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DNA damage decreases genome stability and alters genetic informa-
tion in all organisms. Conserved protein complexes have been evolved
for DNA repair in eukaryotes, such as the structural maintenance
complex 5/6 (SMC5/6), a chromosomal ATPase involved in DNA
double-strand break (DSB) repair. Several factors have been identified
for recruitment of SMC5/6 to DSBs, but this complex is also associated
with chromosomes under normal conditions; how SMC5/6 dissociates
from its original location and moves to DSB sites is completely
unknown. In this study, we determined that SWI3B, a subunit of
the SWI/SNF complex, is an SMC5-interacting protein in Arabidopsis
thialiana. Knockdown of SWI3B or SMC5 results in increased DNA
damage accumulation. During DNA damage, SWI3B expression is
induced, but the SWI3B protein is not localized at DSBs. Notably,
either knockdown or overexpression of SWI3B disrupts the DSB re-
cruitment of SMC5 in response to DNA damage. Overexpression of a
cotranscriptional activator ADA2b rescues the DSB localization of
SMC5 dramatically in the SWI3B-overexpressing cells but only weakly
in the SWI3B knockdown cells. Biochemical data confirmed that
ADA2b attenuates the interaction between SWI3B and SMC5 and that
SWI3B promotes the dissociation of SMC5 from chromosomes. In ad-
dition, overexpression of SMC5 reduces DNA damage accumulation in
the SWI3B knockdown plants. Collectively, these results indicate that
the presence of an appropriate level of SWI3B enhances dissociation
of SMC5 from chromosomes for its further recruitment at DSBs during
DNA damage in plant cells.
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ccurate maintenance of genetic information is essential for

the survival of an organism, but DNA damage due to either
endogenous processes or exogenous sources reduces genome
stability in all cell types (1). Double-strand breaks (DSBs) are a
critical form of DNA damage that usually results in defects in
replication and transcription (2). Accordingly, several strategies
have evolved for response to DSBs, including cell cycle control,
apoptosis, and DNA repair (3). Defects of DSB repair disrupt
development and underlie many diseases, including cancer (4).
Given that the critical components of DSB repair are conserved
in eukaryotic cells, studies in model organisms may shed light on
the common mechanisms of this process among species.

DSBs are repaired via mechanisms including nonhomologous
end joining (NHEJ) and homologous recombination (HR) (5).
Unlike NHEJ, which links two ends of broken DNA by direct
ligation, HR corrects DSB defects in an error-free manner using
the intact homologous region as a template (6). When DNA
damage occurs, histone H2AX proteins around the DSB regions are
phosphorylated by ATAXIA-TELANGIECTASIA MUTATED
(ATM) or ATM/RAD3-RELATED (ATR), and other factors es-
sential in HR repair are also loaded onto DSBs to enable se-
quential events that include resection, invasion, and resolution
(7). During this process, efficient and precise repair relies on
the organization and architecture of the chromosomes, with
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help from the structural maintenance of chromosomes (SMC)
proteins (8).

In eukaryotic cells, there are at least six SMC members
(SMCI1-6) that form three heterodimeric complexes: the cohesin
complex (SMC1/3), the condensin complex (SMC2/4), and the
SMC5/6 complex (9). All three complexes participate in DNA
repair. However, whereas the cohesin and condensin complexes
also contribute to the maintenance of chromosome structure in
other processes (10), the SMC5/6 complex is required primarily for
DNA repair (11). Like the cohesin and condensin complexes, the
SMC5/6 complex consists of two SMC members and several non-
SMC elements (12). The conserved function of the SMC5/6 complex
in HR repair during DNA damage has been observed in different
species. For instance, depletion of SMC5/6 components results in
sensitivity to ionizing radiation and genotoxic reagents in yeast and
animal cells (13, 14). Similarly, in Arabidopsis, impaired expression of
SMC5/6 complex subunits, including SMC5, SMC6, AtMMS21
(NSE2), NSE1, NSE4, and SNII, increases the accumulation of
DNA damage and has serious effects on development (15-18).

Through yeast two-hybrid screening, we identified SWI3B, a
subunit of the SWI/SNF complex involved in chromatin remodeling
(19), as an SMCS5 interaction partner. The SWI/SNF complex
contributes to regulating chromatin accessibility by changing the
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positions of nucleosomes on DNA (20). The conserved core of this
complex contains a SWI2/SNF2 ATPase, SWP73, SNFS5, and a pair
of SWI3 subunits (21). In Arabidopsis, there are four SWI3 proteins,
which form different dimers and cause functional variation of dis-
tinct SWI/SNF complexes (22). However, the functional association
of these SWI/SNF subunits with DNA repair has not yet been elu-
cidated in plant cells. SWI3B can form homodimers or heterodimers
with other SWI3 proteins (23) and is reported to interact with
several proteins involved in different pathways, for instance HAB1
for regulation of ABA signaling and IDN2 for transcriptional
silencing (24-26).

The recruitment of the SMC5/6 complex to DSBs is mediated
by the BRCT-domain-containing protein RTT107 in yeast cells
and by SLF1/2 factors in vertebrate cells (27, 28). We previously
found that a conserved transcriptional activator, ADA2b, is es-
sential for recruitment of SMC5 to DSBs in plant cells (29).
However, given that the SMC5/6 complex is associated with
chromosomes under normal conditions (30), an unanswered
question is how this complex moves from regular chromosomal
regions to DSBs. In this study, we uncovered a functional asso-
ciation of SWI3B and SMCS5, and established a model whereby
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Fig. 1.

the movement of SMCS5 in response to DNA damage is mediated
by SWI3B.

Results

SWI3B Interacts with SMC5 In Vitro and In Vivo. Because the con-
served SMC5/6 complex is critical for the maintenance of genome
stability in plant cells (15, 16, 31), we performed yeast two-hybrid
screening to investigate the interactions between SMCS and a
couple of chromatin-associated components. Our previous study
illustrated that ADA2b interacts with SMCS to recruit the SMC5/6
complex to DSB sites (29). Through a similar assay, we identified
SWI3B, a subunit of the SWI/SNF chromatin-remodeling com-
plex, as an SMCS interaction partner (Fig. 14). We confirmed the
physical interaction between SMC5 and SWI3B through an in
vitro pull-down assay in which we found that the FLAG-tagged
SWI3B protein precipitated with GST-SMCS5 but not with a GST-
only control (Fig. 1B). A further yeast two-hybrid analysis identi-
fied the interaction domains, showing that the C-terminal domain
of SMCS5 specifically interacted with the N-terminal region of
SWI3B (Fig. 1 C and D). When we coexpressed CFP-SWI3B and
SMCS-YFP (yellow fluorescent protein) in protoplasts, these two
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SWI3B interacts with SMC5 in vitro and in vivo. (A) The interaction between SMC5 (fused with the DNA-binding domain, BD) and SWI3B (fused with

the activation domain, AD) was detected via yeast two-hybrid assay. (B) The interaction between SMC5 and SWI3B was measured in an in vitro pull-down
assay. SMC5 was fused with GST and SWI3B was fused with FLAG, and the precipitated SWI3B-FLAG associated with the immobilized GST-SMC5 was detected.
The protein levels of GST (control) and GST-SMC5 were visualized via Coomassie blue staining. (C and D) The domains involved in the SMC5-SWI3B interaction
were identified in yeast two-hybrid assays. Detection of the interaction of SWI3B with the N terminus (amino acids 1 to 500 ) or the C terminus (amino acids
501 to 1053) of SMCS5 is shown in (C); detection of the interaction of SMC5 with the N terminus (amino acids 1 to 276) or the C terminus (amino acids 277 to
469) of SWI3B is shown in D. (E) Colocalization of SMC5 and SWI3B in protoplasts. The signals from CFP-SWI3B (in blue), SMC5-YFP (in yellow), bright field (in

gray), and merged images are shown. (Scale bar, 10 pm.) (F) Detection of in vi

vo interaction between SMC5 and SWI3B via immunoprecipitation. SWI3B fused

with a FLAG tag was coexpressed with SMC5-YFP or YFP (control) in protoplasts. Total protein extracts were immunoprecipitated with immobilized anti-GFP
agarose. The precipitated and input signals were detected via immunoblots using a GFP or FLAG antibody. The data in this figure are representative of three

independent experiments.
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proteins colocalized in the nucleus (Fig. 1E), implying a potential
for in vivo interaction. We also measured the in vivo association
between SWI3B and SMCS5 using coimmunoprecipitation by
coexpressing SWI3B-FLAG with either free YFP or SMC5-YFP
in protoplasts for further analysis. SWI3B-FLAG specifically
interacted with SMC5-YFP but not with the YFP control (Fig.
1F). Taken together, these results provided evidence of interaction
between SMC5 and SWI3B both in vitro and in vivo.

Knockdown of SWI3B or SMC5 Enhances DNA Damage Accumulation.
Because our previous study showed that disruption of SMC5
enhances DNA repair defects in Arabidopsis (29), we next in-
vestigated whether SWI3B is also involved in DNA damage re-
sponse. Because knockout of SMC5 or SWI3B results in embryo
lethality (15, 22), we used RNA interference (RNAI) to decrease
the expression levels of the two genes (26, 29) (S Appendix, Fig.
S1). Both the SWI3B-RNAi and SMC5-RNAI plants displayed
similar short-root phenotypes (Fig. 24). Given that impairment
of DNA repair could affect root development, we stained the
roots of 7-d-old seedlings with propidium iodide (PI) and de-
tected the results via microscopy. Compared with the wild-type
plants, plants from the SWI3B and SMC5 knockdown lines had
more dead cells in the root meristem regions (Fig. 2B), implying
that disruption of these genes may result in DNA damage.

SWISB Ri#1  SWI3B Ri #2

SMC5 Ri #1

Furthermore, data from quantitative RT-PCR indicated that the
expression levels of genes associated with the DNA damage re-
sponse, such as BRCAI, PARP2, and RAD5I1, were increased
when either SWI3B or SMC5 was down-regulated (Fig. 2C). The
results of a comet assay confirmed that DNA damage accumu-
lated significantly in both SMC5-RNAi and SWI3B-RNAI plants
(Fig. 2D). Because disruption of DNA repair components may
increase sensitivity to DNA damage, we next treated the seed-
lings with methyl methanesulfonate (MMS), a DNA-damaging
reagent. The survival rates confirmed that the SMC5-RNAi and
SWI3B-RNAI plants were more sensitive to MMS than wild-type
plants (Fig. 2F). These data conclusively supported the possi-
bility that SWI3B and SMCS5 are involved in a similar pathway of
DNA repair.

SWI3B Is Induced but Not Localized at DSBs During DNA Damage.
Upon DNA damage, H2AX is phosphorylated at DSBs for fur-
ther recruitment of DNA repair components (32). We previously
showed that SMC5-YFP colocalizes with phosphorylated H2AX
(gamma-H2AX) foci under treatment with MMS (29). Because
our results indicated that SWI3B interacts with SMC5, we tested
whether SWI3B also localizes at DSBs in response to DNA
damage. We first measured the expression of SWI3B in response
to DNA damage via quantitative RT-PCR. The RNA level of
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Fig. 2. Knockdown of SWI3B or SMC5 enhances DNA damage accumulation. (A) Root development in wild-type (WT), SWI3B-RNAi (SWI3B Ri), and SMC5-
RNAi (SMC5 Ri) seedlings 7 d after germination. The statistical measurement of root length is shown at Right. The data are mean + SD from at least
30 seedlings in three biological independent experiments. (Scale bar, 1 cm.) (B) The meristem regions of 7-d-old roots of the indicated seedlings stained with
Pl. Dead cells are stained in red. (Scale bars, 100 um.) (C) Expression levels of genes associated with DNA damage, including BRCA1, PAPR2, and RAD51, in
3-wk-old rosette leaves, measured via quantitative RT-PCR. ACTIN2 was used as an internal control; the expression levels in the wild-type plants were set to 1.
The data are mean + SEM from triplicate experiments. (D) DNA damage status monitored in a comet assay. The statistical data for DNA in the comet tail at the
right are mean + SD from three independent biological experiments. (Scale bars, 50 pm.) (E) The 5-d-old seedlings were transferred to the medium with or
with 100 pg/mL MMS, and photographs were taken 3 d after transfer. The survival rates are mean + SD from three independent experiments. ***P < 0.001,
Student’s t test.
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SWI3B was dramatically up-regulated under MMS treatment,
and more quickly than that of ADA2B, another SMCS5-
interacting component (Fig. 34). Next, we expressed SWI3B
fused with YFP at either its N or C terminus in plant cells. Under
normal conditions, both the SWI3B-YFP and YFP-SWI3B
proteins were distributed globally in the nucleus. However, dif-
ferent from that of SMCS (Fig. 3B), upon MMS treatment the
localization of these SWI3B proteins did not change and no foci
were observed in most cells (Fig. 3 C and D). Even when we
increased the concentration of MMS to a high level, the locali-
zation pattern of SWI3B was not changed (SI Appendix, Fig. S2),
suggesting that SWI3B does not localize at DSBs. To assess this
conclusion in intact plants, we introduced constructs natively
expressing YFP-tagged SMCS or SWI3B into smc5 and swi3b
T-DNA mutants, respectively. The embryo-lethal phenotypes of
these mutants were completely rescued, indicating that the YFP-
tagged proteins were functional. Both proteins were localized in
the nucleus; in addition, when the plants were treated with
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MMS, SMC5-YFP but not SWI3B-YFP formed foci (SI Ap-
pendix, Fig. S3), consistent with our conclusion from the pro-
toplast experiments. Our data indicate that SWI3B is not
recruited to DSBs during DNA damage.

An Appropriate SWI3B Level Is Important for DSB Localization of SMC5.
Given that SWI3B interacts with SMCS5 in plant cells, but that the
two proteins show different localization in response to MMS
treatment, we performed further experiments to uncover the na-
ture of their functional association in response to DNA damage.
First, we expressed SMCS-YFP in wild-type and SWI3B-RNAi
plants. The SMC5-YFP foci appeared in response to MMS in
the wild-type cells, consistent with our previous result. However,
we did not observe focal localization of SMCS5-YFP under MMS
treatment in most of the cells generated from the SWI3B-RNAi
plants (Fig. 3 E and G), suggesting that SWI3B is important for
correct localization of SMC5 at DSBs. The percentage of cells
with SMC5-YFP foci was slightly higher in the SWI3B knockdown
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Fig. 3. An appropriate SWI3B level is important for the correct DSB localization of SMC5. (A) RNA levels of SWI3B and ADA2b after MMS treatment detected
via quantitative RT-PCR. The 5-d-old seedlings were treated with 100 pg/mL MMS and collected at the indicated time points for RNA extraction. The RNA levels
of SWI3B and ADA2b without MMS treatment were set to 1. The data are mean + SEM from triplicate experiments. (B) Representative localization of SMC5-
YFP in protoplasts with or without 100 pg/mL MMS treatment. (C and D) Representative localization of YFP-SWI3B (C) or SWI3B-YFP (D) in wild-type pro-
toplasts with or without 100 pg/mL MMS treatment. The quantitative data for the focus formation of SMC5-YFP (B), YFP-SWI3B (C), and SWI3B-YFP (D) are
included at the right (B-D). Percentages of protoplasts with (in purple) or without (in blue) YFP foci are mean + SD from three independent experiments. (E
and F) Representative localization of SMC-YFP in cells generated from the SWI3B-RNAi (SWI3B Ri; E) or the SWI3B-overexpressing (SWI3B OE; F) plants with or
without 100 pg/mL MMS treatment. The localization of SMC5-YFP in wild-type (WT) cells is also shown at the right. (G) Histogram data from the wild-type,
SWI3B-RNAI, and SWI3B-overexpressing plants for percentages of protoplasts with (in purple) or without (in blue) SMC5-YFP foci; data are mean + SD from
three independent experiments. (H) Representative localization of SWI3B-YFP in cells from the wild-type and SMC5-RNAI plants with or without 100 pg/mL
MMS treatment. In all of the microscopy images in this figure, the signals from YFP (in yellow), DAPI (in blue, for nucleus staining), and the merged images are
shown. The quantitative data in this figure for the percentages of cells with or without foci are mean + SD from three independent experiments (at least
100 cells were detected in each sample). (Scale bars, 5 um.)
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cells than in wild-type cells, even under normal conditions (Fig. 3G),
possibly as a result of a higher level of DNA damage response. In
addition, because SMCS and SWI3B displayed different localization
under MMS treatment, we explored what happened when both were
overexpressed. Surprisingly, when SMC5-YFP was coexpressed with
CFP-SWI3B, no focus formation was detected for either protein in
most of cells (SI Appendix, Fig. S4), implying that overexpression of
SWI3B interferes with the DSB localization of SMC5. We confirmed
this conclusion in another experiment by measuring the localization
of SMCS5-YFP in the transgenic SWI3B-overexpressing plants (Fig. 3
F and G). Conversely, when we expressed YFP-SWI3B in protoplasts
generated from the wild-type or SMC5-RNAI plants with or without
MMS, we found that the nucleus localization of SWI3B was not af-
fected by disruption of SMCS5 expression (Fig. 3H). Given that the
focal localization of SMC5 was disturbed when SWI3B was either
knocked down or overexpressed, and that both knockdown and
overexpression of SWI3B resulted in increased sensitivity to MMS
(Fig. 2E and SI Appendix, Fig. S5), it seems possible that an appro-
priate level of SWI3B (neither too high nor too low) is critical for the
localization of SMCS during DNA damage.

ADA2b Rescues DSB Localization of SMC5 in SWI3B-Misexpressing
Cells. Our previous study showed that ADA2b is essential for
recruitment of SMCS at DSBs (29); therefore, we analyzed the
effect of ADA2b on the functional association between SWI3B
and SMC5. When we expressed YFP-ADA2b in protoplasts gen-
erated from the SWI3B-RNAI (Fig. 44) or SWI3B-overexpressing
(Fig. 4B) transgenic plants, YFP-ADAZ2b was distributed globally in
the nucleus under the control condition and was predominantly
recruited to DSBs in response to MMS, similar to its localization
pattern in wild-type cells (SI Appendix, Fig. S6). We also verified the
DSB localization of ADAZ2b in these cells by immunohistochemistry
using the antibody against gamma-H2AX, a marker for DSBs (S/
Appendix, Fig. S7). The results confirmed that neither over-
expression nor knockdown of SWI3B has any effect on the DSB
recruitment of ADA2b.

To elucidate the effect of ADA2b on SMCS recruitment in the
SWI3B-misexpressing cells, we cotransformed the SMCS5-YFP
plasmid with increasing amounts of mCherry-ADA2b (the ratio
of plasmid concentration between mCherry-ADA2b and SMCS5-
YFP was 0, 1, 2, 4, or 8) in the SWI3B-overexpressing or
knockdown cells. In the SWI3B-overexpressing protoplasts, when
SMCS5-YFP was expressed alone MMS did not change the lo-
calization pattern of SMC5-YFP, and when ADA2b was coex-
pressed the percentages of cells with SMC5-YFP foci in response
to MMS were dramatically increased (2xXADAZ2b was enough to
rescue the foci formation of SMC5-YFP in the majority of cells)
(Fig. 4 C and D). In the SWI3B-RNAI cells, when SMC5-YFP
was coexpressed with mCherry-ADAZ2b the percentages of cells
with SMC5-YFP foci increased much more weakly as the
ADAZ2b level increased (2xADA2b had no significant effect on
the localization pattern of SMC5-YFP; even 8XADA2b was not
enough to completely restore the DSB localization of SMCS5-
YFP) (Fig. 4 E and F), compared with those in the SWI3B-
overexpressing cells. In the SWI3B-RNAI cells, SMC5 may be
maintained on chromosomes without the assistance of SWI3B;
therefore, an excess of ADA2b is not enough to enhance the
complete dissociation of SMC5 from chromosomes for further
DSB recruitment.

SWI3B Promotes Dissociation between SMC5 and Chromosomes.
Because SWI3B does not localize to DSBs, its interaction with
SMC5 may block the correct recruitment of SMCS5. This possi-
bility is consistent with our data indicating that ADA2b over-
expression dramatically enhances the formation of SMC5-YFP
foci in SWI3B-overexpressing cells (Fig. 4 C and D). Further-
more, when we used a competition assay to measure the effect of
ADA2b on the SMC5-SWI3B interaction, we found that in-
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creasing amounts of ADA2b-FLAG attenuated the affinity be-
tween GST-SWI3B and SMC5-YFP (Fig. 4G), providing
evidence of direct competition between ADA2b and SWI3B for
interaction with SMCS.

However, it is more difficult to understand why knockdown of
SWI3B also disrupts the localization of SMC5 under MMS
treatment. Given that SMCS may be globally associated with
chromosomes under normal conditions (33), if SWI3B is im-
portant for its dissociation from chromosomes for further DSB
recruitment, knockdown of SWI3B might result in maintenance
of SMCS5 in its original chromosomal locations. This may also be
why overexpression of ADA2b only weakly rescues the DSB lo-
calization of SMC5-YFP in the SWI3B-RNAI cells (Fig. 4 E and
F). Therefore, we assessed the association of SMCS5 with chro-
mosomes via a coimmunoprecipitation assay between SMC5 and
the DNA-bound H3, a regular histone subunit generally dis-
tributed on chromosomes. SMCS5 was associated with H3 with
DNA fragments, but this association was reduced in the presence
of abundant SWI3B (Fig. 4H), supporting the idea that SWI3B
interferes with the interaction between SMCS and chromosomes.
The increased level of SWI3B may enhance the dissociation of
SMCS5 from its original chromosomal location, making it avail-
able for further ADA2b-mediated recruitment at DSBs.

Excess SMC5 Reduces DNA Damage Accumulation in the SWI3B-RNAi
Plants. Our data indicated that SMC5 was mislocalized in the
SWI3B-RNAI plants, possibly as a result of their defect in the
dissociation of SMC5 from chromosomes. Therefore, we over-
expressed SMCS5 in the SWI3B-RNAI plants to detect the effect
of excess SMCS5 in these plants and found that the root de-
velopmental defect of the SWI3B-RNAI plants was rescued by
SMCS5 overexpression (Fig. 5 4 and C). The results from a comet
assay also indicated that overexpression of SMCS5 in the SWI3B-
RNAI plants reduced DNA damage accumulation (Fig. 5 B and
C). Moreover, in the early stage of root development, over-
expression of SMC5 suppressed cell death and attenuated MMS
sensitivity in the root meristems of SWI3B-RNAI plants (Fig. 5D).
The survival rate of the SWI3B-RNAi seedlings under MMS
treatment was also partially rescued by overexpression of SMC5 (ST
Appendix, Fig. S8). We also measured the DSB recruitment of
transiently expressed SMC5-YFP in cells generated from these
transgenic plants. Compared with the results from the SWI3B-RNAi
cells, formation of the SMC5-YFP foci was significantly enhanced in
response to MMS in the cells generated from the SWI3B-RNAIJ/
SMC5-overexpressing transgenic plants (Fig. SE). Therefore, when
SMCS5 is overexpressed, the excess SMCS may be free to move
without chromosomal association under normal conditions; when
DNA damage occurs, the free SMCS proteins can then be recruited
at DSBs in a proportion of cells to act in DNA repair, without
chromosomal dissociation mediated by SWI3B.

Discussion

Upon DNA damage, several protein factors, such as RTT107,
SLF1/2, and ADA2b, work as mediators for the SMC5/6 re-
cruitment at DSBs in different species (27-29). In addition, the
subunits of this complex, such as NSE1 and NSE3, also con-
tribute to its chromosomal association (34, 35). Studies of the
regulatory mechanisms of SMC5/6 recruitment have generally
focused on the function of adaptors at DSBs (36). Because this
complex is also globally associated with chromosomes under
normal conditions (37), however, the first step in its relocalization
is likely the dissociation from its original chromosomal location,
but to date no factors had been characterized as being involved
in this process. Here, we identified an SMC5-interacting pro-
tein, SWI3B, in plant cells and demonstrated that this com-
ponent enhances the dissociation of SMCS5 from chromosomes,
making them available for further DSB recruitment in response to
DNA damage.
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Fig. 4. ADA2b rescues the DSB localization of SMC5 in the SWI3B-misexpressing cells. (A and B) Representative localization of YFP-ADA2b in cells generated
from SWI3B-RNAi (SWI3B Ri; A) and SWI3B-overexpressing (SWI3B OE; B) plants with or without 100 pg/mL MMS treatment. The localization of YFP-ADA2b in
the wild-type (WT) cells is also shown at the right. The quantitative data are provided in S/ Appendix, Fig. S6. (C—F) SMC5-YFP was coexpressed with increasing
levels of mCherry-ADA2b in SWI3B-overexpressing or SWI3B-RNAi cells with or without 100 pg/mL MMS treatment (with ratios of plasmid concentrations
between mCherry-ADA2b and SMC5-YFP of 0, 1, 2, 4, or 8). The histogram data for the effect of mCherry-ADA2b (0%, 1x, 2x, 4%, and 8x) on the percentages
of cotransfected cells with (in purple) or without (in blue) SMC5-YFP foci are mean + SD from three independent experiments (at least 100 cells were detected
in each sample). The quantitative data from the SWI3B-overexpressing samples are shown in C; the quantitative data from the SWI3B-RNAi samples are shown
in E. ***P < 0.001; n.s., no significance; Student’s t test. Representative localization of SMC5-YFP and mCherry-ADA2b (2x) in the SWI3B-overexpressing cells is
shown in D; the representative localization of SMC5-YFP and mCherry-ADA2b (8x) in the SWI3B-RNAi cells is shown in F. (Scale bars, 5 pm.) (G) ADA2b
competes with SWI3B for SMC5 binding. GST-SWI3B, GST (control), SMC-YFP, or ADA2b-FLAG was expressed in E. coli for further protein extraction. The
precipitated SMC5-YFP associated with the immobilized GST-SWI3B was measured in an in vitro pull-down assay. Increasing amounts of ADA2b-FLAG were
added to the system to detect the effect of ADA2b on the interaction between SMC5 and SWI3B. (H) SWI3B enhances the dissociation of SMC5 from
chromosomes. H3-FLAG was expressed in protoplasts, and DNA was fragmented using micrococcal nuclease. The total lysate with SMC5-YFP or YFP was
precipitated with immobilized anti-GFP agarose. Purified GST or GST-SWI3B from E. coli was added to the system, and the effect of the increased level of GST-
SWI3B on the association between SMC5-YFP and histone H3 was detected. The images are representative of three independent experiments.

SWI3B is a subunit of the SWI/SNF chromatin remodeling
complex (22), which is involved in the regulation of various bi-
ological processes in plant cells (38), but its function in DNA
repair was unknown. Our data show that DNA damage accu-
mulation is significantly increased when SWI3B is knocked down
(Fig. 2), suggesting that this component might play a role in the
DNA damage response pathway. Our previous screening showed
that SMCS5 does not interact with SWI3C (29), another subunit
in the SWI/SNF complex, implying that not all SWI3 subunits are
involved in this process. In addition, SWI3B alone interferes with
the interaction between SMC5 and chromosomes, suggesting
that this process may not be mediated by chromatin remodeling.

Jiang et al.

Previous studies had shown that the SWI/SNF complex is in-
volved in DNA repair in mammalian cells (39). For instance, the
ATP-dependent remodeler BRG1 regulates the chromosome
structure near DSBs to allow further access of the DNA repair
machinery in human cells (40), suggesting that the SWI/SNF
complex may have a direct function in this process (41), but
whether the complex also directly participates in DNA repair in
plant cells needs further investigation.

Unlike ADA2b, which is essential for correct recruitment of
SMCS5 at DSBs during DNA damage (29), SWI3B does not lo-
calize at DSBs upon treatment with DNA-damaging agents, but
it is important for the localization of SMCS5. Our results also
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Fig. 5.

Excess SMC5 reduces DNA damage accumulation in the SWI3B-RNA plants. (A) Effect of SMC5 overexpression on the root development of SWI3B-

RNAI (SWI3B Ri) seedlings of different genotypes. The photograph was taken 6 d after germination. (Scale bar, 1 cm.) (B) DNA damage status of indicated
3-wk-old plants monitored in a comet assay. (Scale bars, 10 um.) (C) Statistical analysis of root length and DNA in tail in the comet assay. The root length data
are mean + SD from at least 30 seedlings. The data from the comet assay are from three independent experiments. ***P < 0.001, Student’s t test. (D) The roots
of 4-d-old plants were treated with or without 75 pg/mL MMS for 1 d and then the root meristem regions of the indicated seedlings were stained with PI. The
initiation of cell death in the control condition is indicated by arrowheads. (Scale bars, 100 pm.) () SMC5-YFP was expressed in protoplasts generated from
wild-type (WT), SWI3B-RNAI (SWI3B Ri), and SWI3B-RNAi/SMC5-overexpressing (SWI3B Ri + SMC5 OE) plants with or without 100 pg/mL MMS treatment. The
histogram data from the indicated plants for the percentages of protoplasts with (in purple) or without (in blue) SMC5-YFP foci are mean + SD from three
independent experiments. ***P < 0.001; **P < 0.01; n.s., no significance; Student'’s t test. (F) A model for chromosomal dissociation and DSB recruitment of

SMC5 mediated via SWI3B and ADA2b in plant cells.

showed that the DSB localization of ADA2b is independent of
SWI3B, suggesting that SMC5 recruitment may be directly me-
diated by SWI3B (Fig. 4 A and B). The dynamic localization of
chromatin-associated proteins, such as histones, requires other
exchange factors for their dissociation with chromosomes (42).
In yeast and mammalian cells, the SMC5/6 complex is associated
with chromosomes under normal conditions (33). Therefore,
SWI3B may play a role in the chromosomal dissociation of
SMCS before it localizes to DSBs, and this possibility is sup-
ported by our result that SWI3B interferes with the association
between SMCS5 and DNA-bound histone H3 (Fig. 4H). When
SWI3B is down-regulated, SMC5 may remain in its original as-
sociation with a chromosomal region and be unable to move to
DSBs when DNA damage occurs, resulting in increased damage
accumulation. This conclusion is also supported by the fact that
overexpression of ADA2b only weakly restores the DSB locali-
zation of SMCS5 in SWI3B-RNAI cells (Fig. 4 E and F). Without
SWI3B, ADA2b alone is insufficient to dissociate SMCS5 from
chromosomes for further recruitment to DSBs. The mild effect
of a high level of ADA2b on SMC5-YFP recruitment in SWI3B-
RNAI cells may be a result of a small proportion of free SMC5
being directed to DSBs, due to the effect of excess ADA2b on
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equilibrium of the free and chromosomal-associated SMCS. In
addition, compared with that in the SWI3B-RNAI cells, the DSB lo-
calization of SMC5-YFP in response to MMS is enhanced in proto-
plasts generated from the SWI3B-RNAi/SMC5-overexpressing
transgenic plants (Fig. SE). Therefore, in the SWI3B knockdown
plants, a small amount of free SMC5 molecules resulted from
overexpression, without the assistance of SWI3B for chromo-
somal dissociation, may be enough to participate further DNA
repair in a proportion of cells.

When DNA damage occurs, the expression of SWI3B is
quickly increased, and this enhances the dissociation between
SMCS and chromosomes, releasing free SMC5 in the nucleus.
ADAZ2b, another SMCS5-interacting protein, is then sequentially
induced (Fig. 34). Given that both SWI3B and ADA2b bind to
the C-terminal domain of SMCS5, the increased ADA2b may
compete with SWI3B for SMC5 binding, a possibility that is
supported by the results of our protein competition assay (Fig.
4G). Furthermore, overexpression of ADA2b dramatically in-
creases DSB localization of SMCS5 in the SWI3B-overexpressing
cells (Fig. 4 C and D). Therefore, after its SWI3B-mediated dis-
sociation from chromosomes, SMCS is wrested by ADA2b for
further recruitment to DSBs (Fig. 5F), consistent with the previous
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conclusion that both ADA2b and SMCS localize at DSBs and that
the DSB localization of SMCS5 is dependent on ADA2b (29).
When SWI3B is overexpressed, there are not enough ADA2b
molecules to compete with SWI3B for SMCS binding, resulting in
mislocalization of SMC5 during DNA damage.

Collectively, the results from this study illustrate a mechanism
regulating the movement of the SMC5/6 complex during DNA
repair in plant cells. SMC5/6 is reported to be associated with the
E2F/DP complex, thereby connecting cell cycle regulation and
DNA repair (43-45). Given that SWI3B is a subunit of the SWI/
SNF complex, it will be of interest to investigate whether SWI3B
also connects two critical complexes, SWI/SNF and SMC5/6, for
regulation of gene transcription and DNA repair. Given that
SWI3B, ADA2b, and SMCS5 are highly conserved proteins, from
yeast to human and plant cells, and their association was not
previously known, it will be valuable to investigate whether these
functional connections exist in other species, as answers to this
question may improve understanding of the general mechanisms
of DNA repair.

Materials and Methods

Plant Materials and Growth Condition. Seeds were surface-sterilized for 2 min
in 75% ethanol and 6 min in 2.5% NaClO solution, rinsed six times with sterile
water, and plated on Murashige and Skoog (MS) medium with 1.5% sucrose
and 1% agar and stratified at 4 °C in the dark for 2 d, then transferred into a
greenhouse at 21 °C in a light/dark cycle of 16 h/8 h. For MMS treatment
assay, 5-d-old seedlings were transferred to MS medium with or without 100
pg/mL MMS (129925; Sigma) for 3 d before being scored and photographed.

Yeast Two-Hybrid Assay. For the yeast two-hybrid assay, the coding sequence
(CDS) regions of SMC5 and SWI3B were cloned into the pGBKT7 vector and
PGADT7 vector, respectively. For characterizing the interaction domains, the
truncated sequences were generated as described in the figure legends. The
experiments were conducted by the manufacturer’s instructions for the Match-
maker GAL4-based Two-hybrid System 3 (Clontech). The interactions were se-
lected stringently with SD/-Leu/-Trp/-His minimal medium supplied with
3-amino-1,2,4-triazole.

In Vitro Pull-Down Assay. To detect the interaction between SMC5 and SWI3B,
the CDS of SMC5 was fused into vector pGEX4T-1, and the SWI3B was cloned
into vector pET28a with a FLAG tag. The recombinant vectors were transferred
into the BL21 strain, respectively. The extracts from bacteria expressing GST or
GST-SMC5 were incubated with glutathione Sepharose (GE Healthcare) for 30 min
at room temperature in a binding buffer (50 mM Tris, pH 7.4, 120 mM Nadl, 5%
glycerol, 0.5% Nonidet P-40, 1 mM PMSF, and 1 mM f-mercaptoethanol). The
resins then was collected for further incubation with extraction from bacterial
expressing SWI3B-FLAG at room temperature for 60 min. After rinsing using
washing buffer (50 mM Tris, pH 7.4, 120 mM NaCl, 5% glycerol, and 0.5%
Nonidet P-40) five times, the Sepharose was mixed with SDS sample buffer and
boiled for SDS/PAGE and immunoblots. To determine the effect of ADA2b on
the interaction between SMC5 and SWI3B, the SMC-YFP protein was extracted
and incubated with GST, GST-SWI3B on glutathione Sepharose. ADA2b-FLAG
expressed from bacteria was added in the system. Other procedures were
similar to those given in the description above.

Coimmunoprecipitation. For coimmunoprecipitation between SMC5 and
SWI3B, the CDS of SMC5 was cloned into the vector pSAT6-EYFP-N1 to
generate a 355:SMC5-YFP plasmid. The CDS of SWI3B was fused with a FLAG
tag and cloned into a pBluescript-based vector (44) to generate 355:SWI3B-
FLAG plasmid. The 355:SWI3B-FLAG was cotransformed with 355:SMC5-YFP
or 35S5:YFP (control) into protoplasts (46). Protoplasts were harvested after
48 h and resuspended in the extraction buffer (10 mM Tris-HCl, pH 7.4,
100 mM Nacl, 10% glycerol, and 0.5% Nonidet P-40) containing protease
inhibitor mixture (Roche). After it was spun down, the supernatant was in-
cubated with the GFP-Trap resin for 3 h at 4 °C. Then the resin was collected
and washed 3 times with the washing buffer (10 mM Tris-HCl, pH 7.4,
100 mM NacCl, and 10% glycerol). The proteins were eluted with the SDS
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at the double-strand break. Trends Cell Biol. 26, 52-64 (2016).
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sample buffer and subjected for immunoblot using anti-GFP (Abcam) or
anti-FLAG (Sigma) antibodies.

For detection of association between SMC5 and DNA-bound histone H3,
the H3-FLAG protein was expressed in protoplasts, the extract in lysis buffer
(10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10% glycerol, and 0.5% Nonidet P-40)
with protease inhibitor mixture for 1 h at 4 °C, and DNA was fragmented via
treatment with Micrococcal Nuclease (M0247S, 5 uL for 4 x 107 cells; NEB) for
4 min at 37 °C and EGTA was added to stop reaction. The DNA fragmen-
tation was confirmed by electrophoresis. The DNA-bound H3 samples with
YFP or SMC5-YFP was then subjected for incubation with GFP-Trap resin at
4 °C for 30 min. The GST or GST-SWI3B expressed from Escherichia coli was
then added to the system and incubated at room temperature for 1 h to
detect the effect of SWI3B on the interaction between SMC5 and H3.

Generation of Transgenic Plants. The generation of transgenic lines of SMC5-
RNAI, 355:SMC5, and SWI3B-RNAi has been described previously (26, 29). To
obtain the SMC5 and SWI3B complementation plants, the genomic region of
SMC5 or SWI3B with a native promoter was fused with YFP and cloned into
pCambia1300-221. The constructs were transformed into Agrobacterium
EHA105 and were used for complementation of the heterozygous T-DNA lines
of smc5-2 (SALK_092081) and swi3b (CS370196) by the floral-dip method (47).

Comet Assay. The rosette leaves from 3-wk-old plants were used for comet
assays. Comet assays were performed using the Comet Assay Kit from Trevigen
(4250-050-K). SYBR Gold from Life Technologies was used for staining.
Photographs were captured by the Zeiss LSM 800 confocal microscope with
excitation/emission wavelengths of 488 nm/505 to 530 nm and analyzed by
Comet Assay Software Project.

Fluorescence Microscopy. For measurement of the localization of SWI3B and
SMC5, the CDS of SWI3B was cloned into the 35S:CFP/YFP vector based on
pBluescript, and the CDS of SMC5 was cloned into the pSAT6-EYFP-NT vec-
tor. Generation of the plasmid for expression of YFP-ADA2b was described
previously (29). The mCherry-ADA2b plasmid was constructed by cloning the
genomic region of ADA2b into the pBI221-mCherry vector. The plasmids
were transformed into protoplasts (46) and the fluorescence was detected
after 24 h using confocal microscopy. For MMS treatment, protoplasts were
incubated in W5 medium with MMS (129925; Sigma). DAPI (D9542; Sigma)
was used for nucleus labeling. For confocal laser imaging of roots, roots
were counterstained with 10 pg/mL Pl (Sigma) for 1 min and mounted in
water for observation. Photographs were captured using the Zeiss LSM
800 confocal microscope. Immunofluorescence staining in S/ Appendix, Fig.
S7 was performed following the protocol described previously (29). A pri-
mary antibody against gamma-H2AX (48) and an Alexa Fluor 555-coupled
goat anti-rabbit antibody (Bioss) were used.

RNA Extraction and Gene Expression Analysis. Total RNA of different genotype
plants was extracted from the rosette leaves of 3-wk-old seedlings by using
the Plant RNAprep Pure Kit with DNasel treatment following the manu-
facturer’s instructions and subjected to reverse transcribed using a Prime-
Script RT Reagent Kit (Takara). RT-gPCR was then carried out using SYBR
Premix Ex Taq (Takara) in a Bio-Rad CFX 96 system (C1000 Thermal Cycler)
and detected by Bio-Rad CFX Manager software (Bio-Rad).

Accession Numbers. Sequence data from this article can be found in the
Arabidopsis Genome Initiative (https:/www.arabidopsis.org/) (49) or GenBank/
EMBL databases (https://www.ncbi.nlm.nih.gov/; https://www.embl.org/) (50,
51) under the following accession numbers: SMC5 (AT5G15920), SWI3B
(AT2G33610), ADA2b (AT4G16420), PARP2 (AT4G02390), BRCAT (AT4G21070),
RAD51 (AT5G20850), and ACTIN2 (AT3G18780).
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