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Histone H3 lysine 4 methylation recruits DNA 
demethylases to enforce gene expression in 
Arabidopsis
 

Ming Wang    1,2,10, Yan He2,10, Zhenhui Zhong    2,6, Ashot Papikian    2,7, 
Shuya Wang2, Jason Gardiner    2,8, Basudev Ghoshal    2,9, Suhua Feng2,3, 
Yasaman Jami-Alahmadi4, James A. Wohlschlegel    4 & 
Steven E. Jacobsen    2,3,4,5 

Patterning of DNA methylation in eukaryotic genomes is controlled by 
de novo methylation, maintenance mechanisms and demethylation 
pathways. In Arabidopsis thaliana, DNA demethylation enzymes are clearly 
important for shaping methylation patterns, but how they are regulated is 
poorly understood. Here we show that the targeting of histone H3 lysine four 
trimethylation (H3K4me3) with the catalytic domain of the SDG2 histone 
methyltransferase potently erased DNA methylation and gene silencing 
at FWA and also erased CG DNA methylation in many other regions of the 
Arabidopsis genome. This methylation erasure was completely blocked 
in the ros1 dml2 dml3 triple mutant lacking DNA demethylation enzymes, 
showing that H3K4me3 promotes the active removal of DNA methylation. 
Conversely, we found that the targeted removal of H3K4me3 increased the 
efficiency of targeted DNA methylation. These results highlight H3K4me3 as 
a potent anti-DNA methylation mark and also pave the way for development 
of more powerful epigenome engineering tools.

DNA methylation is a conserved epigenetic mark usually associated 
with gene silencing1,2. In plants, DNA methylation patterns are often sta-
bly inherited between sexual generations, and many epigenetic alleles 
with important phenotypes have been described that have identical 
DNA sequences but differ in their methylation and expression states3,4. 
DNA methylation in plants is established by the RNA-directed DNA 
methylation (RdDM) pathway in all sequence contexts (CG, CHG (H = A, 
T, C) and CHH) and is maintained by different DNA methyltransferase 

systems2,5–7. Although cytosines in all sequence contexts can be methyl-
ated in plant genomes8, DNA methylation in the CG sequence context 
is usually the critical type for the maintenance of gene silencing2,3,9,10. 
Loss of DNA methylation can occur passively upon replication in 
the absence of functional maintenance by DNA methyltransferases. 
Alternatively, active demethylation in plants involves a family of gly-
cosylases including REPRESSOR OF SILENCING 1 (ROS1), DEMETER 
(DME), DEMETER-LIKE 2 (DML2) and DML311–13. ROS1, DML2 and DML3 
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To further confirm that the H3K4me3 deposition and removal of 
DNA methylation are dependent on the catalytic activity of SDG2, we 
generated an H1866K missense mutation version of SDG2cd–ZF based 
on a similar mutation reported in the yeast H3K4 methyltransferase32,33. 
It is worth noting that the H1866K mutation of SDG2cd–ZF completely 
blocked H3K4me3 deposition and DNA methylation removal at the FWA 
locus (Fig. 1d,e and Extended Data Fig. 1b), indicating that the catalytic 
activity of SDG2 is required for DNA demethylation.

SDG2cd was also cloned into the dCas9-based SunTag system 
(SunTag–SDG2cd) together with guide RNAs directed to the FWA 
promoter30,34. In this system, dCas9 is fused to 10 repeats of the GCN4 
peptide, and separately a single-chain antibody that recognizes these 
repeats is fused to GFP and SDG2cd. We found that while SunTag–
SDG2cd activated some FWA expression and removal of DNA methyla-
tion in the Col-0 background (Fig. 2a and Extended Data Fig. 2a,b), it 
failed to induce a late-flowering phenotype in either first transgenic 
(T1) or T2 generations that we examined (Extended Data Fig. 2c,d). We 
previously found that dCas9 expression levels were much higher when 
introduced into the rdr6 background that reduces transgene silenc-
ing31. We therefore also transformed SunTag–SDG2cd into rdr6, where 
we found that dCas9 expression was markedly increased (Extended 
Data Fig. 2b). As a result, the activation of FWA and removal of DNA 
methylation by SunTag–SDG2cd in rdr6 T1 lines was much higher 
(Fig. 2a and Extended Data Fig. 2a), and some of the T2 lines showed 
an intermediate late-flowering phenotype (Fig. 2b,c). These plants also 
showed an almost complete loss of FWA DNA methylation (Fig. 2d) and a 
robust peak of H3K4me3 at the FWA promoter (Fig. 2e). Together, these 
results suggest that H3K4me3 targeting antagonizes DNA methylation.

SDG2cd–ZF-mediated DNA demethylation across diverse 
regions
It is known that ZF108 (ZF) binds not only to FWA but also to thou-
sands of off-target sites throughout the Arabidopsis genome25,31, which 
allowed us to examine the effects of targeting H3K4me3 to many other 
sites. Analysis of ChIP-seq data showed a substantial accumulation of 
H3K4me3 in SDG2cd–ZF plants at the majority of the 6,091 sites with 
a robust ZF ChIP-seq peak (Fig. 3a,b).

We compared the methylation profiles of SDG2cd–ZF and 
wild-type plants using whole-genome bisulfite sequencing (WGBS) 
and found an inverse correlation between the levels of H3K4me3 and 
DNA methylation at these ZF off-target sites, especially for CG meth-
ylation (Fig. 3b,c). Most ZF binding sites (5,212 out of 6,091, or 85%) 
showed increased H3K4me3 in SDG2cd–ZF (Supplementary Table 1). 
Among them, 1,287 out of 5,212 ZF binding sites had pre-existing DNA 
methylation levels in Col-0 (using 20% CG methylation as a thresh-
old), and around 65% of these (834 out of 1,287) showed lower DNA 
methylation levels in SDG2cd–ZF compared with Col-0. These results 
suggest that induced H3K4me3 antagonizes CG methylation broadly 
throughout the genome. Around one third of Arabidopsis genes contain 
CG methylation in their transcribed regions (gene body methylation). 
In cases where the ZF peak corresponded to a region of gene body 
methylation, there was a consistent loss of methylation in a focal region 
corresponding to the H3K4me3 peaks introduced by SDG2cd–ZF 
(Fig. 3b,d, Extended Data Fig. 3a and Supplementary Fig. 1), showing 
that H3K4me3 targeting erases gene body methylation. In addition, 
we occasionally observed ectopic intragenic transcription initiating 
at H3K4me3 peaks that extended toward the 3′ end of the normally 
transcribed region (Fig. 3b and Extended Data Fig. 3a), but there were 
also many examples where there was no change in gene expression 
(Extended Data Fig. 3a, right panel). This result suggests that H3K4me3 
is not always sufficient to drive expression and that expression changes 
are unlikely to be driving the loss of DNA methylation. In cases where 
the ZF peak corresponded to transposable elements or DNA methyl-
ated intergenic regions, the peak of H3K4me3 was associated with 
the removal of CG, CHG and CHH DNA methylation and often, but not 

function in vegetative tissues, while DME mostly functions in repro-
ductive tissues13.

In contrast to sites of gene silencing marked by DNA methylation, 
sites of active chromatin in plants are associated with various posi-
tive epigenetic marks including trimethylation of H3K4. A number of 
histone methyltransferases in Arabidopsis control methylation at the 
H3K4 position, and SET DOMAIN PROTEIN 2 (SDG2) appears to be one 
of the major enzymes depositing histone H3 lysine four trimethylation 
(H3K4me3)14,15. The removal of H3K4 methylation is controlled by H3K4 
demethylases, which include the Jumonji domain containing protein 
JMJ14-1816–19, as well as LYSINE SPECIFIC DEMETHYLASE LIKE (LDL1-3) 
and FLOWERING LOCUS D (FLD)20–22.

We previously found that targeting the Sss1/MQ1 bacterial 
CG-specific DNA methyltransferase to the FLOWERING WAGENIN-
GEN (FWA) gene with deactivated CRISPR/Cas9 (dCas9) caused the 
establishment of DNA methylation and gene silencing23. SssI was able 
to directly install CG methylation in a manner that did not require 
the RdDM pathway normally responsible for the establishment of 
DNA methylation in plants23. We also found that Arabidopsis plants 
highly expressing SssI showed widespread ectopic CG DNA methyla-
tion throughout the genome24. However, many genomic regions were 
refractory to methylation establishment, most notably promoters of 
protein coding genes containing positive epigenetic marks such as 
histone acetylation and H3K4me324,25. These results were consistent 
with the general lack of DNA methylation in promoters of expressed 
genes26–28 and raised the possibility that one or more positive epigenetic 
marks might actively resist DNA methylation. In this article, we dem-
onstrate that the targeting of H3K4me3 to specific loci actively erases 
DNA methylation by recruiting DNA demethylases. We also show that 
targeting H3K4me3 demethylation greatly facilitates the establishment 
of DNA methylation and gene silencing. These results facilitate our 
understanding of epigenetic pathways in plants and outline important 
principals for efficient chromatin engineering.

Results
Targeting SDG2 catalytic domain erases CG DNA methylation
The previous findings of an anticorrelation of H3K4me3 and CG DNA 
methylation24,27,28 prompted us to directly test whether the establish-
ment of H3K4me3 might antagonize CG methylation. SDG2 encodes 
the major H3K4me3 methyltransferase in Arabidopsis14,15. To test 
whether SDG2 could be used for H3K4me3 targeting, we fused the 
catalytic domain of SDG2 (SDG2cd) with the artificial zinc finger 
ZF108 (SDG2cd–ZF), which was designed to target the Arabidopsis 
FWA gene25,29. FWA serves as a valuable endogenous reporter gene 
because it is silenced in the wild-type Col-0 background by dense CG 
DNA methylation in its promoter region, while in fwa epialleles, this 
DNA methylation has been heritably lost, resulting in FWA overexpres-
sion and an easy to score late-flowering phenotype3,30,31. An SDG2cd–ZF 
fusion driven by the UBQ10 promoter was transformed into wild-type 
plants to test whether it could remove FWA DNA methylation and cause 
activation of FWA expression. Indeed, we found that many SDG2cd–ZF 
transgenic lines showed a late-flowering phenotype accompanied by 
the activation of FWA expression and an almost complete removal 
of DNA methylation as measured by bisulfite amplicon sequencing 
(BS-PCR-seq) (Fig. 1a–c). The variation of FWA activation, removal of 
DNA methylation and the late-flowering phenotype across different 
transgenic lines was notably correlated with the protein expression 
level of SDG2cd–ZF (Fig. 1a–c and Extended Data Fig. 1a). To validate 
that the loss of FWA DNA methylation was triggered by SDG2-mediated 
deposition of H3K4me3, we performed H3K4me3 chromatin immu-
noprecipitation followed by sequencing (ChIP-seq). As expected, 
we observed a robust peak of H3K4me3 at the FWA promoter in the 
SDG2cd–ZF plants (Fig. 1d). These results suggest that the targeting of 
H3K4me3 to FWA can powerfully reduce DNA methylation and induce 
FWA expression.

http://www.nature.com/natureplants
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always, associated with increased expression (Extended Data Fig. 3b). 
These data suggest that the antagonism between H3K4me3 and DNA 
methylation is not limited to normal transcriptional start sites (TSSs) 
but also occurs at many sites in the genome including sites of gene body 
CG DNA methylation and transposable elements.

H3K4me3 targeting recruits DNA demethylases
We next sought to investigate the mechanism by which H3K4me3 
gain results in the loss of CG DNA methylation. Theoretically, the loss 
could be either due to a failure of CG methylation maintenance or 
caused by the active removal of DNA methylation by DNA demethy-
lases. Arabidopsis expresses three DNA demethylases in adult plant 
tissues called ROS1, DML2 and DML3 (refs. 11,12). To test whether the 
demethylases were responsible for the H3K4me3-mediated loss of CG 
methylation, we transformed SDG2cd–ZF into the ros1-3 dml2-1 dml3-1 
(rdd) triple mutant35. We found that none of 40 SDG2cd–ZF T1 lines in 
this background showed reduced DNA methylation at the FWA locus 
as measured by an McrBC-qPCR assay (Fig. 4a), indicating that the 
presence of demethylases is required for methylation loss. To rule out 
the possibility that this result is attributable to SDG2cd–ZF transgene 
silencing caused by hypermethylation in the rdd mutant background, 
we performed western blot analysis to examine the protein expression 
levels of SDG2cd–ZF in both the rdd mutant and Col-0 backgrounds. 
While the overall expression levels of SDG2cd–ZF in the rdd mutant 

background were slightly lower compared with the Col-0 background 
(Extended Data Fig. 4a), several T1 lines in the rdd mutant showed higher 
or comparable expression levels of SDG2cd–ZF compared with the 
Col-0 background (Extended Data Fig. 4b). Even in these highly express-
ing SDG2cd–ZF lines, the removal of DNA methylation was completely 
blocked in the rdd background (Fig. 4a,b and Extended Data Fig. 4b). 
To examine whether the removal of DNA methylation was also blocked 
by the rdd mutant across ZF off-target sites, WGBS experiments were 
conducted in the rdd mutant compared with SDG2cd–ZF in the rdd 
background. The rdd mutant effectively blocked DNA methylation loss 
in all contexts (CG, CHG and CHH) within gene bodies, transposable 
elements and intergenic regions at ZF off-target sites (Extended Data 
Figs. 3a,b and 4c).

Previous studies have shown that the histone acetyltransferase 
IDM1 (Increased DNA Methylation 1) plays a role in DNA demethylation 
at a subset of loci targeted by ROS136,37. To investigate whether IDM1 is 
necessary for SDG2cd–ZF-mediated DNA demethylation at the FWA 
locus, we introduced SDG2cd–ZF into the idm1 mutant background. In 
contrast to the rdd mutant, the idm1 mutant failed to block the removal 
of DNA methylation at FWA locus (Extended Data Fig. 4d), suggesting 
that IDM1 is not required for the DNA demethylation at FWA locus in 
SDG2cd–ZF transgenic lines. Together, these results indicate targeting 
of H3K4me3 at FWA and other genomic sites leads to DNA demethyla-
tion via its active removal by ROS1/DML2/DML3 demethylase enzymes.
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Fig. 1 | Targeting SDG2cd using ZF triggered gene activation by H3K4me3 
deposition. a, Dot plots representing the leaf number of fwa, Col-0 (WT) and  
two T2 lines of SDG2cd–ZF. b, Quantitative reverse transcription PCR  
(qRT–PCR) indicating the relative messenger RNA levels of FWA in fwa, Col-0 and 
two T2 transgenic lines of SDG2cd–ZF (n = 4 biological replicates). c, BS-PCR-seq 
showing CG, CHG and CHH DNA methylation levels at FWA promoter regions in 
fwa, Col-0 and two T2 transgenic lines of SDG2cd–ZF. Pink vertical boxes indicate 
ZF binding sites. d, Genome browser view depicting FLAG–ZF ChIP-seq, and 

H3K4me3 ChIP-seq signals in either Col-0, SDG2cd–ZF or SDG2cd(H1866K)–ZF. 
The numbers in parentheses indicate the data range of the ChIP-seq signals 
(RPKM, reads per kilobase million). e, Relative McrBc-qPCR values in Col-0, 
fwa and T1 transgenic lines of SDG2cd(H1866K)–ZF site mutation in the Col-0 
background (n = 24 biological replicates). A lower value indicates a relatively 
higher level of DNA methylation. Data are presented as mean values ± s.e.m. in b 
and e.
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We next investigated whether SDG2cd–ZF was able to cause activa-
tion of FWA gene expression in the rdd mutant background, despite the 
lack of DNA methylation removal. We found that SDG2cd–ZF was still 
capable of inducing some FWA activation in rdd, albeit at much lower 
levels compared with the wild-type background (Fig. 4c). Similarly, at 
the ZF off-target sites, SDG2cd–ZF was still able to induce intergenic 
transcription in a small number of gene body methylated protein 
coding genes in the absence of DNA demethylation, as well as induce 
expression of some methylated transposable elements (Extended 
Data Fig. 3a,b), although often to a lesser extent than in the Col-0 back-
ground. Consistent with these results, ChIP-seq experiments continued 
to show strong enrichment of H3K4me3 at FWA and ZF off-target sites 
in the rdd genetic background (Fig. 4d,e). These results suggest that 
H3K4me3 deposition at FWA and other sites can stimulate transcription 
via two different mechanisms, one that is dependent on DNA methyla-
tion removal and one that is independent. In addition, these results 
show that, despite the presence of high levels of H3K4me3 at DNA 
methylated sites in the rdd mutant, maintenance of CG methylation 
appears to operate normally (Extended Data Fig. 3a,b). This further 
underscores that H3K4me3 antagonizes CG DNA methylation by the 
active removal of methylation, rather than by affecting DNA methyla-
tion maintenance mechanisms.

To further verify the involvement of DNA demethylases in the DNA 
methylation losses induced by SDG2cd–ZF, we transformed Myc–ROS1 
into an SDG2cd–ZF transgenic line and performed Myc ChIP-seq. We 
observed a strong enrichment of ROS1 signal at FWA as well as at the ZF 
off-target sites (Fig. 5a,b and Extended Data Fig. 5a,b), suggesting that 
H3K4me3 deposition recruits ROS1 to initiate DNA demethylation. It is 
worth noting that the ROS1 peaks were broader than the H3K4me3 peaks 

(Fig. 5a and Extended Data Fig. 5a,b), which may explain why the regions 
of reduced DNA methylation were often wider than the corresponding 
H3K4me3 enriched regions (Extended Data Fig. 3a,b). Consistent with 
previous work showing an interaction between ROS1 and the histone 
variant H2A.Z36, as well as the known colocalization of H3K4me3 and 
H2A.Z at gene promoters38, we also found a strong enrichment of H2A.Z 
over FWA and the ZF off-target sites in the SDG2cd–ZF transgenic lines 
(Fig. 5a,b and Extended Data Fig. 5a,b). Finally, because histone acetyla-
tion is normally co-localized with H3K4me324,39, and H3K14 acetylation 
(H3K14ac) has been shown to be involved in recruitment of the SWR1 
complex to deposit H2A.Z36,37, we performed H3K14ac ChIP-seq. We 
found a prominent enrichment of H3K14ac at FWA and ZF off-target sites 
in the SDG2cd–ZF plants (Fig. 5a,b and Extended Data Fig. 5a,b). These 
results show that SDG2cd–ZF-mediated H3K4me3 deposition promotes 
the targeting of H3K14ac, H2A.Z and ROS1, together with demethylation 
of DNA, suggesting that H3K4me3 recruits a suite of activities that have 
been linked to active DNA demethylation.

The association of SDG2cd-mediated H3K4me3 with the recruit-
ment of ROS1 prompted us to test whether ROS1 is normally associated 
with peaks of H3K4me3 in the promoters of genes in wild-type plants. 
We therefore performed Myc–ROS1 ChIP-seq in wild-type plants. We 
identified ROS1 peaks at loci previously reported to be enriched with 
ROS1 by ChIP-qPCR (quantitative PCR) (Supplementary Fig. 2)37. It 
is worth noting that we indeed observed strong enrichment of ROS1 
at H3K4me3 peaks near the TSSs of genes (Fig. 5c,d). ROS1 was also 
partially overlapped with other gene-adjacent sites corresponding 
to sites of DNA methylation and the RdDM factor Pol V (Fig. 5c,d), 
suggesting that ROS1 is also recruited to these sites where it acts to 
antagonize DNA methylation as previously reported11,40. As expected 
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from previous work36,37, we also observed enrichment of H2A.Z and 
H3K14ac near H3K4me3 peaks at the 5′ end of genes and transposable 
elements, but not the intergenic regions (Fig. 5c,d and Supplementary 
Fig. 3). It is worth noting that ROS1 ChIP-seq signals at TSSs were higher 
at genes with higher expression levels and higher H3K4me3 levels 
(Fig. 5c,e). These results suggest that ROS1 recruitment to H3K4me3 
sites in promoters may normally serve to protect genes from aberrant 
hypermethylation and that SDG2cd–ZF-mediated recruitment of DNA 
demethylases may use this natural pathway. These results are also 

consistent with the virtually perfect non-overlap of H3K4me3 and DNA 
methylation throughout the genome in wild-type plants26,41, as well as 
the anti-correlation between H2A.Z and DNA methylation42.

To further investigate the effect of H3K4me3 on DNA methylation 
at endogenous genomic loci, we reanalysed previously reported WGBS 
and H3K4me3 ChIP-seq data from the sdg2 mutant43,44. We found that 
CG DNA methylation was mildly increased at regions showing reduced 
H3K4me3 in the sdg2 mutant compared with Col-0 (Extended Data 
Fig. 6a left panel and 6b). It is worth noting that H3K4me3 was mildly 
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redistributed to RdDM regions in the sdg2 mutant, and this was asso-
ciated with substantial reduction of DNA methylation at these sites 
(Extended Data Fig. 6a right panel, and 6c,d). These results are consist-
ent with the gain-of-function findings of SDG2cd–ZF, further confirming 
the antagonistic relationship between H3K4me3 and DNA methylation.

Removal of H3K4me3 facilitates targeted DNA methylation
Because of the antagonism between H3K4me3 and DNA methyla-
tion, we hypothesized that the targeting of H3K4me3 demethylation 

might facilitate more efficient installation of DNA methylation at gene 
promoter sequences. We therefore searched for proteins that could 
potently target H3K4me3 demethylation. We recently reported that ZF 
fused to the H3K4me3 demethylase JUMONJI14 ( JMJ14) caused some 
loss of H3K4me3 and partial silencing of FWA and other ZF bound 
loci31. We also found that ZF fusion with TELOMERE REPEAT BINDING 
FACTOR1 (TRB1), TRB2 and TRB3 caused partial silencing of FWA and 
other ZF bound loci at least in part through recruitment of JMJ14 and 
H3K4me3 demethylation45. Because these ZF fusions showed only 
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moderate efficiency in gene silencing31,45, we looked for other factors 
capable of inducing gene silencing using a list of proteins found to 
co-immunoprecipitate with TRBs by immunoprecipitation mass spec-
trometry (IP-MS)45. We identified a small coiled coil domain protein 
At4g35510, which we named TRB INTERACTING PROTEIN1 (TRBIP1), 
that showed very potent gene silencing of FWA and an early-flowering 
phenotype when fused with ZF and introduced into the unmethylated 

fwa epiallele background (Fig. 6a and Extended Data Fig. 7a). To inves-
tigate the silencing mechanism of TRBIP1, we generated FLAG–TRBIP1 
transgenic plants and performed IP-MS. TRBIP1 showed a similar set of 
interacting proteins to TRBs (Supplementary Table 2), including JMJ14, 
suggesting that TRBIP1 functions similarly in silencing FWA expression 
by removal of H3K4me3. H3K4me3 ChIP-seq confirmed that TRBIP1–ZF 
caused very efficient removal of H3K4me3 (Fig. 6b and Extended Data 
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the data range of the ChIP-seq signals (RPKM) in b and g. Data are presented as 
mean values ± s.e.m. in a, d and e.
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Fig. 7b), to a greater extent than that observed previously for JMJ14–
ZF or TRB–ZFs31,45, which may be due to the small size of TRBIP1 or its 
ability to recruit JMJ14 in a transient or repeated manner. BS-PCR-seq 
analysis showed that, like JMJ14–ZF and TRB–ZFs31,45, TRBIP1–ZF did 
not establish DNA methylation at the FWA promoter region (Fig. 6c). 
In addition, Myc ChIP-seq in Myc–JMJ14×TRBIP1–ZF lines showed that 
JMJ14 was strongly recruited to FWA and ZF off-target sites (Fig. 6b and 
Extended Data Fig. 7c). Together, these results show that TRBIP1–ZF tar-
gets efficient gene silencing, JMJ14 recruitment and H3K4me3 removal.

To test whether forced H3K4me3 removal could increase the effi-
ciency of targeted DNA methylation, we combined the targeting of the 
CG specific SssI/MQ1 bacterial methyltransferase with TRBIP1. We pre-
viously showed that when an amino acid variant of MQ1 with improved 
specificity (MQ1v) was fused with dCas9 (ref. 46), it mediated rather 
inefficient targeting of DNA methylation and silencing at FWA23. To test 
whether the addition of TRBIP1 could improve this efficiency, we cre-
ated TRBIP1-dCas9-MQ1v and compared this fusion with the original 
dCas9-MQ1v. Constructs were transformed into the unmethylated fwa 
epiallele background that also contained the rdr6 mutation to reduce 
transgene silencing31. We found that the addition of TRBIP1 triggered a 
strong and consistent increase in DNA methylation, reduced H3K4me3, 
robustly silenced FWA and triggered an early-flowering phenotype 
(Fig. 6d–g and Extended Data Fig. 7d). To ensure that this effect was 
not due to differences in protein expression levels, we compared the 
expression of TRBIP1-dCas9-MQ1v with dCas9-MQ1v and found that 
they were very similar (Extended Data Fig. 7e). These data show that the 
removal of H3K4me3 can enhance the deposition of DNA methylation.

Discussion
This work shows that targeting H3K4me3 to specific regions of the 
Arabidopsis genome results in DNA demethylation at these loci that is 
dependent on the ROS1 class of DNA demethylases. This demethylation 
was associated with the recruitment of ROS1, together with the histone 
variant H2A.Z and histone acetylation. At most locations in the genome, 
H3K4me3 targeting caused a loss of DNA methylation that was not asso-
ciated with an increase in transcription, showing that the loss of DNA 
methylation was not an indirect effect of stimulation of transcription. 
Furthermore, we found that the targeting of H3K4me3 caused robust 
recruitment of the ROS1 demethylase enzyme. ROS1 was also found 
to be naturally present at H3K4me3 sites in the promoters of protein 
coding genes, which may help to explain the lack of DNA methylation 
in the majority of gene promoters. The nearly ubiquitous presence 
of H3K4me3 at active gene promoters likely serves in part to prevent 
protein coding genes from gaining methylation and being silenced over 
time26. H3K4me3 is thus a powerful anti-DNA methylation mark that 
is involved in shaping methylation patterns throughout the genome.

Although the ROS1 class of demethylases are specific to plants, 
the antagonism of H3K4me3 and DNA methylation in Arabidopsis 
described here is reminiscent of mammalian methylation systems, 
in which the de novo DNA methylation factor Dnmt3L is recruited 
to unmethylated H3K4 sites and repelled by H3K4me347–49. There-
fore, H3K4me3 serves as an anti-DNA methylation mark in a variety 
of eukaryotic systems, even though the mechanisms for this can be 
very different.

An understanding of the antagonistic relationship between 
H3K4me3 and DNA methylation should facilitate the development 
of more sophisticated tools for the manipulation of DNA methylation 
patterns in plant genomes. Indeed, we demonstrated that combining 
an H3K4me3 removal factor with a DNA methyltransferase produced 
more efficient DNA methylation establishment in Arabidopsis. Tar-
geted genome methylation can be used to modulate gene expres-
sion and create novel epialleles for plant research and agricultural 
biotechnology23,50,51. The concepts outlined in this work may prove 
useful in designing more efficient methylation targeting systems in 
crop plants for the development of epialleles for important plant traits.

Methods
Plant materials and growth conditions
All plants used in this study were Columbia-0 (Col-0) ecotype and were 
grown on soil under long-day conditions (16 h of light and 8 h of dark) at 
approximately 25 °C. The rdr6-15, fwa rdr6-1531, idm1 (SALK_062999C) 
and rdd (ros1-3, dml2-1, dml3-1)35 mutant lines were described previ-
ously, and the transgenic lines were generated using floral dipping by 
Agrobacterium. For all the transgenic lines, we obtained more than 36 
individual T1 transgenic lines.

Plasmid construction
For the construction of SDG2cd–ZF, the coding sequence (CDS) of 
SDG2cd (from the 1,571st to 2,335th amino acids) was cloned into 
pENTR/D-TOPO vectors (catalogue number K240020, Thermo Fisher), 
then to the destination vectors MDC123 by using the LR Clonase II 
Enzyme mix (catalogue number 11791020, Thermo Fisher), which 
contains the UBQ10 promoter, as well as ZF108 and 3xFLAG fused in 
the C terminal of the SDG2cd, with hygromycin and basta resistance 
in plants, respectively. For the construction of SDG2cd(H1866K)–ZF, 
ENTR-SDG2cd was used as template to generated the H1866K site muta-
tion version of ENTR-SDG2cd(H1866K), and it was then cloned into 
the destination vector MDC123 containing ZF108 and 3xFLAG. For the 
construction of SunTag–SDG2cd, Previous SunTag vector was digested 
by BsiWI (catalogue number ER0851, Thermo Fisher)23 and used for infu-
sion reaction with SDG2cd (catalogue number 639650, Takara). For the 
construction of TRBIP1–ZF, The CDS sequence of TRBIP1 (AT4G35510) 
was cloned into pENTR/D-TOPO vectors (catalogue number K240020, 
Thermo Fisher), then to the destination vectors MDC123 by the LR reac-
tion (catalogue number 11791020, Thermo Fisher). For the construction 
of TRBIP1-dCas9-MQ1v, the CDS of TRBIP1 and MQ1v were amplified23, 
respectively, and ligated with SV40 linker by overlapping PCR.

Flowering time measurement
Flowering time was determined by the total number of leaves, which 
included both rosette and caulinar leaves on each plant. The position 
of each dot in the dot plots represent the leaf counts of different plants.

Statistics and reproducibility
The western blot experiments in the Extended Data Figs. 1a, 2b, 4a,b 
and 7e were independently repeated twice with similar results.

McrBC-qPCR
Relative DNA methylation level at FWA locus can be quantified by 
McrBC-qPCR. McrBC (catalogue number M0272L, NEB) is a restric-
tion endonuclease that recognizes and cleaves DNA sequences with 
5-methylcytosine. Equal amounts of DNA were incubated with either 
McrBC or water (as a control) at 37 °C for 4 h, followed by inactivation 
at 65 °C for 20 min. The DNA was then used as a template for qPCR 
to amplify the FWA locus using a specific pair of primers (forward 
TTGGGTTTAGTGTTTACTTG and reverse GAATGTTGAATGGGATAA-
GGTA). A lower relative McrBC-PCR value indicates a higher level of 
DNA methylation.

BS-PCR-seq
Four- to five-week-old Arabidopsis leaf samples were collected and pre-
pared for cetyl trimethyl ammonium bromide-based DNA extraction. 
A total of 2 µg DNA of each sample was used to perform bisulfite treat-
ment by following the manual of the EpiTech Bisulfite kit (catalogue 
number 59104, QIAGEN). Next, the PCR reactions were performed 
using the converted DNA as a template to amplify three regions located 
at FWA promoter: region 1 (chr4: 13038143-13038272), region 2 (chr4: 
13038356-13038499) and region 3 (chr4: 13038568-13038695). A special 
polymerase Pfu Turbo Cx (catalogue number 600410, Agilent) was 
used, and the primers were listed in Supplementary Table 3 (ref. 45). 
The PCR products from regions 1–3 of each sample were pooled and 
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purified using AMPure beads (catalogue number A63881, Beckman 
Coulter), which were then subjected to library construction using 
Kapa DNA Hyper Kit (catalogue number KK8502, Roche) and TruSeq 
DNA UD indexes for Illumina (Illumina). The BS-PCR-seq libraries were 
sequenced on Illumina iSeq 100.

ChIP-seq
The ChIP-seq was performed as described previously31. About 2–3 g of 
leaf tissue were collected and ground with liquid nitrogen. The result-
ing powder was subsequently resuspended in 25 ml of nuclear isola-
tion buffer (50 mM Hepes, 1 M sucrose, 5 mM KCl, 5 mM MgCl2, 0.6% 
Triton X-100, 0.4 mM PMSF, 5 mM benzamidine, 1 Protease Inhibitor 
Cocktail (catalogue number 11873580001, Sigma)) containing 1% for-
maldehyde and then agitated to facilitate crosslinking at room tem-
perature for 10 min. Freshly made 1.7 ml 2 M glycine was added to end 
the crosslinking procedure. The resuspended samples were filtered 
through a single-layer Miracloth (catalogue number 475855-1R, EMD 
millipore) and centrifuged at 2,880 × g at 4 °C for 20 min. The pellets 
were resuspended with extraction buffer 2 (0.25 M sucrose, 10 mM Tris–
HCl pH = 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM β-mercaptoethanol, 
0.1 mM PMSF, 5 mM benzamidine, 1 Protease Inhibitor Cocktail) in 2 ml 
Eppendorf tube, which was centrifuged again at 12,000 × g at 4 °C for 
10 min. The pellets were further resuspended with extraction buffer 
3 (1.7 M sucrose, 10 mM Tris–HCl pH = 8.0, 2 mM MgCl2, 0.15% Triton 
X-100, 5 mM β-mercaptoethanol, 0.1 mM PMSF, 5 mM benzamidine,  
1× Protease Inhibitor Cocktail) and centrifuged at 12,000 × g at 4 °C for 
1 h. Then the pellets were resuspended with 400 μl lysis buffer (50 mM 
Tris–HCl pH = 8.0, 10 mM EDTA, 1% SDS, 0.1 mM PMSF, 5 mM benzami-
dine, 1× cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (cata-
logue number 11836170001, Sigma)), diluted with 1.7 ml ChIP dilution 
buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl pH = 8.0, 
167 mM NaCl, 0.1 mM PMSF, 5 mM benzamidine, 1 Protease Inhibitor 
Cocktail) and sheared by Bioruptor Plus (catalogue number B01020001, 
Diagenode) for 23 cycles (each cycle consisting of 30 s on and 30 s off). 
The lysate was centrifuged with max speed at 4 °C for 10 min, and the 
supernatant was carefully transferred to new tubes. This procedure was 
repeated twice, and the supernatant was incubated with the respective 
antibody at 4 °C overnight. About 25 μl magnetic Protein A and Protein 
G Dynabeads (catalogue number 10002D and 10004D, Invitrogen) was 
added, and the mixture was incubated at 4 °C for 2 h. Next, the beads 
were washed at 4 °C for 5 min with low-salt solution (150 mM NaCl, 0.2% 
SDS, 0.5% Triton x-100, 2 mM EDTA, 20 mM Tris–HCl pH = 8.0) (twice), 
high-salt solution (500 mM NaCl, 0.2% SDS, 0.5% Triton x-100, 2 mM 
EDTA, 20 mM Tris–HCl pH = 8.0), LiCl solution (250 mM LiCl, 1% Igepal, 
1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris–HCl pH = 8.0) and TE 
solution (10 mM Tris–HCl pH = 8.0 and 1 mM EDTA) at 4 °C for 5 min with 
each solution. The beads were eluted with 500 μl elution buffer (1% SDS, 
10 mM EDTA, 0.1 M NaHCO3) at 65 °C for 30 min, and reverse crosslink-
ing was performed at 65 °C overnight. Then 1 μl of 20 mg ml−1 Protease 
K, 10 μl of 0.5 M EDTA pH 8.0 and 20 μl 1 M Tris pH 6.5 were added for 
the protein deactivation at 45 °C for 4 h, and the DNA was isolated with 
550 μl phenol/chloroform/isoamyl alcohol (25:24:1, catalogue number 
15593049, Invitrogen) and 500 μl chloroform using phase lock gel (cata-
logue number 2302820, VWR) and precipitated with 50 μl of 3 M sodium 
acetate, 2 μl GlycoBlue (catalogue number AM9516, Invitrogen) and 1 ml 
of 100% ethanol at −20 °C overnight. The DNA was precipitated by max 
speed centrifuge at 4 °C for 30 min, and the DNA pellet was washed with 
700 μl 70% ethanol and eluted with 10 μl nuclease-free water, which was 
subjected to library construction using the Ovation Ultra Low System 
V2 kit (catalogue number 0344NB-A01, NuGEN). The libraries were 
sequenced on an Illumina NovaSeq 6000 sequencer.

WGBS
The plant DNA was extracted using DNeasy Plant Kit (catalogue number 
69106, Qiagen). A total of 500 ng plant DNA was used for WGBS. The 

DNA was sheared at 4 °C for 2 min using Covaris. Then fragmented 
DNA was subjected to end repair and adapter ligation following the 
manual of the Kapa DNA Hyper Kit (catalogue number KK8502, Roche). 
The TruSeq DNA UD indexes (catalogue number 20022370, Illumina) 
were used as adapters. Next, the DNA ligation product was purified 
with AMPure beads (catalogue number A63881, Beckman Coulter), 
followed by DNA conversion using EpiTech Bisulfite kit (catalogue 
number 59104, QIAGEN). The converted DNA and the universal prim-
ers from Kapa DNA Hyper Kit were used to construct the libraries and 
subsequently sequenced on Illumina NovaSeq 6000 sequencer31.

RNA sequencing
Plant RNA was isolated from 4-week-old Arabidopsis leaves using the 
Direct-zol RNA MiniPrep kit (catalogue number R2052, Zymo Research). 
To construct the RNA-sequencing (RNA-seq) library, 1 µg total RNA per 
sample was used following the instructions provided in the TruSeq 
Stranded mRNA kit (catalogue number 20020594, Illumina). The librar-
ies were then sequenced on Illumina NovaSeq 6000 sequencer.

Quantification and statistical analysis
ChIP-seq analysis
The ChIP-seq raw reads were filtered and trimmed using trim_galore 
(v0.6.5), and then mapping to the reference genome (TAIR10) was done 
with Bowtie2 (v2.1.0)52 with default parameters. The duplicated reads 
were removed using Samtools (v1.9)53, and the tracks were generated 
using deeptools (v3.1.3)54. MACS2 (v2.2.1) was used to call the peaks55. 
To calculate the enrichment of H3K4me3, H3K14ac and H2A.Z in ZF 
transgenic lines versus control lines, the histone ChIP-seq signals were 
first normalized to their respective inputs using bigwigCompare (deep-
tools_v3.1.3). Then the normalized histone ChIP-seq signals of the ZF 
transgenic lines were adjusted by subtracting the signals of the control 
lines, which were subjected to metaplot and heat map analysis over ZF 
off-target sites and shuffled sites31. A similar method was also applied to 
analyse the enrichment of Myc ChIP-seq signals in Myc–ROS1×SDG2cd–
ZF versus Myc–ROS1 and Myc–JMJ14×TRBIP1–ZF versus Myc–JMJ14.

Upon examining the genome browser, we found that some regions 
in SDG2cd–ZF did not have clear H3K4me3 peaks, while still being 
retained by the peak-calling pipeline. It is worth noting that the major-
ity of these regions were located in hypermethylated pericentromeric 
areas. To ensure accuracy of the analysis, in Fig. 3d and Supplementary 
Fig. 1, we removed these regions to generate the violin plots and heat 
maps.

WGBS and BS-PCR-seq analysis
Analysis of WGBS data was conducted following the pipeline out-
lined previously31. The raw paired-end sequencing reads from each 
sample were mapped to Arabidopsis reference genome TAIR10 using 
BSMAP (v2.90)56, which allowed up to two mismatches and one best 
hit. To ensure data quality, reads containing more than three consecu-
tive methylated CHH sites were excluded. The methylation level for 
each cytosine was determined by calculating the ratio of methylated 
cytosines (C) to the sum of methylated cytosines and unmethylated 
cytosines: C/(C + T).

To perform BS-PCR-seq analysis, the methylation data within three 
predefined FWA promoter regions were retained to make plots using 
customized R scripts.

RNA-seq analysis
The raw reads were mapped to the reference genome of Arabidopsis 
TAIR10 using Bowtie2 (v2.1.0)52. RSEM (v1.3.1) was used to calculate 
the gene expression level using default settings57, and Trinity (v2.8.5) 
was used to call differentially expressed genes (DEGs) with log2 FC ≥ 1 
and FDR < 0.05 as a cut-off58. The track files were generated using Sam-
tools (v1.9) and deeptools (v3.1.3)53,54. Region-associated DEG analysis 
was performed using the online tool available at https://labw.org/rad  
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(ref. 59). Briefly, the up- and down-regulated DEGs of TRBIP–ZFs versus 
fwa were used as inputs, and FLAG–ZF ChIP-seq peaks were used as 
targeting regions to run the program.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The high-throughput sequencing data generated in this paper have 
been deposited in the Gene Expression Omnibus (GEO) database (acces-
sion number GSE245961). Source data are provided with this paper.
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Extended Data Fig. 1 | The catalytic activity of SDG2 is required for the 
removal of DNA methylation by SDG2cd-ZF. a, Western blotting showing the 
protein expression level of SDG2cd-ZF in two representative T2 transgenic 

lines. b, BS-PCR-seq showing CG, CHG and CHH DNA methylation levels at FWA 
promoter regions in Col-0, fwa and four representative T1 transgenic lines of 
SDG2cd(H1866K)-ZF in the Col-0 background.
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Extended Data Fig. 2 | SunTag-SDG2cd exhibited higher FWA mRNA levels and 
dCas9 protein expression level in the rdr6 background compared to the Col-0 
background. a, Histogram showing the relative mRNA level of FWA in Col-0, fwa, 
rdr6, as well as T1 transgenic lines of SunTag-SDG2cd in Col-0 (n = 20 biological 
replicates) and rdr6 (n = 12 biological replicates) background, respectively. Data 
are presented as mean values ± s.e.m. b, Western blotting results representing 

the protein expression levels of HA-dCas9 in both the Col-0 background and T1 
transgenic lines of SunTag-SDG2cd in the Col-0 and rdr6 mutant backgrounds, 
respectively. c-d, The dot plots showing the leaf numbers of Col-0 and SunTag-
SDG2cd transgenic lines in the Col-0 background at T1 (c) and T2 (d) generations, 
respectively.
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Extended Data Fig. 3 | SDG2cd-ZF reduced DNA methylation at ZF off-target 
sites in the Col-0 wild type background but not in the rdd mutant background. 
a-b Genome browser views showing H3K4me3 ChIP-seq signals, CG, CHG, and 
CHH DNA methylation levels, and RNA-seq signals at gene body regions (a), TEs 

(b, left two panels), and intergenic regions (b, right two panels) in Col-0, SDG2cd-
ZF in the Col-0 background, rdd, and SDG2cd-ZF in the rdd mutant background. 
FLAG-ZF ChIP-seq signals indicate the ZF binding sites. The numbers in the 
parentheses indicate the data range of the ChIP-seq signals (RPKM).
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Extended Data Fig. 4 | The removal of DNA methylation by SDG2cd-ZF is 
blocked in the rdd mutant but not in the idm1 mutant, and this effect is not 
due to the inhibition of protein expression. a-b The western blotting results 
showing the protein expression levels of SDG2cd-ZF in the rdd mutant and 
Col-0 background. The ponceau staining indicates the loading control for each 
sample. c, Scatterplots depicting the correlation of DNA methylation levels and 
Log2 H3K4me3 ChIP-seq signals in SDG2cd-ZF transgenic lines in the rdd mutant 

background versus rdd mutant at ZF off-target sites (n = 6,091). Statistical tests 
were two-sided, and p-values were reported without adjustment for multiple 
comparisons. d, Histogram depicting the relative McrBc-qPCR values of FWA in 
Col-0, fwa, idm1 mutant, and T1 transgenic lines of SDG2cd-ZF in the idm1 mutant 
background (n = 12 biological replicates), respectively. A lower value indicates 
a relatively higher level of DNA methylation. Data are presented as mean values 
± s.e.m.
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Extended Data Fig. 5 | H3K4me3 recruits ROS1 for the removal of DNA 
methylation. a, Genome browser view showing CG DNA methylation, 
and ChIP-seq signals of H3K4me3, H2A.Z, and H3K14ac in the Col-0 and 
SDG2cd-ZF transgenic lines, as well as Myc ChIP-seq in the Col-0, Myc-ROS1, 
and Myc-ROS1xSDG2cd-ZF at a representative ZF off target site. The FLAG-ZF 

ChIP-seq signal indicates the ZF binding site, and the numbers in parentheses 
representing the data range of the ChIP-seq signals (RPKM). b, Metaplot and 
heatmaps depicting the ChIP-seq signals of FLAG-ZF, H3K4me3, H3K14ac, H2A.Z, 
as well as Myc-ROS1 in SDG2cd-ZF and Col-0 background, respectively.
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Extended Data Fig. 6 | Changes in H3K4me3 in the sdg2 mutant correlate 
with changes in CG DNA methylation. a, Genome browser views showing 
Pol V ChIP-seq signal in Col-0, along with H3K4me3 ChIP-seq signals and CG 
DNA methylation levels in Col-0 and the sdg2 mutant at two representative 
loci, respectively. The numbers in the parentheses indicate the data range of 
the ChIP-seq signals (RPKM). An area is marked in each view where changes in 

H3K4me3 correspond to changes in CG DNA methylation. b, Boxplot showing 
the average CG DNA methylation level of Col-0 and sdg2 mutant at regions with 
reduced H3K4me3 in the sdg2 mutant. c, Metaplot depicting the normalized 
H3K4me3 ChIP-seq signals in the sdg2 mutant versus Col-0 at RdDM sites (Pol V 
ChIP-seq peaks) and shuffled sites. d, Metaplot presenting the average CG DNA 
methylation level at RdDM sites in Col-0 and the sdg2 mutant, respectively.
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Extended Data Fig. 7 | TRBIP1 facilitated the targeted DNA methylation  
by dCas9-MQ1v. a, Dot plots representing leaf numbers of fwa, Col-0, and  
four T2 transgenic lines of TRBIP1-ZF. b, Metaplot and heatmaps depicting  
the normalized H3K4me3 ChIP-seq signal over ZF off-target sites and  
shuffled sites (n = 6,091) in the TRBIP1-ZF transgenic lines versus fwa.  
c, Metaplot and heatmaps depicting the normalized Myc ChIP-seq signal in the 

Myc-JMJ14xTRBIP1-ZF versus Myc-JMJ14 transgenic lines over ZF off-target sites 
and shuffled sites (n = 6,091). d, Dot plots representing leaf numbers of fwa 
rdr6, Col-0, and T1 transgenic lines of dCas9-MQ1v and TRBIP1-dCas9-MQ1v. 
e, Western blotting showing protein expression levels in an fwa rdr6 control, 
dCas9-MQ1v, and TRBIP1-dCas9-MQ1v transgenic lines.
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