experiments (independent plant growth and treatment) are shown in (G); bars, 50 zm. Control images are included in Supplemental Figure S15. Cell
death areas were calculated using Image), and the quantitative data in (H) are the mean +sp from 15 roots. Significant differences are indicated with
different letters above the columns; P < 0.01, one-way ANOVA followed by Tukey’s multiple comparisons test.

while CDC5 associates with ADA2b and determines the DSB~ 2018), we can conclude that the IDN2-CDC5-ADA2b pro-
recruitment of ADA2b. Given that our previous study  tein module mediates the DSB recruitment of the SMC5/6
showed that ADA2b directly interacts with SMC5 (Lai et al, ~ complex for DNA repair (Figure 6G). Because these scaffold
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Figure 6 AGO?2 is essential for recruiting the IDN2-CDC5-ADA2b-SMC5/6 module at DSBs. A and B, Localization of YFP-IDN2, YFP-CDC5, YFP-
ADA2b, and SMC5-YFP in wild-type (A) and ago2-1 mutant (B) protoplasts. Constructs were transformed into the protoplasts, followed by incu-
bation in medium with or without 100-g mL™' MMS overnight. Representative images are shown in the top graphs; bars, 2.5 um. Percentages of
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proteins belong to distinct large complexes (for instance,
CDGC5 in MAC and ADA2b in SAGA), it would be interest-
ing to study whether other components in these complexes
also contribute to SMC5/6 recruitment. Under normal con-
ditions, because no diRNA is generated, all these compo-
nents are distributed evenly in the nucleus. Our previous
study showed that the SWI/SNF subunit SWI3B enhances
dissociation of SMC5 from the chromosome regions where
it is originally localized, enabling it to move to DSBs (Jiang
et al, 2019). Thus, it will be interesting for further investiga-
tions to consider whether all these chromosome-associated
scaffold factors need to be detached from their original loca-
tions for further DSB targeting,

Additional functions of proteins involved in DNA repair
have been reported (Koliadenko and Wilanowski, 2020), sug-
gesting that these factors have multiple roles in DNA repair
or other cellular processes. The scaffold proteins identified in
SMC5/6 recruitment in this study may have additional func-
tions in DNA repair. For instance, IDN2, which is required
for de novo DNA methylation (Ausin et al, 2009), enhances
the dissociation of RPA from chromosomes and facilitates
the recruitment of RAD51, which also interacts with SMC5/
6 for DNA repair (Liu et al, 2017; Chen et al, 2021); CDC5
is a subunit of MAC (Zhang et al,, 2013), which plays a part
in regulating the cell cycle in the response to DNA damage
(Wang et al, 2021); and ADA2b is a partner of the histone
acetyltransferase GCN5 (Vlachonasios et al., 2003), which is
involved in histone modification around DNA damage sites
(Lee et al, 2010). However, the functional connections
among these processes are unclear. Therefore, our identifica-
tion of the IDN2-CDC5-ADA2b scaffold not only contrib-
utes to our understanding of the mechanism of SMC5/6
recruitment but also provides insights for further investiga-
tion of the associations among these molecular processes
during DNA damage. Furthermore, this large complex may
also contribute to distinct cellular processes under normal
conditions and IP-mass spectra may be used to identify
novel components in this complex.

Although the mechanism presented here was obtained us-
ing evidence from plant cells, it is worth noting that most
of the components identified in this study, including AGO?2,
CDC5, ADA2b, and SMC5, are conserved proteins in

Figure 6 (Continued)
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eukaryotes. Given that IDN2 is a specific protein to plant
cells (Ausin et al, 2012), it may be replaced by another com-
ponent that connects dsRNA and CDC5 in mammalian cells.
Therefore, in future studies, it will be important to test our
mechanism with respect to whether the association be-
tween small RNAs and SMC5/6 is universal among eukar-
yotes; if this connection also exists in mammalian cells, our
work may provide new clues for cancer therapy. Overall, our
study identified the original determinant and protein scaf-
folds for recruitment of the SMC5/6 complex in plant cells,
improving our understanding of the precise regulatory
mechanism of DNA repair in eukaryotes.

Materials and methods

Plant materials and growth conditions

All seeds used in this work were in the Columbia (Col-0)
background. The ada2b-3 (SALK_019407) (Kornet and
Scheres, 2009), cdc5-1 (SAIL_207_F03) (Zhang et al, 2013),
idn2-3  (SALK_152144) (Xie et al, 2012), ago2-1
(SALK_003380), and ago3-2 (SALK_005335) (Zhang et al,
2016) seeds were as previously described.

Before being sown on 1/2 Murashige and Skoog (MS) me-
dium with 15% (w/v) sucrose and 1% (w/v) agar, the
Arabidopsis seeds were surface-sterilized (with 75% [v/v]
ethanol for 90s, then 2.5% [v/v] NaClO solution for 8 min,
followed by rinsing 5 times with sterilized water) and strati-
fied at 4°C in the dark for 2days. The sown seeds were
transferred to a greenhouse at 21°C with a light/dark cycle
of 16h/8h. Light was supplied by white fluorescent tubes
(Philips) with an intensity of 80 uE s™' m™> For MMS or
Zeocin treatment, 5-day-old seedlings were transferred to 1/
2 MS medium with MMS (Sigma, St Louis, MO, USA,
129925) or Zeocin (Introvigen, Waltham, MA, USA, R25001)
for the indicated period before being photographed.

Generation of transgenic plants

Transgenic plants were generated via the floral dip method
using Agrobacterium tumefaciens strain GV3101 (Clough and
Bent, 1998). As the homozygous ada2b-3 and cdc5-1 plants
are sterile, the constructs were transformed into heterozy-
gous plants of these mutants. Based on genotyping and ex-
pression measurement, homozygous transgenic offspring

cells with (purple) and without (blue) YFP foci are presented in the bottom graphs as the mean £sp from three biologically independent experi-
ments (independent plant materials and transformation; at least 100 cells were detected in each sample). C, MMS sensitivity of ago2-1 mutant
plants. Five-day-old seedlings were transferred into medium supplemented with or not with 100-ug mL™" MMS for 24 h. Roots were stained with
Pl, and cell death levels were recorded via confocal microscopy. Representative images from three biologically independent experiments (indepen-
dent plant growth and treatment) are shown; bars, 50 um. D, Quantitative data for cell death areas from (C). Cell death areas were calculated us-
ing ImageJ, and the data are presented as the mean+spb from 15 roots. Significant differences are indicated with different letters above the
columns. P < 0.001, one-way ANOVA followed by Tukey’s multiple comparisons test. E, Quantitative data of percentages of DNA in the tail from
(F). Data are presented as the mean=£sp (n = 15). P < 0.001, Student’s t test (two-tailed). F, Detection of DNA integrity in 3-week-old ago2-1
leaves via comet assay. Representative images from three biologically independent experiments (independent plant growth and sample prepara-
tion) are shown; bars, 25 um. G, A proposed model for diRNA-dependent recruitment of the SMC5/6 complex during plant DNA damage. The
diRNA (a red dashed line) bound to AGO2 targets DSBs together with a nascent transcript (a black dashed line) to form a dsRNA structure for
the binding of IDN2. CDCS5 functions as a linker between IDN2 and ADA2b, and, finally, ADA2b mediates the recruitment of the SMC5/6 complex
at DSBs for DNA repair in plant cells.
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plants with a homozygous T-DNA mutant background were
used for functional analyses.

For observation of ADA2b in stable transgenic plants, the
genomic sequence of ADA2b (without the stop codon) with
its native promoter was cloned into the pCAMBIA1300-221-
YFP vector for native expression of ADA2b-YFP. To obtain
the ADA2b overexpression lines, the genomic sequence of
ADA2b was amplified and cloned into the pMDC45-GFP vec-
tor to express GFP-ADA2b under the control of a 35S pro-
moter. The recombinant plasmid was then transformed into
ada2b-3 and cdc5-1 heterozygous T-DNA lines.

To obtain lines overexpressing CDC5 and IDN2/IDN2m,
the full-length coding regions of CDC5 and IDN2/IDN2m
were amplified and cloned into the pCAMBIA1300-
Pro35S:YFP vector. For native expression of CDC5 and IDN2
in stable transgenic plants, their promoter regions were
cloned into pCAMBIA1300-221-YFP; then, the coding regions
of the two genes were cloned into the generated plasmids
under the control of their own promoters. The constructs
were transformed into the cdc5-1 heterozygous or idn2-3 ho-
mozygous T-DNA mutant plants.

Yeast two-hybrid assay

The coding sequence (CDS) of CDC5 was cloned into the
pGADT?7 vector and the CDS of ADA2b or IDN2 were cloned
into the pGBKT7 vector, respectively. Yeast two-hybrid
experiments were carried out according to the manufac-
turer’s (Clontech) instructions. Interactions were detected
on SD/-Leu/-Trp/—His minimal medium supplied with 3-
amino-1,2,4-triazole (3-AT). The primers used in this study
are given in Supplemental Data Set 1.

Pull-down assay

For detection of the interactions of CDC5-ADA2b and
CDC5-IDN2 in vitro, the CDS of CDC5 was cloned into
pMAL-c2X fused with a MBP tag, and the CDS of ADA2b or
IDN2 was cloned into pCDFDuet-1 with a FLAG tag. These
constructs were transformed into the Escherichia coli BL21
strain. Colonies were amplified and incubated with 0.5-mM
IPTG overnight for protein expression. The bacteria were
then collected and total protein was extracted with binding
buffer (50-mM Tris—HCl pH 7.4, 120-mM NaCl, 5% [v/v]
glycerol, 0.5% [v/v] Nonidet P-40, 1TmM PMSF, and 1-mM
-mercaptoethanol). The MBP-CDC5 and empty MBP (neg-
ative control) extracts were incubated with amylose resin
(Sangon Biotech, Shanghai, China, C500096) for 60 min at
room temperature. The resins were then collected for incu-
bation with the ADA2b-FLAG or IDN2-FLAG extract for
60min at room temperature. After being rinsed 5 times
with washing buffer (50-mM Tris—HCl pH 7.4, 120-mM
NaCl, 5% [v/v] glycerol, and 0.5% [v/v] Nonidet P-40), all the
samples were mixed with protein sample buffer, boiled for
3min and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS/PAGE). Then, the protein
samples were transferred to polyvinylidene fluoride mem-
branes via a BIO-RAD Trans-BlotTurbo system and immuno-
blotted using anti-FLAG antibody (TransGen, HT201-01, at a
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1:10,000 dilution) and anti-mouse IgG (CST, #7076, at a
1:10,000 dilution).

Co-immunoprecipitation

Co-immunoprecipitation was performed to detect the inter-
actions of CDC5-ADA2b and CDC5-IDN2 in vivo. ADA2b
or CDC5 was cloned into a pBluescript-based Pro35S:YFP vec-
tor for expression of YFP-ADA2b or YFP-CDC5. CDC5 or
IDN2 was fused with a FLAG tag and cloned into a
pBluescript-based vector under the control of a 35S pro-
moter. In protoplasts, Pro35S:YFP-ADA2b or Pro35S:YFP
(negative control) was co-transformed with Pro35S:CDC5-
FLAG; or Pro35S:YFP-CDC5 or Pro35S:YFP (negative control)
was co-transformed with Pro35S:IDN2-FLAG. After transfor-
mation, the protoplasts were incubated for 48 h before har-
vest. The collected cells were then incubated with extraction
buffer (10-mM Tris—HCl pH 7.4, 100-mM NaCl, 10% [v/v]
glycerol, 0.5% [v/v] Nonidet P-40) with protease inhibitor
cocktail (Roche, Basel, Switzerland). Then, the extracts were
centrifuged at 13,000g at 4°C for 15min, and the superna-
tants were incubated with GFP-Trap resin (AlpalLife,
KTSM1301) at 4°C for 3 h. The GFP-Trap resin was collected
and rinsed with washing buffer (10-mM Tris—HCI pH 74,
100-mM NaCl, 10% [v/v] glycerol) 3 times. All samples were
mixed with protein sample buffer and boiled for 3 min be-
fore analysis via SDS/PAGE and immunoblotting with anti-
FLAG antibody (TransGen, HT201-01, at a 1:10,000 dilution)
or anti-GFP (TransGen, HT801-01, at a 1:10,000 dilution),
and anti-mouse IgG (CST, #7076, at a 1:10,000 dilution).

To detect the interaction between ADA2b and IDN2
in vivo, ADA2b was fused with 5 x MYC and cloned into
the pBluescript-based vector under the control of a 35S pro-
moter. Pro35S:MYC-ADA2b was co-transformed with
Pro35S:IDN2-FLAG with or without Pro35S:YFP-CDC5 in pro-
toplasts (Pro355:MYC vector was used in the negative con-
trol). Co-immunoprecipitation was conducted as described
above using anti-MYC Nanobody Agarose Beads (Alpalife,
KTSM1306). The samples were analyzed via SDS/PAGE and
immunoblotted with anti-FLAG antibody (TransGen,
HT201-01, at a 1:10,000 dilution), anti-GFP antibody
(TransGen, HT801-01, at a 1:10,000 dilution), and anti-MYC
antibody (TransGen, HT101-01, at a 1:10,000 dilution).

Gene expression analysis

RNA was extracted from the rosette leaves of plants with
different genotypes using a HiPure Plant RNA Mini Kit
(Magen, R4151-02) following the manufacturer’s instructions.
HiScript 1ll 1°° Strand cDNA Synthesis Kit with Oligo(dT)
(Vazyme, Nanjing, China, R312-01/02) was used for reverse
transcription. RT-qPCR was performed using a Bio-Rad CFX
96 system (C1000 Thermal Cycler) and the expression levels
were analyzed using the 27224 method by Bio-Rad CFX
Manager software version 2.1.

Comet assay
Comet assays were performed using protoplasts from 3-
week-old plants, according to the instructions of the Comet
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Assay Kit (Trevigen, Gaithersburg, MD, USA, 4250-050-K).
Slides were stained with SYBR Gold (Life Technologies,
Carlsbad, CA, USA) and observed under a confocal micro-
scope (Zeiss LSM 710 or 800 confocal microscope) with ex-
citation and emission wavelengths of 488 and 505-530 nm,
respectively. The degree of DNA damage was analyzed with
CASP Comet Assay Software.

Fluorescence microscopy
To determine the localization of the target proteins in pro-
toplasts, the CDS of CDC5 and IDN2 were cloned into
Pro35S:CFP/YFP based on a pBluescript vector. The plasmids
YFP-ADA2b and SMC5-YFP were as described in our previ-
ous report (Lai et al, 2018). The constructs were trans-
formed into the indicated protoplasts and incubated with
or without MMS (Sigma, 129925) in W5 solution (Yoo et al,
2007). DAPI (Sigma, D9542) was used for nuclear staining.
For the observation of roots, 5-day-old transgenic seed-
lings were transferred into 1/2 MS medium with or without
MMS/Zeocin as described in the figure legends; 10-ug mL™"
PI (Sangon Biotech, A601112) was used for cell wall staining
in roots before observation. Signals were detected with a
Zeiss LSM 800 confocal microscope.

Statistical analysis

Student’s t test (two-tailed) was used to evaluate significant
differences between wild-type and the indicated mutants.
One-way ANALYSIS OF VARIANCE (ANOVA) followed by
Tukey's multiple comparisons test was used to compare the
differences between each genotype, and significant differen-
ces are indicated with different letters above the columns.
Statistical analyses were performed using Prism 8 software.
The t test and ANOVA results are shown in Supplemental
Data Set 2.

Accession numbers

The sequences used in this work were obtained from the
Arabidopsis Genome Initiative (https://www.arabidopsis.org/)
with the following accession numbers: ADA2b (AT4G16420),
SMC5 (AT5G15920), CDC5 (AT1G09770), IDN2 (AT3G48670),

AGO2 (AT1G31280), BRCA1 (AT4G21070), RADS1
(AT5G20850), PARP2  (AT4G02390), and  ACTIN2
(AT3G18780).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. The domains involved in the in-
teraction between CDC5 and ADA2b.

Supplemental Figure S2. Detection of DNA damage in
the ADA2b or CDC5 complementary plants.

Supplemental Figure S3. The sensitivity of the ADA2b
and CDC5 mutants to Zeocin.

Supplemental Figure S4. Co-localization of CDC5 with
ADA2b and SMCS5 in protoplasts.

Supplemental Figure S5. Localization of SMC5 in the
wild-type and cdc5-1 mutant protoplasts.

Jiang et al.

Supplemental Figure S6. Localization of YFP-CDCS in in-
tact roots of the CDC5 or ADA2b mutant transgenically
expressing YFP-CDC5.

Supplemental Figure S7. Detection of the effect of
ADA2b overexpression on cell death in root meristems of
cdc5-1 without MMS treatment.

Supplemental Figure S8. The domains involved in the in-
teraction between CDC5 and IDN2.

Supplemental Figure S9. The sensitivity of the cdc5-1
and idn2-3 mutants to Zeocin.

Supplemental Figure S10. Co-localization of IDN2 with
CDC5 and ADA2b in protoplasts.

Supplemental Figure S11. Localization of YFP-IDN2 in
idn2-3 or cdc5-1 mutant seedlings transgenically expressing
YFP-IDN2.

Supplemental Figure S12. Localization of ADA2b and
SMCS5 in the wild-type and idn2-3 mutant protoplasts.

Supplemental Figure S13. Detection of in vivo interac-
tion between ADA2b and IDN2 with or without CDC5
overexpression.

Supplemental Figure S14. Detection of the effect of
CDC5 overexpression on cell death in root meristems of
idn2-3 without MMS treatment.

Supplemental Figure $15. Detection of cell death in root
meristems of the IDN2 and IDN2m complementary plants
without MMS treatment.

Supplemental Figure S16. Localization of IDN2 and
SMGS5 in the wild-type and ago3-2 mutant protoplasts.

Supplemental Figure S17. The sensitivity of the ago2-1
mutant to Zeocin.

Supplemental Data Set 1. Primers used in this study.

Supplemental Data Set 2. The t test and ANOVA results
in this study.
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