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Large-scale heterochromatin remodeling linked to
overreplication-associated DNA damage
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Previously, we have shown that loss of the histone 3 lysine 27
(H3K27) monomethyltransferases ARABIDOPSIS TRITHORAX-
RELATED 5 (ATXR5) and ATXR6 (ATXR6) results in the overreplication
of heterochromatin. Here we show that the overreplication results in
DNA damage and extensive chromocenter remodeling into unique
structures we have named “overreplication-associated centers”
(RAGs). RACs have a highly ordered structure with an outer layer of
condensed heterochromatin, an inner layer enriched in the histone
variant H2AX, and a low-density core containing foci of phosphory-
lated H2AX (a marker of double-strand breaks) and the DNA-repair
enzyme RADS51. atxr5,6 mutants are strongly affected by mutations
in DNA repair, such as ATM and ATR. Because of its dense packaging
and repetitive DNA sequence, heterochromatin is a challenging
environment in which to repair DNA damage. Previous work in
animals has shown that heterochromatic breaks are translocated
out of the heterochromatic domain for repair. Our results show
that atxr5,6 mutants use a variation on this strategy for repairing
heterochromatic DNA damage. Rather than being moved to adja-
cent euchromatic regions, as in animals, heterochromatin un-
dergoes large-scale remodeling to create a compartment with
low chromatin density.
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Posttranslational modifications of histones play key roles in
nearly all aspects of chromatin biology. The methylation of
histone 3 lysine 27 (H3K27) is a well-characterized modification
with critical functions in the repression of gene expression (1, 2).
In particular, H3K27 trimethylation (H3K27me3), which is cat-
alyzed by the Polycomb repressor complex 2 (PRC2), is essential
for the control of developmentally regulated genes. The SET domain-
containing enhancer of zeste [E(z)] homologs act as the catalytic
subunits of PRC2 complexes. In animals, E(z) proteins are re-
sponsible for all levels of H3K27 methylation (i.e., H3K27mel,
H3K27me2, and H3K27me3). Plants, in contrast, have divided
H3K27 methylation activity between two groups of SET-domain
proteins (3). Arabidopsis contains three E(z) homologs: MEDEA,
CURLY LEAF, and SWINGER. Plants with mutations in these
genes or in other PRC2 components show strong reductions in
H3K27me2 and H3K27me3 (4-9). H3K27mel, however, was
relatively unaffected (10), suggesting that this modification was
catalyzed by another group of enzymes.

ARABIDOPSIS TRITHORAX-RELATED 5 (ATXRS5) and
ARABIDOPSIS TRITHORAX-RELATED 6 (ATXR6) act as
H3.1-specific H3K27 monomethyltransferases (11-14). Unlike
H3K27me3, which is typically associated with the regulated
repression of genes, H3K27mel is associated with the constitutive
repression of transposons and DNA repeats. In Arabidopsis, these
sequences are enriched in pericentromeric regions and are
compacted into DAPI-dense regions called “chromocenters” (15),
which are marked by repressive modifications such as H3K27mel,
H3K9me2, and DNA methylation (10, 16-18). atr5,6 mutants
show a strong reduction in H3K27mel, particularly in endoreduplicated
(e.g., 8C and 16C) leaf cells. Although DNA methylation and
H3K9me?2 are largely unaffected in atxr5,6 mutants, there is a
partial loss of gene silencing (11). atxr5,6 mutants also show an
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overreplication of heterochromatic regions of the genome (11, 12).
This overreplication may be triggered by the presence of
unmethylated K27 on H3.1 in atr5,6 mutants. This model is
supported by two observations indicating that removal of H3.1
can suppress overreplication. First, mutations in DNA methylation
or H3K9me?2, which lead to the large-scale loss of gene silencing
and the replacement of H3.1 with H3.3, are able to suppress
overreplication in atxr5,6 mutants (13). Likewise, mutations that
prevent the loading of H3.1 into chromatin also suppress over-
replication (14).

Results and Discussion

In our previous characterization of atxr5,6 double mutants, we
noted the partial decondensation of chromocenters (11). Upon
closer examination, however, we found that chromocenters in
atxr5,6 nuclei often had a unique hollow appearance, with a
densely staining shell of heterochromatin surrounding a less
DAPI-bright interior, that was not observed in wild-type nuclei
(Fig. 1 A and B). We speculated that these remodeled chromo-
centers might result from a loss of gene silencing and/or the
overreplication of heterochromatin, both of which occur in atxr5,6
mutants. To determine if gene-silencing defects alone would lead
to the creation of hollow chromocenters, we examined the nuclei
of DNA methylation (ddm1) and H3K9me?2 (suvh4,5,6) mutants
(18, 19). These mutations lead to a more pronounced loss of
gene silencing than the atxr5,6 mutation but do not cause DNA
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Fig. 1. RAC formation and EdU incorporation in atxr5,6 mutants. (A and B)
DAPI-stained nuclei showing chromocenters in wild-type nuclei (A) that take
on a hollow appearance in atxr5,6 mutants (B). (C) Quantification of chromo-
center appearance. Shown is the percentage of nuclei with chromocenters that
appear fully condensed (black bars), irregularly partially decondensed (white
bars), or as hollow spheres (i.e., RACs) (gray bars). Error bars represent 1 SD.
(D-F) Visualization of DNA replication by EdU incorporation. (Scale bars: 5 pm.)

overreplication (13). Hollow chromocenters were not observed
in ddml or suvh4,5,6 mutants (Fig. S1), suggesting that these
structures form in response to overreplication rather than to a
loss of gene silencing. We also looked for the presence of hollow
chromocenters in atxr5,6 ddml and atxr5,6 suvh4,5,6 mutants.
ddml and suvh4,5,6 mutations can partially suppress the over-
replication phenotype of atxr5,6 mutants (13) but do not restore
gene silencing. Consistent with the notion that the formation of
hollow chromocenters is associated with overreplication, we
found that chromocenter condensation was largely restored in
atxr5,6 ddml and atxr5,6 suvh4,5,6 mutants (Fig. S1). We therefore
have named these structures “overreplication-associated centers”
(RAG:s). Consistent with previous observations that overreplication
is most pronounced in endoreduplicated cells from atxr5,6 mutants
(12), we find that RACs are also most frequently observed in 8C
and 16C cells (Fig. 10).

To determine if RACs might be sites of overreplication, we
visualized replicating DNA by pulse labeling with 5-ethynyl-2'-
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deoxyuridine (EdU). Adult leaf tissue was used, because the
overreplication phenotype of atxr5,6 is strongest in 8C and 16C
endoreduplicated leaf cells (12). In both plants and animals,
euchromatin is known to replicate early in S-phase, whereas
heterochromatin replicates late (20-23). Consistent with this
observation, the majority of wild-type nuclei incorporated EdU
primarily into either the euchromatic or heterochromatic regions
of the genome (Fig. 1 D and E). In anr5,6, however, we also
observed a unique pattern where EdU was incorporated into
distinct foci (Fig. 1F). Wild type and amr5,6 showed similar
numbers of nuclei with euchromatic or heterochromatic incorpora-
tion patterns, approximately 0.5% for each class (Fig. 24). The incor-
poration of EQU into distinct foci was seen in 9% of atxr5,6 nuclei,
but was rarely observed in wild type (<0.1%, Fig. 24). Although
this pattern is suggestive of the genomic locations of overreplicated

A B.
— [)
10 3120 B BrcA1
g 8 5 O rare1
[7}
Z6 g 80 O cvyes
8 4 £ RADS51
i}
o} 40
=] S
w2 =
® 5
0 2o
Early Late Rerep Col atxr5,6

GFP::H2AXx

GFP::H2Ax

atxr5,6 single plane . .

,En GFP::H2A.X IP vs. Input

3 [ — wild type

E‘ —_ atxr5t¥

=

a ‘

50 e W‘*if gt [ el iy, ——— il
Q2 P e AT " [ o i N Y
® hrr‘ 1 ‘W" fr._\ft 1

aY]

=2

2o 9

atxr5,6 GFP::H2A.X vs. wild type GFP::H2A.X

Ak A kK

o

Yy

log2 ratio (atxr5,6/Col)

11 =7 o—{t——I51+——

Fig. 2. RAGs are enriched in H2AX and contain foci of y-H2AX. (A) Quan-
tification of early S-phase, late S-phase, and overreplication (rerep) EdU in-
corporation patterns in wild-type plants (black bars) and atxr5,6 mutants
(white bars). (B) Quantitative RT-PCR expression of genes associated with the
DNA-damage response. (C and D) Visualization of y-H2AX and GFP::H2AX.
The single-plane images in D show the cross-sectional RAC structure. (Scale
bars: 5 pm.) (E) ChIP-seq analysis of GFP::H2AX. GFP::H2AX increases in the
pericentromeric regions in atxr5,6 mutants are shown as boxes in the sche-
matic below the graphs. Error bars in A and B represent 1 SD.
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regions [i.e., being more abundant in pericentromeric heterochro-
matin than in the arms of the chromosomes (12)], it should be
noted that processes other than overreplication, such as replica-
tion-dependent DNA repair, could also account for or contribute
to this pattern of EdU incorporation.

Overreplication is known to lead to genomic instability and
DNA damage, including double-strand breaks (24-28). Consis-
tent with this observation, many DNA damage-response genes,
including BRCA1, PARP1, CYCB, and RADS51 (Fig. 2B), are
up-regulated in anxr5,6 mutants (13), and evidence of breaks was
detected in comet assays (Fig. S2). To determine if damaged
DNA is associated with RACs, we performed immunolocaliza-
tion with an antibody recognizing y-H2AX, a phosphorylated
form of the histone variant H2AX, which is associated with sites
of double-strand breaks (29, 30). y-H2AX was not detected in
the wild-type nuclei (Fig. 2C); however, foci of y-H2AX staining
were visible following y-irradiation (Fig. S3). Consistent with
overreplication inducing double-strand breaks, y-H2AX staining
was observed in atxr5,6 nuclei and, fascinatingly, the y-H2AX
foci were localized to the centers of RACs (Fig. 2D). As with
overreplication, the amount of y-H2AX staining was highest in
8C and 16C nuclei (Fig. S4). Interestingly, y-H2AX staining and
EdU incorporation were rarely observed in the same nucleus
(<1%), suggesting that overreplication and DNA damage recog-
nition/repair are temporally separated. To determine if DNA
damage might be sufficient to induce RAC formation in wild-type
plants, we treated plants with y-irradiation or hydroxyurea, a rep-
lication inhibitor. RACs were not observed in either case (Figs. S3
and S95), suggesting that the formation of RACs in atr5,6 nuclei
may require a higher density of DNA damage localized to chro-
mocenters/pericentromeric heterochromatin than can be achieved
with y-irradiation or hydroxyurea. A non-mutually exclusive expla-
nation may be that the reduction of H3K27mel in atw5,6 mutants
plays a role in facilitating chromatin restructuring in chromocenters.

In addition to y-H2AX, we examined the localization of total
H2AX using a GFP::H2AX reporter construct driven by the 35S
promoter (31). In wild-type plants, GFP::H2AX distribution
appeared relatively uniform throughout the euchromatin (Fig.
2C); the observation that the chromocenters were not visible in
the GFP::H2AX image suggests that H2AX is relatively less
abundant in the constitutive heterochromatin (32). In atwr5,6
mutants, in contrast, GFP::H2AX was enriched in RACs (Fig.
2D). A similar pattern was observed when GFP:H2AX was
driven with the endogenous H2AX promoter (Fig. S6). The shift
in GFP::H2AX localization was confirmed by CHIP-sequencing
(ChIP-seq). In wild-type plants, GFP::H2AX is less abundant in
pericentromeric heterochromatin than in the euchromatic arms
of the chromosomes, but GFP::H2AX is distributed more uni-
formly in anr5,6 mutants (Fig. 2E). We did not detect specifi-
cally localized increases in GFP::H2AX at previously identified
sites of overreplication (12), suggesting that the redistribution of
GFP::H2AX may be associated with general remodeling of the
chromocenter, rather than specifically marking sites of overreplication/
DNA damage. Interestingly, the mechanism responsible for the
relocalization of H2AX observed in axtr5,6 mutants may be
conserved in animals, because recent work in human cells has
demonstrated a relocalization of H2AX to genomic locations
that are under replication stress (33).

Further immunolocalization analysis showed that RACs have
a highly ordered, layered structure. The outermost layer consists
of DAPI-bright H3K9me2-enriched heterochromatin followed
by a layer containing GFP::H2AX (Figs. 2D and 3A4). Previous
ChIP-seq analysis has shown that the distribution of H3K9me?2 is
not changed in atwr5,6 mutants (11). Thus, the reorganization of
H3K9me2 observed by immunolocalization is likely caused by
the movement of chromatin rather than by the redistribution of
H3K9me2 to other DNA sequences. Single-plane images of in-
dividual RACs revealed a core that is depleted in both H3K9me?2
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Fig. 3. RAGs have a layered structure and contain y-H2AX and RAD51 foci.
(A) H3K9me2 and GFP::H2AX localize to distinct domains. (B-D) Single-plane
images through individual RACs. (E) A schematic representation of RAC
structure. (F and G) Immunolocalization of y-H2AX and RAD51. (H and /) FISH
analysis using probes containing pericentromeri (H) or non-pericentromeric
(1) overreplicating regions. Arrows indicate hybridization inside RACs. (Scale
bars: 5 umin A, F, G, H, and /; 1 um in B-D.)

and GFP::H2AX (Fig. 3 B and C). Distinct foci of y-H2AX exist
in the core, suggesting the presence of double-strand breaks. To
determine if the core region of RACs might be associated with
DNA repair, we examined the localization of the DNA-repair
protein RADS1 (34). Like y-H2AX, RADS51 is localized to distinct
foci in RAC core regions (Fig. 3 D-G). Thus, in response to atxr5,6-
induced overreplication, Arabidopsis chromocenters undergo a
remarkable remodeling to form previously unidentified subnuclear
structures that are associated with DNA repair.

In atxr5,6 mutants, the majority of overreplication occurs in
pericentromeric heterochromatin/chromocenters (12). Thus, RACs
are spatially associated with the bulk of overreplication-associated
DNA damage. However, overreplication also occurs at a smaller
number of sites outside the pericentromeric heterochromatin, i.e.,
at ~400 sites (often transposons) in the euchromatic chromosome
arms (12). To determine if RACs also might play a role in the
repair of damage at sites outside the pericentromeric hetero-
chromatin, we used FISH to localize pericentromeric and non-
pericentromeric sites known to overreplicate in the at5,6 mutant.
As expected, a pericentromeric probe localizes to chromocenters in
wild-type plants and can be observed inside RACs in atr5,6
mutants (Fig. 3H). Non-pericentromeric overreplication regions,
however, are not associated with pericentromeric heterochro-
matin in wild-type plants or atwr5,6 mutants (Fig. 37). This localization
suggests that RACs function primarily in the repair of local DNA
damage originating from overreplication events in the pericentromeric
heterochromatin.

Feng et al.
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Fig. 4. atxr56 mutants are strongly affected by defects in DNA repair.
(A) atm, atr, and atm atr double mutants in wild-type and atxr5,6 backgrounds.
(B and C) Percentage of nuclei with chromocenter y-H2AX staining (B) and
an overreplication pattern of EdU incorporation (C). Error bars represent 1
SD. (D) Determination of DNA content by flow cytometry. Five thousand
nuclei were analyzed for each genotype. (E and F) H3K4 methylation, a
euchromatic mark, is not enriched in RACs. (Scale bars: 5 um.)

To investigate the relationship between overreplication and
DNA damage further, we crossed atxr5,6 plants with mutants
that are defective in DNA-damage repair. ATM and ATR are
two key protein kinases that mediate DNA-damage responses by
triggering phosphorylating cascades. Targets of ATM/ATR in-
clude H2AX and other proteins involved in DNA repair. In
Arabidopsis, atm and atr single mutants and atm atr double mu-
tants appear similar to wild-type plants (Fig. 44). Comparatively
low levels of DNA damage in these otherwise wild-type plants
may explain the relatively benign effects of loss of ATM/ATR.
We speculated that elevated levels of DNA damage caused by
overreplication would make atxr5,6 mutants more dependent on
ATM/ATR. This is indeed the case. atxr5,6 and atm atxr5,6 plants
are relatively normal, but a#r atxr5,6 plants show reduced size and
abnormal growth (Fig. 44). These pleiotropic phenotypes are
even more severe in the atm atr atxr5,6 quadruple mutant. These
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results indicate that both ATM and ATR are required for the
repair of overreplication-associated DNA damage in atxr5,6
mutants, with ATR playing the more major role. Consistent with the
role of ATM/ATR in phosphorylating H2AX, y-H2AX immunos-
taining was observed much less frequently in atm atr atr5,6 double
mutants than in atr5,6 mutants (Fig. 4B). Interestingly, the number
of nuclei showing increased DNA content was reduced in atm
atxrs, 06, atr atxr5,6, and atm atr atxr5,6 mutants relative to atxr5,6
mutants (Fig. 4D), suggesting that the loss of atm/atr might suppress
rereplication. We found, however, that the number of nuclei
showing overreplication EAU patterns in atm atr atxr5,6 mutants
was not significantly different from that in atwr5,6 mutants (Fig. 4C).
Thus, the reduction in nuclei with abnormally high DNA content in
atm/atr mutants is not likely the result of reduced overreplication
but may reflect reduced stability of overreplicated DNA (e.g.,
degradation) or decreased cell viability. The latter model is
consistent with results in mammalian cells in which the knock-
down of ATR in re-replicating cells has been shown to trigger
apoptosis (28).

Given that many components of DNA repair are conserved, it
is likely that plants and animals face similar challenges in the
repair of heterochromatic DNA damage. Dense packaging and
the presence of highly repetitive DNA sequences is thought to
make heterochromatin a difficult environment in which to repair
double-strand breaks (35). In Drosophila, radiation-induced hetero-
chromatic breaks are translocated out of the heterochromatin
for repair (36). In this process, RADS51 foci do not form until
after the breaks have moved out of the heterochromatic domain
(36). In Arabidopsis, rather than breaks being moved out of the
heterochromatin and into/near euchromatin, as occurs in flies,
heterochromatin is remodeled to create a less condensed com-
partment (i.e., RACs) for DNA repair. Although chromatin in
the interior of RAC:s is significantly less dense than the surrounding
heterochromatin, it is not enriched in modifications typical of eu-
chromatin, such as histone 3, lysine 4 (H3K4) methylation (Fig. 4 E
and F). In summary, our work suggests that plants and animals
have evolved fascinating variations on a similar theme for repairing
heterochromatic DNA damage.

Methods

Plant Material and Growth Conditions. atxr5,6 (11), ddm1-3, kyp suvh5 suvhé,
atxr5,6 ddm1-3, atxr5,6 kyp suvh5 suvh6 (13), and atr-2 (37) mutants have
been described previously. The transfer DNA (T-DNA) insertion mutant atm-4
(SALK_040423C) was obtained from the Arabidopsis Biological Resource Center
(ABRQ). All plants were grown under cool-white fluorescent light (100 mol-m=2s~")
under long-day conditions (16 h of light followed by 8 h of darkness).

Genotyping. The following primers were used for genotyping:

ATM wild-type allele: atm-4-F (5'-CACAAAGCAGCAACGGTCAAGG) and
atm-4-R (5-AAGGGTTTCATCGGATATGCCGT); atm-4 T-DNA allele: atm-4-R
and Salk-LBa1 (5-TGGTTCACGTAGTGGGCCATCG.

Constructs. For 355::GFP:: H2AX, genomic H2AX (At1g08880, from start codon to
stop codon) was amplified by PCR using the primers H2AX-CDS-F (5-CACCAT-
GAGTACAGGCGCAGGAAGCG) and H2AX-STOP-R (5-TCAGAACTCCTGAGAAG-
CAGATCCAAT) and was cloned into pENTR/D (Invitrogen). To make the
N-terminal GFP-tagged construct, the H2Ax-pENTR/D insert was moved into
pMDC43 (38) by Gateway LR cloning. atxr5,6 plants were transformed by
floral dip (39). atxr5,6 plants homozygous for 355::GFP-H2AX were crossed
to wild-type plants to generate 355::GFP-H2AX in Col. For pH2AX::GFP::
H2AX, H2AX with its promoter (542 bp) was amplified from genomic DNA
using the primers H2AX_p_F (CACCCCCTGTATTTCTCTGTTCTTTAATAGTCTTCACQ)
and H2AX-CDS-R (GAACTCCTGAGAAGCAGATCCAATATC) and was cloned into
PENTR/D (Invitrogen) and moved into pMDC107 by Gateway LR cloning.

Antibodies. Antibodies used for ChIP and immunofluorescence assays were

YH2AX (613402; BioLegend), H3K9me2 (ab1220; Abcam), RAD51 (ab46981;
Abcam), H3K4me1,2,3 (05-791; Millipore), and GFP (A-11122; Invitrogen).
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Immunofluorescence and FISH. Immunofluorescence and FISH were performed
as described previously (11). Probes used for FISH, F17A20 (pericentromeric)
and F2J17 (non-pericentromeric), were obtained from the ABRC.

Imaging. Microscopy was performed in the Indiana University Light Micros-
copy Imaging Center using an Applied Precision DeltaVision personal DV Live
Cell Imaging System and an OMX 3D-SIM Super-Resolution system. z-series
images of individual nuclei were taken and processed (deconvolution and
alignment) using Softworx imaging software. Representative z-stacked im-
ages are shown, unless stated otherwise.

ChIP and Sequencing. The ChIP protocol was adapted from ref. 40. Briefly,
rosette leaves of 4-wk-old plants were collected, fixed in 25 mL MC buffer
[10 mM sodium phosphate (pH 7), 50 mM NaCl, and 0.1 M sucrose] with 1%
formaldehyde under vacuum for 30 min. Fixation was stopped by adding
2.5 mL of 1.25 M glycine. Fixed leaves were washed with MC buffer, dried on
paper towels, and ground to a fine powder in liquid nitrogen. Two grams of
powder were mixed with 30 mL M1 buffer [10 mM sodium phosphate (pH 7),
0.1 M NaCl, 10 mM p-mercaptoethanol, and complete protease inhibitor
mixture] and were filtered through Miracloth (Millipore) into a 50-mL tube.
Centrifugation was performed at 1,000 x g for 20 min at 4 °C to pellet nuclei.
The nuclear pellet was washed five times with 5 mL M2 buffer [10 mM so-
dium phosphate (pH 7), 0.1 M NaCl, 10 mM MgCl,, 0.5% Triton X-100,
10 mM p-mercaptoethanol, and complete protease inhibitor mixture] and
once with 5 mL of M3 buffer [10 mM sodium phosphate (pH 7), 0.1 M Nacl,
and complete protease inhibitor mixture] by centrifuging at 1,000 x g for
10 min at 4 °C. The nuclear pellet was resuspended in 1 mL of sonication
buffer [10 mM sodium phosphate (pH 7), 0.1 M NaCl, 0.5% sodium lauroyl
sarcosinate and 10 mM EDTA] and was transferred to a 2-mL Eppendorf
tube. Sonication of chromatin was performed with a water bath sonicator
(Diagenode Bioruptor UCD-200) set on high with five 5-min rounds of 30-s
on/30-s off with 1 min of cooling between each round. After centrifuging at
12,000 x g for 15 min at 4 °C, the supernatant was transferred to a new 2-mL
Eppendorf tube containing an equal volume of immunoprecipitation (IP)
buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 10 pM ZnSO4, 1%
Triton X-100, and 0.05% SDS] containing antibody or an equivalent amount of
antiserum. Incubation was performed at 4 °C overnight with rotation. Fifty
microliters of magnetic beads (Dynabeads Protein G, 100-03D; Invitrogen) were
added to each sample, and incubation was resumed for another hour. The
beads were recovered using a magnetic rack and were washed five times in IP
buffer. Protein-DNA complexes were eluted from the beads by adding 100 pL
elution buffer (1% SDS and 0.1 M NaHCOs) and were reverse-crosslinked by
adding proteinase K (to final concentration of 0.5 mg/mL) and overnight in-
cubation at 37 °C and 6 h incubation at 65 °C. DNA precipitation was performed
with 2.5 vol 100% ethanol, 1/10 vol of 3 M NaAc (pH 5.4), and 1 pL glycogen
overnight at —20 °C. DNA was recovered by centrifugation at 12,000 x g for
30 min at 4 °C and was resuspended in 100 pL milliQ water.

ChlP-seq libraries were prepared using the Ovation Ultralow DR library
construction kit (NuGen) as previously described (41). Sequence alignment
and downstream data processing also were performed as previously described
(41) with the exception that the Arabidopsis TAIR10 genome assembly was used
in this study.

FACS Analysis. FACS analysis was performed as described previously (12).

Gene-Expression Analysis. Total RNA isolation and RT and real-time quanti-
tative PCR analysis were performed as described previously (12). All experi-
ments were replicated at least three times with similar results.
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The following primers were used for gPCR:
BRCA1-gPCR-F, 5'-GCTGAAAAACCCAAGGACTACACT
BRCA1-gPCR-R, 5'-GTTCTCCCCATCATCTTCATCTCT
PARP1-gPCR-F, 5'-GCGTGAGGAAGCTATTAAGAGAGG
PARP1-gPCR-R, 5'-CTGTCCCATTACTGGATTTGACTG
CYCB1-qPCR-F, 5'-CTCAAGCATCACACTGGCTATTCT
CYCB1-gPCR-R, 5'-CGTTCGTCCTTGGAGTATTTCTTT
RADS51-gPCR-F, 5'-CAACAACAAGACGATGAAGAAACC
RAD51-gPCR-R, 5-GATCCTTCCTCGGAGTATAAGCAA
ACTIN2-gPCR-F, 5'-GCTGAGAGATTCAGATGCCCA
ACTIN2-gPCR-R, 5-GTGGATTCCAGCAGCTTCCAT

EdU Assay. EdU assays were performed with the Click-iT EdU Imaging Kit
(Invitrogen) according to the manufacturer’s instructions (42). Briefly, Ara-
bidopsis leaves were detached and sliced into small pieces and then were
cultured in Murashige and Skoog media with 10 pM EdU for 1 h. Then the
samples were fixed in Tris buffer [10 mM Tris-HCI (pH 7.5), 10 mM NaEDTA,
100 mM NaCl] containing 4% formaldehyde. After two washings in Tris
buffer, samples were transferred to 1.5-mL tubes, and 500 pL Click-it reaction
mix was added to each tube. The tubes were placed in darkness for 30 min at
room temperature. After two washings in Tris buffer, nuclei were extracted by
chopping the samples with a razor blade in LBO1 buffer [15 mM Tris-HCI
(pH 7.5), 2 mM NaEDTA, 0.5 mM spermine-4HCl, 80 mM KCl, 20 mM Nadl,
and 0.1% Triton X-100]. The nuclei suspension was filtered through a 40-uM cell
strainer and mixed with two volumes of sorting buffer [100 mM Tris-HCl (pH 7.5),
50 mM KCl, 2 mM MgCl,, 0.05% Tween-20, and 5% sucrose]. When immuno-
localization was also performed, 12 uL of the nuclei suspension was dried on the
top of a coverslip followed by immunofluorescence procedures (11).

Comet Assay. Comet assays were performed by using the CometAssay kit
(Trevigen) with minor modifications as described by Wang and Liu (43). To
minimize photodamage, the protocol was carried out in dim light. Leaves
from 4-wk-old plants were chopped with a razor blade in a Petri dish kept on
ice and containing 500 pL of 1x PBS plus 20 mM EDTA. After filtering
through a 40-um strainer, 10 pL of the nuclei suspension were mixed with
100 pL of molten 1% low-melting-point agarose (kept at 37 °C) and was
placed immediately onto two CometSlides. The slides were chilled at 4 °C for
approximately 2 min and then were immersed in cold lysis solution [2.5 M
NacCl, 100 mM EDTA (pH 10), 10 mM Tris, 1% sodium lauryl sarcosinate, and
1% Triton X-100] for 30 min at 4 °C. After washing in 1x Tris-borate/EDTA
(TBE) for 15 min, the slides were run at 1 V/cm for 10 min in 1x TBE and were
incubated in H,0 and 70% ethanol for 5 min each. After air-drying, the slides
were stained with a 1:10,000 dilution of SYBR Green | stain (Sigma) and were
examined using a Nikon Eclipse E800 microscope. Each nucleus was evaluated
and assigned a number (0-4) based on the percentage of DNA in each comet
tail. One hundred to one hundred fifty nuclei were scored per slide.
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atxr5,6 ddm1 atxr5,6 suvh4,5,6 __

Fig. S1. RAGs are correlated with overreplication, not with loss of gene silencing. (Upper Row) ddm1 and suvh4,5,6 mutations cause loss of gene silencing but not
overreplication. These mutants do not contain RACs. (Lower Row) RAC formation is suppressed in atxr5,6 ddm1 and atxr5,6 suvh4,5,6 mutants. (Scale bars: 5 pm.)
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Fig. S2. Detection of DNA damage in comet assays. (A) Classes of nuclei with increasing numbers of double-strand breaks. (B) Quantification of comet assays
for wild-type nuclei (black bars) and atxr5,6 mutants (white bars).
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Fig. S3. Induction of y-H2AX foci, but not RACs, in wild-type plants following gamma irradiation. Plants were irradiated with 600 Gy from a Cesium source.
Nuclei were isolated and labeled with anti-yH2AX and anti-H3K9me2 antibodies 24 h later. (Scale bars: 5 pm.)

Fig. S4. The appearance of y-H2AX/RACs increases with endoreduplication level. Immunolocalization in sorted atrx5,6 nuclei is shown. (Scale bars: 5 pm.)
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Fig. S5. Treatment with hydroxyurea (HU) does not induce RACs in wild-type plants. (Upper) Plants were germinated and grown on plates with or without
1 mM hydroxyurea for 7 d. (Lower) No consistent differences were observed in chromocenter morphology or y-H2AX staining. To visualize the weak y-H2AX
signal observed in this experiment, laser power was increased from 10% (used in other figures) to 30%. (Scale bar: 5 um.)
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Fig. S6. Expression of GFP::H2AX driven by the H2AX promoter. (Scale bars: 5 pm.)
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