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H3K9 methylation is usually associated with DNAmeth-
ylation, and together they symbolize transcriptionally si-
lenced heterochromatin. A number of proteins involved in
epigenetic processes have been characterized. However,
how the stability of these proteins is regulated at the
post-translational level is largely unknown. Here, we
show that an Arabidopsis JmjC domain protein, JMJ24,
possesses ubiquitin E3 ligase activity. JMJ24 directly tar-
gets a DNA methyltransferase, CHROMOMETHYLASE
3 (CMT3), for proteasomal degradation to initiate destabi-
lization of the heterochromatic state of endogenous
silenced loci. Our results uncover an additional connec-
tion between two conserved epigenetic modifications:
histone modification and DNA methylation.

Supplemental material is available for this article.
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Methylation of DNA and of H3K9 (H3K9me) are two con-
served epigenetic modifications generally associated with
gene silencing in eukaryotes. DNA methylation, which
is established by DNA methyltransferase 3 (DNMT3)
and maintained by the maintenance methyltransferase
DNMT1, occurs almost exclusively in the symmetric
CG context in mammals. In contrast, in plants, cytosines
in all classes of sequence context (that is, CG, CHG, and
CHH, where H =A, C, or T) can be methylated (Law and
Jacobsen 2010). After DNA methylation has been set up
by DOMAINS REARRANGED METHYLTRANSFER-
ASE 2 (DRM2), the methylation states are maintained
by three separate pathways in Arabidopsis: CG methyla-
tion is maintained by the plant homolog of DNMT1,
MET1; CHGmethylation is maintained by a plant-specif-
ic DNA methyltransferase, CHROMOMETHYLASE 3
(CMT3); and the de novomethyltransferase DRM2 is con-
sistently required for the maintenance of asymmetric
CHH methylation (Cao et al. 2003; Law and Jacobsen

2010). Recently, CMT2 has been reported to be responsi-
ble for the establishment and maintenance of a subset
of CHH methylation independently of an RNA-directed
DNA methylation pathway (Zemach et al. 2013).
DNA methylation is usually coupled with an increase

in H3K9me levels to enforce the transcriptional silencing
in both animals and plants (Johnson et al. 2007; Bernatavi-
chute et al. 2008; Du et al. 2015). InArabidopsis, the CHG
methylation is highly correlated with H3K9me2 (Bernata-
vichute et al. 2008; Du et al. 2012) owing to the estab-
lishment of a self-reinforcing loop between these two
epigeneticmarks. CMT3 is recruited byH3K9me2, which
is deposited by KRYPTONITE (KYP) to methylate CHG;
in turn, methylated CHG DNA recruits KYP to maintain
H3K9me2 levels (Johnson et al. 2007; Law and Jacobsen
2010; Du et al. 2012). Histone methylation, including
H3K9me, can be reversed by a JmjC domain-containing
family of proteins (Klose et al. 2006). Genes encoding 21
JmjC proteins have been identified in Arabidopsis, and
several proteins have been characterized as active histone
demethylases (Lu et al. 2008; Luo et al. 2014).
Transposable elements and repetitive sequences, which

are major targets of DNA methylation and H3K9me, are
maintained as transcriptionally silenced heterochroma-
tin. Paradoxically, transcription from the silenced loci is
required to initiate heterochromatin formation, and the
regulation of this process is largely unclear (Grewal and
Elgin 2007;Matzke andMosher 2014; Holoch andMoazed
2015). In fission yeast, a JmjC protein, Epe1, functions spe-
cifically to promote the transcription of silenced loci to
dynamically maintain heterochromatin (Ayoub et al.
2003; Zofall and Grewal 2006; Trewick et al. 2007). Re-
cently, we reported that JMJ24 functionally resembles
Epe1 and plays a conserved role in promoting basal-level
transcription of silenced loci to reinforce the RNA-based
silencing in Arabidopsis (Deng et al. 2015). However,
the molecular mechanism of Epe1 and JMJ24 to counter-
act H3K9me is still unknown, since both proteins harbor
an atypical JmjC domain whose demethylase activity is
unclear (Klose et al. 2006; Zofall and Grewal 2006; Baba
et al. 2011; Deng et al. 2015). Epe1 was assumed to be a
protein hydroxylase that affects the stability of a hetero-
chromatin protein, such as Swi6 or Clr4 methyltrans-
ferase, thereby regulating the extent and stability of
heterochromatin domains (Trewick et al. 2007). Arabi-
dopsis JMJ24 harbors a RING motif, and we found that
this protein has E3 ubiquitin ligase activity. We also dem-
onstrated that JMJ24 ubiquitinated CMT3 in vitro and de-
stabilized it in vivo. JMJ24 decondenses heterochromatin
probably through degradation of CMT3.

Results and Discussion

JMJ24 is an E3 ubiquitin ligase

In addition to the JmjC domain, JMJ24 harbors a RING
motif and a coiled-coil (CC) domain (Fig. 1A). As RING
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finger proteins are known to have ubiquitin E3 ligase ac-
tivity (Joazeiro et al. 1999; Lorick et al. 1999; Xie et al.
2002), we examined whether JMJ24 has this activity in vi-
tro. Figure 1B shows that a purifiedMBP (maltose-binding
protein)-JMJ24 fusion protein was able to self-ubiquiti-
nate, whereas JMJ25/IBM1, a close relative of JMJ24, was
inactive (Supplemental Fig. S1). The E3 ligase activity of
the JMJ24 was abolished when the RING domain was de-
leted (Fig. 1C). We further constructed two mutant pro-
teins, Cys243→ Ser, Cys263→ Ser(C263S, C263S) and
His244→Ala, Cys263→ Ser(H244A, C263S), in which

the RINGmotif was disrupted. In vitro ubiquitination as-
says showed that neither mutant protein possessed self-
ubiquitination activity (Fig. 1D), suggesting that an intact
RING domain is necessary for E3 activity of JMJ24. This is
consistent with results obtained from other RING E3 li-
gases (Xie et al. 2002; Seo et al. 2003). Dimerization is
known to activate RING E3 ligase activity, and the CC
domain can function to mediate protein dimerization
(Lupas 1996; Xie et al. 2002; Seo et al. 2003). To examine
the role of the CC domain in JMJ24 dimerization, we
expressed MBP and glutathione-S-transferase (GST)
fused to wild-type JMJ24 (MBP-JMJ24 and GST-JMJ24)
and CC domain-deleted JMJ24 (MPB-JMJ24ΔCC and
GST-JMJ24ΔCC) in Escherichia coli. Figure 1E shows
that JMJ24 can form dimers through the CC domain in vi-
tro. We further confirmed that JMJ24 formed dimers in
vivo by coimmunoprecipitation assay using Flag- or
Myc-tagged proteins from plant extracts (Fig. 1F). Collec-
tively, these results indicated that JMJ24 possesses proper-
ties typical of the RING E3 ligase.

JMJ24 ubiquitinates CMT3 in vitro

The E3 ligase activity of JMJ24 prompted us to hypothe-
size that JMJ24 may target components involved in het-
erochromatin formation for degradation. To examine
this possibility, we performed a screen and found that
JMJ24 interacted with CMT3 in yeast cells (Supplemental
Fig. S2; Fig. 2A). Using purified proteins, we confirmed by

Figure 1. E3 ligase activity of JMJ24. (A) Domain organization of
wild-type (WT) and truncated derivatives of JMJ24. The bottom panel
shows the RING motif with conserved cysteine/histidine resides
highlighted by underlines. (B) MBP-JMJ24 was assayed for E3 activity
in the presence or absence of E2. MBP-COP1 was used as a control.
The left panel was detected by a MBP antibody, and the right panel
was detected by a ubiquitin antibody. Asterisks indicate the positions
of unmodified proteins. (C,D) MBP-JMJ24 E3 activity is dependent on
its RINGmotif. Wild-type MBP-JMJ24 and RING domain deletion in
MBP-JMJ24 (MBP-JMJ24ΔR) (C ) or two RING motif mutated forms
[MBP-JMJ24, MBP-JMJ24(C243S, C263S) and MBP-JMJ24(H244A,
C263S)] (D) were assayed for self-ubiquitination. Western blots were
detected by MBP antibody. (E,F ) Dimerization of JMJ24 in vitro (E)
and in vivo (F ). Self-interaction of JMJ24 was examined with wild-
type and CC domain deletion (ΔCC) JMJ24 proteins by in vitro assays
(E) or in plants (F ). (PD) Pull-down; (IP) immunoprecipitation.

Figure 2. JMJ24 interacts with and ubiquitinates CMT3 in vitro. (A)
Interaction between the JMJ24 and CMT3 proteins in yeast. SD-LT
mediumwas used for selection of bait and prey proteins. SD-LTHme-
dium was used for selection of bait and prey protein interactions. (B)
CMT3 physically associates with JMJ24 but not JMJ25/IBM1. Amy-
lose resin was used to pull down (PD) in vitro purified MBP-JMJ24
andMBP-JMJ25, andGST-CMT3was detected by anti-GST antibody.
(C ) Ubiquitination of CMT3 by JMJ24. GST-CMT3was polyubiquiti-
nated by wild-type JMJ24 but not RING motif mutated JMJ24 [JMJ24
(H244A, C263S)] in the presence of E1 and E2. (D) Ubiquitination of
CMT3 by JMJ24 was inhibited by JMJ24(H244A, C263S). The num-
bers indicate the relative amount of proteins present in the ubiquiti-
nation reaction, where 1 equals 500 ng of MBP-fused proteins. (C,D)
Ubiquitination of GST-CMT3 was analyzed using an antibody
against GST.
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pull-down assays the direct association of JMJ24 with
CMT3, but no interaction was seen between JMJ25/
IBM1 and CMT3 (Fig. 2B), although the latter protein
pair was reported to function in the same genetic pathway
(Saze et al. 2008). We further examined whether CMT3
was a target of JMJ24 E3 ligase by in vitro ubiquitination
assays. Indeed, CMT3 protein was uibiquitinated by
wild-type JMJ24 but not the JMJ24(H244A, C263S) mu-
tant in the presence of E1 and E2 (Fig. 2C). The E3 activity
of JMJ24 was inhibited by the RING motif mutant JMJ24
(H244A, C263S) (Fig. 2D), consistent with a previous
report that the RINGmutant of the E3 ligase can function
as a dominant-negative mutant (Xie et al. 2002; Seo et al.
2003).

JMJ24 destabilizes CMT3 in vivo

Wnext generated double-transgenic plants harboring 35S:
Myc-CMT3 and a β-estradiol-inducible (Zuo et al. 2000)
XVE:Flag-JMJ24 to determine whether JMJ24 would asso-
ciate with CMT3 in vivo. Myc-CMT3, but not Myc-SGS3
(Deng et al. 2015), could be detected in the anti-Flag im-
munoprecipitates when Flag-JMJ24 was induced, but
Myc-CMT3was not detected in the absence of an inducer
(Fig. 3A), indicating a specific association between JMJ24
and CMT3 in vivo. In Arabidopsis, Myc-CMT3 levels

were reduced when Flag-JMJ24 was transiently overex-
pressed (Fig. 3B), with no change inCMT3mRNA (Supple-
mental Fig. S3A), indicating that JMJ24 destabilized
CMT3 in vivo. In contrast, CMT3 levels were increased
upon induction of the dominant-negative mutant of
JMJ24, JMJ24(H244A, C263S) (Fig. 3C; Supplemental
Fig. S3B). Our results suggest that JMJ24(H244A, C263S)
sequesteredwild-type JMJ24 and stabilized CMT3. To fur-
ther confirm that JMJ24 regulates CMT3 stability, we ex-
pressed 35S:Myc-CMT3 in wild-type Arabidopsis and
the jmj24-null mutant. CMT3 protein was hardly detect-
ed in wild-type without the 26S proteasome inhibitor
MG132. However, CMT3 was readily detected in the
jmj24 mutant even without MG132 treatment with sim-
ilar mRNA expression levels (Fig. 3D). A protein decay ex-
periment showed that the half-life of CMT3was increased
in the jmj24 mutant compared with the Col-0 wild type
(Fig. 3E; Supplemental Fig. S4). Taken together, these re-
sults indicate that JMJ24 destabilizes CMT3 in plants.

JMJ24 regulates CHG methylation and H3K9me2
through CMT3

Cytosines in all classes of sequence context (that is, CG,
CHG, and CHH, where H =A, C, or T) can be methylated
in plants. CMT3 is the main CHG methyltransferase in
Arabidopsis, and CHG methylation is strongly depleted
in cmt3 mutants (Lindroth et al. 2001; Law and Jacobsen
2010; Stroud et al. 2013). To determinewhether JMJ24 reg-
ulates CHGmethylation on a genome-wide basis, we per-
formed Southern blot analysis withmethylation-sensitive
enzymes.HpaII andMspI are isoschizomers that recognize
5′-CCGG-3′ sequences with differential sensitivity to
methylation. HpaII is inhibited by methylation of either
cytosine of the recognition site, whereas MspI is sensitive
only tomethylation of the outer cytosine and thus detects
CHG methylation. Using a highly repetitive Athila retro-
transposon long terminal repeat (LTR) as a probe (Lindroth
et al. 2001), we found that the Athila LTR showed slight
but reproducibly greater resistance to MspI digestion in
jmj24mutants (Fig. 4A). In contrast, the digestion was in-
creased in cmt3 mutants (Fig. 4A), consistent with previ-
ous reports (Lindroth et al. 2001; Jackson et al. 2002).
These results indicate that the CHG methylation in-
creased in jmj24 but decreased in cmt3. The increased
CHG methylation in jmj24 was dependent on CMT3,
since theMspI digestionpatternof jmj24;cmt3doublemu-
tants was identical to cmt3 single mutants (Fig. 4A). No
change of HpaII digestion was detected in either jmj24 or
cmt3 single mutants or double mutants (Fig. 4A), indicat-
ing that neither JMJ24 nor CMT3 had any effect on CG
methylation within the Athila LTR. The same results
were also detected for two additional loci: 5s-rDNA re-
peats (Fig. 4B; Supplemental Fig. S5A; He et al. 2009) and
centromere satellites (Supplemental Fig. S5B; Vongs
et al. 1993). Sequencing of bisulfite-treated DNAs con-
firmed that the CHG methylation on a representative
Athila LTR region (Lindroth et al. 2001) was increased by
∼20% in jmj24 compared with wild-type but was abol-
ished in either the cmt3 single or jmj24;cmt3 double mu-
tant (Supplemental Fig. S5C).Thedirect repeats present on
the FWA promoter weremethylated predominantly at CG
sites, leading to the silencing of FWA inwild type (Kinosh-
ita et al. 2007). We found the CG and CHH methylation
levels remain unchanged, whereas CHG methylation

Figure 3. JMJ24 destabilizes CMT3 in vivo. (A) JMJ24 associates
with CMT3 in vivo. Double-transgenic seedlings carrying 35S:Myc-
CMT3 and an estradiol-inducible XVE:Flag-JMJ24 were treated with
(+) or without (−) β-estradiol followed by immunoprecipitation with
anti-Flag antibody. Double-transgenic plants carrying Myc-SGS3
and Flag-JMJ24 were used as a control. (B,C ) CMT3 protein levels
in response to transient induction (+β-estradiol) of wild-type JMJ24
(B) or JMJ24(H244A, C263S) (C ) in double-transgenic plants. (D)
CMT3 was stabilized by the 26S proteasome inhibitor MG132.
Myc-CMT3 expressed in wild-type or the jmj24mutant was analyzed
in the presence or absence ofMG132 with an antibody against c-Myc.
The bottom panel shows CMT3 transcript levels. (E) CMT3 protein
decay rate in wild-type (top panel) or the jmj24 mutant (bottom pan-
el). Samples were treated with cycloheximide (CHX) and collected at
the indicated time points for immunoblot analysis using an antibody
against c-Myc. Tubulin (TUB) was used a loading control in B–E.
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was elevated by ∼50% in jmj24 compared with wild type
(Fig. 4C). The CHG methylation was recovered to wild-
type levels in JMJ24/jmj24 inwhich awild-type functional
JMJ24 was introduced to complement the jmj24 mutant.
However, no recovery of the CHG methylation was seen
in JMJ24m/jmj24 when JMJ24(H244A, C263S) was used
for complementation (Fig. 4C; Supplemental Fig. S5D,F).
Similar results were also obtained for QQS (Fig. 4D; Sup-
plemental Fig. S5E), a de novo protein-coding gene located
on thepericentromeric regionand regulatedepigenetically
by both CG and non-CGmethylation (Silveira et al. 2013).

CHG methylation colocalizes with H3K9me2, and
these two epigenetic marks are interdependent on one
another in Arabidopsis (Jackson et al. 2002; Law and
Jacobsen 2010; Du et al. 2012). Consistent with this,
H3K9me2 levels were also increased in promoter regions

of FWA (Fig. 4E), QQS (Fig. 4F), and SDC (Fig. 4J) in
jmj24 mutants in accordance with the elevated CHG
methylation in the mutants (Fig. 4C,D; Deng et al.
2015). Furthermore, a correlation between the CHG
methylation/H3K9me2 and transcripts levels was also ob-
served in these mutants for QQS (Fig. 4H) and SDC (Fig.
4I), two loci regulated by non-CGmethylation. No signif-
icant changes for FWA transcript levels were detected for
all mutants analyzed here (Supplemental Fig. S5G); this is
not surprising, as FWA is controlled by CG methylation
(Lindroth et al. 2001; Kinoshita et al. 2007). Taken togeth-
er, these results suggest that the RING motif plays an in-
dispensable function for JMJ24, and JMJ24 regulates CHG
methylation and H3K9me2 probably through degradation
of CMT3.

Post-translational modification plays a critical role in
regulating protein activity and stability. The latent
H3K9me demethylase activity of a human homolog of
Epe1/JMJ24, PHF2, which also harbors an atypical JmjC
domain, was stimulated by phosphorylation (Baba et al.
2011). Furthermore, ubiquitin-mediated degradation of
DNA-associated proteins adds another regulatory layer
to transcriptional regulation, which may be necessary to
fine-tune expression patterns in response to environmen-
tal signals or developmental cues. Indeed, transcriptional
regulators and chromatin-modifying enzymes tend to
be unstable (Schwanhausser et al. 2011). The putative
H3K9me demethylase Epe1 was rapidly degraded by
26S proteasomes in order to define the proper heterochro-
matin boundary in yeast (Braun et al. 2011). While it is
not clearwhether JMJ24may reveal its demethylase activ-
ity after phosphorylation, our results uncover a novel
mechanism of the JmjC protein to counteract H3K9me
in plants. The RING finger was specifically acquired in
the plant clade of JmjC histone demethylase, and this is
consistent with the fact that CMT3 is also plant-specific.
Our data here present a good example for both conserved
(convergent evolution) and diversification mechanisms
during evolution.

Materials and methods

DNA construction

The coding sequences of JMJ24, JMJ25/IBM1, andCMT3were PCR-ampli-
fied from an Arabidopsis cDNA library, digested, and ligased into entry
vector pENTR3C (Invitrogen). Deletion variants of JMJ24 were generated
by overlapping PCR, and point mutation mutants were generated with a
QuickChange site-directed mutagenesis kit (Stratagene). Entry vectors
were recombined into pGEX-DC and pMAL-DC for E. coli expression or
pBA-DC (35S promoter) and pER-DC (XVE-inducible promoter) for plant
expression (Zhang et al. 2005). The JMJ24m complementation vector
was generated with a QuickChange site-directed mutagenesis kit (Strata-
gene) from a previous wild-type complementation construct (Deng et al.
2015). Primers are listed in Supplemental Table S1.

Plant material and growth conditions

All Arabidopsis used here were in the Col-0 background. The jmj24 and
cmt3 mutants have been reported: jmj24-1 (GK-085H03) (Deng et al.
2015) and cmt3-11 (SALK_148381) (Chan et al. 2006). The jmj24;cmt3
double mutant was generated by genetic crossing with single mutants.
Transgenic plants were generated by the floral dip transformation method
(Clough and Bent 1998). Seeds were sterilized and grown on half-strength
Murashige-Skoog (MS) medium for 2 wk before being transferred to soil.
Plants were grown in a growth chamber at 22°C under 16-h light/8-h
dark long-day photoperiod cycles.

Figure 4. JMJ24 regulates CHGmethylation and H3K9me2 through
CMT3. (A,B) Southern blot of MspI- and HpaII-digested genomic
DNAs probedwith anAthila LTR (A) or a 5s rDNA repeat (B). See Sup-
plemental Figure S4A for the full scanning of B. (C,D) DNA methyl-
ation levels on FWA (C ) and QQS (D) determined by sequencing of
bisulfite-treated genomic DNAs. (E–G) H3K9me2 accumulation on
FWA (E), QQS (F ), or SDC (G) promoters in different mutant back-
grounds. (H,I )QQS (H) and SDC (I ) transcripts levels in different mu-
tant backgrounds. ( jmj24;cmt3) jmj24 and cmt3 double mutant;
(JMJ24/jmj24) jmj24 mutant complemented with wild-type JMJ24;
(JMJ24m/jmj24) jmj24 mutant complemented with JMJ24(H244A,
C263S).
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Yeast two-hybrid assays

The Matchmaker GAL4-based two-hybrid system (Clontech) was used to
perform yeast two-hybrid assays. The full-length JMJ24 coding sequence
was inserted into the pGBT9-GW vector (Clontech) to generate a binding
domain (BD) JMJ24 fusion (BD-JMJ24) construct. Coding sequences of
H3K9 methyltransferases (SUVHs and SUVRs) and DNMTs (Supplemen-
tal Fig. S2) were introduced into the pGAD424-GW vector (Clontech) to
generate activation domain (AD) fusion constructs. Interactions between
AD and BD fusions were assayed according to the manufacturer’s
instruction.

Protein preparation, in vitro pull-down,
and ubiquitination assays

The E. coli BL21 strain was used as a host for protein production. Recom-
binant proteins were purified using amylose resin (New England Biolabs)
or glutathione-Sepharose 4 fast flow (GEHealthcare) according to theman-
ufacturer’s instructions. Interactions between fusion proteins were deter-
mined by pull-down as previously described (Jang et al. 2010). In vitro
ubiquitination assays were performed as previously described (Xie et al.
2002; Jang et al. 2010). Each reaction mixture (30 µL) contained 100 ng
of rabbit E1 (Boston Biochem), 100 ng of human E2 UbcH5b (Boston Bio-
chem), 2 µg of ubiquitin (Sigma-Aldrich), and 500 ng of E3 (MBP-JMJ24)
with or without 500 ng of substrate CMT3. Reactions were incubated
for 1 or 2 h at 30°C followed by immunoblot detection.

In vivo coimmunoprecipitation

Two-week-old seedlings of Flag-JMJ24/Myc-JMJ24, Flag-JMJ24/Myc-
jmj24ΔCC, Flag-JMJ24/Myc-SGS3, or XVE:Flag-JMJ24/35S:Myc-CMT3
(treatedwith or without β-estradiol for 16 h) were ground in liquid nitrogen
and homogenized in immunoprecipitation buffer (50 mM Tris-HCl at pH
7.5, 100 mM NaCl, 0.2% Triton X-100, 1 mM DTT, 50 µM MG132, pro-
teinase inhibitor cocktail [Roche]). After centrifugation, supernatants
were taken for immunoprecipitation by anti-Flag M2 antibody (Sigma-Al-
drich). Antigen–antibody complexes were harvested by protein G agarose
beads (Santa Cruz Biotechnology) andwashed five timeswith immunopre-
cipitation buffer. After being released from agarose beads by boiling for
5 min at 95°C in 2× NuPAGE LDS sample buffer (Life Technologies), pro-
teins in the immunoprecipitates were analyzed by Western blot.

MG132 and cycloheximide treatment

Myc-CMT3 transgenic seedlings were grown on half-strength MS solid
medium for 10 d and then transferred to liquid medium with or without
50 µM MG132 (Sigma-Aldrich) for 12 h. Treated seedlings were collected
for RNA and immunoblot analysis. To examine the half-life of Myc-
CMT3, MG132-treated seedlings were washed five times before being
transferred to MS liquid medium containing 100 µM cycloheximide to
block de novo protein synthesis. Samples were taken at the indicated
time points for immunoblot analysis.

RNA analysis

Total RNA was extracted using Trizol reagent (Invitrogen) following the
manufacturer’s instructions. RNA was treated with a Turbo DNase kit
(Ambion) and cleaned up using an RNeasy minikit (Qiagen). On-column
DNA digestion was performed using the RNase-free DNase set (Qiagen)
during the purification. cDNA was generated from RNA by using the Su-
perScript III first strand synthesis system (Invitrogen) according to the
manufacturer’s instructions. Quantitative PCR was performed as previ-
ously described (Deng et al. 2015). Data are presented as mean ± SD (n = 3).

DNA methylation analysis

Genomic DNAs were extracted from 2-wk-old seedlings using a DNeasy
plant minikit (Qiangen). For Southern blots, 5 µg of genomic DNAs was
digested with HpaII or MspI (New England Biolabs) overnight. The digest-
ed DNA was loaded onto a 1.2% agrose gel and transferred to Hybond-N+

membranes (GE Healthcare). The Athila LTR, 5S rDNA repeat, and
180-base-pair (bp) centromere repeat were labeled with α-32PdCTP for
Southern hybridization to determine their DNAmethylation status. Bisul-
fite DNA conversion was performed by using 0.5–1 µg of genomic DNAs
and an EpiTech bisulfite kit (Qiagen) following the manufacturer’s proto-
col. The purifiedDNAswere used as a template for PCR amplification, and
the product was then cloned into the pGEM-T easy vector (Promega). For
each sample, at least 15 individual clones were sequenced. All experi-
ments were repeated at least twice using different biological samples.

Chromatin immunoprecipitation (ChIP)

ChIP was conducted as described by Gendrel et al. (2005) withminor mod-
ifications. Cross-linked chromatin pellets were resuspended in nucleus ly-
sis buffer and sonicated in a Bioruptor UCD 200 (Diagenode) twice for
10 min at the maximum level. Samples were sonicated for periods of
30 sec with a 30-sec interval in between treatments. H3K9me2 antibody
(Milipore, catalog no. 07-441) was used for immunoprecipitation. The pu-
rified DNA fragments were analyzed by quantitative PCR as described
(Deng et al. 2015). The ChIP signal was first normalized against the input
DNA and then to thewild-type value. Data are shown asmean ± SD (n = 3).
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