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ARABIDOPSIS TRITHORAX-RELATED PROTEIN 5 (ATXR5) AND
ATXR6 are required for the deposition of H3K27me1 and for main-
taining genomic stability in Arabidopsis. Reduction of ATXR5/6
activity results in activation of DNA damage response genes, along
with tissue-specific derepression of transposable elements (TEs),
chromocenter decompaction, and genomic instability character-
ized by accumulation of excess DNA from heterochromatin. How
loss of ATXR5/6 and H3K27me1 leads to these phenotypes remains
unclear. Here we provide extensive characterization of the atxr5/6
hypomorphic mutant by comprehensively examining gene expres-
sion and epigenetic changes in the mutant. We found that the
tissue-specific phenotypes of TE derepression and excessive DNA
in this atxr5/6 mutant correlated with residual ATXR6 expression
from the hypomorphic ATXR6 allele. However, up-regulation of
DNA damage genes occurred regardless of ATXR6 levels and thus
appears to be a separable process. We also isolated an atxr6-null
allele which showed that ATXR5 and ATXR6 are required for
female germline development. Finally, we characterize three previ-
ously reported suppressors of the hypomorphic atxr5/6 mutant
and show that these rescue atxr5/6 via distinct mechanisms, two
of which involve increasing H3K27me1 levels.
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Faithful duplication of genetic material is essential for the
maintenance of genome stability in eukaryotes. This requires

a coordination of chromatin changes and RNA transcription
and DNA replication processes during cell division. ARABI-
DOPSIS TRITHORAX-RELATED PROTEIN 5 (ATXR5)
and ATXR6 encode redundant histone methyltransferases that
deposit histone H3 lysine 27 monomethylation (H3K27me1)
in Arabidopsis thaliana chromatin (1). In interphase nuclei,
H3K27me1 is enriched in highly condensed heterochromatic
regions consisting of repetitive elements, pericentromeric regions
(which can be visualized as chromocenters), and ribosomal genes
(1). ATXR5 and ATXR6 specifically deposit H3K27me1 on his-
tone H3.1, and this is thought to occur during S phase (2–4).
Chromocenters are also enriched in H3 lysine 9 dimethylation
(H3K9me2) and DNA methylation (5–8).

Loss of factors responsible for DNA methylation and
H3K27me1 results in decondensation of chromocenters and
reactivation of transposable elements (TEs) (1, 9). Although
DNA methylation and H3K27me1 cooperate in repressing TEs
(10), they do so via independent pathways, since a reduction in
H3K27me1 has little effect on DNA methylation (1). Interest-
ingly, depletion of H3K27me1 levels in the hypomorphic atxr5/6
mutant results in a genomic instability defect characterized by
the accumulation of excess DNA corresponding to heterochro-
matic regions (11). This genomic instability phenotype has only

been observed in higher-ploidy cells in leaves and cotyledons that
have undergone endoreduplication (12), a modified cell cycle
where the genome duplicates without cellular division. Moreover,
the chromocenter decondensation phenotype observed in atxr5/6
is also specific to endoreduplicated cells, and their chromatin
forms unique donut-like structures termed repair-associated cen-
ters (RACs) as a response to DNA damage in heterochromatin
in the mutant (13). Furthermore, atxr5/6 mutants are character-
ized by the activation of genes involved in DNA damage repair
such as the Arabidopsis homologs of human RAD51 and BRCA1
(10). Together, these findings suggest that the H3K27me1
mark is an integral player in the cross-talk between replication,
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transcription, genome organization, and genome stability. How-
ever, how these events are connected and what features underlie
the tissue-specific defects is poorly understood.

In this study, we found that the transposon activation and
excessive DNA phenotypes of atxr5/6 hypomorphic mutants
inversely correlate with the level of ATXR6 transcript rather
than with endoreduplication. Furthermore, characterization of
an atxr6-null allele revealed that ATXR5/6 function is essential
for female germline development. We also extensively profiled
chromatin and transcriptome changes associated with the partial
loss of H3K27me1 in the atxr5/6 hypomorphic mutant. Lastly,
we determined that some, but not all, previously isolated genetic
suppressors of the atxr5/6 hypomorphic mutant act by restoring
H3K27me1 levels, for instance via the up-regulation of the
ATXR6 transcript in the atxr6 hypomorphic promoter allele.

Results
Tissue-Specific Levels of ATXR6 Correlate with the Severity of the
atxr5 atxr6 Mutant Phenotype. We previously observed that the
molecular phenotypes of the hypomorphic atxr5-1 atxr6-1 dou-
ble mutant [hereafter termed atxr5/6 weak (W)] were specific to
the endoreduplicating cells of mature leaves and cotyledons but
not immature floral buds that lack endoreduplication (13), sug-
gesting that defects in the atxr5/6 (W) mutant may be specific
to endoreduplicating tissues. These phenotypes include TE
derepression and excess DNA derived from heterochromatic
regions, the latter evident during flow cytometry as a character-
istic shoulder on peaks corresponding to 8C and 16C nuclei
after DAPI staining (11). However, when we repeated this
experiment in roots, which also have high levels of endoredupli-
cation, we found that atxr5/6 (W) roots did not display the
excess DNA phenotype, and instead resembled wild-type plants
(Fig. 1A). We also performed RNA sequencing (RNA-seq) of
cotyledons and roots in wild-type and atxr5/6 (W) plants and
found very little TE derepression in atxr5/6 (W) in roots (Fig. 1B),
which was further confirmed by qRT-PCR (SI Appendix, Fig. S1).
Given that the atxr6-1 allele in atxr5/6 (W) is a hypomorphic
mutation resulting from a T-DNA insertion in the promoter (1),
this prompted us to investigate whether the tissue-specific pheno-
type may correlate better with the levels of residual ATXR6
expression rather than with the levels of endoreduplication.
Indeed, tissue-specific RNA-seq analysis in wild-type and atxr5/6
(W) plants showed that levels of ATXR6 expression in atxr5/6 (W)
were much higher in roots and flowers but barely detectable in
cotyledons and leaves (Fig. 1C). This suggests that the atxr5/6 (W)
phenotypes may result from tissue-specific patterns of residual
ATXR6 expression, rather than the level of endoreduplication.

We isolated an atxr6 allele that carried a T-DNA insertion
(SALK_206371) in the coding region of ATXR6 (atxr6-2), here-
after termed atxr6-2 strong (S) (Fig. 1D). ATXR6 RNA was
undetectable near the SALK_206371 insertion site in seedlings
carrying the atxr6-2 (S) allele, whereas reduced expression
could be detected in atxr6-1 (W) seedlings (Fig. 1D). Interest-
ingly, we were unable to recover atxr5-1 (�/�) homozygotes
from self-pollination of atxr6-2 (S/S) atxr5-1 (+/�) plants (n =
123), nor did we recover atxr6-2 (S/S) homozygotes from a self-
cross of atxr6-1/atxr6-2 (S/W) atxr5-1 (�/�) (n = 163), suggesting
that combined loss of both ATXR5 and ATXR6 is lethal (Table 1).
To determine the mode of lethality, we performed reciprocal
crosses between atxr6-1/atxr6-2 (S/W) atxr5-1 (�/�) and wild-type
ATXR5 (+/+) ATXR6 (+/+) plants. The transmission efficiency of
the atxr6-1 (S) allele was 51% (n = 107) through the male game-
tophyte, suggesting that male gametogenesis was not affected by
loss of both ATXR5 and ATXR6 (Table 2). In contrast, we failed
to recover any atxr6-2 (S) alleles (n = 116) through the female
gametophyte, suggesting that the atxr6-2 (S) allele causes female
gametophytic lethality in the atxr5-1 mutant background (Table 2).

Together, these data indicate that ATXR5 and ATXR6 are
required for viability, and that in the presence of a weak ATXR6
allele, molecular phenotypes correlate with varying levels of resid-
ual ATXR6 expression across different tissues.

Chromatin Changes in the atxr5/6 (W) Mutant. Previous immuno-
fluorescence studies reported that chromocenters in atxr5/6 (W)
become decondensed and form hollow ring structures, reflecting
a response to DNA damage (13). This phenotype was specifically
observed in higher-ploidy, endoreduplicated nuclei in leaves
(1, 13), and occurred without major changes in H3K9me2 or
DNAmethylation levels (1). To better understand the mechanism
of chromocenter remodeling in atxr5/6 (W), we profiled a number
of additional chromatin modifications using low-input chromatin
immunoprecipitation sequencing (ChIP-seq) of cotyledons, which
have low ATXR6 expression and a high proportion of endore-
duplicated and defective nuclei in atxr5/6 (W) (SI Appendix,
Fig. S2). Profiles for the different histone modifications over
protein-coding genes in cotyledons were consistent with prior pub-
lished datasets (14), validating our ChIP-seq methods (SI Appendix,
Fig. S3). As previously reported, H3K27me1 was reduced in peri-
centromeric heterochromatin in atxr5/6 (W) compared with wild-
type cotyledons (SI Appendix, Fig. S4) (14–16). Although we did
not observe substantial changes in activating/euchromatin-specific
histone modifications (H3K4me3, H3K14Ac, H3Ac, H4Ac, H2A.
Z) over pericentromeric heterochromatin regions (SI Appendix,
Fig. S4), we did detect a moderate increase in H3K4me3, H2A.Z,
and histone acetylation marks (H3K27Ac, H4Ac, H3K14Ac,
H3Ac) at TEs that were up-regulated in atxr5/6 (W) (SI Appendix,
Fig. S5), likely reflecting the transcriptional up-regulation of these
regions. Additionally, we observed a slight increase in H3K9me2
over pericentromeric heterochromatin, accompanied by a reduc-
tion in H3K4me1 (SI Appendix, Fig. S4). Our observations are
consistent with recent publications where an increase in
H3K9me2 and H3K27Ac marks was observed in the atxr5/6 (W)
mutant (17, 18). Although we cannot rule out that other untested
epigenetic marks may be involved, these data suggest that loss of
H3K27me1 is the major contributor to the chromocenter decom-
paction phenotype observed in atxr5/6 (W) mutants.

To characterize changes in H3K27me1 in more detail, we
identified 7,029 regions normally enriched for H3K27me1/H3 in
wild type, and grouped them into four clusters according to their
behavior in the atxr5/6 (W) mutant using k-means clustering.
Clusters 1 and 4 both showed a reduction in H3K27me1 in atxr5/
6 (W) (Fig. 2A). H3K27m1 is also known to be regulated by the
H3K27 demethylase REF, and indeed clusters 2 and 3 lost
H3K27me1 in the ref-5 mutant and slightly gained H3K27me1 in
the atxr5/6 (W) mutant, reflecting the activity of this alternative
pathway in the H3K27me1 deposition (SI Appendix, Fig. S6)
(15). Cluster 1 regions had the highest H3K27me1 levels in wild
type (Fig. 2A), were predominantly concentrated in pericentro-
meric heterochromatin, and highly overlapped with TEs (Fig. 2 B
and C), while clusters 2, 3, and 4 had lower wild-type H3K27me1
levels and mostly occurred over protein-coding genes in the chro-
mosome arms (Fig. 2 A, B, and C). Additionally, cluster 1 con-
tained much higher levels of H3.1, along with less H3.3, than the
other three clusters (Fig. 2D). It has been well-characterized that
ATXR5/6 have a preference for methylating H3.1 over the H3.3
histone variant (2), which suggests that the higher H3K27me1
levels in the pericentromere may be facilitated by abundant H3.1.
We also examined whether any of the other chromatin marks we
profiled were altered in atxr5/6 (W) in a cluster-specific manner
(Fig. 2E). Notably, H3K4me1 was decreased in atxr5/6 relative to
wild type in cluster 1 and to a lesser extent in cluster 4, while we
observed a mild increase in several activating histone modifica-
tions in cluster 1 such as H3Ac, H3K14Ac, and H3K4me3.

In order to better understand the effect of H3K27me1 on
gene expression, we plotted H3K27me1 and other histone
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modifications in wild type according to gene expression levels
(SI Appendix, Fig. S7A). We observed that H3K27me1 was
enriched over moderately to lowly expressed genes containing
low-to-intermediate levels of activating histone marks. Interest-
ingly, H3K27me1-marked genes were mostly distinct from
genes marked with H3K27me3 (SI Appendix, Fig. S7 B and C).

We next intersected H3K27me1-enriched clusters with protein-
coding genes and plotted their expression in wild type and atxr5/6
(W) (Fig. 2F). Genes in cluster 1 but not clusters 2, 3, and 4 were
significantly up-regulated in atxr5/6 (W) (Fig. 2F). Gene Ontology
(GO) term analysis revealed distinct classes of genes in each clus-
ter (Fig. 2G). Strikingly, genes assigned to cluster 4 were very
strongly enriched in cell cycle– and DNA repair–related GO
terms, and included AtRAD51, AtBRCA1, PARP2, and AtGR1
(for example, Fig. 2H). Up-regulation of these and other DNA
repair genes is a hallmark of the atxr5/6 (W) phenotype (10, 12).
While it is intriguing that these genes lose H3K27me1 and are
up-regulated in atxr5/6 (W), the significance of this is unclear
because these DNA repair genes represent only a subset of

H3K27m1-enriched genes in cluster 4, and most cluster 4 genes
are not up-regulated in atxr5/6 (SI Appendix, Fig. S8).

A long-standing question concerning ATXR5/6 function is
the relationship between the different atxr5/6 (W) mutant phe-
notypes: excess DNA, transcriptional activation of TEs and
DNA damage genes, and heterochromatin decondensation. Pre-
vious work found that the excess DNA and chromatin decom-
paction phenotypes are specific to the higher-ploidy cells in leaf
tissue (11). However, RNA-seq in atxr5/6 (W) has only been
done in tissues that include cells with a range of ploidies. To
examine transcriptional changes as a function of ploidy in the
atxr5/6 (W) mutant, we performed RNA-seq of pools of 50
fluorescence-activated cell sorting (FACS)–sorted 2C, 4C, 8C,
and 16C nuclei from cotyledons (Fig. 3A) using Smart-seq2 (19),
which provides high sensitivity compared with other very low
input RNA-seq methods (20). We used the well-characterized
ddm1-2 mutant as a control that shows strong TE derepression
(21). After filtering out poor-quality libraries, we retained two to
four replicates per ploidy/sample. Among the high-quality librar-
ies, we detected between 10,000 and 15,000 genes with at least
one read and ∼10,000 genes with at least five reads across each
library, while very few genes were detected in negative control
wells into which no nuclei were sorted (SI Appendix, Fig. S9A
and Dataset S1). Replicates of the same ploidy tended to clus-
ter together by both hierarchical clustering and multidimen-
sional scaling (MDS) analysis, with 2C and 4C samples and
8C and 16C samples showing the most similarity to each other
(SI Appendix, Fig. S9 B and C). We plotted expression levels of
TEs and a selected list of DNA damage genes across all samples
(Fig. 3B). We detected minor TE activation in 4C nuclei in
atxr5/6 (W), with a much higher activation in 8C and 16C nuclei
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Table 1. Self-pollinations

Parent

atxr5-1 (+/�)
atxr6-2 (S/S)

atxr5-1
(+/+)

atxr5-1 (+/�) atxr5-1
(�/�)

Total

70 53 0 123
atxr5-1 (�/�) atxr6-1/

atxr6-2 (S/W)
atxr6-1
(W/W)

atxr6-1/
atxr6-2 (S/W)

atxr6-2
(S/S)

81 82 0 163
Total 286
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(Fig. 3B). These TEs were largely silent in wild type, and were
highly up-regulated regardless of ploidy in ddm1-2 (Fig. 3B).
These data suggest that the TE overexpression phenotype is cor-
related with the excess DNA and chromocenter decompaction
phenotypes in atxr5/6 (W), which also occur only at higher
ploidies (Fig. 3 A and B). However, DNA damage response
genes were broadly up-regulated in atxr5/6 (W) at all ploidy
levels, including in 2C nuclei (Fig. 3B), but were only slightly
up-regulated in ddm1-2 nuclei. DNA damage genes were also
up-regulated in atxr5/6 (W) roots and to a lower extent in young
floral tissues, despite these tissues showing minimal TE dere-
pression (Fig. 3C). We next profiled H3K27me1 changes in floral
tissue to determine if increased expression of H3K27me1-enriched
DNA damage–related genes in atxr5/6 (W) was also accompanied
by loss of H3K27me1. Though there were no differences in
H3K27me1 levels in the pericentromeres as a whole in floral tis-
sue (SI Appendix, Fig. S10A), or at TEs (SI Appendix, Fig. S10B),
cluster 4 regions had decreased H3K27me1 levels in atxr5/6 (W)
in flower buds (SI Appendix, Fig. S10C). This suggests either that
the reduction of ATXR6 function in floral tissue (Fig. 1C) reduces
H3K27me1 at cluster 4 genes, causing transcriptional activation of
some genes, or alternatively that transcriptional activation of these
genes may inhibit maintenance of H3K27me1 at these loci. In
either case, these data show that the up-regulation of DNA dam-
age response genes in atxr5/6 (W) is a separable process from
the chromocenter remodeling and TE activation phenotypes.

Multiple Distinct Mechanisms for atxr5/6 Suppression. We previ-
ously performed a forward genetic screen for suppressors of the
atxr5/6 (W) mutant phenotypes, which identified mutations in
genes encoding a methyl-CpG–binding domain protein (MBD9),
two components of the TREX-2 complex, SAC3B and THP1, and
a SUMO-interacting E3 ubiquitin ligase (STUbL2) (12). These
mutations suppressed the TE activation phenotype of atxr5/6 (W)
(12). To investigate if these mutations also suppress TE activation
in other mutant backgrounds, we crossed mbd9-3, sac3b-3, and
stubl2-3 with ddm1-2, a mutant that displays strong TE dere-
pression in pericentromeric heterochromatin (10). RNA-seq in
cotyledons revealed that neither mbd9-3 nor stubl2-3 sup-
pressed TE up-regulation in the ddm1-2 background (Fig. 4A).
sac3b-3 moderately suppressed TE up-regulation in ddm1-2
(Fig. 4A), but this effect was limited to a small subset of 98
highly up-regulated TEs (SI Appendix, Fig. S11). Thus, the sup-
pression of TE activation by these mutants was mostly specific
to the atxr5/6 (W) mutant background.

To learn more about the pathways affected by the suppressor
mutations, we generated complementing epitope-tagged trans-
genic lines for MBD9 and SAC3B (SI Appendix, Fig. S12). We
were unable to generate complementing transgenic lines for
STUbL2, presumably because the epitope tags interfered with
protein function. We performed IP mass spectrometry of
epitope-tagged MBD9 and SAC3B in their respective single-
mutant and atxr5/6 (W) triple-mutant backgrounds. As previ-
ously reported, MBD9 interacted with the SWR1 complex and
CHR11/17 remodelers (22), and these interactions persisted in
the atxr5/6 (W) background (Table 3). Furthermore, when we
crossed two highly conserved components of the SWR1 complex,
arp6-1 and sef1-1, to atxr5/6 (W), we observed a suppression of
the atxr5/6 (W) DNA overreplication and TE up-regulation

phenotypes (SI Appendix, Fig. S13). This suggests that mbd9-3
suppresses atxr5/6 (W) phenotypes via its participation in the
SWR1 complex. For SAC3B, we observed interaction with
THP1 and several nucleoporin-related proteins (Table 3).
Importantly, MBD9- and SAC3B-interacting proteins were
largely nonoverlapping, and neither MBD9 nor SAC3B pulled
down STUbL2 (Table 3 and Dataset S2). These data suggest
that MBD9, SAC3B, and STUbL2 may act in different path-
ways and suppress the atxr5/6 (W) phenotype via distant mech-
anisms. In further support of this, we performed RNA-seq of
mbd9-3, sac3b-3, and stubl2-3 cotyledons and found that the
overlaps between the misregulated genes in each of these
mutants were relatively low, although they were significant
when measured by a hypergeometric test (P ≤ 0.0001) (Fig.
4B). Furthermore, we plotted the expression of the differen-
tially expressed genes (DEGs) identified for each mutant
across all the genotypes and generally found little coregulation
of these genes in the different mutants (SI Appendix, Fig. S14).

We have shown that higher levels of tissue-specific residual
ATXR6 correlate with the severity of the atxr5/6 (W) pheno-
type (Fig. 1), suggesting that increasing ATXR6 transcript levels
could be a mechanism for rescue by other factors. We therefore
tested whether the suppression of the atxr5/6 (W) phenotype by
mbd9-3, sac3b-3, and stubl2-3 was a result of up-regulation of
ATXR6. We performed RNA-seq in flowers, where ATXR6
expression in atxr5/6 (W) is relatively high, so that changes in
ATXR6 expression would be easier to detect. ATXR6 expres-
sion increased in the sac3b-3 atxr5/6 (W) background as com-
pared with atxr5/6 (W) (Fig. 4C), suggesting that sac3b-3 may
indeed be rescuing atxr5/6 (W) by up-regulating ATXR6 tran-
scription. However, we did not detect an increase in ATXR6
expression in either mbd9-3 atxr5/6 (W) or stubl2-3 atxr5/6 (W)
(Fig. 4C). These observations were confirmed by qRT-PCR in
seedling tissue (SI Appendix, Fig. S15). To further test the
hypothesis that up-regulation of ATXR6 expression may be suf-
ficient to suppress the atxr5/6 phenotype, we crossed atxr5/6
(W) with mediator12 (med12) (23), which has pleiotropic effects
on gene expression. Loss of MEDIATOR12 increased ATXR6
expression and suppressed the TE up-regulation and extra
DNA phenotypes of atxr5/6 (W) (SI Appendix, Fig. S16). These
results further confirm that up-regulation of ATXR6 transcript
can suppress the atxr5/6 (W) phenotype.

We further explored the mechanisms by which mbd9-3 and
stubl2-3 rescue the atxr5/6 (W) phenotype. To determine if the
suppression of atxr5/6 (W) involves the compaction of the chro-
mocenters, we performed immunofluorescence of H3K27me1
and observed that all mutants suppressed the chromocenter
decompaction phenotype of atxr5/6 (W) (Fig. 4D). Additionally,
we found by ChIP-seq that H3K27me1 levels in atxr5/6 (W) were
restored to wild-type levels in chromocenters by both mbd9-3 and
sac3b-3 (Fig. 4 E and F and SI Appendix, Fig. S17). In sac3b-3 this
likely reflects increased ATXR6 expression (Fig. 4C). However,
loss of MBD9 also partially restored H3K27me1 levels in atxr5/6
(W), suggesting that MBD9 may affect H3K27me1 deposition
via an unknown mechanism. Interestingly, stubl2b-3 suppressed
the atxr5/6 (W) phenotype without increasing H3K27me1 levels
(Fig. 4 E and F and SI Appendix, Fig. S17), suggesting that
STUBL2 acts downstream of H3K27me1 or possibly via an
independent mechanism. H3K27me1 levels were also unaffected
in the single stubl2-3 mutant (SI Appendix, Fig. S18), suggesting
that stubl2-3 is not involved in the regulation of H3K27me1
levels. We also checked whether sac3b-3, mbd9-3, and stubl2-3
result in transcriptional misregulation of other factors that may
indirectly result in suppression of the atxr5/6 (W) phenotypes,
for instance by affecting histone H3.1/H3.3 deposition. How-
ever, we did not find evidence of this in our RNA-seq datasets
(Dataset S3). Together, these data suggest that all three mutants
may rescue atxr5/6 (W) via distinct mechanisms.

Table 2. Reciprocal crosses

Parent atxr6-2 (�/+) atxr6-1 (�/+)

ATXR5 (+/+) ATXR6 (+/+) $ x atxr5-1 (�/�)
atxr6-1/atxr6-2 (S/W) #

55 52

ATXR5 (+/+) ATXR6 (+/+) # x atxr5-1 (�/�)
atxr6-1/atxr6-2 (S/W) $

0 116
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Discussion
Understanding how chromatin influences genomic stability has
important implications for cellular and organismal viability. In
Arabidopsis, the heterochromatin-specific mark H3K27me1 has

emerged as an important connection between epigenetic gene
silencing and genome stability. Reduction of H3K27me1 in the
atxr5/6 (W) mutant results in up-regulation of TEs, activation of
DNA damage response genes, chromocenter decompaction, and

Fig. 2. Characterization of chromatin in wild-type and atxr5/6 (W). (A) Profile and heatmap of normalized (log2 RPKM) H3K27me1 signal over H3K27me1-
enriched peaks in wild type (MACS2, q < 0.01), grouped by k-means clustering (cluster n = 4) and ordered by region length. (B) Distribution of enriched
regions for the four H3K27me1 clusters as defined in A over chromosome 2. (C) Overlap of regions in each of the four H3K27me1 clusters from A with peri-
centromeric regions (gray), TEs (red), and protein-coding genes (green). (D) Distribution of normalized (RPKM) H3.1 and H3.3 ChIP-seq signal (IP over input)
in wild-type over H3K27me1 clusters (n = 4). Data are used with permission from Stroud et al. (49). (E) Distribution of H3K4me1, H3Ac, H3K14Ac, H3K27Ac,
H4Ac, H3K4me3, H3K9me2, and H2A.Z and H3.3 ChIP-seq signal normalized to H3 in wild-type and atxr5/6 (W) cotyledons over the four H3K27me1 clusters.
(F) Boxplot of RNA-seq log2 expression (average FPKM + 1) for genes overlapping each of the four H3K27me1 clusters in wild-type and atxr5/6 (W) cotyle-
dons. Center lines indicate the median, upper and lower bounds represent the 75th and 25th percentiles, respectively, whiskers indicate the minimum and
the maximum, and outliers are not plotted. n = 4 independent replicates in wild-type and atxr5/6 (W) cotyledons were averaged. Unpaired two-sample Wil-
coxon test was used to test for significant differences in average expression in wild type vs. atxr5/6 (W) in each cluster: not significant (ns), P > 0.05; ***P ≤
0.001. (G) GO term analysis for genes overlapping regions from each of the four H3K27me1 clusters. A �log adjusted P value is shown for three representa-
tive GO classes for each cluster. (H) Normalized H3K27me1 ChIP-seq signal (reads per kilobase of transcript per million mapped reads [RPKM]) and normal-
ized RNA-seq signal (RPKM) in wild-type and atxr5/6 (W) cotyledons over RAD51. All RNA-seq tracks use same scale, as do both ChIP-seq tracks.
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Fig. 3. Characterization of ploidy- and tissue-specific transcriptional profiles in wild type, atxr5/6 (W), and ddm1-2 mutants. (A) Representative flow
cytometry profiles of wild-type, atxr5/6 (W), and ddm1-2 cotyledons used to generate Smart-seq2 libraries. For Smart-seq2, each replicate consisted of a
pool of 50 nuclei sorted from the indicated peak of the histogram (peaks labeled at top). (B) Boxplot of RNA-seq log2 expression (average FPKM + 1) of
TEs (Top) and DNA damage genes (Bottom) detected in Smart-seq2 libraries as a function of ploidy in wild-type, atxr5/6 (W), and ddm1-2 cotyledons. Cen-
ter lines indicate the median, upper and lower bounds represent the 75th and 25th percentiles, respectively, whiskers indicate the minimum and the max-
imum, and outliers are not plotted. Values plotted represent an average of two to four independent replicates. Unpaired two-sample Wilcoxon test was
used to determine significance between 2C and 4C, 8C, and 16C nuclei for the indicated samples: ns, P value > 0.05; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001. (C) Boxplot of RNA-seq log2 expression (average FPKM + 1) of TEs (Top) and DNA damage genes (Bottom) in cotyledons, roots, leaves,
and flowers in wild type and atxr5/6 (W) mutant (three or four replicates each).
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a genomic instability defect characterized by accumulation of
heterochromatin-derived DNA in certain endoreduplicated tis-
sues. The goal of this study was to investigate the function of the
H3K27me1 epigenetic mark by specifically addressing several
questions: 1) What contributes to the tissue-specific defects
observed in the atxr5/6 mutants? 2) How does the epigenetic
landscape change upon the reduction of H3K27me1? 3) What is
the connection between the phenotypes resulting from a reduc-
tion in H3K27me1? 4) How might characterization of the atxr5/6
(W) suppressors identified previously in our screen inform us
about the biology of the ATXR5/6 methyltransferases?

Through an examination of gene expression across tissue
types and its correlation with changes in H3K27me1 levels, we
made several interesting observations. A key finding from this
work is that the atxr6 allele used here and in prior studies is a

weak allele that still produces low but functional levels of
ATXR6 transcript in some tissues. We observed that the tissue-
specific defects in atxr5/6 (W) mutants likely reflect varying lev-
els of residual expression of ATXR6 in these tissues. Despite
both roots and cotyledons displaying similar levels of endoredu-
plication, ATXR6 was much more highly expressed in roots,
while the atxr5/6 (W) phenotype is present in cotyledons but
absent from roots. These observations suggest that there is a
minimum amount of ATXR6 required to maintain H3K27me1
levels and, if ATXR6 expression levels are reduced below this
threshold, a critical amount of H3K27me1 is lost and the atxr5/6
(W) phenotypes occur. In support of this, complete loss of both
ATXR5 and ATXR6 results in female gametophytic lethality,
suggesting a need for a minimal amount of H3K27me1 to be
maintained for viability. This model is also supported by the
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Fig. 4. Distinct mechanisms of atxr5/6 (W) suppression. (A) Boxplot of average expression of TEs up-regulated in atxr5/6 (W) cotyledons for the indicated
mutants and replicates. Center lines indicate the median, upper and lower bounds represent the 75th and 25th percentiles, respectively, whiskers indicate
the minimum and the maximum, and outliers are not plotted. (B) Overlap between significantly (log2 fold change ≥ 1, false discovery rate ≤ 0.05) up-reg-
ulated and down-regulated genes for each mutant vs. wild type in cotyledons. (C) Bar chart of RNA-seq FPKM values for ATXR6 expression in wild-type,
atxr5/6 (W), stubl2-3 atxr5/6 (W), mbd9-3 atxr5/6 (W), and sac3b-3 atxr5/6 (W) flowers. Bars represent mean and whiskers represent ±SE (SEM) from n = 3
biological replicates. (D) Immunofluorescence and quantification of chromocenter appearance in H3K27me1-stained leaf nuclei from wild type, atxr5/6
(W), stubl2-3 atxr5/6 (W), mbd9-3 atxr5/6 (W), and sac3b-3 atxr5/6 (W). (E) Genome-wide H3K27me1 ChIP-seq signal normalized by input for the indicated
samples in leaves. Smoothed log2 ratio of normalized (RPM) ChIP-seq signal over 100-kb windows is shown. (F) Boxplot of log2(H3K27me1/input) ChIP-seq
signal over TEs up-regulated in the atxr5/6 (W) mutant in leaves of the indicated genotypes.
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observation that in flowers, where ATXR6 transcript levels are
only reduced ∼50% in the weak mutant, H3K27me1 levels at
chromocenters were unaffected. Furthermore, we identified two
suppressors, sac3b-2 and med12, which restored H3K27me1 lev-
els and suppressed atxr5/6 (W) phenotypes, likely by increasing
ATXR6 RNA expression.

Unfortunately, we were not able to detect ATXR6 expression
across the endoreduplicated nuclei to determine if the TE dere-
pression that increased with the levels of endoreduplication in
the atxr5/6 (W) mutant correlates with a decrease in ATXR6
levels, as our model would predict. Alternatively, it is possible
that the increase in TE derepression occurred as a result of an
increase in copy number upon endoreduplication. However, we
would then predict that the same TEs would increase in the
ddm1-2 mutant but instead they remained constant. We thus
attribute the increase in TE derepression to increased chromo-
center defects that also increase with ploidy in the atxr5/6 (W)
mutant, rather than to endoreduplication itself, but we cannot
exclude its involvement. Several studies suggest that the rela-
tionship between gene expression and genome duplication
might be complex and that gene expression does not strictly
correlate with genome doubling in Arabidopsis (24, 25). Further
studies are required to address how gene expression dosage is
regulated upon endoreduplication.

One phenotype that did not strictly correlate with ATXR6
expression was the up-regulation of DNA damage genes. This
occurred in atxr5/6 (W) regardless of ATXR6 levels in a given
tissue. This suggests that the DNA damage response may be a
separate process from the TE derepression, chromocenter
decompaction, and excess DNA production seen in the axr5/6
(W) mutant, and that it may be more sensitive to the partial
loss of ATXR6. In particular, it seems possible that some form
of genome instability or replication stress occurs in atxr5/6 (W),
causing induction of DNA damage response genes. Indeed,
similar sets of DNA damage genes are also activated in mutants
of genes involved in DNA replication, such as in FAS1 and

FAS2, both components of the chromatin assembly factor 1
(CAF-1) chaperone complex, as well as in BRU1, RFC1, and
mutations in DNA polymerases, Pol alpha (α), delta (δ), and
epsilon (ε) (17, 26–31).

We profiled various histone modifications in our study to
determine which other chromatin changes may be associated
with the molecular phenotypes observed in the atxr5/6 (W)
mutant. Although we observed a few minor changes, including
increased activating histone modifications at TEs up-regulated
in atxr5/6 (W) and a slight increase in H3K9me2 and decrease
in H3K4me1 over pericentromeric heterochromatin, we found
no major changes in histone modifications other than loss of
H3K27me1 in atxr5/6 (W). This suggests that H3K27me1 reduc-
tion may be the major epigenetic change responsible for the
molecular phenotypes observed in the atxr5/6 (W) mutant. We
defined a subset of protein-coding genes that strongly lost
H3K27me1 in the atxr5/6 (W) mutant and, interestingly, this
subset included DNA damage genes that are up-regulated in
atxr5/6 (W). Additional studies are needed to determine what
function, if any, H3K27me1 plays in regulating the expression of
these genes, or if the losses of H3K27me1 at these genes are a
secondary consequence of their up-regulation. We also identi-
fied a subset of H3K27me1-enriched regions that slightly gained
H3K27me1 in the atxr5/6 (W) mutant, and these sites were
enriched for REF H3K27me2/3 demethylase activity, highlight-
ing the multiple mechanisms of H3K27me1 regulation.

We also explored the mechanisms by which mutation of
three genes was previously shown to suppress atxr5/6 (W) TE
up-regulation phenotypes. We found that both sac3b-3 and
mbd9-3 suppressed atxr5/6 (W) by restoring H3K27me1 levels
at chromocenters. For sac3b-3, the mechanism likely involves
increasing ATXR6 expression in the hypomorphic atxr6 (W)
allele. How mbd9-3 rescues H3K27me1 levels remains unclear,
but one possibility is that it could act via regulation of other
genes involved in H3K27me1 maintenance. Interestingly, the
third mutant, stubl2-3, suppressed the atxr5/6 (W) TE

Table 3. IP mass spectrometry: spectral counts for MBD9-9×Myc, MBD9-3×FLAG, and SAC3B-3×FLAG lines representing enriched pro-
teins over wild type

Protein Description

MBD9-9×

MYC

mbd9-

3_R1

MBD9-

3×FLAG

mbd9-

3_R1

MBD9-

3×FLAG

weak

atxr5

atxr6

mbd9-

3_R1

MBD9-

3×FLAG

weak

atxr5

atxr6

mbd9-

3_R2

MBD9-

3×FLAG

weak

atxr5

atxr6

mbd9-

3_R3

SAC3B-

3×FLAG

sac3b-

3_R1

SAC3B-

3×FLAG

weak

atxr5

atxr6

sac3b-

3_R1

SAC3B-

3×FLAG

weak

atxr5

atxr6

sac3b-

3_R2

SAC3B-

3×FLAG

weak

atxr5

atxr6

sac3b-

3_R3

WT-3×

FLAG_R1

WT-3x

FLAG_R2

WT-9×

MYC_R1

weak

atxr5

atxr6-3×

FLAG_R1

weak

atxr5

atxr6-3×

FLAG_R2

AT3G01460 MBD9 355 607 571 218 177 3 0 0 0 0 0 0 0 0

AT2G17930 TRA1A 128 76 91 47 27 2 0 3 2 0 0 0 12 0

AT4G36080 TRA1B 120 74 85 38 24 0 0 2 2 0 0 0 11 0

AT3G12810 PIE1 75 49 30 7 14 3 0 0 0 0 0 0 0 0

AT2G47210 SWC4 12 9 6 3 5 5 0 0 0 0 0 0 3 0

AT5G45600 YAF9A 5 6 3 0 0 0 0 0 0 0 0 0 0 0

AT3G33520 ARP6 16 5 9 0 4 2 0 0 0 0 0 0 0 0

AT2G36740 SWC2 17 0 2 0 2 0 0 0 0 0 0 0 0 0

AT2G02470 AL6 2 0 0 0 0 0 0 0 0 0 0 0 0 0

AT5G37055 SEF 2 0 0 0 0 0 0 0 0 0 0 0 0 0

AT5G18620 CHR17 122 190 166 94 70 6 4 2 2 3 0 0 3 2

AT3G06400 CHR11 118 177 177 94 61 5 5 2 3 4 0 0 3 3

AT3G06290 SAC3B 0 0 0 0 4 391 245 104 104 38 0 0 0 0

AT2G19560 THP1 0 0 0 0 0 42 28 17 17 0 0 0 0 0

AT4G11790 Plekstrin

homology

0 0 0 0 0 21 21 10 9 0 0 0 0 0

AT5G20200 Nucleoporin-

related

0 0 0 0 0 21 12 4 3 0 0 0 0 0

AT1G67180 STUbL2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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phenotype without restoring H3K27me1 levels, suggesting it
functions downstream of H3K27me1 in regulating TE expres-
sion. As previously described, STUbL2 is the only suppressor
identified from the previous screen that is coexpressed during
G1/S phase with ATXR6 and other factors involved in DNA
replication. This suggests that STUbL2 may be more directly
involved in the initial events that occur upon a reduction in
H3K27me1 levels. Further work is needed to understand the
mechanism of action of STUbL2.

In summary, this work provides an examination of tissue-
specific transcriptional and chromatin changes occurring in the
atxr5/6 (W) mutant, and provides important considerations for
future work. Most notably, our study revealed that due to the
hypomorphic nature of the atxr5/6 (W) mutant, future work
involving suppressors or enhancers of the atxr5/6 (W) mutant
requires systematic profiling of their effect on ATXR6 and
H3K27me1 levels in order to assess their direct or indirect
impact on H3K27me1 biology.

Materials and Methods
Plant Materials. AllArabidopsis plants used in this study were of the Col-0 eco-
type and were grown at 22 °C under long-day conditions (16 h light, 8 h dark).
The following Arabidopsis mutant lines were used: mbd9-3 (SALK_039302),
arp6-1 (SAIL_599_G03), sef-1 (SAIL_536_A05), stubl2-3 (GABI_910B12), atxr5-1
(SALK_130607), atxr6-1 (SAIL_240_H01), atxr6-2 (SALK_206371), ddm1-221,
med12 (SALK_108241c), and sac3b-3 (SALK_065672).

qRT-PCR. Total RNA was prepared from 2-wk-old shoots (∼3 shoots per repli-
cate) and 2-wk-old roots (∼5 roots per replicate) using the Direct-zol RNAMin-
iPrep Kit (R2050; Zymo Research). RNA (1 to 2 μg) was used for the preparation
of complementary DNA using SuperScript III First-Strand Synthesis SuperMix
(18080-400; Invitrogen). Signal detection, quantification, and normalization
were done using CFXMaestro software (Bio-Rad).

RNA-Seq and Analysis. Total RNA was extracted from 2-wk-old cotyledons
(∼20 cotyledons per replicate), 2-wk-old roots (∼5 roots per replicate),
4-wk-old flowers (∼4 flower buds from separate plants per replicate), and
4-wk-old rosette leaves (1 leaf from separate plants per replicate) grown
on 1% Murashige and Skoog medium or soil under long-day conditions.
RNA was extracted using the Direct-zol RNA Miniprep Kit. For RNA-seq, 1
μg of total RNA was used to prepare libraries using the Illumina TruSeq
Stranded mRNA-Seq Kit or the Illumina NeoPrep Kit. Libraries were
sequenced on either an Illumina HiSeq 4000 or NovaSeq 6000 instrument.
Reads were aligned to TAIR10 using TopHat (32), allowing up to two mis-
matches and only keeping reads mapped to one unique location. FPKM
(fragments per kilobase of transcript per million fragments mapped) val-
ues and differential gene expression were analyzed using Cufflinks (32)
with default settings. GO term enrichment was determined using
agriGO (33).

Smart-seq2. Fresh nuclei from 2-wk-old cotyledons were extracted as follows.
Roughly 50 cotyledons were finely chopped with a razor into 50 μL Partec
nucleus extraction buffer (Sysmex America; 05-5002) and DAPI-stained with
400 μL Partec nucleus staining buffer. Samples were filtered once through a
35-μm nylon mesh (Falcon; 352235) and subjected to fluorescence-activated
nucleus sorting. Nuclei were sorted from the 2C, 4C, 8C, and 16C peaks based
on DAPI fluorescence. Fifty nuclei from each peak were sorted into individual
wells of a 96-well plate. Negative controls, with no nuclei sorted into a well,
were also included in every plate and carried through library preparation and
sequencing. Libraries were prepared according to the Smart-seq V2 protocol
at reduced volume and with a few modifications as described previously
(34), and sequenced on an Illumina NovaSeq 6000. Reads were aligned to
TAIR10 with chloroplasts and mitochondria excluded using HISAT2 (35) with
default settings. SAMtools (36) view was used to filter uniquely mapped
proper pairs with the following parameters: -b -q 60 -f 2. Duplicate reads
were removed using Picard tools MarkDuplicates.jar (https://broadinstitute.
github.io/picard/). Counts for each gene were generated using HTSeq-count
(37) using Araport11 (38) gene and TE annotations. FPKM values and differ-
ential gene expression were analyzed using Cuffdiff (32) with default set-
tings. The R cummeRbund package (39) was used to generate a dendrogram
of Jensen–Shannon distance between sample replicates and the MDS plot
for sample replicates for all genes.

Epitope-Tagged Transgenic SAC3B and MBD9 Lines. Full-length genomic DNA
fragments containing ∼1 kb (MBD9) or ∼1 kb (SAC3B) of promoter sequence,
together with genomic gene sequences up to the annotated/major stop
codon of MBD9 and SAC3B, were amplified using PCR (SI Appendix). The PCR
product was cloned into the pENTR/D vector (Invitrogen) and delivered into a
modified pEG destination vector containing 3×FLAG and 9×MYC tags using
the LR Reaction Kit (Invitrogen). The pEG destination vectors were trans-
formed into Agrobacterium strain AGL0, and transformed into plants using
the floral dip method (40).

Affinity Purification and Mass Spectrometry. Approximately 10 g of flowers
from transgenic lines expressing SAC3B-3×FLAG, MBD9-3×FLAG, or MBD9-
9×MYC, and from Col-0 and atxr5/6 (W) plants as negative controls, was
ground to a fine powder using a RETCH homogenizer (3 min at 30 Hz/min)
and suspended in 30 mL of IP buffer. Tissue was further dounce-homogenized
until lump-free, and then centrifuged for 20 min at 4,000 × g and 4 °C. The
lysate was filtered through two layers of Miracloth. Supernatant was incu-
bated with 200 μL anti-FLAG M2 magnetic beads (M8823; Sigma) at 4 °C for
2 h. The bead-bound complex was washed oncewith 10mL IP buffer and then
four times (5 min rotating at 4 °C with 1.5 mL IP buffer), followed by a final
wash with IP buffer without Nonidet P-40. The FLAG IP was eluted twice with
300 μL 250 μg/mL 3× FLAG peptides (Sigma; F4799) in TBS (50 mM Tris�Cl, pH
7.5, 150 mM NaCl), mixing for 15 min at 4 °C. The eluted protein complexes
were precipitated by trichloroacetic acid (TCA) and subjected to mass spec-
trometry analyses as previously described (41). In the case of MBD9-9×Myc,
monoclonal 9E10 coupled to magnetic beads was used (88842; Pierce). The
bead-bound complexes werewashed six times with 1 mL of IP buffer. For each
wash, the beads were rotated at 4 °C for 5 min. For MBD9-9×Myc, proteins
were eluted twice with 100 μL 8 M urea in 50 mM Tris (pH 8.5), mixing for
15 min at 37 °C. The supernatant was TCA-precipitated.

Flow Cytometry and FACS. All flow cytometry analysis and FACS were per-
formed as previously described (12). Typically, cotyledons from 20 plants were
pooled, for root tissue ∼10 roots were pooled, and for leaf tissue 3 leaves
were pooled. DNA-seq libraries were generated as previously described (12).
Briefly, DNA from 10,000 FACS-sorted 16C nuclei was isolated using a PicoPure
DNA Extraction Kit (KIT0103; Arcturus), and libraries were generated using
the NuGEN Ovation Ultralow System V2 Kit according to the manufacturer’s
instructions.

Immunofluorescence. Immunofluorescence was performed as described previ-
ously using the yH3K27me1 (Millipore; 07448) antibody (1). Representative
images were taken at the Broad Stem Cell Research Center Microscopy Core at
the University of California, Los Angeles (UCLA) on a Zeiss Elyra superresolu-
tion SIM/PALMmicroscope. z series images of individual nuclei were processed
using Structured Illumination imaging software. Decompaction of chromocen-
ters was scored on a Zeiss Axio Imager.D2 fluorescence microscope.

Genome-Wide ChIP-Seq and Library Generation. For low-input ChIP, roughly
three tubes (1.5 mL) of 2-wk-old cotyledons were collected and frozen at
�80 °C. Tissue was grounded to fine powder by mortar and pestle followed
by in vitro cross-linking for 10 min at room temperature with 12.5 mL of
nuclear isolation buffer containing 1% formaldehyde (50 mM Hepes, 1 M
sucrose, 5 mM KCl, 5 mMMgCl2, 0.6% Triton X-100, 0.4 mM phenylmethane-
sulfonylfluoride [PMSF], 5 mM benzamidine, and 1× protease inhibitor mix-
ture tablet [Roche; 14696200]). Cross-linking was stopped with 850 μL 2 M
glycine rotating for 10 min at room temperature. Lysate was filtered
through one layer of Miracloth and centrifuged for 20 min at 2,880 × g and
4 °C. The pellet was resuspended with 1 mL extraction buffer 2 (0.25 M
sucrose, 10 mM Tris�HCl, pH 8, 10 mM MgCl2, 1% Triton X-100, 5 mM
β-mercaptoethanol [BME], 0.1 mM PMSF, 5 mM benzamidine, and 1× prote-
ase inhibitor mixture tablet), followed by centrifugation for 10 min at
12,000 × g and 4 °C. The pellet was lysed with 600 μL nucleus lysis buffer on
ice (50 mM Tris, pH 8, 10 mM ethylenediaminetetraacetate [EDTA], 1%
sodium dodecyl sulfate [SDS], 0.1 mM PMSF, 5 mM benzamidine, and 1× pro-
tease inhibitor mixture tablet). The sample was split into two 15-mL Falcon
tubes (300 μL each) and 1.275 mL of ChIP dilution buffer (1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris, pH 8, 167 mM NaCl, 0.1 mM PMSF, 5 mM benza-
midine, and 1× protease inhibitor mixture tablet) was added and DNA was
sheared on a Bioruptor Plus (Diagenode) (30 s on/30 s off, maximum power,
17 min at 4 °C). Sheared chromatin was centrifuged twice at maximum speed
for 10 min at 4 °C. The supernatant was combined and further diluted with
ChIP dilution buffer up to 6 mL; 100 μL of sample was saved as input and the
rest was divided into seven IPs containing ∼850 μL of chromatin in 1.5-mL
DNA LoBind tubes (Eppendorf; 022431021). The following antibodies were
used for IPs: 5 μL of yH3 (Abcam; 1791), 5 μL of yH3K4me3 (Millipore;
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04-745), 5 μL of yH3Ac (Active Motif; 39140), 5 μL of yH4Ac (Active Motif;
39244), 3 μL of yH2A.Z [polyclonal antibodies specific to Arabidopsis H2A.Zs
HTA11 and HTA9 (22)], 5 μL of yH3K9me2 (Abcam; 1220), 10 μL of yH3K27Ac
(Abcam; 4729), 15 μL of yH4K14Ac (Abcam; 52946), 20 μL of yH3K4me1
(Abcam; 889550), 10 μL of yH3K27me1 (Millipore; 07-488), and 10 μL of
yH3K27me3 (Millipore; 07-449). After incubation overnight with rotation at
4 °C, 50 μL Dynabeads (equal mix of proteins A and G; Invitrogen; 10004D/
10002D) was added to the chromatin and incubated for an additional 2 h.
The magnetic beads were washed with 1 mL of the following buffers for
5 min rotating at 4 °C: 2× with low-salt buffer (150 mM NaCl, 0.2% SDS, 0.5%
Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8), 1× high-salt buffer (200 mM
NaCl, 0.2% SDS, 0.5% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8), 1× LiCl
wash buffer (250 mM LiCl, 1% Igepal, 1% sodium deoxycholate, 1 mM EDTA,
10 mM Tris, pH 8), and 1× with TE buffer (10 mM Tris, pH 8, 1 mM EDTA). The
immunocomplex was eluted from the beads twice with 250 μL elution buffer
(1% SDS, 10 mM EDTA, 0.1 M NaHCO3), incubating for 20 min with shaking at
65 °C. Elution buffer (400 μL) was added to the input samples. A total of 20 μL
5 M NaCl was added to each tube, and the cross-link was reversed by incubat-
ing at 65 °C overnight. Residual protein was degraded with 20 μg proteinase K
in 10 mM EDTA and 40 mM Tris (pH 8) at 45 °C for 1 h followed by phenol/
chloroform/isoamyl alcohol extraction and ethanol precipitation. The pellet
was washed with 70% EtOH and resuspended in 50 μL molecular-grade
water. Libraries were prepared using the NuGEN Ovation Ultralow System
V2 Kit, according to the manufacturer’s instructions, and were sequenced on
an Illumina HiSeq 4000.

For ChIP-seq in floral and leaf tissues, the ChIP was performed as previously
described (42) using 5 μL yH3K27me1 (Millipore; 07-488). For ChIP-seq in
leaves, 0.5 g (Fig. 4) and 2 g (SI Appendix, Figs. S17 and S18) of 4-wk-old
rosette leaves were used per IP, and for flowers, 1 g of 4-wk-old floral buds
was used per IP. Libraries were generated with a NuGENOvation Ultralow Sys-
tem V2 Kit, according to the manufacturer’s instructions, and were sequenced
on either an Illumina HiSeq 4000 instrument or NovaSeq 6000.

ChIP-Seq Analysis. ChIP-seq fastq reads were aligned to the TAIR10 reference
genome with Bowtie (43) using default settings and allowing only uniquely
mapping reads. Duplicated reads were removed using SAMtools (36). The Inte-
grated Genome Browser was used to visualize the data and to generate

snapshots (44). Normalized read coverage tracks were generated using the
USeq package Sam2Useq application (45) and deepTools (46). Genome-wide
log2 ratio plots were generated with R (47) using normalized signal (reads per
million mapped reads [RPM]) over 100-kb binned windows generated with
the biotoolbox application get_datasets.pl (https://github.com/tjparnell/
biotoolbox). The plots were smoothed in R (47) using the caTools library
(https://cran.r-project.org/web/packages/caTools/index.html) with a moving
windowof 20. ChIP-seq peaks inwild type andmutantswere called by the call-
peak function in MACS2 (v2.1.1.) (48). ChIP-seq data metaplots and k-means
clustering were generated by deepTools (46).

Data Availability. All high-throughput sequencing data generated in this study
are accessible at the National Center for Biotechnology Information Gene
Expression Omnibus via series accession no. GSE166897 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE166897) and are listed in Dataset S4. A list
of publicly available data used in this paper and a list of primers used are pro-
vided in SI Appendix.

All study data are included in the article and/or supporting information.
Previously published data were used for this work. [List of publicly available

data used in this paper: from Stroud et al. (49), used in Fig. 2D and SI Appendix,
Fig. S7: H3.3 ChIP-seq (accession no. GSM856054), H3.1ChIP-seq (accession no.
GSM856055); from Antunez-Sanchez et al. (15), used in SI Appendix, Fig. S6:
H3K27me1 ChIP-seq WT (sample accession no. SAMEA7583150), H3K27me1
ChIP-seq atxr5/6 (sample accession no. SAMEA7583154), H3K27me1 ChIP-seq
ref-5 (sample accession no. SAMEA7583152), REF_ChIPSeq_Col (accession nos.
rep 1, GSM3040333; rep 2, GSM3567218), ref_REF_ChIP-seq (accession nos. rep
1, GSM3040335; rep 2, GSM3567221; rep 3, GSM3567223).]

ACKNOWLEDGMENTS. We thank Mahnaz Akhavan for support with high-
throughput sequencing at the UCLA Broad Stem Cell Research Center BioSe-
quencing Core Facility. Flow cytometry was performed at the UCLA Broad
Stem Cell Research Center Flow Cytometry Core. Microscopy was performed
at the UCLA Broad Stem Cell Research Center Microscopy Core. Work in the
S.E.J. laboratory was supported by NIH Grant R35 GM130272. M.E.P. was sup-
ported by the Damon Runyon Cancer Foundation (DRG:2217-15), and C.L.P.
was supported by NIH Grant F32 GM136115. S.E.J. and J.R.E. are Investigators
of the Howard HughesMedical Institute.

1. Y. Jacob et al., ATXR5 and ATXR6 are H3K27 monomethyltransferases required
for chromatin structure and gene silencing. Nat. Struct. Mol. Biol. 16, 763–768
(2009).

2. Y. Jacob et al., Selective methylation of histone H3 variant H3.1 regulates hetero-
chromatin replication. Science 343, 1249–1253 (2014).

3. C. Raynaud et al., Two cell-cycle regulated SET-domain proteins interact with prolif-
erating cell nuclear antigen (PCNA) inArabidopsis. Plant J. 47, 395–407 (2006).

4. H. Davarinejad, M. Joshi, N. Ait-Hamou, K. Munro, J. F. Couture, ATXR5/6 forms alter-
native protein complexes with PCNA and the nucleosome core particle. J. Mol. Biol.
431, 1370–1379 (2019).

5. S. J. Cokus et al., Shotgun bisulphite sequencing of the Arabidopsis genome reveals
DNAmethylation patterning.Nature 452, 215–219 (2008).

6. L. Johnson, X. Cao, S. Jacobsen, Interplay between two epigenetic marks. DNAmeth-
ylation and histone H3 lysine 9methylation. Curr. Biol. 12, 1360–1367 (2002).

7. A. V. Probst, P. F. Fransz, J. Paszkowski, O. Mittelsten Scheid, Two means of transcrip-
tional reactivationwithin heterochromatin. Plant J. 33, 743–749 (2003).

8. M. Tariq et al., Erasure of CpGmethylation inArabidopsis alters patterns of histone
H3 methylation in heterochromatin. Proc. Natl. Acad. Sci. U.S.A. 100, 8823–8827
(2003).

9. W. J. Soppe et al., DNA methylation controls histone H3 lysine 9 methylation and
heterochromatin assembly inArabidopsis. EMBO J. 21, 6549–6559 (2002).

10. H. Stroud et al., DNA methyltransferases are required to induce heterochromatic
re-replication inArabidopsis. PLoS Genet. 8, e1002808 (2012).

11. Y. Jacob et al., Regulation of heterochromatic DNA replication by histone H3 lysine
27methyltransferases.Nature 466, 987–991 (2010).

12. C. J. Hale et al., Identification of multiple proteins coupling transcriptional gene silenc-
ing to genome stability inArabidopsis thaliana. PLoSGenet. 12, e1006092 (2016).

13. W. Feng et al., Large-scale heterochromatin remodeling linked to overreplication-
associated DNA damage. Proc. Natl. Acad. Sci. U.S.A. 114, 406–411 (2017).

14. J. Sequeira-Mendes et al., The functional topography of the Arabidopsis genome is
organized in a reduced number of linear motifs of chromatin states. Plant Cell 26,
2351–2366 (2014).

15. J. Antunez-Sanchez et al., A new role for histone demethylases in the maintenance
of plant genome integrity. eLife 9, e58533 (2020).

16. Z. Ma et al., Arabidopsis serrate coordinates histone methyltransferases ATXR5/6
and RNA processing factor RDR6 to regulate transposon expression. Dev. Cell 45,
769–784.e6 (2018).

17. P. Bourguet et al., DNA polymerase epsilon is required for heterochromatin mainte-
nance inArabidopsis.Genome Biol. 21, 283 (2020).

18. J. Dong et al., H3.1K27me1 maintains transcriptional silencing and genome stability
by preventing GCN5-mediated histone acetylation. Plant Cell 33, 961–979 (2021).

19. S. Picelli et al., Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9,
171–181 (2014).

20. C. Ziegenhain et al., Comparative analysis of single-cell RNA sequencing methods.
Mol. Cell 65, 631–643.e4 (2017).

21. J. A. Jeddeloh, J. Bender, E. J. Richards, The DNA methylation locus DDM1 is
required for maintenance of gene silencing in Arabidopsis. Genes Dev. 12, 1714–1725
(1998).

22. M. E. Potok et al., Arabidopsis SWR1-associated protein methyl-CpG-binding domain
9 is required for histone H2A.Z deposition.Nat. Commun. 10, 3352 (2019).

23. Q. Liu et al., The characterization of Mediator 12 and 13 as conditional positive gene
regulators inArabidopsis.Nat. Commun. 11, 2798 (2020).

24. V. Schubert, K.Weisshart, Abundance and distribution of RNA polymerase II inArabi-
dopsis interphase nuclei. J. Exp. Bot. 66, 1687–1698 (2015).

25. M. J. Song, B. I. Potter, J. J. Doyle, J. E. Coate, Gene balance predicts transcriptional
responses immediately following ploidy change in Arabidopsis thaliana. Plant Cell
32, 1434–1448 (2020).

26. J. Liu et al., Mutation in the catalytic subunit of DNA polymerase alpha influences
transcriptional gene silencing and homologous recombination in Arabidopsis. Plant
J. 61, 36–45 (2010).

27. Q. Liu et al., DNA replication factor C1mediates genomic stability and transcriptional
gene silencing inArabidopsis. Plant Cell 22, 2336–2352 (2010).

28. S. Takeda et al., BRU1, a novel link between responses to DNA damage and epige-
netic gene silencing inArabidopsis.Genes Dev. 18, 782–793 (2004).

29. J. Zhang et al., The second subunit of DNA polymerase delta is required for genomic
stability and epigenetic regulation. Plant Physiol. 171, 1192–1208 (2016).

30. H. Yin et al., Epigenetic regulation, somatic homologous recombination, and abscisic
acid signaling are influenced by DNA polymerase epsilon mutation in Arabidopsis.
Plant Cell 21, 386–402 (2009).

31. N. Sch€onrock, V. Exner, A. Probst, W. Gruissem, L. Hennig, Functional genomic analy-
sis of CAF-1mutants inArabidopsis thaliana. J. Biol. Chem. 281, 9560–9568 (2006).

32. C. Trapnell et al., Transcript assembly and quantification by RNA-seq reveals unanno-
tated transcripts and isoform switching during cell differentiation. Nat. Biotechnol.
28, 511–515 (2010).

33. T. Tian et al., agriGO v2.0: A GO analysis toolkit for the agricultural community, 2017
update.Nucleic Acids Res. 45, W122–W129 (2017).

34. C. L. Picard, R. A. Povilus, B. P.Williams,M. Gehring, Transcriptional and imprinting com-
plexity inArabidopsis seeds at single-nucleus resolution.Nat. Plants 7, 730–738 (2021).

10 of 11 j PNAS Potok et al.
https://doi.org/10.1073/pnas.2115570119 The role of ATXR6 expression in modulating genome stability and transposable

element repression in Arabidopsis

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental
https://github.com/tjparnell/biotoolbox
https://github.com/tjparnell/biotoolbox
https://cran.r-project.org/web/packages/caTools/index.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166897
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166897
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115570119/-/DCSupplemental


35. D. Kim, J. M. Paggi, C. Park, C. Bennett, S. L. Salzberg, Graph-based genome align-
ment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37,
907–915 (2019).

36. H. Li et al., 1000 Genome Project Data Processing Subgroup, The sequence align-
ment/map format and SAMtools. Bioinformatics 25, 2078–2079 (2009).

37. S. Anders, P. T. Pyl, W. Huber, HTSeq—A Python framework to work with high-
throughput sequencing data. Bioinformatics 31, 166–169 (2015).

38. C. Y. Cheng et al., Araport11: A complete reannotation of the Arabidopsis thaliana
reference genome. Plant J. 89, 789–804 (2017).

39. L. Goff, C. Trapnell, D. Kelley, cummeRbund: Analysis, Exploration, Manipulation,
and Visualization of Cufflinks High-Throughput Sequencing Data (R Package Version
2.33.0, 2020).

40. S. J. Clough, A. F. Bent, Floral dip: A simplified method for Agrobacterium-mediated
transformation ofArabidopsis thaliana. Plant J. 16, 735–743 (1998).

41. J. A. Law et al., A protein complex required for polymerase V transcripts and RNA-
directed DNAmethylation inArabidopsis. Curr. Biol. 20, 951–956 (2010).

42. X. Zhong et al., DDR complex facilitates global association of RNA polymerase V to pro-
moters and evolutionarily young transposons.Nat. Struct.Mol. Biol. 19, 870–875 (2012).

43. B. Langmead, C. Trapnell, M. Pop, S. L. Salzberg, Ultrafast and memory-efficient align-
ment of shortDNA sequences to the humangenome.GenomeBiol. 10, R25 (2009).

44. N. H. Freese, D. C. Norris, A. E. Loraine, Integrated Genome Browser: Visual analytics
platform for genomics. Bioinformatics 32, 2089–2095 (2016).

45. D. A. Nix, S. J. Courdy, K.M. Boucher, Empiricalmethods for controlling false positives
and estimating confidence in ChIP-seq peaks. BMC Bioinformatics 9, 523 (2008).

46. L. Shen, N. Shao, X. Liu, E. Nestler, ngs.plot: Quick mining and visualization of next-
generation sequencing data by integrating genomic databases. BMC Genomics 15,
284 (2014).

47. R Core Team, R: A Language and Environment for Statistical Computing (R Founda-
tion for Statistical Computing, Vienna, Austria, 2013).

48. Y. Zhang et al.,Model-basedanalysis of ChIP-seq (MACS).GenomeBiol. 9, R137 (2008).
49. H. Stroud et al., Genome-wide analysis of histone H3.1 andH3.3 variants inArabidop-

sis thaliana. Proc. Natl. Acad. Sci. U.S.A. 109, 5370–5375 (2012).

G
EN

ET
IC
S

Potok et al.
The role of ATXR6 expression in modulating genome stability and transposable
element repression in Arabidopsis

PNAS j 11 of 11
https://doi.org/10.1073/pnas.2115570119


