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Epigenetic modifications play critical roles in diverse biological processes. Histone Lys-to-Met (K-to-M) mutations act as gain-of-
function mutations to inhibit a wide range of histone methyltransferases and are thought to promote tumorigenesis. However, it
is largely unknown whether K-to-M mutations impact organismal development. Using Arabidopsis (Arabidopsis thaliana) as a
model system, we discovered that a transgene exogenously expressing histone 3 Lys-36 to Met mutation (K36M) acts in a
dominant-negative manner to cause global reduction of H3K36 methylation. Remarkably, this dominant repressive activity is
dosage-dependent and causes strong developmental perturbations including extreme branching and early flowering by affecting
the expression of genes involved in developmental and metabolic processes. Besides the established pathological roles of K-to-M
mutations in tumor cells, we demonstrate a physiological outcome for K-to-M induced H3K36 hypomethylation. This study
provides evidence for a conserved dominant-negative inhibitory role of histone K-to-M mutation across the plant and animal
kingdoms. We also highlight the unique ability of K36M mutations to alter plant developmental processes leading to severe
pleiotropic phenotypes. Finally, our data suggests K-to-M mutations may provide a useful strategy for altering epigenetic
landscapes in organisms where histone methyltransferases are uncharacterized.

Genome compaction restricts, permits, and fine-tunes
gene expression. Chromatin is composed of DNA coiled
around nucleosomes and exists in relaxed or condensed
forms (Luger et al., 1997). The Lys residues on histoneH3
function not only as peptide building blocks, but also as a
site of diverse posttranslational modifications (Strahl and
Allis, 2000). Modifications also serve as a mark of the
gene expression state and act as a platform for the active
control of transcription. For example, methylated histone
Lys residues are known to recruit histone-modifying
enzymes, chromatin remodelers, and reader proteins to

moderate chromatin state and transcription (He et al.,
2011; Y. Xu et al., 2014).

Histone modification can be associated with either
gene activation or repression, depending on its position
and state. H3 Lys-36 trimethylation (H3K36me3) is a
highly conserved histone mark and is primarily corre-
latedwith active gene expression in eukaryotes (Roudier
et al., 2011; Wen et al., 2014). In Arabidopsis (Arabidopsis
thaliana), H3K36me3 is enriched at the gene-body re-
gions and plays an important role in regulating the
expression of development-related genes involved in
brassinosteroid signaling pathways, carbon and light
responses, floral organ development, and flowering
(Xu et al., 2008; Grini et al., 2009; He et al., 2011; Wang
et al., 2014; Yang et al., 2014; Li et al., 2015). Deposition
of H3K36 methylation is mediated by a collection of
conserved SET domain-containing group (SDG) his-
tone methyltransferases. Loss-of-function mutations
in Arabidopsis SDG8 (also named “EFS/ASHH2”)
result in a genome-wide reduction of both di- and tri-
H3K36 methylation (H3K36me2/3) and defects in bi-
ological processes including proliferative branching
(Dong et al., 2008; Cazzonelli et al., 2009), early flow-
ering (Soppe et al., 1999; Zhao et al., 2005), reduced
plant pathogen response (Berr et al., 2010), decreased
carotenoid biosynthesis (Cazzonelli et al., 2009), and
weakened innate immunity (Palma et al., 2010). SDG26
has also been shown to be required for H3K36me3 ac-
cumulation at individual loci (Berr et al., 2015), but does
not appear to have an effect on global H3K36me3 levels
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(Liu et al., 2016).Notably, the reduced, but not completely,
eliminated H3K36me2/3 in sdg8 mutants indicates the
existence of yet-to-be-identified methyltransferase(s) that
functions redundantly with SDG8. The increased
H3K36me1 in sdg8 also suggests that distinct histone
methyltransferase(s) may be responsible for H3K36me1
in Arabidopsis.

Previous studies have demonstrated that missense
mutations ofH3Lys-27 toMet (K27M) exerted adominant-
negative effect on genome-wide endogenous H3K27me3
levels by inhibiting Polycomb Repressive Complex2
activity (Chan et al., 2013; Lewis et al., 2013). In humans,
these gross changes in histone methylation levels were
highly associated with pediatric glioma and high-grade
astrocytoma formation (Chan et al., 2013; Lewis et al.,
2013; Bechet et al., 2014). Similarly, exogenous expres-
sion of K27M andK9Mwas shown to reduceH3K27 and
H3K9 methylation, respectively. The corresponding
methylation losses lead to the derepression of several
developmental genes for K27M and suppression of
position-effect variegation for K9M in Drosophila mela-
nogaster (Herz et al., 2014). Global reduction of endoge-
nous H3K36 methylation by exogenously expressed
K36Mmutant proteinwas also observed in cultured cells
(Lewis et al., 2013). Such K36M mutations were associ-
ated with 95% of chondroblastomas (Behjati et al., 2013).
More recently, K36Mmutation was shown to contribute
to tumorigenesis by altering the expression of differen-
tiation or cancer-related genes (Fang et al., 2016; Lu et al.,
2016).

While K-to-Mmutations promoting tumorigenesis have
been investigated (Chan et al., 2013; Lewis et al., 2013; Fang
et al., 2016; Lu et al., 2016), it is unknown whether K-to-M
mutations influence organismal development. Using
Arabidopsis as a model system, we report, to our knowl-
edge, the first developmental phenotypic effects for
the K36M mutation. We report a wide range of de-
velopmental defects for K36M mutant plants, includ-
ing increased branching and early flowering. We further
show that the K36M mutation reduces global H3K36
methylation and contributes to pleiotropic plant devel-
opment, in part by altering expression of developmental-
and metabolic-associated genes. Together, these data
demonstrate that K36M acts as a driving mutation to
alter plant development.

RESULTS

K36M Mutation Induces Pleiotropic Developmental
Defects in Arabidopsis

To investigate the biological consequences of K36M,
we generated a transgene construct containing H3.3
K36M fused with a C-terminal 3xFLAG epitope tag
under the control of its native promoter (Supplemental
Fig. S1A). As a control, we produced a wild-type
3xFLAG-tagged H3.3 transgenic plant (referred to as
the wild type), which had no phenotypic differences
from the Columbia ecotype. As shown in Figure 1A,
transgenic plants expressing heterozygous K36M

(named K36M) exhibited a pleiotropic, highly stun-
ted developmental phenotype compared to wild type.
Interestingly, homozygous K36M transgenic plants
(i.e., K36M hom) exhibit a gene-dosage-dependent
phenotype with further stunting and infertility (Fig.
1A). Overall, we recovered a total of three indepen-
dent transgenic lines, all of which displayed similar
phenotypic defects (data not shown). Given that het-
erozygous K36M is sufficient to cause strong devel-
opmental defects and that homozygous K36M is
nearly infertile, we focused our studies on heterozy-
gous K36M.We noted an early flowering time (Fig. 1B)
and a significant increase in rosette stem production in
K36M (Fig. 1C). We also found that K36M mutants
exhibited shorter siliques and a strong reduction in the
number of fertilized ovules compared to the wild type
(Fig. 1D; Supplemental Fig. S1, B and C). Interestingly,
null mutants of the H3K36 histone methyltransferase
SDG8 also phenocopy K36M heterozygous plants
with increased shoot and stem branching, early
flowering, and decreased fertility (Fig. 1; Soppe et al.,
1999; Zhao et al., 2005; Dong et al., 2008; Cazzonelli
et al., 2009; Grini et al., 2009). Although K36M plants

Figure 1. K36M mutation induces pleiotropic developmental de-
fects in Arabidopsis. A, Phenotypic analysis of transgenic plants
expressing wild-type H3.3K36 3xFLAG (WT), heterozygous H3.3
K36M (K36M), homozygous H3.3 K36M (K36M hom), and sdg8 at
35 d after germination. B, K36M has a significantly lower number of
leaves at bolting compared to the wild type (n. 30 plants). C, K36M
shows significantly more rosette branches compared to the wild
type (n = 30 plants). Rosette branches were measured from plants
7 d after main bolt production. D, K36M mutants show decreased
silique length compared to the wild type. Student’s t test was used to
calculate the P values (***P , 0.001).
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showed phenotypic similarity to sdg8 null mutants,
K36M (hom) exhibited stronger pleiotropic defects.

K36M Alters the Expression of Development- and
Metabolism-Associated Genes

To determine if the phenotypic defects in K36M
were correlated with transcriptional alterations, we
performed whole transcriptome analysis by mRNA
sequencing (RNA-seq) in K36M and wild type at 21 d
after germination (DAG; Supplemental Fig. S2A). We
found a significant decrease in the expression of 920 genes
and an increased expression of 295 genes in K36M com-
pared towild type (P, 0.05; Fig. 2A; Supplemental Tables
S1 and S2). To examine the molecular pathways affected
by the K36M mutation, we performed a gene ontology

analysis on all differentially expressed genes. Consistent
with phenotypic defects in K36M, we found significant
enrichments of genes important for signal transduction
(P = 7.2 3 10213), hormone response (P = 1.2 3 1023),
oxidative stress response (P = 5.0 3 1025), and flower
development (P = 1.93 1022; Fig. 2B). Specifically, K36M
mutants showed altered expression of genes important for
shoot branching and flowering (Fig. 2, C–E). We found
that both theMAF1 andMAF4floral repressor geneswere
downregulated in K36M and the inflorescence promoting
genes (AG, AP1, FT, and PI) had increased expression
(Fig. 2, C–E). Additionally, the expression of CRTISO
(cis-to-trans carotenoid isomerase), a repressor of shoot
branching (Cazzonelli et al., 2009), was downregulated
in K36M (Fig. 2, D and E). SDG8, an H3K36me3
methytransferase known to be involved in flowering,

Figure 2. K36M alters the expression of development- andmetabolism-associated genes. A, Volcano plot displaying significantly
upregulated and downregulated genes in K36M compared to the wild type (red dots, P , 0.05). The x axis represents the log2
value of K36M fragments per kilobase permillionmapped reads/wild-type FPKM, and the y axis is the2log10 of the P value for the
significance of differential expression. B, Gene Ontology analysis of significantly upregulated and downregulated genes
presented as the2log10 of P value. C, Log2 FPKM of genes important for flowering in wild type and K36M. Asterisk marks each
gene that is significantly differentially expressed in K36M. D, Semiquantitative gel-based RT-PCR showing expression of
flowering genes at 21 d after germination. E, Quantitative RT-PCR showing the expression of genes involved in floral devel-
opment and carotenoid synthesis. Each bar is the average of three biological replicates. Significance was determined via
Student’s t test (*P , 0.05, **P , 0.01). FPKM, fragments per kilobase per million mapped reads.
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showed no significant expression changes between
K36M and wild type (Fig. 2, D and E). The transcrip-
tional reductions of MAF1 and CRTISO were further
confirmed to occur as early as 10 DAG (Supplemental
Fig. S2B), correlating with the loss of H3K36me3
(Supplemental Fig. S2C). Thus, the pleiotropic devel-
opmental phenotypes in K36M are likely caused by
misexpression of key development and metabolic-
associated genes.

K36M Mutation Exhibits a Dominant-Negative Effect on
Endogenous H3K36 Methylation

Given knowledge of K36Mmutation inducing global
reduction of H3K36 methylation in mammals (Lewis
et al., 2013; Lu et al., 2016), we hypothesized that K36M
may exert similar effects on the histone methylation
landscape in plants. To test this hypothesis, we analyzed
the accumulation level of various histone methylation
marks in K36M by western blot. We included a null
mutant of H3K36 methyltransferase sdg8 as a control,
given the strong correlation of sdg8 mutant phenotype
with the K36M phenotype (Fig. 1A). We found that
H3K36me2 and H3K36me3 were substantially reduced
in two independent K36M transgenic lines at 21 DAG
(Fig. 3A).We further confirmed that the K36M reduction
of H3K36me3 is independent of developmental stage
(Supplemental Fig. S2C). The reduction of H3K36me3
in K36M appeared slightly stronger than that of sdg8.
H3K4me3 showed no noticeable change in either K36M
or sdg8. These observations were further confirmed by
mass spectrometry analysis showing the reduction of
H3K36 in all forms of methylation (me1, me2, and me3;
Fig. 3B; Supplemental Fig. S3). This suggests that K36M
mutant histones act as a dominant-negative inhibitor of
endogenous H3K36 methylation. To further determine
the potency of the K36M as an inhibitor, we searched for
the peptide signature of M36, based on its mass differ-
ence from K36, using mass spectrometry. Consistent
with the low amount of K36M in tumors and cultured

cells (Schwartzentruber et al., 2012; Behjati et al., 2013;
Fang et al., 2016; Lu et al., 2016), we found that K36M
peptides were present at an abundance of 1.4% among
total detected H3.3 peptides (Supplemental Fig. S3A).
The low abundance of K36M peptides suggests that
they act as potent inhibitors of endogenous H3K36
methylation.

To determine whether K36M reduced H3K36 meth-
ylation at all or selected genomic loci, we profiled the
genome-wide H3K36me3 distribution in K36M utiliz-
ing chromatin immunoprecipitation followed by se-
quencing (ChIP-seq). We observed a global reduction of
H3K36me3 in the euchromatic arms of five Arabi-
dopsis chromosomes after plotting library-normalized
H3K36me3 density in 500-kb increments (Fig. 4A). To
further determine where H3K36me3 loss was occur-
ring (i.e. genes or intergenic regions), we first sepa-
rated all genes in the genome into six groups by size
and plotted library normalized H3K36me3 reads over
them. We found a greater loss of H3K36me3 at the
gene bodies of large genes than those of small genes
(Fig. 4B; Supplemental Fig. S4A). Consistent with our
RT-qPCR (Fig. 2E), we found the loss of H3K36me3 in
genes (MAF1, CRTISO, and PIF5) involved in devel-
opmental and metabolic processes (Supplemental Fig.
S4B). We also identified 6727 H3K36me3-enriched
genes defined in the wild-type background (Supplemental
Table S3) and found that 4464 were hypomethylated
for H3K36me3 in K36M (Supplemental Table S4).
This demonstrates that K36M affects many, but not
all, H3K36me3-enriched genes (Fig. 4C). To identify the
specific features of K36M target genes, we determined
the size, expression, andH3K36me3 levels over two gene
groups: 4,464 significantly hypomethylated genes in
K36M and 2,263 genes with unaltered H3K36me3 levels
in K36M (defined in Fig. 4C). We found that K36M-
hypomethylated genes tended to be large with lower
H3K36me3 levels and lower average expression than the
unaltered genes (Fig. 4, D–F; Supplemental Fig. S4C). To
determine if a gene dosage-dependent H3K36me3 loss

Figure 3. K36Mmutation exhibits a dominant-
negative effect on endogenous H3K36
methylation. A, Immunoblotting of histone
methylation in the wild type (wild-type H3.3
3xFLAG transgene), two independent trans-
genic lines of K36M (K36M-1 and K36M-2),
and sdg8. B, Heat map showing histone
modifications on H3.3 K27-R40 and H3.1
K27-R40 peptides by mass spectrometry
analysis. Each row is calculated as the log2
value of % abundance in K36M relative to %
abundance in the wild type for a specific
modification. The column on the right rep-
resents average % abundance of the same
histone modifications detected in the wild
type. Each modification is the average of
triplicate technical replicates for K36M and
the wild type.
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Figure 4. K36M induces global reduction of H3K36me3. A, Chromosomal views show that H3K36me3 is enriched in euchro-
matic regions. The y axis represents H3K36me3 ChIP-seq read density over 500-kb increments normalized to total library reads.
Chr1, Chr2, Chr3, Chr4, and Chr5 represent chromosomes 1 to 5, respectively. Black triangles indicate the location of centro-
meric regions. B, Metaplots of H3K36me3 ChIP-seq reads normalized to the total library reads over genes ranging from less than
1 kb (,1 kb), 1 to 2 kb, 2 to 3 kb, 3 to 4 kb, 4 to 5 kb, and larger than 5 kb (.5 kb). Value in left corner (red) designates the % of
H3K36me3 hypomethylated genes in K36M compared to all genes of this size in the Arabidopsis genome. C, Pie chart dem-
onstrates that the K36M mutation induces hypomethylation in many, but not all, H3K36me3-enriched genes. H3K36me3
hypomethylated genes are colored purple and genes that have unaltered H3K36me3 in K36M are blue. Box plots show the size
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could explain the stronger phenotype of homozy-
gous K36M (K36M hom), we performed ChIP-seq of
H3K36me3 in K36M hom plants. We noted that K36M
and K36M hom hypomethylated genes (Supplemental
Table S5) overlapped by 97%, with K36M hom dis-
playing 1,522 additional hypomethylated genes (Fig. 4G).
To determine if a quantitative difference in H3K36me3
level existed between K36M and K36M hom, we plotted
library-normalized H3K36me3 ChIP-seq read density
over the overlapping hypomethylated genes (4,313) and
found that the overall H3K36me3 level was further re-
duced in K36M hom than in K36M (Fig. 4H). Together,
K36M mutations exhibit a dosage-dependent dominant-
negative effect on endogenous H3K36 methylation.

K36M Hypomethylated Genes Partially Overlap with
SDG8 Targets

The known role of the SDG8 protein in H3K36me2/3
deposition and the similarity of developmental and
molecular phenotypes between sdg8 and K36M plants
prompted us to determine if effects of K36M mutations
were dependent on the SDG8 pathway. To test this hy-
pothesis and to minimize variability due to the growth
condition, we determined the H3K36me3 profile in
21 DAG sdg8 plants grown side-by-side with K36M. We
identified 3,780 genes with significant H3K36me3
reduction in sdg8 (Supplemental Table S6). Among
them, 44% of the hypomethylated genes overlapped
significantly with those reported previously (Li et al.,
2015; hypergeometric test P value: 1.38 3 102297;
Supplemental Fig. S5). The different hypomethylated
genes in the two datasets are likely due to plant de-
velopmental stage (21 DAG versus 14 DAG) and
growth conditions (soil versus MS medium). When
comparing the sdg8-hypomethylated genes (3,780)
with the overlapped H3K36me3 hypomethylated
genes in K36M and K36M hom (4,313 in Fig. 4G), we
noted a significant number of genes are hypomethylated
both in K36M and sdg8 (Fig. 5A; hypergeometric test P =
7.583 102315). This suggests a potential SDG8-dependent
mechanism of K36M action. Interestingly, K36M also
caused a significant reduction of H3K36me3 in an
additional 2,495 genes that did not overlap with sdg8-
hypomethylated genes (Fig. 5A). These data suggest
that the K36M mutation may also function through an
SDG8-independent mechanism to inhibit endogenous
histone methylation. Interestingly even at the SDG8
unique targets (1,962), there is significant reduction of
H3K36me3 in K36M (Fig. 5B), suggesting that these
genes are likely the weak K36M targets. Utilizing

previously published data (Li et al., 2015), we also
plotted the genomic location of SDG8 over its 728 di-
rect target genes and found that SDG8 is specifically
enriched at the gene body (Fig. 5C). This is consistent
with our observations that the large amount of
H3K36me3 is reduced within the gene body in K36M
(Fig. 4B), supporting our hypothesis that K36M in-
hibits endogenous H3K36me3 partially via the SDG8
pathway (Fig. 5D). Given that K36M hom exhibits
much stronger developmental defects than the sdg8
null mutant, our results suggest that K36M may also
inhibit an unknown histone methyltransferase(s), which
in turn leads to the reduction of H3K36me3 at the tran-
scription start sites (TSS; Fig. 5D).

DISCUSSION

In multicellular eukaryotes, gene expression is con-
trolled through a hierarchy of mechanisms that function
on the scale of individual genes to the entire genome.
This study investigates the physiological consequences
of disruption of one such regulatorymechanism, histone
posttranslational modifications, using a histone K-to-M
missense mutation. Our work revealed that a transgene
exogenously expressing H3.3 K36M acts in a dominant-
negative manner to induce global reduction of H3K36
methylation. Remarkably, this dominant repressive ac-
tivity causes a strong developmental perturbation by
affecting the expression of genes involved in develop-
mental and metabolic processes. Besides its established
pathological roles in tumor cells, we demonstrate a
dominant-negative inhibitory function of K36M in
plants that leads to severe developmental defects.

When comparing the phenotype of K36M with sdg8,
we noted the transgenic plants expressing heterozy-
gous K36M transgene show phenotypic similarity to
sdg8 with increased branching, early flowering, and
reduced fertility. Interestingly, homozygous K36M
transgenic plants show greater expressivity with stunted
growth and near infertility (Fig. 1A), suggesting that
K36Macts in a gene-dosage-dependentmanner to inhibit
plant growth and development. This is consistent with
the idea that the concentration of K-to-M oncohistone is
important for its oncogenic potential (Jayaram et al.,
2016).AlthoughK36Mappears phenotypically similar to
sdg8, we also observed greater reduction of H3K36me3
in K36M mutants in our western-blot analysis (Fig. 3A).
Our ChIP-seq further reveals that K36M preferentially
targets genes with low levels of H3K36me3 when com-
pared to all H3K36me3-enriched genes in the wild type.
Unlike in cell culture models, we note a reduction, but

Figure 4. (Continued.)
(D), expression (E), and H3K36me3 levels (F) over the genes either H3K36me3 hypomethylated or unaltered in K36M de-
fined in C. G, Overlap of H3K36me3 hypomethylated genes in heterozygous K36M and homozygous K36M (K36M hom). H,
Metaplot of H3K36me3 normalized read count over hypomethylated overlapping genes defined in (G) in the wild type,
K36M, and K36M hom. TTS: transcription termination site. Student’s t test was used to calculate the P values (*P , 0.05,
**P , 0.01, and ***P , 0.001).
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not complete loss of H3K36me3 in K36M (Figs. 3 and
4D). The residual H3K36me3 may reflect the activity of
other H3K36me3 methyltransferases that are unaffected
by K36M inhibition. It may also be the result of utilizing
whole plants as experimental material that contains a
mixture of different cell types. This is consistent with
previous observations of tissue-specific impairment of
histonemutation in cancer cells (Schwartzentruber et al.,
2012; Behjati et al., 2013; Wu et al., 2014).
Multiple lines of evidence suggest that the dominant-

negative effect of the K36M mutant histone partially
acts through SDG8 function. We found a large amount
of K36M and SDG8 target genes overlap, and the re-
duction of H3K36me3 in K36M occurs most readily in
the gene body where SDG8 is primarily localized
(Figs. 4H and 5C). Furthermore, genes contributing
to the stunted phenotype of K36M and sdg8 were
misregulated in both mutants. Specifically, K36M
mutants exhibited down-regulation of many flowering
repressor genes (MAF1, MAF2, MAF4, and MAF5) and
up-regulation of floral homeotic genes (AG, AP1, PI,
FUL, and SEP3). Similar alterations in gene expression
have been reported for the MAF floral repressors in sdg8
(Xu et al., 2008). These data provide compelling evidence
that K36M mutants are developmentally primed for
early flowering similarly to sdg8. Additionally, K36M

leads to significant down-regulation of CRTISO, a ca-
rotenoid biosynthesis enzyme that controls branching
inhibitor production. The down-regulation of CRTISO
may reduce carotenoid precursors and strigolactone
production, which could lead to increased axial branching
patterns inK36M. Similar reduction ofCRTISO expression
was noted in sdg8 (Cazzonelli et al., 2009).

Studies of K36M mutation in cell culture models sug-
gest that endogenous H3K36 methylation reduction oc-
curred through the inhibition of H3K36me3-specific Lys
methyltransferases (Fang et al., 2016; Lu et al., 2016).
Similarly, mutations of other histone Lys (K9 and K27)
to Met also cause specific reduction in corresponding
methylation levels by inhibiting SET-domain-containing
methyltransferases (Lewis et al., 2013; Brown et al., 2014;
Jayaramet al., 2016). Thus, it is possible thatK36Mmayact
as a potent inhibitor of SDG8. K36M likely acts via a trans-
mechanism to inhibit SDG8 function because H3.1 K36M,
which has a distinct genomic localization fromH3.3K36M
(Supplemental Fig. S6, A and B), also causes similar pleio-
tropic plant developmental defects (Supplemental Fig.
S6C). This is in linewith previous studies that the dosage of
K36Mpeptide, but not thegenomic location, is critical for its
inhibitory function (Lu et al., 2016).

Besides the methyltransferase inhibition hypothesis,
another possibility is that K36Mmay enhance the activity

Figure 5. K36M hypomethylated genes partially overlap with SDG8 targets. A, Overlap of H3K36me3 hypomethylated genes in
K36Mand sdg8 (hypergeometric P value = 7.583 102315). B, Box plot of H3K36me3 reads over genes only hypomethylated in K36M,
overlap, and only hypomethylated in sdg8. C, Metaplot shows that SDG8 primarily binds to the body of its 728 target genes. ChIP-seq
of SDG8 is from Li et al. (2015). D, A working model for K36M action. K36M mutant histones likely act via a trans-mechanism to
inhibit SDG8 activity and cause the reduction of H3K36me3 in the gene body regions, where SDG8 primarily functions. K36Mmay
also inhibit an unknown histone methyltransferase), which leads to the reduction of H3K36me3 at the TSS. HMT, Methyltransferase;
TTS, transcription terminal site. Student’s t test was used to calculate the P values (***P , 0.001, **P , 0.01).
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of an uncharacterized plant H3K36 demethylase(s) as
suggested by a recent study (Herz et al., 2014). A third
possibility is that K36M may inhibit K36 from be-
coming acetylated, which affects H3K36me3, gene
expression, and development.

Although our data suggest that K36M likely acts
through SDG8, it also appears to regulate endogenous
H3K36me3 independent of SDG8. We found a large
number of genes show reduced H3K36me3 levels in
K36M but remain unchanged in sdg8 (Fig. 5A), sug-
gesting that K36Mmay function as a potent inhibitor of
other H3K36 methyltransferases. Besides SDG8, SDG4
and SDG26 have also been implicated in H3K36 methyl-
ation in Arabidopsis (Cartagena et al., 2008; Xu et al., 2008;
Grini et al., 2009; Berr et al., 2015). However, the loss-of-
function SDG26 mutant is phenotypically distinct from
sdg8 and cannot induce global reduction of H3K36me3
(Xu et al., 2008). In contrast, sdg4 mutants have reduced
fertility as a result of pollen tube growth suppression and
exhibit global reduction ofH3K4me2/3 andH3K36me2/3
by western blot (Cartagena et al., 2008). Although the
precise genomic locations of H3K36me2/3 loss are un-
known in sdg4, the similar phenotype of K36M and sdg4
suggests it is possible that K36Mmay affect SDG4 to cause
the reduction of H3K36me3 at SDG8-independent genes.

While K36M induces global reduction of H3K36
methylation, we do not observe a significant difference of
H3K27me3 in K36M compared to the wild type (Fig. 3),
as has been noted in cell culture models (Lu et al., 2016).
Instead, we noted a marked increase of H3K27me1 in
K36Mbased onwestern blot andmass spectrometry (Fig.
3), suggesting a potential distinct mechanism between
plants and animals. Interestingly, we found increased
H3K27me1 in both replication-independent H3 variant
H3.3 and replication-dependent H3.1 in K36M (Fig. 3B;
Supplemental Fig. S3, A and B). The increase of
H3K27me1 in K36M is unlikely due to an increased
expression of H3K27me1 methyltransferase ATXR5 or
ATXR6 because we do not observe a significant change
of its expression based on our RNA-seq (Supplemental
Fig. S7; Supplemental Tables S1 and S2). The precise
mechanism for this increase is not known, but it ap-
pears possible that the conversion of H3K27me1 to
H3K27me2 may be impaired in K36M as we noted a
significant decrease of H3K27me2 accompanied with
H3K27me1 increase in K36M (Fig. 3B). In Arabidopsis,
H3K27me1 is strongly associated with heterochroma-
tin (Jacob et al., 2009; Roudier et al., 2011), whereas
H3K27me2/3 is more commonly found in euchromatic
regions (Roudier et al., 2011). Another possibility is that
severe reduction of H3K36 methylation may render the
corresponding regions more like heterochromatin and
less like euchromatin. This transformation of the local
chromatin environment could make it more accessible
for ATXR5/6 to deposit H3K27me1 at these regions. In
line with this notion, a recent study proposes a redistri-
bution model for the increased H3K27me3 in K36M in
mammals (Lu et al., 2016). In the future, it will be inter-
esting to uncover how K36M modulates the H3K27
methylation levels and how its activities function

together with histone methyltransferases and/or
other chromatin modifiers to modulate chromatin
landscape.

Our study reveals that histone K-to-M mutations act
as dominant-negative gain-of-function mutations in
plants. K36M mutations lead to unique developmental
aberrations including premature flowering, increased
branching, and reduced fertility. Given its highly con-
served inhibitory role across both plant and animal
kingdoms, K-to-Mmutation provides a potentially useful
strategy to alter epigenetic landscapes in organisms
where histone methyltransferases are uncharacterized
or where genetic studies are challenging.

MATERIALS AND METHODS

Plant Growth Conditions

All plants were grown in long-day growth conditions (16 h light/8 h dark) at
21°C. Aerial tissues of 10-, 14-, 18-, and 21-d-old plants were harvested for ex-
periments. sdg8 (efs-3) mutant plants were obtained as a gift from Dr. Richard
Amasino (Kim et al., 2005).

Plasmid Construction and Transformation

Genomic DNA fragments containing full lengths of histone H3.3
(AT4G40040) andH3.1 (AT5G10390)with their 1-kb promoterswere cloned into
a pENTR/D-TOPO vector. The K36M mutation was created by site-directed
mutagenesis using primers described in Supplemental Table S7. Constructs
were recombined into a pEarleyGate302 binary vector (Earley et al., 2006; Chen
et al., 2016) to create 3x FLAG fusions and transformed into AGL1Agrobacterium
tumefaciens and further into Arabidopsis (Arabidopsis thaliana) Columbia (Col-0)
wild-type plants via the floral dip method (Clough and Bent, 1998). Transgenic
plants were selected against using glufosinate (Basta) treatment.

Immunoblotting

Extracted histones or plant extracts were separated on SDS-PAGE gels,
transferred to PVDF membrane, blocked in 3% BSA in TBS (50 mM Tris-Cl,
150 mM NaCl, and 0.1% Tween 20), incubated with primary antibody, and
detected with horseradish peroxidase-conjugated a-mouse or a-rabbit sec-
ondary antibodies (PI31430 and PI31460; Thermo Fisher Scientific). Primary
antibodies used included aH3K27me1 (07-448; Millipore), aH3K27me2 (07-452;
Millipore), aH3K36me2 (ab9049; Abcam), aH3K36me3 (ab9050; Abcam), aH3
(ab1791; Abcam), and aFLAG (F3165; Sigma-Aldrich). Signal was detected
through chemiluminescent imaging using an Imagequant LAS 4000 (GE
Healthcare Life Sciences).

Chromatin Immunoprecipitation, Library Preparation,
and Sequencing

Histone ChIP was performed as described by Lu et al. (2015). ChIP-seq li-
braries were prepared according to the Ovation Ultralow DRMultiplex System
(cat. no. 0330; NuGEN). RNA-seq libraries were constructed using a TruSeq
RNA Library Preparation Kit (no. RS-122-2002; Illumina). Libraries were se-
quenced on a HiSeq 2000 sequencing system (Illumina) in the UW-Madison
Biotechnology Center.

Data Analysis

ForChIP-seq, readswerealigned to theArabidopsisTAIR10 referencegenome
using Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) with
default parameters (Supplemental Table S8; Langmead and Salzberg, 2012).
H3K36me3 peaks were called using SICER (Genomatix Software; S. Xu et al.,
2014) and significantly hypomethylated regions were defined by using SICER-
df-rb.sh with a window size of 200 bp and FDR cutoff , 0.01. Regions of
hypomethylation were mapped to genes using custom scripts and the
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Bedtools intersect tool (http://bedtools.readthedocs.io/en/latest/content/
tools/intersect.html; Quinlan, 2014) requiring 75% overlap of the hypo-
methylated region and the gene. Genome-wide density plots of ChIP signal
were generated using custom Perl scripts that normalize each sample to its
total aligned reads. Metaplots were generated using ngsplot (Shen et al., 2014)
and box plots were produced using the R programming language (http://
www.R-project.org). Data on SDG8-HA binding sites in sdg8-5were obtained
from Li et al. (2015). Overlap of K36M and sdg8 hypomethylated regions was
performed by Venn-Diagram software (www.bioinformatics.lu/venn.php)
after genome alignment, peak-calling, and gene mapping.

For RNA-seq, reads were aligned to the Arabidopsis TAIR10 genome using
TopHat2 (https://ccb.jhu.edu/software/tophat/index.shtml) allowing two mis-
matches (Supplemental Table S8; Kimet al., 2013). Transcriptswere assembledusing
Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/) and a complete merged
transcriptomewas produced using Cuffmerge (http://software.broadinstitute.org/
cancer/software/genepattern/modules/docs/Cuffmerge/3). Cuffdiff (http://
cole-trapnell-lab.github.io/cufflinks/cuffdiff/) arguments were used for differential
expression analysis (Trapnell et al., 2010) and genes were called significant if they
had a P , 0.05. Heat map analysis was conducted using the heatmap2 function of
the R (https://cran.r-project.org/web/packages/gplots/index.html).

Accession Numbers

All RNA-seq and ChIP-seq data produced during this study were deposited
into Gene Expression Omnibus under accession number GSE92449.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. K36M reduces fertility in Arabidopsis.

Supplemental Figure S2. Phenotypic and molecular analysis of K36M at
different developmental stages.

Supplemental Figure S3. Mass spectrometry-based quantification of the
abundance of histone modifications.

Supplemental Figure S4. Characterization of H3K36me3 hypomethylated
genes in K36M.

Supplemental Figure S5. Venn diagram showing the overlap of
H3K36me3 hypomethylated genes in sdg8.

Supplemental Figure S6. K36M mutant and wild type show similar local-
ization patterns in the nucleus.

Supplemental Figure S7. Histone methyltransferase gene expression is
unaffected in the K36M mutant.

Supplemental Table S1. Genes with increased expression in K36M hetero-
zygous plants.

Supplemental Table S2. Genes with decreased expression in K36M hetero-
zygous plants.

Supplemental Table S3. H3K36me3-enriched genes in wild type.

Supplemental Table S4. K36M heterozygous H3K36me3 hypomethylated
genes.

Supplemental Table S5.K36MhomozygousH3K36me3 hypomethylated genes.

Supplemental Table S6. sdg8 (efs-3) H3K36me3 hypomethylated genes.

Supplemental Table S7. Primers used in this study.

Supplemental Table S8. NGS alignment statistics.
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