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Methylated H3K27 is an important mark for Polycomb group (PcG) protein-mediated transcriptional gene
silencing (TGS) in multicellular eukaryotes. Here a Drosophila E(z) homolog, EZL1, is characterized in the
ciliated protozoan Tetrahymena thermophila and is shown to be responsible for H3K27 methylation
associated with developmentally regulated heterochromatin formation and DNA elimination. Importantly,
Ezl1p-catalyzed H3K27 methylation occurs in an RNA interference (RNAi)-dependent manner. H3K27
methylation also regulates H3K9 methylation in these processes. Furthermore, an “effector” of programmed
DNA elimination, the chromodomain protein Pdd1p, is shown to bind both K27- and K9-methylated H3.
These studies provide a framework for an RNAi-dependent, Polycomb group protein-mediated
heterochromatin formation pathway in Tetrahymena and underscore the connection between the two highly
conserved machineries in eukaryotes.
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Extensive studies, most notably in the fission yeast
Schizosaccharomyces pombe, have established RNA in-
terference (RNAi)-dependent H3K9 methylation as a
central process for formation of constitutive heterochro-
matin, by which genes are silenced in pericentromeric
regions and other regions containing repetitious DNA
sequences (Grewal and Moazed 2003; Martienssen and
Moazed 2006). In this pathway, small interfering RNAs
(siRNAs) homologous to the repeated sequences are gen-
erated by Dicer and associate with an Argonaute homo-
log (Hall et al. 2002; Volpe et al. 2002). Via mechanisms
not yet fully defined, these siRNAs target histone-modi-
fying activities, in particular, Clr4, a H3K9-specific his-
tone lysine methyltransferase (HKMT) (Nakayama et al.
2001; Noma et al. 2004), to homologous loci. Methylated
H3K9 recruits effectors like Swi6 and Chp1 (Hall et al.
2002; Partridge et al. 2002), through direct interaction
with the chromodomains of these HP1-like proteins
(Bannister et al. 2001; Lachner et al. 2001), leading even-
tually to the formation of condensed heterochromatin

structures. These conserved mechanisms are important
for maintaining genome integrity as well as transcrip-
tional gene silencing (TGS) in a wide range of eukaryotes
(Bernstein and Allis 2005).

Important insights into RNAi-dependent heterochro-
matin formation have also been gained from studying
developmentally regulated DNA elimination in Tetrahy-
mena thermophila. Like most ciliates, Tetrahymena
contains a transcriptionally active somatic macro-
nucleus and a transcriptionally inactive germline micro-
nucleus in the same cytoplasmic compartment (Karrer
2000). Dramatic genome reorganization occurs when
macronuclei develop from micronuclei during conjuga-
tion, the sexual phase of the Tetrahymena life cycle.
During a precisely programmed developmental window,
∼15% of the micronuclear genome, mostly moderately
repeated sequences, are compacted into cytologically
distinct, heterochromatic structures in developing mac-
ronuclei (anlagen) (Madireddi et al. 1994) and eventually
eliminated from the mature macronuclei (Jahn and
Klobutcher 2002). This genome streamlining process
functions arguably as the ultimate form of TGS (Coyne
et al. 1996; Mochizuki and Gorovsky 2004b).

In keeping with mechanisms underlying RNAi-medi-
ated heterochromatin formation, an RNAi mechanism is
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also involved in DNA elimination. A special class of
siRNAs enriched in micronuclear-limited sequences ac-
cumulates during conjugation (Mochizuki et al. 2002;
Mochizuki and Gorovsky 2004a; Lee and Collins 2006).
These siRNAs are produced from double-stranded tran-
scripts synthesized during early conjugation (Chalker
and Yao 2001), by the action of DCL1, a Dicer homolog
(Malone et al. 2005; Mochizuki and Gorovsky 2005), and
their accumulation depends on TWI1, an Argonaute/
PIWI homolog (Mochizuki et al. 2002). Both DCL1 and
TWI1 are required for appropriate deposition of methyl-
ated H3K9 (Liu et al. 2004; Malone et al. 2005), which
associates specifically with micronuclear-limited se-
quences (Taverna et al. 2002) and is required for their
elimination (Liu et al. 2004). Pdd1p and Pdd3p, both
abundant conjugation-specific chromodomain-contain-
ing proteins, bind methylated H3K9 (Taverna et al.
2002), associate with micronucleus-limited sequences,
and are key components of the heterochromatic struc-
tures in which DNA elimination occurs (Madireddi et al.
1996; Smothers et al. 1997; Coyne et al. 1999; Nikiforov
et al. 2000; Taverna et al. 2002). These observations
point to a pathway in which siRNAs target H3K9 meth-
ylation and heterochromatin formation to specific chro-
matin regions (Meyer and Chalker 2007).

Another type of heterochromatin, referred to as facul-
tative heterochromatin, is associated with developmen-
tally regulated TGS and mediated by Polycomb group
(PcG) proteins (Ringrose and Paro 2004). Among the
most conserved PcG proteins are SET domain-contain-
ing E(z) and homologous HKMTs, which are responsible
for H3K27 methylation in Caenorhabditis elegans
(Bender et al. 2004), Drosophila (Czermin et al. 2002;
Muller et al. 2002), mammals (Cao et al. 2002;
Kuzmichev et al. 2002), and Arabidopsis (Bastow et al.
2004; Sung and Amasino 2004). Methylated H3K27, es-
pecially in the trimethylated form (H3K27me3), has
since been identified as an important mark for faculta-
tive heterochromatin, involved in diverse processes like
maintenance of the silent state of Hox genes in Dro-
sophila and mammals (Cao et al. 2002), X-chromosome
inactivation in female mammals (Erhardt et al. 2003;
Plath et al. 2003; Silva et al. 2003; Okamoto et al. 2004),
and vernalization in Arabidopsis (Bastow et al. 2004;
Sung and Amasino 2004). Polycomb (Pc) and homolo-
gous chromodomain proteins specifically interact with
H3K27me3 (Cao et al. 2002; Fischle et al. 2003b; Min et
al. 2003). This interaction plays an important role in re-
cruiting and stabilizing PcG proteins at the target loci
(Fischle et al. 2003b), leading to formation of facultative
heterochromatin crucial for TGS.

Recently, evidence has accumulated that hints at a
connection between RNAi and H3K27 methylation.
Cosuppression at the transcriptional level in Drosophila
is Polycomb-dependent (Pal-Bhadra et al. 1999) and af-
fected RNAi-deficient mutants (Pal-Bhadra et al. 2002).
RNAi components are also required for nuclear cluster-
ing of Polycomb group response elements (Grimaud et
al. 2006). In mammalian cells, Ago1 has been linked
with PcG-regulated silencing and Ezh2 [a mammalian

E(z) homolog]-catalyzed H3K27me3 (Kim et al. 2006).
While these results suggest that TGS and facultative het-
erochromatin formation mediated by H3K27me3 may be
RNAi dependent, underlying mechanisms remain poorly
understood. Here we report the characterization in Tet-
rahymena of a conjugation-specific H3K27 HKMTs
(EZL1) homologous to Drosophila E(z). We further dem-
onstrate that EZL1-dependent H3K27 methylation is re-
quired for developmentally regulated DNA elimination
and is connected to the RNAi pathway that leads to
H3K9 methylation and DNA elimination. We present
evidence that H3K27 methylation may regulate H3K9
methylation, and that both marks are specifically recog-
nized by Pdd1p, a chromodomain protein associated
with the DNA elimination heterochromatic structures.
Our findings lend support to the general view that a
highly conserved mechanism underlies diverse hetero-
chromatin-based epigenetic phenomena ranging from
DNA elimination in ciliates to developmentally regu-
lated TGS in higher eukaryotes.

Results

H3K27me3 is a general mark for heterochromatin
in Tetrahymena and is associated with
developmentally regulated DNA elimination

Recently, we identified methylated H3K27 in Tetrahy-
mena by mass spectrometry analysis and modification-
specific antibodies (Garcia et al. 2007; Taverna et al.
2007). Here we focus on the function(s) of trimethylated
H3K27 (H3K27me3), paying particular attention to the
process of DNA elimination during conjugation. In Tet-
rahymena, repressed chromatin is typically found in mi-
cronuclei, chromatin bodies in macronuclei, and DNA
elimination structures in developing macronuclei (anla-
gen), also known as DNA elimination bodies (Fig. 1A,
red highlights). Immunofluorescence staining with
H3K27me3-specific antibodies showed that this modifi-
cation was associated with all three heterochromatic
structures (Fig. 1B). In vegetatively growing cells,
H3K27me3 was enriched in the transcriptionally inac-
tive micronucleus (Fig. 1B, first panel), which is cytologi-
cally highly condensed, biochemically hypoacetylated
(Vavra et al. 1982), and hypomethylated at H3K4 (Strahl
et al. 1999). H3K27me3 was present at much lower abun-
dance in the transcriptionally active macronucleus and
mostly decorated chromatin bodies (Fig. 1B, first panel,
open arrowhead), which are regions of condensed chro-
matin marked by Hhp1p, a HP1 homolog, and associated
with transcriptional silencing (Huang et al. 1998, 1999).

In conjugating cells, the focus of this study,
H3K27me3 was found in both parental macronuclei (Fig.
1B, second panel) and developing macronuclei (anlagen).
In anlagen, H3K27me3 was initially evenly distributed
(Fig. 1B, third panel), but gradually condensed into a pat-
tern resembling DNA elimination structures that are
regularly observed with Pdd1p antibodies (Fig. 1B, last
panel, solid arrowhead). The distribution pattern of
H3K27me3 was also confirmed by Western blot analysis
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of purified nuclei (Fig. 1C). Macronuclei and micronuclei
from vegetative cells and anlagen from 10-h conjugating
cells were purified (see figure legends for details); Pdd1p,

H1, and micronuclear linker histone served as purity
markers for anlagen, macronuclei, and micronuclei, re-
spectively. In comparable amounts of total histones,

Figure 1. H3K27me3 is a general mark for heterochromatin in Tetrahymena. (A) Schematic representation of key nuclear events in
Tetrahymena conjugation. Electron-dense chromatin bodies (open arrowhead) are dispersed in the somatic macronucleus (Mac) of
vegetatively growing (nonmating) cells (0 h). Two Tetrahymena cells of different mating types can pair during conjugation (only one
partner is shown in immunofluorescence pictures). During this sexual pathway, the germline micronucleus (Mic) gives rise to two new
micronuclei and two developing macronuclei, also referred to as anlagen (AN), supported by transcription from the parental macro-
nuclei (PM) (6 h). As anlagen formation progresses, the old macronucleus (OM) degenerates (10 h). At late conjugation, specialized
DNA elimination heterochromatic structures (solid arrowhead) form in anlagen as pairs separate (>12 h). Heterochromatic structures
are highlighted (red). (B) Localization of H3K27me3. Wild-type cells were processed for immunofluorescence staining with H3K27me3-
specific antibody and counterstained with DAPI. From left to right, typical examples of stained cells are shown as vegetatively
growing, micronuclei/anlagen differentiation, and early and late anlagen stages, aligned with their schematic representations in A. (C)
Differential usage of H3K27me3 and H3K9me3 in distinct Tetrahymena nuclei. Acid extracts from purified micronuclei and macro-
nuclei in vegetatively growing cells (Veg) or anlagen isolated from 10-h conjugating cells (Cnj) were resolved on 10% SDS-PAGE,
blotted, and probed with the indicated antibodies. Note that H3K27me3 was only observed in the fast-migrating form of micronuclear
H3 (arrowhead), which corresponds to a mature, proteolytically processed H3 (Allis et al. 1980). Another further truncated form was
observed in anlagen. (D) Expression of EZLs mRNA during conjugation. Total RNA samples from wild-type and �EZL1 cells from
different conjugation time points (0, 4, 8, and 12 h post-mixing) were reverse-transcribed and analyzed by PCR with primers specific
for EZL1, EZL2, EZL3, PDD1 (a conjugation-specific chromodomain protein), and HHP1 (a gene encoding a chromodomain protein
ubiquitously expressed in vegetative and conjugating cells).
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much higher levels of H3K27me3 were detected in mi-
cronuclei and anlagen than in macronuclei. In keeping
with earlier reports (Taverna et al. 2002), H3K9 methyl-
ation was only present in anlagen of conjugating cells.
Little or no cross-reaction was observed between
H3K27me3 and H3K9me3 antibodies, as confirmed by
peptide competition experiments (Supplementary Fig.
1A). These antibody-based results were corroborated by
our mass spectrometry analysis, which revealed peptides
abundantly decorated with H3K27 methylation in veg-
etatively growing (data not shown) and conjugating
samples (Supplementary Table 1). These data suggest
that H3K27me3 is a general mark of various heterochro-
matic structures in Tetrahymena.

E(z) homologs are present in Tetrahymena

Three putative H3K27-specific HKMTs, EZL1, EZL2,
and EZL3, were identified in Tetrahymena genome by
their homology with Drosophila E(z) around the Pre-SET
domain and SET domain region (Supplementary Fig. 2).
RT–PCR analysis showed that EZL1 was expressed ex-
clusively at early conjugation, while EZL2 and EZL3
were present in vegetative cells, and their expression
level was strongly elevated during conjugation (Fig. 1D).
PDD1 expression was used as a conjugation marker and
the uniform expression of HHP1 as a loading control.
Knockout studies revealed that EZL1 was required for
H3K27me3 in parental macronuclei and anlagen in con-
jugating cells (see below), while EZL2 and EZL3 were
responsible for other nonoverlapping H3K27 methyl-
ation events, including those in vegetatively growing
cells (data not shown). The presence of E(z) homologs in
the genome of Paramecium tetraurelia (data not shown),
another ciliate, provided further support for the hypoth-
esis that PcG repression mediated by H3K27me3 origi-
nated in unicellular organisms. As ciliates likely arose
earlier in evolution than fungi (Baldauf et al. 2000), the
absence of E(z) homologs and H3K27me3 in both Sac-
charomyces cerevisiae and S. pombe is probably due to
gene loss.

EZL1 encodes an H3K27 HKMT

EZL1 mRNA was detected at a high level by RT–PCR in
early conjugation and diminished as conjugation pro-
ceeded (Fig. 1D). Because its expression during conjuga-
tion appeared to overlap with the timing of key H3K27
methylation events in parental macronuclei and anlagen
(Fig. 1B), EZL1 was selected for further study. Analysis of
EZL1 cDNA reveals that it encodes a protein, Ezl1p, of
798 amino acids (Fig. 2A). A single band of ∼90 kDa was
detected in cells expressing C-terminal HA-tagged EZL1
during conjugation by Western blot (Supplementary Fig.
3A,B), consistent with the predicted molecular weight
(96 kDa). EZL1 somatic knockout strains were generated
by replacing the C-terminal half of the coding regions
containing the Pre-SET and SET domains with neo3 cas-
sette (Fig. 2A) and were confirmed by Southern blot

analysis (Fig. 2B). There was no apparent phenotype in
vegetatively growing and starved �EZL1 cells (data not
shown). RT–PCR analysis showed that EZL1 expression
in conjugating �EZL1 cells was completely eliminated
(Fig. 2C), consistent with the exclusive expression of
EZL1 from parental macronuclei during early conjuga-
tion, as is the case for TWI1 (Mochizuki et al. 2002).

We first investigated the effect of EZL1 knockout on
H3K27me3 by examining the modification level
throughout the conjugation by Western blot. Pdd1p was
used as a conjugation-specific marker, while Hhp1p and
H4 were used as loading controls. This approach revealed
that the level of pre-existing H3K27me3 in �EZL1 cells
gradually diminished during conjugation, while no dra-
matic changes were observed in wild-type cells. Impor-
tantly, H3K9me3 in late conjugation was completely
abolished in �EZL1 cells (Fig. 2D). Immunofluorescence
staining with H3K27me3- and H3K9me3-specific anti-
bodies showed that both modifications were abolished in
anlagen of �EZL1 cells (Fig. 2E). The specificity of the
two antibodies was confirmed by peptide competition
(Supplementary Fig. 1B). H3K27me3 in vegetatively
growing �EZL1 cells was not affected, as it was depos-
ited by EZL2 and EZL3 (data not shown). These results
were also corroborated by mass spectrometry analysis of
�EZL1 cells, which showed a dramatically reduced
H3K27me3 level and the complete absence of methyl-
ated H3K9 in H3 samples from 10-h conjugating cells
(Supplementary Table 1), with virtually no changes in
vegetatively growing cells (data not shown). Together
these data support that EZL1 encodes a conjugation-spe-
cific HKMT, with substrate specificity for H3K27 and
possibly H3K9.

EZL1 is required for DNA elimination
and chromosome breakage in Tetrahymena

No viable conjugation progeny were isolated from
�EZL1 cells (data not shown), indicating an essential
function(s) of EZL1 during macronuclear development
(see below). Moreover, �EZL1 conjugating cells were ar-
rested at the two micronuclei/two macronuclei stage be-
fore the readsorption of one of the two micronuclei
(Supplementary Table 2), typical of other previously
studied mutants that were defective in DNA elimination
(�PDD1, �PDD2, �TWI1, and �DCL1) (Coyne et al.
1999; Nikiforov et al. 1999; Mochizuki et al. 2002;
Malone et al. 2005; Mochizuki and Gorovsky 2005). As
mentioned above, methylated H3K9, a hallmark of DNA
elimination bodies (Taverna et al. 2002), was also miss-
ing in �EZL1 cells (Fig. 2D,E).

Prompted by these observations, we tested �EZL1
strains for DNA elimination efficiency, which is indica-
tive of the integrity of the heterochromatin formation
pathway in anlagen. One well-studied internal elimi-
nated sequence (IES), the M-element, was examined by
single-cell PCR, using primers flanking the element. In
wild-type cells, only PCR products corresponding to the
two processed forms with the IES removed were detected
48 h into conjugation, while the unprocessed form was
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prominent in �EZL1 cells (Fig. 3A). This result argues
that DNA elimination is compromised in �EZL1 cells.
Another major genome reorganization event in anlagen
is chromosome breakage, in which five micronuclear
chromosomes are fragmented into hundreds of macro-
nuclear chromosomes, followed by de novo addition of
telomeres at the newly generated chromosome ends
(Coyne et al. 1996). Chromosome breakage is affected in
some DNA elimination-defective strains (�PDD2,
�TWI1, and �DCL1) (Nikiforov et al. 1999; Mochizuki et
al. 2002; Malone et al. 2005). The single-cell PCR assay
was also used to examine chromosome breakage at chro-
mosome breakage site (CBS) 819 in �EZL1 cells. In wild-
type conjugation progeny, only the macronuclear chro-
mosome ends with telomeres were detected, while the
micronuclear-specific form with intact CBS remained in
�EZL1 progeny (Fig. 3B). These results indicate that
EZL1, which is required for H3K27me3 and H3K9me3 in
anlagen, is essential for developmentally regulated het-

erochromatin formation and subsequent DNA elimina-
tion and chromosome breakage.

H3K27me3 physically associates with IESs

As mentioned previously, H3K27me3 is present in anla-
gen, initially in a diffuse pattern, but gradually con-
denses into distinct, spherical structures (with a ring-
like cross-section) at the periphery of anlagen. Both the
process of redistribution and the eventual configuration
are similar to that of methylated H3K9 and Pdd1p, both
of which mark DNA elimination bodies and physi-
cally interact with IESs (Madireddi et al. 1996; Taverna
et al. 2002). Direct evidence for association between
H3K27me3 and IESs was provided by chromatin immu-
noprecipitation (ChIP) analysis. Wild-type and �EZL1
cells at 10-h conjugation were processed for ChIP and the
results were quantified by real-time PCR (Fig. 3C). Four
loci were analyzed: M-mic and PGM1-mic, both IES;

Figure 2. EZL1 is required for H3K27me3
and H3K9me3 in conjugating Tetrahy-

mena. (A) Schematic representation of en-
dogenous EZL1 locus and the knockout
construct. Full-length EZL1 mRNA is
aligned with the endogenous genomic lo-
cus. In the knockout construct, 1.2 kb of
the endogenous locus, corresponding to the
conserved pre-SET and SET domain re-
gions, was replaced by a drug-resistance
cassette, neo3. The probe and restriction
enzyme sites used in Southern blot analy-
sis (shown in B) was also mapped. (X)
XmnI. (B) Southern blot analysis of ge-
nomic DNA from wild-type or �EZL1 cells
was digested with XmnI and hybridized
with the EZL1 probe. (C) RT–PCR analysis
of �EZL1 cells. Total RNA samples of
�EZL1 cells from different conjugation
time points were reverse-transcribed and
analyzed by PCR with primers specific for
EZL1, PDD1, and HHP1. (D) Changes in
H3K27me3 and H3K9me3 levels during
the conjugation pathway. Whole-cell ex-
tract samples from different conjugation
time points of wild-type and �EZL1 cells
were resolved on 10% SDS-PAGE, blotted,
and probed with the indicated antibod-
ies. (E) Localization of H3K27me3 and
H3K9me3 in conjugating cells. Wild-type
and �EZL1 cells from early anlagen stages
were processed for immunofluorescence
staining with antibodies specific for
H3K27me3, H3K9me3, or H4; nuclei were
counterstained with DAPI. (Mic) Micronu-
clei; (AN) macronuclear anlagen; (OM) old
macronuclei.
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PGM1-mac, the macronucleus-destined sequence next
to PGM1-mic and a gene actively transcribed in vegeta-
tively growing and conjugating cells; and MTT1, a gene
repressed under the experimental condition. Pdd1p was
enriched in both IESs in wild-type cells, as expected for
an IES-associated protein. Similar enrichment of IESs
was observed for H3K27me3, indicative of close associa-
tions. Strikingly, enrichment of H3K27me3 in IESs was
abolished in �EZL1 cells, consistent with the missing of
H3K27me3 in anlagen and its general diminishment at
this stage of conjugation. Interestingly, Pdd1p also failed
to associate with IESs in �EZL1 cells, strongly suggest-
ing that appropriate localization of Pdd1p (and, by infer-
ence, the formation of DNA elimination bodies) was de-
pendent on H3K27me3 (and possibly H3K9me3). H3K4
dimethylation (K4me2), a euchromatin marker, was used
as a negative control for IES (heterochromatin)-associ-
ated proteins. As expected, this “on” mark was found in
abundance in the transcriptionally active PGM1-mac,
but was absent from the transcriptionally inactive MTT1
and both IES loci in both wild-type and �EZL1 cells.
General H3 was used as a loading control, although it
was slightly underrepresented in IES pull-down. These
results support the view that H3K27me3 plays an impor-

tant role in the heterochromatin formation pathway and
provides a basis for the DNA elimination defects in
�EZL1 cells.

Ezl1p-catalyzed H3K27me3 in parental macronuclei
and anlagen is RNAi dependent

Recent studies have established that DNA elimination
and the formation of the specialized heterochromatic
structures in Tetrahymena are RNAi dependent, much
like the pericentromeric heterochromatin formation
pathway in S. pombe (Mochizuki and Gorovsky 2004b).
Therefore, we sought to explore the relationship be-
tween H3K27me3 and the RNAi machinery. In knock-
out cells of TWI1 (Argonaute homolog) and DCL1 (Dicer
homolog), both key components of the RNAi pathway re-
quired for accumulation of conjugation-specific siRNAs
(Mochizuki et al. 2002; Malone et al. 2005; Mochizuki
and Gorovsky 2005), as well as �EZL1 cells, H3K27me3
in anlagen was greatly diminished, as shown by immu-
nofluorescence staining (Fig. 4A). In a significant per-
centage of �TWI1 and �DCL1 cells (10%–20%), the two
new micronuclei next to the anlagen were brightly
stained, while in wild-type and �EZL1 cells the new mi-

Figure 3. EZL1 is required for DNA elimination and
chromosome breakage in conjugating Tetrahymena. (A)
Single-cell PCR assay of DNA elimination in Tetrahy-

mena. (Left) A schematic representation of DNA elimi-
nation at M-element, an IES. Boxes indicate micro-
nuclear-limited sequences to be eliminated; lines indi-
cate macronuclear-retained sequences. Note that the
micronuclear-specific form of M-element (M-mic) can be
processed into either of the two macronuclear-specific
forms (M-long and M-short). (Right) Individual conjuga-
tion progeny from wild-type and �EZL1 strains were iso-
lated at 48 h into conjugation and analyzed by multiplex
PCR. The positions of PCR products corresponding to
micronuclear- and macronuclear-specific forms are indi-
cated by solid and open arrowheads, respectively. HHT2
locus was examined as a control for DNA integrity. (B)
Single-cell PCR assay of chromosome breakage in Tetra-

hymena. (Left) A schematic representation of CBS 819
locus. Circles indicate telomeres (Tel) added to the newly
generated macronuclear chromosomal ends. (Right) PCR
results from wild-type and �EZL1 strains. (C) Specific
association of H3K27me3 with IES. Conjugating wild-
type and �EZL1 cells (10 h) were processed for ChIP with
the indicated antibodies. ChIP data were quantified by
real-time PCR. The results shown are from duplicate ex-
periments and are normalized against the input (shown
as percentage pulled down). See text for details.
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cronuclei only showed very weak signals (Fig. 4A). This
may be the result of mistargeting of Ezl1p or of aberrant
activities of the other two E(z) homologs in Tetrahy-
mena, which are responsible for H3K27me3 in micronu-
clei in vegetatively growing and conjugating cells (data
not shown). Western blot analysis of purified anlagen
from wild-type, �TWI1, and �DCL1 cells at 10-h conju-
gation showed greatly reduced H3K27me3 in RNAi-de-
ficient strains (Fig. 5A), corroborating the immunofluo-
rescence staining results. Time-course analysis of conju-
gation of �TWI1 cells revealed that bulk H3K27me3
level was diminished and H3K9me3 was abolished in

late conjugation (Fig. 5B), similar to �EZL1 cells. EZL1
expression was not adversely affected in �TWI1 cells
(Fig. 5C), ruling out indirect transcriptional effects.

In wild-type cells, significant H3K27me3 was detected
in parental macronuclei at early anlagen/micronuclei
differentiation (Fig. 4B). However, in �EZL1, �TWI1, and
�DCL1 cells, H3K27me3 in parental macronuclei was
greatly diminished (Fig. 4B). Note that H3K27me3 in the
micronuclei of �EZL1 was not significantly affected,
while there were abnormally strong signals in the micro-
nuclei of �TWI1 and �DCL1 cells (Fig. 4B), which ap-
parently persisted into later anlagen formation stages

Figure 4. H3K27me3 in parental macronucleus and macronuclear anlagen in conjugating Tetrahymena is RNAi dependent. Local-
ization of H3K27me3 in anlagen (small white circles) at early anlagen formation (10 h conjugation) (A) and in parental macronuclei
(large white circles) at micronucleus/macronucleus differentiation stages (6 h conjugation) (B). Wild-type, �EZL1, and RNAi-deficient
(�TWI1 and �DCL1) mutants were processed for immunofluorescence staining with H3K27me3-specific antibody and counterstained
with DAPI. Note the abnormal accumulation of H3K27me3 in the new micronuclei instead of macronuclear anlagen in �TWI1 and
�DCL1 cells at both stages. (Mic) Micronuclei; (PM) parental macronuclei; (AN) macronuclear anlagen; (OM) old macronuclei.
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(Fig. 4A). This result suggests that Ezl1p-catalyzed
H3K27me3 in parental macronuclei depends on the
same RNAi-dependent pathway that regulates the modi-
fication in anlagen. This conclusion is further corrobo-
rated by the findings that Ezl1p-HA was localized in pa-
rental macronuclei during early conjugation and anlagen
at late conjugation (Supplementary Fig. 3C), as is the
case for Twi1p (Mochizuki et al. 2002). In wild-type
cells, no dramatic changes in bulk H3K27me3 level were
observed during conjugation (Fig. 2D), and immunofluo-
rescence staining of parental macronuclei remained
rather constant (Fig. 4B). However, our data suggest that
this mark is apparently being actively turned over, as
deficiency in H3K27 methylation leads to its dramatic
loss from parental macronuclei. In wild-type cells, the
H3K27me3 level in parental macronuclei drops precipi-
tously only when they undergo degradation (old macro-
nuclei [OM]) (see Fig. 1A) during anlagen formation
stages. In �EZL1 and �TWI1 cells, diminishment of
H3K27me3 in both parental macronuclei and anlagen
contributes to gradual reduction of signals in the conju-
gation time-course analysis (Figs. 2C, 5B).

Ezl1p-catalyzed H3K27me3 affects the RNAi pathway

In S. pombe, deletion of Clr4 (the H3K9 HKMT) abol-
ishes siRNA generation, resulting in a self-enforcing

loop and interdependence of histone methylation and
RNAi pathway (Volpe et al. 2002; Noma et al. 2004; Cam
et al. 2005; Jia et al. 2005). In apparent contrast, the glob-
al level of siRNAs during conjugation was not signifi-
cantly affected in �EZL1 cells, while few siRNAs were
observed in the control �TWI1 cells (Supplementary Fig.
4). Furthermore, we also detected similar levels of siR-
NAs homologous to M-element by small RNA Northern
blot in �EZL1 as well as wild-type cells (Fig. 5D, left
panels), concentrated at early conjugation as previously
reported (Chalker et al. 2005). No siRNAs homologous
to the macronuclear-destined sequences of M-element
were detected during conjugation (Fig. 5D, right panels).
Equal loading was controlled by direct visualization of
siRNAs by ethidium bromide staining (Supplementary
Fig. 4). These results support that H3K27 methylation is
not directly coupled with the generation of siRNAs in
Tetrahymena.

We also used RT–PCR to examine the level of non-
genic transcripts (Fig. 5E), precursors to conjugation-spe-
cific siRNAs. In wild-type cells, transcripts from the M-
element accumulated only in early conjugation. In
RNAi-deficient �TWI1 cells, transcripts remained at
high levels even after 24 h into conjugation. These re-
sults are consistent with previous characterization of
wild-type and RNAi-deficient �DCL1 cells (Chalker and

Figure 5. Relationship between H3K27 methylation
and RNAi pathway. (A) Changes in H3K27me3 level in
anlagen of RNAi-deficient cells. Acids extract from unit
gravity-purified anlagen from 10-h conjugating wild-
type, �DCL1, and �TWI1 cells were resolved on 15%
SDS-PAGE, blotted, and probed with the indicated anti-
bodies. (B) Changes in H3K27me3 and H3K9me3 level in
�TWI1 cells during conjugation. Whole-cell extract
samples from different conjugation time points of
�TWI1 cells were resolved on 10% SDS-PAGE, blotted,
and probed with the indicated antibodies. (C) EZL1

mRNA expression in �TWI1 cells. Total RNA samples
from �TWI1 cells from different conjugation time points
were reverse-transcribed and analyzed by PCR with
primers specific for EZL1, PDD1, and HHP1. (D) Accu-
mulation of M-element-specific small RNAs. Total
RNA samples from wild-type and �EZL1 conjugating
cells were resolved by 12% sequencing gel, blotted, and
probed with 32P end-labeled DNA oligos specific for the
micronuclear-limited sequence (M-mic) or macro-
nuclear-retained sequence (M-mac), respectively. (E) Ac-
cumulation of IES-derived transcripts during conjuga-
tion. Total RNA samples from wild-type and DNA
elimination-deficient mutants (�TWI1, �EZL1, and
�PDD1) at different conjugation time points (0, 2, 4, 6, 8,
10, 12, and 24 h into conjugation, respectively) were re-
verse-transcribed and quantified by real-time PCR with
primers specific for micronuclear-limited sequence of
M-element (M-mic) or the control PGM1 locus (PGM1-
mac). Expression levels were normalized against total
RNA input (OD260) and plotted relative to the level
before the initiation of conjugation (0 h).
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Yao 2001; Chalker et al. 2005; Malone et al. 2005; Mo-
chizuki and Gorovsky 2005), demonstrating that the pre-
cursor transcripts are an integral part of the RNAi path-
way. Interestingly, accumulation of M-element-specific
transcripts in late conjugation was also observed in
�EZL1 cells and in somatic knockout cells of PDD1 (Fig.
5E), which encodes a chromodomain-containing protein
with affinity for H3K27me3 (see below). This abnormal
accumulation may be attributed to the effect of H3K27
methylation on the degradation of nongenic transcripts.
Alternatively, it may be due to the failure to eliminate
the IES and the resultant continuous transcription from
it in these DNA elimination-deficient cells. The results
hint at possible feedback interactions between H3K27
methylation and RNAi pathway.

Pdd1p binds both H3K27me3 and H3K9me3

During late conjugation stages, H3 in DNA elimination
bodies is modified by both H3K27me3 and H3K9me3
(see solid arrowheads in “AN” in Fig. 1A). This “dual”
methylation signature raises the question of whether
these heterochromatin marks are recognized by the same
or different “readers,” including the two known conju-
gation-specific chromodomain-containing proteins,
Pdd1p and Pdd3p (Madireddi et al. 1996; Smothers et al.
1997; Coyne et al. 1999; Nikiforov et al. 2000; Taverna et
al. 2002). Costaining studies, using antibodies specific
for the modifications and both Pddp proteins, showed
that H3K27me3 and Pdd1p appeared to be similarly lo-
calized, both present more at the periphery of the ring-
like cross-section of DNA elimination bodies (Fig. 6A).
In contrast, H3K9me3 and Pdd3p signals were more cen-
trally positioned within the structures (Fig. 6A). This
distinct spatial distribution suggested that Pdd1p may
interact with H3K27me3 while Pdd3p may bind
H3K9me3. To further examine this question, we turned
to fluorescence anisotropy to examine the affinity be-
tween the relevant chromodomains and the H3 peptides
trimethylated at K27 or K9, respectively (Fig. 6B). Our
results demonstrate that the canonical chromodomain of
Pdd1p interacts strongly with both H3K27me3 and
K9me3, while the chromodomain of Pdd3p preferentially
recognizes H3K9me3 (Fig. 6C). Our findings are consis-
tent with previous work showing that both Pdd1p and
Pdd3p are K9 methylation binders (Taverna et al. 2002).
Our results also suggest an additional role for Pdd1p as
an effector for methylated H3K27.

In wild-type cells, Pdd1p is evenly distributed in pa-
rental macronuclei at early conjugation (Coyne et al.
1999) and in anlagen, at least initially, but gradually con-
denses into more compacted DNA elimination bodies
(Madireddi et al. 1996). This striking similarity between
Pdd1p and H3K27me3 localization is most likely attrib-
utable to the direct physical interaction between them.
Furthermore, mutants disrupting H3K27me3 also af-
fected Pdd1p localization. In �DCL1, �TWI1, �EZL1,
and H3 K27Q mutants, Pdd1p in parental macronuclei
was present as strongly stained dots (size, <0.5 µm) at
nuclear periphery, losing its more uniform distribution

in wild-type cells (Supplementary Fig. 5). In anlagen of
H3K27me3-deficient mutant cells (�DCL1, �TWI1,
�EZL1), even at early anlagen formation stages, Pdd1p
was prominently present in a few large (size, >1 µm),
strongly stained structures (Fig. 6D), which looked like
coalesced DNA elimination bodies. In both cases, the
abnormal distribution is consistent with the loss of
H3K27me3 and a resultant diminished affinity for
Pdd1p. In addition, physical association of Pdd1p with
IESs was compromised in �EZL1 cells (Fig. 3C), under-
lying the abnormal localization of Pdd1p in anlagen.
These findings strongly support the view that Pdd1p is
downstream from the RNAi-dependent, Ezl1p-catalyzed
H3K27 methylation in Tetrahymena.

Ezl1p-catalyzed H3K27 methylation regulates H3K9
methylation in anlagen

H3K9 methylation is a previously documented specific
mark for DNA elimination bodies, physically associated
with IESs (Taverna et al. 2002). This mark is also down-
stream from the RNAi pathway and is required for DNA
elimination (Liu et al. 2004). Since both methylated
H3K27 and H3K9 are essential marks of the same het-
erochromatic structures, we were intrigued to investi-
gate the relationship, if any, between them. Analysis by
modification-specific antibodies and mass spectrometry
revealed that H3K9 methylation was undetectable in an-
lagen of �EZL1 cells (Fig. 2E; Supplementary Table 1).
The result suggests that H3K27me3 in anlagen may be
upstream of H3K9 methylation. To address this possibil-
ity, Tetrahymena strains with mutated histone H3 were
generated as described previously (Liu et al. 2004). In H3
K9Q cells, which are defective in DNA elimination (Liu
et al. 2004), H3K27me3 in anlagen was not significantly
affected (Supplementary Fig. 6), consistent with H3K9
methylation being downstream from H3K27me3. Direct
mutations at H3K27 (K27Q, K27R, and K27A) invariably
led to severe meiosis defects and the mutants were ar-
rested at early conjugation, before anlagen formation and
DNA elimination (data not shown).

To circumvent this problem, a S28E strain, which did
not exhibit meiosis defects, was studied, with the expec-
tation that the glutamic acid side chain would mimic
phosphorylation and interfere with methylated H3K27
binding by effectors, in a way similar to the phosphory-
lation–methylation “switch mechanism” regulating
HP1 binding to methylated H3K9 (Fischle et al. 2003a,
2005). Indeed, fluorescence anisotropy results showed
that the specific binding of Pdd1p and Pdd3p were dis-
rupted by this neighboring mutation as well as by phos-
phorylation (Supplementary Fig. 7). We also examined
the S28E mutation for DNA elimination efficiency with
an established assay for M-element processing (Duhar-
court and Yao 2002; Liu et al. 2004). Only small amounts of
the processed form (M-short) was detected in S28E and
S10E mutant strains at 24 h or even 48 h into conjugation,
while in wild-type cells M-short was predominant in late
conjugation (Fig. 6E). Our results support these conclusions
that the mutations disrupt the function of H3K27 and

Liu et al.

1538 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


H3K27 and

Figure 6. Pdd1p is a “dual-binder” for H3K27me3 and H3K9me3. (A) Localization of H3K27me3, H3K9me3, Pdd1p, and Pdd3p in the
DNA elimination heterochromatic structures. Wild-type conjugating cells at late anlagen stages were processed for sequential double-
immunofluorescence staining (red and green) with the indicated antibodies and counterstained with DAPI. (B) Binding specificity of
Pdd1p and Pdd3p chromodomains for H3K27me3 and H3K9me3 peptides. The chromodomains (GST-tagged) were purified and
incubated with the indicated FITC-labeled peptides. The interaction was quantified by fluorescence anisotropy. A representative set
of binding data is shown with fitted binding curves. (C) The binding affinity data (KD) calculated from triplicate experiments in C. (D)
Pdd1p localization in wild-type and H3K27me3-deficient (�EZL1, �TWI1, and �DCL1) cells at early anlagen stages (10 h). Wild-type
cells at late anlagen stages are also shown. The nuclei were counterstained with DAPI. (Mic) micronuclei; (AN) macronuclear anlagen;
(OM) old macronuclei. (E) PCR assay of DNA elimination efficiency. Wild-type, S10E, and S28E strains were completely assorted to
have only M-long form in macronuclei. The reappearance of M-short form during conjugation can be used as an indicator for the
processing efficiency of M-element (Liu et al. 2004). Mass mating cell samples were taken at 24 h and 48 h into conjugation and
analyzed by PCR with primers flanking M-element. (F) Immunofluorescence staining of H3 S10E and H3 S28E conjugating cells with
antibodies specific for H3K27me3, H3K9me3, and Pdd1p, respectively. The nuclei were also stained with DAPI. Note the abnormal
aggregation of H3K9me3 and Pdd1p in macronuclear anlagen of S28E cells (arrowheads).
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K9 methylation, both of which are required for appropri-
ate heterochromatin formation and DNA elimination in
Tetrahymena. Immunofluorescence staining showed
significant diminishment of H3K27me3 signal in S28E
cells (Fig. 6F), probably due to epitope disruption by the
mutation (Supplementary Fig. 8). Unexpectedly, S28E
cells had dramatically increased levels of H3K9me3 in
anlagen, with the immunofluorescence signal often cov-
ering half of a nucleus (Fig. 6F). This phenotype is strik-
ingly similar to unregulated H3K9 methylation previ-
ously reported in �DCL1 cells (Malone et al. 2005). In
�DCL1 cells, while accumulation of conjugation-spe-
cific small RNA is abolished and DNA elimination fails,
there is still a high level of methylated H3K9 in anlagen.
However, this methyl mark is no longer enriched on
IESs, indicating that the targeting mechanism is dis-
rupted (Malone et al. 2005). Interestingly, �DCL1 cells
also had diminished H3K27me3 in anlagen (Fig. 4B), con-
sistent with the hypothesis that the disruption of the
H3K27 methylation pathway may be the cause of un-
regulated H3K9 methylation. In S10E cells, H3K9me3
signal was diminished, probably also due to epitope dis-
ruption by the mutation (Supplementary Fig. 8), with no
apparent change in H3K27me3 (Fig. 6F). Together, these
results support that H3K27me3 is upstream of H3K9
methylation and that this mark plays a significant role in
regulating H3K9 methylation in anlagen, possibly by tar-
geting it to appropriate chromatin regions by mecha-
nisms that remain to be explored.

Discussion

RNAi-dependent heterochromatin formation mediated
by PcG proteins and H3K27 methylation

Tetrahymena is one of the unicellular models in which a
molecular connection between RNAi and heterochroma-
tin formation pathways was first described (Mochizuki
et al. 2002; Taverna et al. 2002) and has provided impor-
tant insights into the evolutionarily conserved interac-
tions underlying an array of epigenetic phenomena
(Bernstein and Allis 2005). A link between PcG-mediated
H3K27 methylation and RNAi machinery has long been
suspected in higher eukaryotes, but has yet to be estab-
lished. Our findings lend strong support that these two
pathways are connected early in evolution. Based on our
results, we propose a revised model for the DNA elimi-
nation pathway in Tetrahymena, in which H3K27 meth-
ylation plays a pivotal, and previously unrecognized, role
(see Fig. 7). In brief, Ezl1p, an E(z) homolog, methylates
H3K27 at specific loci, targeted by conjugation-specific
siRNAs. Twi1p directly associates with siRNAs (Mochi-
zuki and Gorovsky 2004a) and is required for its accu-
mulation (Mochizuki et al. 2002). Its absence also abol-
ishes H3K27 and H3K9 methylation in anlagen. How-
ever, the targeting mechanism remains to be defined by
further studies that dissect interactions between Ezl1p
and RNAi machinery. In turn, H3K27 methylation
modulates H3K9 methylation (see below). These modi-

fications recruit chromodomain-containing proteins,
Pdd1p and Pdd3p. Subsequent chromatin condensation,
possibly mediated by interactions between the nonca-
nonical chromodomains in Pdd1p, leads to the formation
of the specialized heterochromatic structures and even-
tually DNA elimination.

Relationship between H3K27 methylation
and H3K9 methylation

Our results suggest that, at least in Tetrahymena, H3K9
and H3K27 methylation in anlagen coexist in the same
RNAi-dependent heterochromatin formation pathway.
It is possible that H3K9 as well as H3K27 methylation is
catalyzed by Ezl1p in Tetrahymena, as no Drosophila
Su(var)39 or G9A (H3K9-specific HKMTs) homologs
have yet been identified in Tetrahymena, and Dro-
sophila E(z) has been previously demonstrated to have
the dual substrate specificity (Czermin et al. 2002). In
�EZL1 and �TWI1 cells, both H3K27me3 and H3K9me3
are abolished in anlagen. However, in S28E as well as
�DCL1 cells, which abrogate H3K27me3, H3K9me3 is
abnormally increased and apparently mistargeted. One

Figure 7. Revised model of RNAi-dependent heterochromatin
formation pathway in Tetrahymena. Ezl1p is recruited to IES
regions by homologous siRNAs in association with Twi1p, lead-
ing to H3K27 methylation. This is followed by H3K9 methyl-
ation, possibly also deposited by Ezl1p. H3K27me3 and
H3K9me3 recruit Pdd1p and Pdd3p. Chromatin condensation
ensues, and eventually IES is eliminated from the macronuclear
genome. For details, see text and previous proposals (Mochizuki
et al. 2002; Mochizuki and Gorovsky 2004b) from which this
model is derived.
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explanation for the results is that H3K27 methylation
may demarcate the boundary between IES and macro-
nuclear-destined sequences, and thus limit the extent of
H3K9 methylation. Alternatively, H3K27 methylation
may help to target H3K9 methylation to IES.

Cross-talk between H3K9 and H3K27 methylation has
been documented in higher eukaryotes. In Drosophila, a
function of H3K27 methylation in heterochromatic gene
silencing is indicated by the enhancement of position-
effect variegation (PEV) after E(z) overexpression (Laible
et al. 1997), as well as diminished PEV in E(z) and Su(z)12
[an E(z)-associated protein essential for H3K27 HKMT
activities] loss-of-function mutants (Birve et al. 2001). In
Ezh2 [a mammalian E(z) homolog]-null parthenogenetic
mouse embryonic cells, H3K9me3 in pericentromeric re-
gions, as well as global K27 methylation is greatly di-
minished (Erhardt et al. 2003). Conversely, in Suv39h1/
Suv39h2 (H3K9 HKMTs) double-null mouse ES cells,
both H3K9me2 and H3K9me3 in pericentromeric re-
gions are abolished, while H3K27me3 accumulates there
(Peters et al. 2003), coincident with an abnormally strong
localization of Ezh2 (T. Jenuwein, pers. comm.). Further-
more, Pdd1p has affinity for both H3K27me3 and
H3K9me3. The presence of Polycomb homologs with
similar dual binding capabilities in mammals (Bernstein
et al. 2006) and a chromodomain-containing DNA meth-
yltransferase whose binding and chromatin recruitment
require methylated H3K9 and H3K27 in plants (Lindroth
et al. 2004) also supports that overlap between the func-
tions of the two modifications may be widespread.

The role of Pdd1p, a chromodomain protein involved
in programmed DNA elimination

Our work indicates that Pdd1p is a conjugation-specific
chromodomain protein that can bind H3K27me3 as well
as H3K9me3. Previous studies have shown that it deco-
rates DNA elimination bodies (Madireddi et al. 1994,
1996) and is required for DNA elimination (Coyne et al.
1999). It has also been suggested to play a role in cou-
pling the RNAi and heterochromatin formation pathway
(Mochizuki et al. 2002). In S. pombe, two chromodomain
proteins are known to be involved in RNAi-dependent
heterochromatin formation, Chp1 and Swi6; both are
methylated H3K9 binders (Hall et al. 2002; Partridge et
al. 2002). In parallel, Pdd1p may play a role similar to
Chp1, an integral component of the RNAi-induced tran-
scriptional silencing (RITS) complex that couples the
H3K9 methylation and RNAi pathway (Verdel et al.
2004). However, a direct interaction between Pdd1p and
Twi1p (analogous to Chp1 and Ago1 in RITS complex)
has yet to be established in Tetrahymena. In addition,
our studies show that accumulation of siRNA is not af-
fected in �PDD1 cells (Supplementary Fig. 4), in appar-
ent contrast to a previous report (Mochizuki et al. 2002),
providing genetic evidence that PDD1 may not function
upstream of siRNA generation. Alternatively, Pdd1p
may act like Swi6/HP1 in S. pombe/Drosophila, stabi-
lizing heterochromatin structure and reinforcing TGS. In
fact, direct tethering of Pdd1p to a sequence normally

destined for macronuclear genome leads to its elimina-
tion instead (Taverna et al. 2002). We conclude that
Pdd1p as a downstream effector of histone methylation
is currently most consistent with the available evidence,
which is integrated into our model for the heterochro-
matin formation pathway in Tetrahymena (Fig. 7). How-
ever, this does not completely rule out certain feedback
effects that Pdd1p may have on RNAi and histone meth-
ylation events. There is abnormal accumulation of non-
genic transcripts at late conjugation in �PDD1 cells,
similar to what is observed in RNAi deficient mutants
like �DCL1 and �TWI1. In S. pombe, deletion of Swi6
also leads to accumulation of precursor transcripts, as
TGS is compromised (Noma et al. 2004). Additionally, it
is possible that Pdd1p may mediate the transition be-
tween H3K27 and H3K9 methylation. In support, H3K9
methylation in anlagen is significantly reduced in
�PDD1 cells (Taverna et al. 2002), but H3K27 methyl-
ation is not affected (data not shown). However, the in-
terpretation is complicated by zygotic expression of
PDD1 in the somatic knockout cells, which at least par-
tially restores the Pdd1p level during the anlagen forma-
tion stages. Further studies of PDD1 germline/somatic
knockout homokaryons should help to resolve this is-
sue.

Interactions between H3K27 methylation
and RNAi pathways

In S. pombe, H3K9 methylation and the RNAi pathway
are coupled through the RITS complex (Verdel et al.
2004). Indeed, chromatin association of RITS is essential
for efficient processing of RNA transcripts and genera-
tion of siRNAs, as both the deletion of Clr4 (H3K9
HKMT) and the mutation of Chp1 (abolishing binding of
methylated H3K9) lead to elimination of siRNAs (Noma
et al. 2004). This coupling is apparently absent in Tetra-
hymena, as accumulation of siRNAs is not negatively
affected in �EZL1 cells, even though there is abnormal
accumulation of the precursor RNA transcripts. The
tight coupling in S. pombe forms a self-enforcing loop
and helps to propagate the heterochromatin state, while
in Tetrahymena the developmentally regulated hetero-
chromatin formation is followed by DNA elimination,
making the maintenance mechanism dispensable. Gen-
eration of siRNAs and their targeting to chromatin re-
gions are most likely separated physically and mechanis-
tically in the latter scenario. As post-TGS (PTGS) and
TGS coexist in several systems (Garnier et al. 2004;
Matzke and Birchler 2005; Howard-Till and Yao 2006),
the utilization of ectopically generated siRNAs to target
histone modifications to genomic loci may be a common
theme.

Materials and methods

Strains and culture conditions

Wild-type Tetrahymena thermophila strains CU427 and
CU428 (provided by Dr. Donna Cassidy-Hanley, Tetrahymena
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Stock Center, Cornell University, Ithaca, NY) were grown in
SPP medium at 30°C. Conjugation was initiated when log-phase
cells of different mating types were washed, starved (16–24 h at
30°C), and mixed in 10 mM Tris buffer (pH 7.5) or Dryl’s phos-
phate buffer (1.5 mM CaCl2, 1 mM NaH2PO4, 1 mM Na2HPO4,
2 mM sodium citrate).

Identification and characterization of EZL1

EZLs were identified by their homolog to Drosophila E(z) at its
SET and pre-SET domain in Tetrahymena macronuclear ge-
nome (described in Eisen et al. 2006; for BLAST search, http://
seq.ciliate.org/cgi-bin/blast-tgd.pl). Part of their cDNAs encod-
ing the conserved Pre-SET and SET domain was confirmed by
sequencing. Full-length cDNA of EZL1 is compiled from data
generated by conjugating Tetrahymena cDNA library sequenc-
ing project (accession no. EF446990).

Generation of EZL1 knockout and HA-tagging strains

To generate the EZL1 knockout construct, its genomic DNA
(CH445625:206853..211508 of Tetrahymena thermophila

SB210 scf_8254610 genomic scaffold) was amplified and cloned
into pBlueScript SK(+) vector. The internal fragment
(CH445625:208453..209634) was replaced with the neo3 cas-
sette, which confers paromomycin resistance in Tetrahymena

cells (Shang et al. 2002). For C-terminal HA-tagging of EZL1,
tandem Flag-HA tag (as described in Tagami et al. 2004) was
inserted before the stop codon of EZL1 by overlapping PCR. The
neo3 cassette was inserted into 3� untranslated region (UTR),
∼500 base pairs (bp) downstream from the stop codon
(CH445625:210126) at an engineered SmaI site. CU427 and
CU428 were mated, and the constructs were introduced by stan-
dard biolistic transformations (Cassidy-Hanley et al. 1997).
Transformants were selected by paromomycin resistance, and
complete replacement was confirmed by Southern blot analysis.

Indirect immunofluorescence staining

Tetrahymena cells were fixed in partial Schaudin’s fixative (Ma-
direddi et al. 1994) or 2% paraformaldehyde (Smothers et al.
1997), as previously described. The primary antibodies used
were �-H3K27me3 (1:500; Millipore, 07-449), �-H3K9me3
(1:100; Millipore, 07-442), �-Pdd1p (1:100; Abcam, ab5338), and
�-Pdd3p (1:100; Abcam, ab5340). The secondary antibodies used
were Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000;
Invitrogen, A-11008) or Cy3-conjugated second secondary anti-
body (1:1000; Jackson ImmunoResearch, 111-165-144). Digital
images were collected using SPOT software on a Zeiss Axioskop
2 Plus microscope.

For dual staining of H3K9me3/K27me3 or Pdd3/Pdd1, cells
were fixed in 2% paraformaldehyde and prepared as described
previously (Smothers et al. 1997) with the following modifica-
tions. After incubation in the first primary antibody overnight
(either �-H3K27me3 [1:500] or �-Pdd1 [1:100; Abcam, ab5338]),
cells were washed five times in PHEM wash buffer and incu-
bated with Alexa Fluor 488-conjugated goat anti-rabbit IgG
(1:700; Invitrogen, A-11008) as the first secondary antibody for 1
h. Following five washes with PHEM wash buffer, cells were
incubated with AffiniPure Fragment Goat Anti-Rabbit IgG
(H + L) (1:70; Jackson ImmunoResearch, 111-007-003) for 1 h to
block the first secondary antibody. After five washes with
PHEM wash buffer, cells were incubated in the second primary
antibody (�-H3K9me3 [1:50] or �-Pdd3 [1:100; Abcam, ab5340])
for 1 h and washed five times in PHEM wash buffer. Cells were
then incubated with Cy3-conjugated second secondary antibody

(1:800; Jackson ImmunoResearch, 111-165-144) for 1 h, washed
five times with PHEM wash buffer, and stained with DAPI (1
µg/mL; Roche Diagnostics). The �-H3K9me3 and �-H3K27me3
antibodies were a gracious gift of T. Jenuwein (Institute of Mo-
lecular Pathology, Vienna, Austria).

PCR analysis of DNA elimination and chromosome breakage

Single conjugation progeny was isolated and prepared as previ-
ously described (Coyne et al. 1999; Mochizuki et al. 2002). The
cell lysate was analyzed by two successive rounds of PCR (30
cycles each) with nested primers. The following primers were
used for analysis of DNA elimination at M-element and chro-
mosome breakage at CBS819: M5�-1, M5�-2, M3�-1, M3�-2;
CBS5�-1, CBS5�-2, CBS3�-1, CBS3�-2, and the telomere primer
(see the Supplemental Material for primer sequences). The two
macronuclear forms of CBS819 are of very similar size (∼140 bp)
and appear as a single band in an agarose gel. The accession
numbers of M-element and CBS819 are M21936 and M15711,
respectively.

RT–PCR

Total RNA was extracted with Trizol reagent (Invitrogen) and
treated with amplification grade DNase I (Invitrogen). First
strand cDNA was synthesized using SuperScript III reverse tran-
scriptase (Invitrogen) and random hexamer primers (New En-
gland Biolabs). It was then followed by either conventional PCR
amplification or quantitative-PCR analysis. See the Supplemen-
tal Material for details.

Observation of small RNAs

Total RNA was extracted with Trizol reagent (Invitrogen) and
dissolved in formamide. RNA from ∼5 × 104 cells was separated
on 12% polyacrylamide–urea DNA sequencing gels (Sequagel,
National Diagonostics) and visualized by soaking the gels in 1.5
µg/mL ethidium bromide (Mochizuki et al. 2002). Small RNAs
can also be electro-transferred (1× TBE, 200 V, 45 min) to high-
bond-N+ membrane (Amersham Biosciences) for Northern blot
analysis as described (Howard-Till and Yao 2006). See the
Supplemental Material for probe sequences.

ChIP

Cells were cross-linked, harvested, and washed as described pre-
viously (Dedon et al. 1991; Taverna et al. 2002). Cells were
resuspended at 5 × 104 cells/mL in SDS lysis buffer (Chadee et
al. 1999), and sonication was performed in Bioruptor (Di-
agenode; high-power output, 0.5-min pulse/0.5-min interval
cycle, 8 min total). Cell lysates were immunoprecipitated with
�-H3K27me3 (Millipore, 07-449), �-H3K4me2 (Abcam, ab7766),
�-Pdd1p (Abcam, ab5338), and �-H3 general (laboratory gener-
ated), respectively. Immunoprecipitation and washing of the
protein A-bound chromatin were done as previously described
(Boggs et al. 2002). Quantitative-PCR was performed using
SYBR green PCR master mix (Applied Biosystems) and
MX3000P real-time PCR machine (Strategene). See the Supple-
mental Material for primer sequences.

Fluorescence anisotropy analysis

The first chromodomain (the only canonical chromodomain
with the three “caging” aromatic residues) of Pdd1p and the
only chromodomain of Pdd3p were codon-corrected (Taverna et
al. 2002) and subcloned into a GST-tagging vector (pGEX4T2,
Strategene). Concentration of the purified proteins was deter-
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mined by absorbance spectrometry using predicted extinction
coefficients (for GST-Pdd1p CD1, �280 = 61,590 M−1 cm−1; for
GST-Pdd3p CD1, �280 = 62,870 M−1 cm−1). FITC-labeled peptide
concentrations were determined by absorbance of the chromo-
group (�492 = 68,000 M−1 cm−1). Binding assays were performed
in 20 mM sodium phosphate buffer containing 25 mM NaCl, 2
mM DTT, and 0.1% Tween-20 in the presence of 120 nM FITC-
labeled peptide. Data were obtained with a Hidex chameleon
plate reader. Data analysis and curve fitting were done by Ka-
leidagraph software.

Mass spectrometry analysis

RP-HPLC-purified H3 was treated with propionylation reagent,
digested with trypsin, and treated with propionylation reagent
again after digestion (Syka et al. 2004). Peptide mixtures were
gradient-eluted into a linear quadrupole ion trap Fourier-trans-
form ion cyclotron resonance mass spectrometer (Finnigan
LTQ-FTMS, Thermo Electron Corp.) equipped with a modified
microelectrospray ionization source (µESI) (Martin et al. 2000).
For comparative analysis of histone post-translational modifi-
cations, stable isotope labeling of the peptide carboxylic groups
was employed (Syka et al. 2004). For details, see the Supplemen-
tal Material.
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