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ABSTRACT

Telomeres are nucleoprotein complexes at the end
of eukaryotic chromosomes. Many telomere-binding
proteins bind to telomeric repeat sequences and
further generate T-loops in animals. However, it
is not clear if they regulate telomere organization
using epigenetic mechanisms and how the epige-
netic molecules are involved in regulating the telom-
eres. Here, we show direct interactions between
the telomere-binding protein, AtTRB2 and histone
deacetylases, HDT4 and HDAG, in vitro and in vivo. At-
TRB2 mediates the associations of HDT4 and HDA6
with telomeric repeats. Telomere elongation is found
in AtTRB2, HDT4 and HDA6 mutants over genera-
tions, but also in met1 and cmt3 DNA methyltrans-
ferases mutants. We also characterized HDT4 as an
Arabidopsis H3K27 histone deacetylase. HDT4 binds
to acetylated peptides at residue K27 of histone H3
in vitro, and deacetylates this residue in vivo. Our
results suggest that AtTRB2 also has a role in the
regulation of telomeric chromatin as a possible scaf-
fold protein for recruiting the epigenetic regulators in
Arabidopsis, in addition to its telomere binding and
length regulation activity. Our data provide evidences
that epigenetic molecules associate with telomeres
by direct physical interaction with telomere-binding
proteins and further regulate homeostasis of telom-
eres in Arabidopsis thaliana.

INTRODUCTION

Chromatin structure and remodeling are important compo-
nents of genetic and epigenetic regulations of gene expres-
sion (1). In higher eukaryotes, post-translational modifica-
tion on the N-terminal tails of histones and DNA methy-
lation play crucial roles in determining whether chromatin
is in the active euchromatin or a silent heterochromatin;
and these chromatin states affect the expression of genes in-

volved in numerous biological processes such as growth and
development, regeneration and oncogenesis (2).

Histone acetylation levels are determined by the ac-
tion of histone acetyltransferases and histone deacetylases
(HDAC:S) (3). Plant HDACs can be grouped into three ma-
jor families; RPD3/HDA1, SIR2 and HD2 (4). HDAG is
a well-studied RPD3-type HDAC (5-16). In contrast to
RPD3- and SIR2-type, HD2-type histone deacetylases are
plant specific (17,18). A few studies have showed inter-
actions between HD2- and RPD3-type deacetylases (5,7);
however, whether this is functionally relevant is unclear.

DNA methylation is conserved in eukaryotic organisms.
S-methyl cytosine DNA methylation is found at symmetri-
cal CpGsites, and CpNpG sites in plants, as well as at asym-
metric CpHpH sites (19). In Arabidopsis, several methyl-
transferase proteins that affect chromatin structures have
been identified. Among those, MET1, homologous to mam-
malian Dnmtl, is a CpG methyltransferase (20,21). The
chromomethylase CMT3 is unique in plants and important
for CpNpG and asymmetric methylation (22,23). DRMs,
Domain Rearranged Methyltransferases which is homolo-
gous to mammalian Dnmt3, also function in asymmetric
methylation and locus-specific CpNpG methylation, and
are required for de novo DNA methylation (24-27).

Telomeres are nucleoprotein complexes at the physical
ends of linear eukaryotic chromosomes (28). Telomeres pro-
tect the chromosome ends from fusion and degradation to
avoid the loss of genetic information (29). Telomeres consist
of repetitive G-rich DNA tightly regulated by specialized
proteins such as telomerase and telomere-binding proteins.

Telomerase is a specialized reverse transcriptase complex
that can add telomeric repeats to the absolute ends of chro-
mosomes using its own internal RNA template, thereby ef-
fectively stabilizing the telomere length (30,31). Telomere-
binding proteins have been identified in many species, in
yeasts, animals and plants (28,32,33). It is known that
telomere-binding proteins facilitate the formation of spe-
cialized telomeric structure (T-loop), and that these pro-
teins interact with other proteins involved in DNA recom-
bination and repair (32). In Arabidopsis, several telomere-
binding proteins are identified and divided into TRFL
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(TRF-like) family and SMH (Single-Myb-Histone)-like
family (33). Among them, SMH proteins are relatively small
and share a unique tripartite structure consisting of an N-
terminal Myb domain, a central histone Hl1-like globular
domain and a C-terminal coiled-coil region. AtTRB pro-
teins belong to the SMH-like protein family and are charac-
terized as telomere-binding proteins in Arabidopsis (34-36).

Recent studies in Arabidopsis have revealed that sub-
telomeric regions and interstitial telomeric sequences (ITSs)
are heterochromatic, whereas telomeres exhibit euchro-
matic features. Furthermore, histone methyltransferases
and chromatin remodeling protein control subtelomeric
heterochromatin formation (37). Moreover, it was reported
that telomeric chromatin structure is regulated by non-
coding telomeric RNAs and RNA-dependent DNA methy-
lation (RADM) pathway in Arabidopsis (38).

Previously, several studies indicated that there are in-
volvements of several histone modifiers in telomeres, for ex-
ample SIN3-LIKE1 (SNL1) in Arabidopsis (39), SIR com-
plex and Rpd3 HDAC proteins in budding yeast (40,41)
and SIRT6 in human (42,43). However, the relationships be-
tween telomere-binding proteins and these epigenetic regu-
lators are not understood yet.

In this study, we report direct interactions between the
Arabidopsis telomere-binding protein, AtTRB2 and his-
tone deacetylases, HDT4 and HDAG6. We also character-
ize the function of HDT4; HDT4 is a putative H3 ly-
sine 27 deacetylase in Arabidopsis. Furthermore, we ob-
serve that enzymes involved in histone modifications and
DNA methylations associate with telomeres through the in-
teraction with AtTRB2 and possibly regulate lengthening
of telomeres in Arabidopsis. Our data provide evidences to
support possible epigenetic events in chromosome termini.
We propose that telomere-binding proteins function as cap-
ping proteins for protecting the telomeres, but also as scaf-
fold proteins for recruiting epigenetic regulators, and that
these epigenetic regulators are easily accessible to telomeres
through interaction with telomere-binding proteins, imply-
ing that these proteins contribute to maintaining the home-
ostasis of telomeres in Arabidopsis thaliana.

MATERIALS AND METHODS
Plant materials and growth conditions

Arabidopsis thaliana plants (ecotype Columbia and Was-
silewskija) were cultivated at 22°C in a growth chamber un-
der a 16/8 h light/dark photoperiod. 4. thaliana seeds were
surface sterilized in 30% bleach solution and plated on solid
I x Murashige and Skoog (MS) medium or transferred to
soil.

Mutant identification

We screened the Institut National de la Recherche
Agronomique Versailles Arabidopsis T-DNA insertion col-
lection (ecotype Wassilewskija), using the flanking inser-
tion site FLAG sequence database (44), and identified pu-
tative mutant plants with a T-DNA insertion; FST 242F11
for AtTRB2 gene and FST 374GO03 for HDT4 gene. The
progeny of plants heterozygous for a T-DNA insertion into
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the AtTRB2 and HDT4 genes were genotyped by poly-
merase chain reaction (PCR), using the primers L1 (T-DNA
left border) (5-CTACAAATTGCCTTTTCTTATCGAC-
3’). Plants homozygous for the AtTRB2 and HDT4 disrup-
tion (referred to as G1) were self-pollinated to obtain sub-
sequent generations.

Complementation analysis

For the complementation test of artrb2—1—/~ plants, At-
TRB2 gene was amplified and cloned the DNA fragment
into a binary vector pFP101-HA (45), and then introduced
into the attrb2—1~/~ G5 mutants via in planta transforma-
tion (46). The complementation vector was introduced into
the Agrobacterium tumefaciens strain, GV3101. The trans-
formants were selected using a seed-expressed fluorescent
marker (45) and then genotyped and analyzed for A¢tTRB2
mRNA expression and telomere length.

Nucleic acid isolation

Total RNA was isolated from 10-day-old seedlings and
tissues from mature plants using the easy-BLUE Total
RNA Extraction Kit (iNtRON Bio Technology Co., Ltd).
A. thaliana genomic DNA was prepared from 10-day-
old seedlings using nucleic acid extraction buffer (0.2 M
Tris—-HCI, pH 8.0, 0.4 M LiCl, 1% sodium dodecyl sul-
phate (SDS) and 25 mM ethylenediaminetetraacetic acid
(EDTA)) and isolated using a standard method (47).

Reverse transcription PCR

We obtained the cDNAs of A¢tTRBI, AtTRB2, AtTRB3,
HDTI, HDT2, HDT3, HDT4, HDA6 and HDAI9 genes
from total RNA prepared from 10-day-old seedlings by RT-
PCR. PCR conditions were as follows: 10 min at 94°C, 28
cycles of 30 sat 94°C, 45 s at 58°C and 90 s at 72°C, 10 min at
72°C. Three independent cDNA clones were identified and
used in this study. The primers used in this experiment are
listed in the supplementary document.

Yeast two-hybrid assay

Yeast two-hybrid screening of AtTRB2 bait was per-
formed by Panbionet Corp. (www.panbionet.com) with
Arabidopsis cDNA activation domain (AD) library using
yeast strain PBN204 (MATa ura3-52 his3-200 ade2—101
trp-901 leu2-3,112 gal4D gal80D ura3::kanM X6-pGALI-
URA3 pGALI-lacZ ade2::pGAL2-ADE?) containing three
reporters (URA3, lacZ and ADE?). The Arabidopsis cDNA
inserts were cloned into EcoRI1/Xhol-digested pGADT?7
vector in three different frames. AtTRB2 was cloned into
EcoRI/BamHI sites of pGBKT vector, which vector con-
tains DNA binding domain of GAL4 (GAL4DB). Yeast
transformants of the AtTRB2 bait and an Arabidopsis
cDNA AD library were spread on selection media [SD-
leucine, tryptophan, uracil (SD-LWU))] that support growth
of yeasts with bait and prey plasmids yielding proteins in-
teracting each other.
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Expression and purification of proteins

Coding regions of HDAC and AtTRB genes were cloned
into pGEX-5X-1 (GE Healthcare) and pET22b (No-
vagen), respectively. Glutathione S-transferase (GST)-fused
full and truncated HDAC proteins were expressed in Es-
cherichia coli BL21 (DE3)/RIL cells (Stratagene) using the
pGEX-5X-1 expression vector, between the EcoRI and/or
Xhol sites (Fermentas, Thermo Scientific) and purified on
a GSTrap™ column, as directed by the manufacturer (GE
Healthcare). Hexa-histidine-AtTRB proteins were cloned
into pET22b (Novagen) and expressed in E. coli BL21
(DE3)/RIL cells (Stratagene) by the same method. Puri-
fied proteins were analyzed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). Protein
concentrations were determined by the Bradford assay and
samples were stored in aliquots at —80°C.

In vitro pull-down assay

AtTRB-6xHis proteins were incubated with Ni*-charged
beads (GE Healthcare) at 4°C for 3 h and washed three
times with IP buffer (50 mM Tris-HCI, pH7.5, 150 mM
NaCl, 2 mM EDTA, 1% NP-40 plus protease inhibitors)
and further incubated with purified GST-HDAC proteins
in IP buffer overnight at 4°C with rotation. After the incu-
bation, the protein-bound beads were washed with the same
buffer at least six times and subjected to western blot anal-
ysis.

In vitro histone binding assay

A total of 1-5 pg of GST and GST-tagged HDAC proteins
were incubated with 1-5 wg of calf thymus total histones
(Worthington) in binding buffer (50 mM Tris—-HCI, pH
7.5, IM NaCl, 1% NP-40, 0.5 mM EDTA, 1 mM phenyl-
methyl sulphonyl fluoride (PMSF) with protease inhibitors
(Roche)) at 4°C for 3 h, followed by an additional incu-
bation for 1 h with glutathione beads (GE Healthcare), as
described previously (48). The protein-bound beads were
washed extensively with binding buffer. Bound proteins
were analyzed by SDS-PAGE and western blot analysis.

In vitro histone peptide binding assay

Histone peptides about 20 amino acids long conjugated
with biotin were synthesized (Abclone). Histone peptide
binding assay was performed similar to as described (48).
Five micrograms of the biotinylated histone peptides were
incubated with 5 wg of the purified GST-HDAC proteins
in buffer (50 mM Tris—-HCI, pH7.5, 300 mM NacCl, 0.1%
NP-40, 1 mM PMSF with protease inhibitors) overnight
at 4°C with rotation, followed by an additional incubation
for 1 h with streptavidin beads (GE Healthcare) and six
washes with the same buffer. Bound proteins were analyzed
by SDS-PAGE and western blot analysis.

Total histone protein blot analysis

Ten-day-old seedlings were ground to a fine powder in lig-
uid nitrogen, resuspended in 3x SDS sample buffer, soni-
cated six times for 10 s, and then boiled for 10 min as de-
scribed previously (49). After centrifugation for 10 min at

15 000 g, supernatants were used for protein blot using an-
tibodies.

Transient expression of the AtTRB2 and HDAC genes in to-
bacco epidermal cells

To verify the interaction between AtTRB2 and HDT4 pro-
teins, we used the pSPYNE-35S and pSPYCE-35S vectors
for the bimolecular fluorescence complementation (BiFC)
assay (50). The Xbal and Spel sites of the two vectors were
used for cloning. To perform the co-immunoprecipitation
(co-1P) assay, we used the modified pPCAMBIA1390 binary
vectors for ectopic expression of the 4tTRB2, HDT4 and
HDAG genes in plants. The modified binary vectors contain
the additional DNA sequences for FLAG or HA tag into
the original pPCAMBIA 1390 binary vector. These modified
vectors were donated from Dr H.-S. Pai. The coding regions
of AtTRB2, HDT4 and HDAG6 genes were inserted into
the EcoRI and Ncol sites of the modified pPCAMBIA1390
vectors. For infiltration of Nicotiana benthamiana, the A.
tumefaciens strain C58C1 was infiltrated into the abaxial
air space of 3- to 4-week-old plants. The pl9 protein of
tomato bushy stunt virus was used to suppress gene silenc-
ing. Co-infiltration of Agrobacterium strains containing the
constructs and the p19 silencing plasmid was carried out at
ODgg 0f 0.7:0.7:1.0. Epidermal cell layers of tobacco leaves
were assayed for fluorescence 1-3 days after infiltration us-
ing a fluorescence microscope (BX51 Research Microscope,
Olympus).

Co-immunoprecipitation assay

FLAG- and HA-fused modified pCAMBIA1390 binary
vectors were used for ectopic expression of AtTRB2 and
HDAC genes. We harvested and ground the infiltrated
tobacco leaves in liquid nitrogen and lysed the tissues
in IP buffer (50 mM Tris—-HCI, pH7.5, 150 mM NacCl,
2 mM EDTA, 1% NP-40 and protease inhibitors). Cell
extracts were immunoprecipitated with anti-Flag M2 or
anti-HA monoclonal antibody-conjugated agarose beads
(Sigma Aldrich) overnight at 4°C with rotation. Protein-
bound beads were washed extensively with IP buffer and
subjected to SDS-PAGE and western blot analysis.

Preparation of transgenic plants for ectopic expression of
HDT4

Transformation of A. thaliana (Col-0) with Agrobacterium
(GV3101) was carried out using the same constructs as were
used in the co-IP assay. Transgenic plants were screened in
hygromycin-containing 1 x MS solid media.

Telomere length analysis

A terminal restriction fragment (TRF) assay was per-
formed as described previously (51). Genomic DNA was
extracted from 10-day-old seedlings. Ten micrograms of ge-
nomic DNA was digested with the Tru9l (Promega) re-
striction enzyme, and then separated by electrophoresis on
a 0.8% agarose gel and blotted onto a nylon membrane.
Radio-labeled [TTTAGGG]y oligonucleotides were used



as probes. Hybridization was done in 0.5 M NaHPO4 (pH
7.2), 7% SDS, 1 mM EDTA, 1% bovine serum albumin at
60°C. Membranes were washed under the following con-
ditions: low stringency = 2x SSC, 1% SDS, at 60°C; high
stringency = 1x SSC, 0.1% SDS, at 60°C.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed in
accordance with the protocol (52). We used the tobacco
leaves expressed proteins by infiltration. One milligram
of the each samples were harvested, crosslinked with 1%
formaldehyde and DNA was precipitated with antibod-
ies. Eluted DNA was dot-blotted onto a nylon membranes
and hybridized with ¥P-labeled [TTTAGGG]y oligonu-
cleotides probe. Hybridization and the washing of the mem-
branes were carried out according to the method described
in TRF assay.

DNA methylation analysis

We extracted the genomic DNA from 10-day-old seedlings.
A total of 10 g of genomic DNA was digested with the
methylation sensitive restriction enzymes, 20 U of Mspl,
Hpall, BstNI and EcoRII (Fermentas, Thermo Scientific)
and then separated by electrophoresis in a 0.8% agarose gel.
We blotted the digested and separated genomic DNA onto
a nylon membrane and analyzed by Southern blot analy-
sis using *>P-labeled [TTTAGGG]y oligonucleotides as a
probe. Hybridization and the washing of the membranes
were carried out according to the method described in TRF
assay.

Antibodies

The following antibodies were used: anti-FLAG, anti-
FLAG-HRP, anti-HA, anti-HA-HRP (Sigma Aldrich),
anti-FLAG, anti-HA, anti-GST (abm), anti-GST, anti-
His (Santa cruz biotechnology), anti-H1, H2A, H2B (Ab-
cam) and anti-H3, H4, H3K9Ac, H3K27Ac, H3K4me3,
H3K9me2, H3K27me2 (Upstate).

Accession numbers

Arabidopsis Genome Initiative locus identifiers are as
follows: AtTRB1 (AT1G49950), AtTRB2 (AT5G67580),
AtTRB3 (AT3G49850), HDT1 (AT3G44750), HDT2
(AT5G22650), HDT3 (AT5G03740), HDT4 (At2G27840),
HDA6 (AT5G63110), HDA19 (AT4G38130), METI
(AT5G49160), and CMT3 (AT1G69770).

RESULTS

Arabidopsis telomere-binding protein AtTRB2 interacts with
HD2-type histone deacetylase HDT4

Our recent biochemical and structural studies revealed that
AtTRB2 has unique telomere binding activity with high
affinity to both Arabidopsis- and human-type telomeric re-
peats (35,36). In order to understand the additional role
of AtTRB2 protein beyond telomeric repeat binding, we
screened the A. thaliana cDNA library (1.4 x 107) using the
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yeast two-hybrid system with AtTRB2 as bait to identify
AtTRB2-interacting proteins. Among the real positives, we
identified HDT4 (NM_128344) as an AtTRB2-interacting
protein and subsequently analyzed it by sequencing.

HDT4 was previously identified as a putative HDAC be-
longed to the HD2 class in Arabidopsis (53,54). We con-
firmed the interaction between AtTRB2 and HDT4 using
a yeast two-hybrid system (Figure 1A). co-IP experiments
revealed that AtTRB2 interacts with HDT4 in vivo (Figure
1B). Direct interaction of AtTRB2 with HDT4 was further
confirmed by a bimolecular fluorescence complementation
(BiFC) assay (Figure 1C). Tobacco was used as a heterolo-
gous transient expression system because this plant species
has cells with a larger nucleus and much longer telom-
eres (40-160 kb) than those of 4. thaliana. Strong fluores-
cence signals were observed in the nucleus of tobacco epi-
dermal cells when YFPN-AtTRB2 and YFPC-HDT4 were
co-expressed (Figure 1C). To confirm direct interaction be-
tween these two proteins, we performed an in vitro pull-
down assay. As illustrated in Figure 1D, AtTRB2 inter-
acted specifically with HDT4 among four different HD2-
type HDACs (HDT1-4). Taken together, these results indi-
cate that AtTRB2 interacts specifically with HDT4 in vivo
and in vitro.

To map the regions in HDT4 that interact with AtTRB2,
we performed a pull-down assay using several truncated
forms of AtTRB2 (Figure 2A) and HDT4 (Figure 2B).
Western blot analysis revealed that Myb domain-containing
AtTRB2!'-Y7 was able to bind to 10 truncated HDT4 pro-
tein variants; the exceptions were HDT4!-40 HDT4101_203
and HDT4!22-203 (Figure 2C and D). In contrast, H1/5-
like globular domain-containing AtTRB2°7-2! did not in-
teract with HDT4!-%° or an additional truncated HDT4!%—
203 protein (Figure 2E). These results indicate that the Myb
domain of AtTRB2 interacts with the N-terminal region
of HDT4 (HDT4* -8 approximately) and that the histone
H1/5-like globular domain of AtTRB2 interacts with the
C-terminal region of HDT4 (HDT4!3-15%) which is anno-
tated as an aspartate-rich region. The domains in HDT4 re-
sponsible for interaction with the domains of AtTRB2 are
schematically diagrammed in Figure 2F.

HDT4 is a putative histone H3 lysine 27 deacetylase

We ascertained whether HDT4 can interact with histone
proteins in vitro using calf thymus total histone proteins.
Compared with GST alone, GST-HDT4 showed binding
activity to histone H3 (Supplementary Figure S1A) and
we also demonstrated that the N-terminal region of HDT4
(HDT4'-12!) is involved in this interaction (Supplementary
Figure S1B). When several truncated HDT4 proteins were
used (Figure 2C), we found that the N-terminal and cen-
tral regions of HDT4 (HDT4'-* and HDT4%-1%) inter-
acted with histone H3 (Figure 3A), implying that these hi-
stone H3-interacting regions and AtTRB2-interacting re-
gions are located side-by-side with each other, but do not
overlap (Figure 3B).

Next, we identified which acetylated amino acid residue
of histone H3 protein is recognized by HDT4. As illus-
trated in Figure 3C, full-length and N-terminal truncated
GST-HDT4 proteins bound to acetylated H3 lysine 27
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(H3K27Ac) exclusively. To further evaluate the deacety-
lase activity of HDT4 in vivo, H3 lysine acetylation status
in two independent HDT4-3xHA tagging lines and Adt4—
1 mutant plants was determined by immunoblot analysis
with antibodies. Ectopic expression of HDT4-3xHA re-
sulted in a decrease in H3K27Ac levels, but not H3K9Ac
or H3K14Ac levels (Figure 3D, left panel), while a loss-of-
function mutation of HD T4 resulted in increased accumula-
tion of H3K27Ac compared to wild-type (Figure 3D, right
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panel). Based on these results, we conclude that HDT4 is a
putative histone H3K27 deacetylase in A. thaliana.

HDT4 is associated with Arabidopsis telomeres

To examine whether HDT4 can associate with telomeres, we
analyzed telomeric ChIP (T-ChIP) fractions by dot-blot hy-
bridization with a telomeric repeat probe (55). We used to-
bacco leaves transiently co-expressing HDT4 and AtTRB2
used in the previous co-IP assay (Figure 1B). AtTRB2 as-
sociated strongly with telomeric repeat sequences (Figure
4A), while a HDT4-associated telomeric DNA signal was
only detected in HDT4/AtTRB2 co-expressing plants but
not in plants expressing HDT4 alone (Figure 4B and C).
Thus, our T-ChIP data indicate that HDT4 occupies plant
telomeric repeat regions only in the presence of AtTRB2,
suggesting that HDT4, as a complex with AtTRB2, has a
potential role in regulating the chromatin state and organi-
zation of telomeres in A4. thaliana.

RPD3-type histone deacetylase HDAG is a component of the
AtTRB2 complex in Arabidopsis

A recent study reported that HDT4 can interact with the
RPD3-type HDAC proteins, HDA6 and HDA19, based
on BiFC assays, suggesting that these two different types
of HDAC proteins may cooperate to modulate chromatin
state (7). To ascertain the association of these RPD3-type
HDAC:s with AtTRB proteins, we performed in vitro bind-
ing assays with HDA6 and HDA19 proteins (Figure 5A,
first panel). Although AtTRB proteins have high amino
acid sequence similarity to one another, AtTRB2 was able
to bind to both HDT4 and HDAG (Figure 5A, third panel),
while AtTRB3 was able to bind only to HDT4, but not
HDAG6 (Figure SA, fourth panel). AtTRBI1 did not bind to
any HDAC proteins tested in this assay (Figure 5A, second
panel). These results indicate that there are selective inter-
actions between AtTRBs and HDAC:s.

We defined regions in HDAG6 involved in the interac-
tion with AtTRB2 using several truncated HDAG proteins
(Figure 5B and C). AtTRB2!-°7 showed binding activity
to five truncated HDAG6 proteins, but not HDA6*>—47! or
HDAG6%3-47! (Figure 5C, third panel). AtTRB2!-7°, which
is shorter than AtTRB2'-7, was able to bind to HDAG6
protein variants with C-terminal deletions (Figure 5C, sec-
ond panel). In contrast, AtTRB2°’-?! bound to all trun-
cated HDAG6 proteins containing the aspartate-rich region
(Figure 5C, fourth panel). These results indicate that the
Myb domain of AtTRB2 interacts with the central region of
HDAG, including the glutamate-rich region and that the hi-
stone H1/5-like globular domain of AtTRB2 interacts with
the aspartate-rich region of HDAG6 (Figure SD).

In addition, we examined the region of HDA®6 that inter-
acts with histone proteins. As shown in Supplementary Fig-
ure S2, the HDAC domain and C-terminal region between
the glutamate and aspartate-rich regions of HDAG protein
bind to histone H3.

Next, we performed a co-IP assay using tobacco leaves
transiently expressing HDA6 and AtTRB2. As shown in
the western blot in Figure SE, HDA6-HA was pulled down
by AtTRB2-FLAG, indicating an interaction between At-
TRB2 and HDAG in vivo.
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Figure 4. HDT4 associates with telomeric repeat DNA in an AtTRB2-dependent manner. (A) Telomeric ChIP (T-ChIP) analysis showing the associa-
tion between AtTRB2 and telomeric chromatin in tobacco. (B) Telomeric ChIP analysis to assess the recruitment of HDT4 in the presence of AtTRB2.
[TTTAGGG]yo repeats were used as probes. Empty vectors used for the co-immunoprecipitation assay were used as negative controls. Mock refers beads
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tification of multiple independent T-ChIP experiments as shown in (B). Values represent the T-ChIP signal obtained by subtracting the mock signal from
the raw value for background and normalized by the input signal. Error bars indicate the SEM; n = 3.

We then performed T-ChIP assay to ascertain whether
HDAG6 associates with telomeres. Similar to HDT4 in Fig-
ure 4, a HDAG6-associated telomeric DNA signal was de-
tected in HDA6/AtTRB2 co-expressing plants only (Fig-
ure SF and G). All T-ChIP data indicate that HDT4 and
HDAG associate with telomeric chromatin in an AtTRB2-
dependent manner.

Possible epigenetic regulation in telomere homeostasis in 4.
thaliana

The interaction between AtTRB2, HDT4 and HDAG6 raises
the questions of whether and how epigenetic modifications
affect the organization of telomeres in Arabidopsis. To ad-
dress these questions, we analyzed telomere lengthening
in relevant A. thaliana mutants by TRF analysis. For the
TRF assay, we obtained independent individual homozy-
gote lines by self-pollination in order to measure the telom-
ere length over generations. By doing this, we were able
to exclude the possibility of misleading results in terms of
changes in telomere length that would have been encoun-
tered had we used a single plant or a certain generation only.
If the change in telomere length after one generation was
not large, a bigger change could be observed over several
generations.

We obtained transferred-DNA (T-DNA) insertional mu-
tant lines null for 4¢TRB2 and HDT4 from the INRA Ara-
bidopsis knock-out facility (ecotype Wassilewskija). These
lines were designated attrb2—1 and hdt4—1 in this study
(Supplementary Figures S3 and S4). No PCR products were
generated in reactions with cDNA from mutant plants in
RT-PCR assays, confirming that expression of full-length
AtTRB2 and HDT4 mRNAs were abolished in attrb2-1
and hdt4—1 mutants, respectively (Figure 6B and D).

We randomly chose three independent homozygous
AtTRB2-deficient lines from T3 seeds of the T-DNA inser-

tion attrb2—1 mutant. Wild-type siblings generated from the
heterozygous line were used for experimental controls. Indi-
vidual lines were propagated through successive generations
by self-pollination. TRF analysis revealed that telomeres in
attrb2—1 homozygous mutants increased steadily to 10 kb
after seven generations by 0.5-1.0 kb per generation, com-
pared with wild-type (Figure 6A and Supplementary Figure
S3). In complementation lines, telomere length recovered to
wild-type levels (Figure 6A). These results confirm that At-
TRB2 is required for telomere length maintenance in vivo.

TREF assay with Adt4—1 mutants revealed telomere length-
ening for up to fifth generations (G5) by 0.5-1.0 kb per gen-
eration (Figure 6C). Telomeres of wild-type siblings gener-
ated from the heterozygous lines displayed a bimodal size
distribution; one group possessed shorter telomeres (3.5—
5.5kb) while the other had longer telomeres (5.5-7 kb) (Fig-
ure 6C, data not shown) (56). Ectopically expressed 3xHA-
tagged HDT4 transgenic lines showed decreased telomere
length (Supplementary Figure S4).

Telomere lengthening was also evaluated in an HDAG6
gene mutant (axe/-5). TRF assay revealed that the length
of telomeres in axe/-5 increased up to seventh generations
(G7), although the extent of increase was not as dramatic
as that of telomeres of attrb2—1 and hdt4—1 mutants (Fig-
ure 6E). Especially, new bands for the high molecular size
were detected in these G6 and G7 axe/—5 mutants. These
results indicate that HDT4 and HDAG6 are plant HDACs to
act as negative regulators of telomere elongation.

HDAG6 interacts directly with MET1 in locus-directed
heterochromatin silencing (6,8). Chromomethylase CMT3
is involved in non-CpG methylation by recognizing both
H3K9me and H3K27me (57), which are possible modifica-
tions derived from the action of HDT4 (in this study) and
HDAG6 (11,13). Based on these notions, we further examined
whether DNA methyltransferases are involved in telomere
lengthening using mutant lines (met! for METI, ¢cmt3 for
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truncated proteins fused to GST. HDAG6 protein comprises three predicted regions: a conserved HDAC domain in the N-terminal region, a glutamate-rich
region in the center of the protein and an aspartate-rich region in the C-terminal region. (C) Pull-down assay to map the regions of HDAG6 that interact
with AtTRB2. PAGE shows the purified HDA6-truncated proteins shown in (B). (D) Schematic map indicating the region of HDAG6 involved in binding
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controls. (F) HDAG6-associated telomeric repeat signal was detected in an AtTRB2-dependent manner. (G) Quantification of multiple independent T-ChIP
experiments as shown in (F). T-ChiP analysis was performed and values were calculated as described in the legend to Figure 4.



4618 Nucleic Acids Research, 2016, Vol. 44, No. 10

ST A axel-57"

Col G4 G5 G7Col

cmt3”  met1 "
ColG1G3G5G1G3G5

hdt4-1#1  #2 #3 #4

Q'
S e
W N

WsG1G3 G5G1G3G5G1G3G5 WsG1G3 G5
f———

o A
B ‘\°&w\ ¥ C; K O\X\x %"\x\, LI D
2
\W’\ 25@ 0’6‘0 00((@ 00((&00((\?

Figure 6. Telomere-binding protein and epigenetic molecules regulate telomere dynamics in Arabidopsis. (A) Terminal Restriction Fragmentation (TRF)
analysis demonstrating the regulation of telomere maintenance by AtTRB2 in Arabidopsis. Three individual homozygous lines of aztrb2—1 mutants (ecotype
Wassilewskija) were analyzed to determine the alteration of telomere length, Generation 5 (G5) mutants of attrb2—1 were used for complementation assay to
make sure the recovery of the telomere length by the expression of the additional A¢TRB2 gene. (B) Level of 4tTRB2 mRNA in mutants and complemented
plants was analyzed by RT-PCR. (C) Telomere lengthening in sdt4—1~/~ mutants. Four individual homozygous mutant lines were isolated. Two groups
of wild-type plants (ecotype Wassilewskija) having different telomere lengths were isolated; shorter and longer telomere. (D) Level of HDT4 mRNA in
wild-type and hdr4—1 mutants. The 60S RP gene was used to determine the amount of template to facilitate quantitative comparisons in (B) and (D).
(E and F) TRF assay to analyze the telomere alterations in HDA6, CMT3 and METI mutants (ecotype Columbia, axel-5, cmt3 and metl, respectively).
Southern blots demonstrating a general tendency toward increased length over seven generations (G7) in axe/—5 mutant (E) and the telomere elongation
over five generations (G5) both in ¢mz3 and met! mutants (F). Arrowheads in axe/—5 mutants represent the additionally detected signals at G6 and G7 by
probe. For TRF analysis, genomic DNAs isolated from a pool of seedlings of wild-type or mutant at each generation were digested with 7ru91. Telomere
length is determined by southern hybridization with [TTTAGGG];¢ probe.

CMT3). In cmt3 and met] mutants, the length of telomeres
increased over generations (G5) (Figure 6F).

Possible involvement of DNA methylation in chromosome ter-
mini in Arabidopsis

We investigated the pattern of DNA methylation at chro-
mosome termini in these mutants using two different sets
of methylation-sensitive restriction enzymes (37). One set
of restriction enzymes, Mspl and Hpall, recognizes CCGG
sequences. Mspl is inhibited only by CpNpG methylation,
while Hpall is inhibited by both CpG- and CpNpG methy-
lation. Another set of enzymes, BstNI and EcoRII, rec-
ognizes CCWGG sequences. Whereas BstNI is insensitive
to all DNA methylation, EcoRII is sensitive to CpNpG
and CpHpH methylation. Thus, each set of enzymes is
able to indicate the presence of CpG- and non-CpG DNA
methylation. Chromosome termini consist of telomeric and

subtelomeric regions, and a CCGG sequence is frequently
found in the subtelomeric region.

The analysis using methylation-sensitive restriction en-
zymes revealed several features (Figure 7). First, the pattern
of the digested genomic DNA detected by the telomeric re-
peat sequence probes differed between Col and Ws, suggest-
ing that there is an ecotype-specific composition of DNA
sequences at the chromosome termini in wild-type Ara-
bidopsis, although ITSs dispersed in Arabidopsis genome
can also be detected by telomeric repeat sequence probes.
In addition, the patterns of DNA methylation at gDNA
fragments detected by telomeric repeat sequence probes in
metl and cmt3 mutants were different from those in the
wild-type (Figure 7A, left panel, lanes 1-4 and 17-20). In
the metl mutant, a similar pattern of gDNA fragmenta-
tion was observed in both Mspl and Hpall digests, but
the telomeric repeat signal detected in the Hpall-digested
gDNA bands was very weak in the lower molecular weight
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region (Figure 7A, lane 6). On the other hand, higher molec-
ular weight bands from the c¢mt3 mutant were degraded
to smaller gDNA fragments (Figure 7A, lane 12). Specifi-
cally, there were several different molecular weight bands of
Mspl-digested gDNA in this mutant, which were not found
in the wild-type (lane 9). Moreover, BstNI- and EcoRII-
treated lanes in ¢mt3 showed a similar digestion pattern
(lanes 11-12). These results indicate that MET1 and CMT3
affect CpG- and non-CpG DNA methylation of telomeric
repeat sequence detected gDNA fragments, respectively, al-
though the methylation effect of MET1 is much weaker
than that of CMT3. In particular, the 4da6 mutant (axel-5)
showed that EcoRII-treated, but not Hpall-treated, gDNA
is degraded into gDNA fragments with weak signal inten-
sity (Figure 7A, lane 16). This digestion pattern is similar
to that of the ¢mt3 mutant, suggesting HDAG6 contributes
to the function of CMT3 in non-CpG DNA methylation
in gDNA fragments detected by telomeric repeat sequence
probes. On the contrary, there were no alterations in the pat-
tern of DNA methylation in hdt4—1 and attrb2—1 mutants
compared to the wild-type (Figure 7A, right panel, lanes
21-28).

Because the gDNA bands in this Southern blot presum-
ably contains DNA fragments originated from extratelom-
eric region, in order to further distinguish the region for
methylation and to verify the function of epigenetic reg-
ulators in DNA methylation at subtelomeric regions, we
treated gDNA from these mutants with McrBC endonucle-
ase, which gDNAs are the same materials used in TRF as-
say above, and then performed semi-quantitative PCR am-
plification of subtelomeric regions. McrBC is an endonu-
clease that recognizes and cleaves DNA containing methyl
cytosine, but not unmethylated DNA. Thus, McrBC was
used to detect methyl cytosine in certain DNA sequences.
Subtelomeric regions in the right arm of chromosome 1V
(4R) were amplified by PCR regardless of the ecotype back-
ground (Col, Ws and Ler, data not shown). As shown in
Figure 7A, it is likely that the change in DNA methyla-
tion pattern in ¢mt3 and met! mutants occurred in the sub-
telomeric region; however we cannot exclude the possibility
of change in ITSs because we used the telomeric repeat se-
quence as a probe. Thus, we also amplified the 300-bp long
ITS in McrBC-treated gDNA from these mutants in order
to analyze the DNA methylation on ITSs (37).

In the wild-type, the different regions on 4R close to
telomeres (4R-300, -600 and -800 bp) were cleaved by
McrBC endonuclease; however, there was no effect of
McrBC in the subtelomeric region distant from telomeres
(4R-2100 bp) in both the Col and Ws wild-types. In addi-
tion, 300-bp ITS was also cleaved by McrBC (Figure 7B).
These results indicate the existence of methyl cytosine in
subtelomeric regions adjacent to telomeres and ITSs.

Among the mutants, only ¢mt3 showed amplified PCR
products at subtelomeric regions (4R-300, -600, -800 and
-2100 bp) regardless of McrBC reaction (Figure 7B, lanes
5-6). On the contrary, q from the met/ mutant was digested
by McrBC endonuclease at 4R, similar to that of the wild-
type. However, met! showed the presence of methyl cyto-
sine at 300-bp ITS instead (Figure 7B, lanes 3-4). These re-
sults suggest that CMT3 and MET1 mainly regulate DNA
methylation in the 4R subtelomeric region and in 300-bp

ITSs, respectively. We did not observe the direct effects of
HDA6, HDT4 and AtTRB2 on cytosine methylation at
subtelomeric regions and ITSs tested in this assay (Figure
7B, lanes 7-8 and 11-14).

DISCUSSION

As previously shown, telomere-binding proteins mainly
function in the protection of telomeres. Our study demon-
strates the relationship between AtTRB2 and histone
deacetylases, providing a broader perspective on the func-
tion of telomere-binding proteins in telomeres. Although
involvement of epigenetic regulators in telomeres has been
demonstrated in previous studies, their mode of action has
not yet been fully elucidated. In addition, we characterize
HDT4 as a putative H3K27 deacetylase in Arabidopsis.

Molecules involved in the AtTRB2 complex

It has previously been demonstrated that AtTRB pro-
teins interact with each other to form homo- and het-
eromeric complexes, and also interact with the Arabidop-
sis G-overhang binding protein POT1b (58,59), and plant
telomerase catalytic subunits (TERT) (60). These results
suggest that there is functional redundancy among AtTRB
proteins. However, our pull-down assay results revealed that
AtTRBI, 2 and 3 have distinct binding preferences for dif-
ferent HDACS, indicating that each AtTRB protein may
play a specific role in the formation of telomeric complexes
and may be further involved in different telomere regulation
events (Figure 5A).

Our study reveals that two different types of HDAC pro-
teins can cooperate as a complex. Besides plants studies,
this relationship between HDACs has also been reported
in yeast (40,41). Rpd3 is necessary to restrict SIR proteins
to telomeres, and thus modulates a barrier to the spread of
the SIR-dependent telomere position effect (TPE). We hy-
pothesize that this kind of coordination between HDACS is
a universal regulatory mechanism in animals and plants.

Our T-ChIP and TRF assay results strongly suggest that
histone deacetylases play a role in regulating the chro-
matin state of telomeric repeat sequences. We hypothesize
that the AtTRB2/HDT4/HDAG6 complex is involved in hi-
stone modification of telomeric chromatin, followed by ad-
ditional histone methylation and eventually DNA methy-
lation of the telomere. Telomere-binding proteins and epi-
genetic modifiers are also likely to be involved in the pro-
cess of the length regulation and chromatin organization
in telomeres, respectively. This hypothesis is supported by
several previous studies that have reported the involvement
of histone methyltransferases in telomere regulation in vivo
(37,61,62). However, we cannot exclude the possibility that
DNA methyltransferases and HDACs can affect the struc-
ture and function of telomere indirectly, for example by af-
fecting the expression of genes encoding the proteins di-
rectly regulating the telomere length.

AtTRB2 can interact with HDACSs and histone H3 (Sup-
plementary Figure S5). In mammals, TRF2 was shown to
be involved in nucleosome organization of heterochromatic
marks in telomeric region and associations with other pro-
teins and TERRA RNAs (63-65). We therefore hypothesize



that like TRF2 in mammals, AtTRB2 functions as a scaf-
fold protein for epigenetic modifiers of telomeric chromatin.

Regulation of telomeric chromatin state by epigenetic
molecules

In Arabidopsis, telomeric regions contain telomeric repeats
composed of perfect TTTAGGG sequences, and mainte-
nance of these regions is regulated by telomere-binding pro-
teins, including AtTRFL and AtTRB proteins (33).

Subtelomeric regions are known to contain degenerate
telomeric repeat sequences (66). Moreover, subtelomeric re-
gions have a high density of methylated CpG DNA se-
quences in human (67). The heterochromatic nature of sub-
telomeric regions is important to prevent spreading of the
TPE and abnormal chromosome recombination (40,41,68).
In addition, TERRA generation occurs in subtelomeric re-
gions. TERRA expression is regulated by chromatin state,
and in turn, telomere length is regulated by the expression
level of TERRA (64,69-71).

Recent analyses show that the epigenetic status of
subtelomeric regions is heterochromatic, formed by the
RdDM pathway and histone methyltransferases (SUVH4
to 6) (37,38). In Arabidopsis, methyl cytosine, H3K9me2
and AGO4-associated siRNA (TERRA/ARRET) are dis-
tributed in the same pattern up to 2 kb from the chro-
mosome end, although their distribution patterns differ in
each chromosome arm (http://epigenomics.mcdb.ucla.edu/
DNAmeth/) (37,38). Our Chop-PCR data also correlates
with these previous studies (Figure 7B). The correlations be-
tween epigenetic events again suggest that the RdADM path-
way, histone modification and DNA methylation processes
are involved in possibly common events in telomeric hete-
rochromatin formation. A previous study (38) noted that
Arabidopsis RADM mutants have no alteration in telom-
ere length compared to the wild-type. Meanwhile, our TRF
assay using mutants for epigenetic regulators including
HDAC proteins and DNA methyltransferases displayed in-
creased telomere length (Figure 6), consistent with the role
of DNA methyltransferases in mice (72). From these find-
ings, it is reasonable to infer that the regulation of telomere
length mediated by histone modifiers/DNA methyltrans-
ferases is distinct from that by the RdADM pathway.

Two previous studies (37,38) have shown that both CpG-
and non-CpG DNA methylation processes occur in sub-
telomeric regions, and non-CpG methylation has a ma-
jor role in Arabidopsis. Our results (Figure 7) confirm
that non-CpG DNA methylation comprises the major-
ity of DNA methylation in chromosome termini. Specifi-
cally, CMT3 plays an essential role in the maintenance of
telomere/subtelomere non-CpG DNA methylation (Figure
7). These results demonstrate a previously unappreciated
role for DNA methylation in maintaining telomere integrity
in plants.

Although HDAG6 interacts with MET1 directly and fur-
ther functions in heterochromatic regions (6), our Southern
blot analysis shows a similar pattern of DNA methylation
in telomeric repeat sequence detected DNA fragments be-
tween hda6 and cmt3, but different than the met/ mutant
(Figure 7A). The results of Chop-PCR using McrBC en-
donuclease indicate that the acting loci of CMT3 are sep-
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arate from those of MET!1 (Figure 7B). We assume that
HDAG6 acts as an HDAC for H3K9Ac and contributes to
non-CpG DNA methylation by collaborating with CMT3
in telomeres/sub-telomeres; otherwise, HDAG acts as an
METT-interacting protein to maintain CpG DNA methy-
lation in ITSs.

Several reports support the regulation of chromatin states
by the interplay between the histone- and DNA methyla-
tion in eukaryotes (73-75). Specifically, histone modifica-
tions assist the function of DNA methyltransferases; for ex-
ample, H3K9/H3K27 methylation provides a recognition
site for CMT3 and further catalyzes methylation at CpNpG
sequences in Arabidopsis (57,76). On the other hand, there is
evidence that H3K 27 modifications regulate chromatin in a
separate working pathway distinct from this interplay (77).
Furthermore, mutations in the ATXR5 and ATXR6 genes,
which encode the H3K27 monomethyltransferases, result in
chromatin decondensation by causing the over-replication
of heterochromatin without any effects on DNA methyla-
tion in Arabidopsis (78-80). Our study shows that the hdt4—1
mutant does not alter DNA methylation of telomeric chro-
matin despite telomere elongation in contrast with the hda6
mutant (axel-5) (Figure 7), possibly implying that the dif-
ferent effects of these two HDAC proteins on DNA methy-
lation are due to distinct pathway described above.

In a previous study, we demonstrated that AtTRB2
binds to human-type double-stranded telomere repeats (5'-
TTAGGG-3') with higher affinity than to Arabidopsis-type
repeats (5-TTTAGGG-3’) with unique dual binding activ-
ity (35,36). This result raises the possibility that AtTRB2
can associate not only with telomeric regions but also with
subtelomeric regions containing degenerated telomeric re-
peat sequences.

H3K27 modification in telomere regulation

H3K27 methylation is a well-known repressive mark and is
thought to play a crucial role in the dynamic regulation of
gene expression in plant development (81).

In Arabidopsis, several proteins are involved in H3K27
methylation and demethylation (49,78,82). However, the
proteins involved in deacetylation have not been identi-
fied in plants. Our results strongly suggest that HDT4 is a
deacetylase for H3K27Ac in A. thaliana.

In our genetic study, /idt4—1 mutants did not display any
noticeable visible phenotypic differences compared to wild-
type plant under normal growth conditions. We attribute
this to very low level of expression of HDT4 mRNA, only
detected in the stems and flowers with young siliques (54).
However, although we cannot exclude the possibility that
there are other functionally redundant proteins to HDT4,
we hypothesize that HDT4 is involved in specific aspects of
plant growth and development, such as telomeric chromatin
organization, than in global processes.

Methylated H3K9 and H3K27 marks are enriched in
both human and Arabidopsis telomeres (38,83,84). With
these previous studies, our data support the notion that
HDT4 is a putative H3K27 deacetylase that interacts with
AtTRB2 to regulate the chromatin state of Arabidopsis
telomeres.
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