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ABSTRACT

Polycomb group (PcG) proteins are widely utilized
for transcriptional repression in eukaryotes. Here,
we characterize, in the protist Tetrahymena ther-
mophila, the EZL1 (E(z)-like 1) complex, with com-
ponents conserved in metazoan Polycomb Repres-
sive Complexes 1 and 2 (PRC1 and PRC2). The EZL1
complex is required for histone H3 K27 and K9 methy-
lation, heterochromatin formation, transposable ele-
ment control, and programmed genome rearrange-
ment. The EZL1 complex interacts with EMA1, a heli-
case required for RNA interference (RNAI). This inter-
action is implicated in co-transcriptional recruitment
of the EZL1 complex. Binding of H3K27 and H3K9
methylation by PDD1—another PcG protein interact-
ing with the EZL1 complex—reinforces its chromatin
association. The EZL1 complex is an integral part
of Polycomb bodies, which exhibit dynamic distribu-
tion in Tetrahymena development: Their dispersion
is driven by chromatin association, while their coa-
lescence by PDD1, likely via phase separation. Our
results provide a molecular mechanism connecting

RNAI and Polycomb repression, which coordinately
regulate nuclear bodies and reorganize the genome.

INTRODUCTION

Polycomb group (PcG) proteins are highly conserved in
eukaryotes and widely involved in transcriptional repres-
sion: Among the best characterized are their roles in Hox
gene repression in Drosophila and vertebrates, and in X
chromosome inactivation in female mammals (reviewed in
(1,2)). Biochemical analysis of PcG proteins has de ned
two major Polycomb Repressive Complexes (PRCs), PRC1
and PRC2: PRC1 drives nucleosome compaction and his-
tone H2A ubiquitylation, while PRC2 is required for his-
tone H3 Lys27 (H3K27) methylation (reviewed in (3-6)). In
Drosophila, PcG proteins are targeted to speci ¢ DNA se-
quences, PcG Response Elements (PRE) (7). However, the
poorly conserved nature of PRE strongly suggests alterna-
tive mechanisms for recruiting PcG proteins (8).

Growing evidence implicates long noncoding RNA
(ncRNA) as well as small RNA (sRNA) in PcG protein-
mediated transcriptional repression (reviewed in (6,9,10)).
Many long ncRNA in mammalian cells, including Xist
RNA involved in X inactivation, are associated with PRC2
and implicated in PRC2-mediated transcriptional repres-
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sion (11-13). However, there are still controversies concern-
ing the RNA-binding speci city of PRC2 (14,15), as well as
the exact role played by long ncRNA in targeting or reg-
ulating PRC2 (16-19). X inactivation also intersects with
nuclear RNA interference (RNAIi)—a conserved pathway
for co-transcriptional gene silencing (reviewed in (20-22)),
though contrasting ndings complicate their interpretation
(23-25). In Drosophila, both RNAi components and PcG
proteins are required for silencing induced by transgene re-
peats (26-28); RNAI components are also required for the
higher-order nuclear organization mediated by PcG pro-
teins (29). While these results implicate long ncRNA and
SRNA in Polycomb repression, mechanistic details concern-
ing their role in the recruitment of PcG proteins are still
largely missing, and they may differ between species (30—
32).

Studies in the unicellular eukaryote Tetrahymena ther-
mophila have revealed a heterochromatin formation path-
way requiring both nuclear RNAIi and PcG proteins, pro-
viding a unique opportunity to dissect the interaction be-
tween them (reviewed in (33,34)). Like most ciliated proto-
zoa, Tetrahymena contains in the same cytoplasmic com-
partment two types of nuclei: the germline micronucleus
(MIC) and the somatic macronucleus (MAC) (reviewed in
(35)). MIC differentiate into MAC during conjugation, the
sexual phase of Tetrahymena life cycle (see Supplemental
Figure S1 for a timeline of major events). The nuclear dif-
ferentiation is accompanied by heterochromatinization and
eventually removal of repetitive sequences—mostly derived
from transposable elements (TEs) (reviewed in (34,36)).
The development program starts with RNA polymerase
Il (Pol IN)-catalyzed transcription of long ncRNA in the
meiotic MIC (37-39). A special class of SRNA, referred
to as scan RNA (scnRNA), accumulates in a manner de-
pendent upon the nuclear RNAi machinery, which includes
DCL1, a Dicer-like protein that processes long ncRNA into
scnRNA (40,41), and TWI1, an Argonaute/piwi homo-
logue that binds sScnRNA (42-44). The sequence speci city
of heterochromatinization and DNA elimination is deter-
mined by base-pairing between complementary scnRNA
and nascent transcripts in the developing MAC, facilitated
by a RNA helicase, EMA1 (39). Heterochromatin-speci ¢
histone modi cations, H3K27 and H3K9 methylation, are
deposited in a manner dependent upon the nuclear RNAI
machinery as well as EZL1, a Tetrahymena homologue
to the Drosophila PcG protein E(z) (45-48). These mod-
i cations are subsequently recognized by chromodomain-
containing effectors like PDD1, which help to form hete-
rochromatic structures containing DNA sequences eventu-
ally eliminated (46,48-50). Even as the case is being built
for nuclear RNAi-dependent recruitment of EZL1, there re-
mains a tantalizing gap in the molecular mechanism.

PcG proteins display dynamic distribution patterns in the
nucleus of metazoan cells; the more discrete forms, previ-
ously variably described as speckles, foci, or puncta, are
now recognized as a class of nuclear bodies and gener-
ally referred to as Polycomb bodies (reviewed in (51,52)).
Emerging evidence connects the dynamic behavior of PcG
proteins with protein phase separation (53,54), as a special
manifestation of nuclear condensates (reviewed in (55,56)).
The same set of mutations in CBX2, a chromodomain-

containing component of PRC1, undermines nucleosome
compaction (57) and organismal development (58), as well
as nuclear condensate formation (53,54). More generally,
nuclear condensates have been implicated in chromatin
organization (59,60), including HP1-mediated heterochro-
matin formation (61,62). Intriguingly, similar dynamic be-
havior is also observed in developmentally programmed
heterochromatin formation and genome rearrangement in
Tetrahymena. PDD1 has long been known to exhibit dy-
namic distribution patterns during conjugation—from dif-
fuse presence to large membraneless structures (49,63). This
observation has since been extended to many other proteins
in the same pathway (46,64—-70). Like protein phase separa-
tion, the dynamic behavior is affected by a similar panel of
factors, including post-translational modi cations, RNA-
binding, and prion-like low-complexity domains (66,67,71).
Formation of Polycomb bodies (and nuclear condensates in
general) therefore provides a theoretical framework to unify
awide range of phenomena involving cooperative organiza-
tion of the genome and the chromatin at multiple levels.

Our previous characterization of the E(z) homologue
EZL1 supports the presence of a functional Polycomb re-
pression pathway in Tetrahymena (46,47). Here we charac-
terize the EZL1 complex, with components conserved in
Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC?2)
of higher eukaryotes. The EZL1 complex is required for
transcriptional repression of TE-related sequences and pro-
grammed genome rearrangement in Tetrahymena. It inter-
acts with EMA1, and through scnRNA-mediated tethering
to nascent ncRNA transcripts, is co-transcriptionally tar-
geted to the chromatin. The chromatin recruitment of the
EZL1 complex is reinforced by its association with PDDL1.
We also show that dynamic behavior of Polycomb bodies in
Tetrahymena is regulated by the nuclear RNAI-dependent
Polycomb repression pathway. Based upon conservation of
key components and presence of similar pathways in eu-
karyotes, we propose that nuclear RNAi-dependent recruit-
ment of PcG proteins may be widely implicated in transcrip-
tional repression. We also argue that opposing forces ex-
erted by chromatin tethering and phase separation may be
generally utilized in regulating Polycomb bodies and other
nuclear condensates, with critical roles in genome organiza-
tion and rearrangement.

MATERIALS AND METHODS

Additional details are available in supplemental informa-
tion.

Strains and culture conditions

Tetrahymena strains (Supplemental Table S2) were pro-
duced using fusion PCR generated constructs (Supplemen-
tal Table S3), as previously described (72). Tetrahymena cells
were grown at 30°C in SPP medium (73). To initiate conju-
gation, log-phase growing cells ( 2 x 10°/ml) of two dif-
ferent mating types were washed, starved, and mixed in 10
mM Tris (pH 7.4) or Dryl’s buffer (2 mM sodium citrate, 1
mM NaH,PO,4, 1 mM Na,HPO,, 1.5 mM CaCl,, pH 6.8)
at 30°C (73,74).
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Puri cation and characterization of the EZL1 complex

Conjugating Tetrahymena cells were homogenized in im-
munoprecipitation buffer (30 mM HEPES (pH 7.4), 150
mM NaCl, 20 mM KCI, 2 mM MgCl,, 0.1% Triton X-100,
10% glycerol, 1 mM PMSF, and the Complete® protease
inhibitor cocktail (Roche)). The soluble fraction was sepa-
rated by centrifugation and incubated with anti-HA agarose
(Sigma) for 4 h at 4°C. Benzonase or other nucleases was
used to limit interference from nucleic acids. After repeated
wash, the associated proteins were eluted with HA peptide
(500 ng/ 1) in immunoprecipitation buffer.

For crosslinking immunoprecipitation, conjugating
Tetrahymena cells were resuspended in xation buffer
(PBS, 0.1% paraformaldehyde) and incubated at room
temperature for 5m. After washing (50 mM Tris (pH 8.0),
1 mM MgCl,, 10 mM KCI), cells were resuspended in ice-
cold immunoprecipitation buffer and sonicated (Branson
Soni er 250, 90% duty cycle, output 4, 4 x 15 s burst).
The soluble fraction was recovered after centrifugation and

Itration, and incubated with anti-HA agarose (Sigma) for
4hat4°C.

EZL 1-associated proteins were identi ed by Orbitrap
tandem mass spectrometry after in-gel or in-solution
trypsin digestion. The functionality of the EZL1 complex
was con rmed by the histone methyltransferase assay. In 30

| of the reaction buffer (50 mM Tris (pH 8.8), 4 MM DTT),
2 g WT or mutant histone H3 was incubated for 30 m at
30°C in the presence of [*H-me] SAM and 1 | of the pu-
ri ed EZL1 complex ( 50 ng). Reactions were analyzed by
SDS-PAGE followed by uorography.

Antibody generation and immuno uorescence staining

EZL1, RNF1, NUD1 and SUZ12 coding regions were syn-
thesized after codon optimized for E. coli expression. They
were inserted into the pGEX-4T1 vector for expression as
GST-fusion proteins. The puri ed fusion proteins were used
to immunize rabbits to generate speci ¢ polyclonal antibod-
ies (Covance). For immuno uorescence staining, Tetrahy-
mena cells were xed in 2% paraformaldehyde (PBS) for 10
min, and permeabilized in 0.4% Triton X-100 (PBS) for 3
min, before incubation with appropriate antibodies.

Preparation of the developing MAC and Illumina sequencing
of genomic DNA

The developing MAC were puri ed from WT, EZL1I,

RNF1and PDD1 cells at the end of conjugation (36 h
post-mixing). The developing MAC were rst separated
from the parental MAC and the new MIC by differen-
tial centrifugation (75). Nuclear pellets collected at 2500g,
containing a large proportion of the developing MAC,
were used as input for uorescence-activated cell sorting
(FACS) (76). Brie y, nuclear pellets were resuspended in
PBS, stained with propidium iodide, sorted with gates op-
timized for collecting the developing MAC. Illumina se-
quencing libraries for genomic DNA were prepared by
NEBNext® kit (New England Biolabs) to provide even cov-
erage across GC%.
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Illumina sequencing data analysis

All sequencing data were cleaned by trim_galore with de-
fault parameters and then mapped to the Tetrahymena MIC
genome (77), using Bowtie2 (v2-2.2.4) (78) with parameters
‘-q —phred33 —very-sensitive -p 10’. BAM les of mapping
results were merged for the same sample using SAMtools by
using BEDTools (79). Then, we removed duplicated reads
using SAMtools (v1.5) (80). Bigwig les were generated
from BAM les by using deepTools2 (v3.2.1) (81) with com-
mand ‘—outFileFormat bigwig —normalizeUsing RPKM —
minMappingQuality 30 —binSize 20 —smoothLength 60 —
numberOfProcessors 10 —extendReads 126°. The heatmap
plots of signals centered on 177 well-de ned CBSs and 6174
well-de ned IESs (No sequencing gaps (Ns) in the regions
for analysis) were generated by deepTools2 subcommand
plotHeatmap with bigwig les. The signals in these selected
regions were represented relative to the maximum value in
each sample.

Chromatin immunoprecipitation (ChlIP) and RNA immuno-
precipitation (RIP)

For ChIP, 2 x 107 conjugating Tetrahymena cells were re-
suspended in 10 ml of xation buffer I (PBS, 1 mg/ml dis-
uccinimidyl glutarate (DSG, Thermo Scienti c)) and incu-
bated at room temperature for 30 m. Cells were washed
with PBS twice, resuspended in xation buffer Il (PBS, 1%
paraformaldehyde (w/v)), and incubated at room temper-
ature for 10 m. After washing (50 mM Tris (pH 8.0), 1
mM MgCl,, 10 mM KCI), cells were resuspended in 10 ml
of SDS lysis buffer (2% SDS, 10 mM EDTA, 50 mM Tris
(pH8.0)) and sonicated (Branson Soni er 250, 90% duty cy-
cle, output 4, 20 < 15 s burst). After centrifugation and |-
tration, the soluble fraction was recovered and diluted in
immunoprecipitation buffer (1:20) as the input for ChIP.
ChIP was performed as previously described (46).

For RIP, 1 x 107 conjugating Tetrahymena cells were ho-
mogenized in 1 ml of immunoprecipitation buffer (see Pu-
ri cation and characterization of the EZL1 complex), sup-
plemented with 10 mM Ribonucleoside Vanadyl Complex
(New England Biolabs) and 0.4 U/ul of RNaseOUT (In-
vitrogen). After centrifugation and Itration, the super-
natant was recovered and incubated with anti-HA agarose
beads (Sigma) for 2 h at at 30°C. The beads were washed
with immunoprecipitation buffer without Triton X-100,
and treated with Turbo DNA-free™ (Ambion) for 30 m at
25°C. The beads were washed and extracted with Trizol®
Reagent. The recovered RNA was analyzed by RT-PCR.

RESULTS

The EZL1 complex is a prototypical Polycomb repressive
complex required for H3K27 and H3K9 methylation

We identi ed EZL1-associated proteins by af nity puri -
cation and mass spectrometry (Figure 1A; Supplemental
Figure S2; Supplemental Table S1). EZL1 was epitope-
tagged at the C-terminus, which was fully functional as it
could rescue the defect of EZL1 cells (Supplemental Fig-
ure S2A-C). EZL1 and its associated proteins were af n-
ity puri ed from conjugating cells (Figure 1A: left panel;
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Figure 1. The EZL1 complex is a prototypical Polycomb repressive complex. (A) Af nity puri cation of the EZL1 complex from conjugating Tetrahymena
cells. IP samples from WT control, EZL1-HA, and RNF1-HA cells were resolved by SDS-PAGE and visualized by silver staining, with EZL1 and its
associated proteins—RNF2, RNF1, NUD1, ESC1 and SUZ12, designated at proper positions. (B) Co-puri cation of the EZL1 complex components. All
six EZL1 complex components were HA tagged and subjected to IP with the anti-HA antibody. EZL1, RNF1, NUD1 and SUZ12 were detected in IP
samples by custom antibodies. Note the slight up-shift in the migration of the HA-tagged proteins compared with the endogenous proteins (arrowhead).
Only the tagged form was puri ed even when the untagged form was also present in the input, supporting that the complex contains only one subunit
for each of the components tested. (C) Conservation of the EZL1 complex. The Tetrahymena EZL1 complex shares components with the Drosophila
Polycomb Repressive Complexes, PRC1 and PRC2 (indicated by the same colors). The schematic for the EZL1 complex does not indicate any spatial
arrangement or interactions between its components. (D) Co-localization of the EZL1 complex with H3K27 and H3K9 methylation. RNF1-HA cells were
stained with the anti-HA antibody (green) and speci ¢ antibodies against H3K27me3 or H3K9me3 (red); nuclei counterstained with DAPI (blue). Note
the prominent DNA elimination bodies in the developing MAC. Developing MAC (AN, for anlagen): green arrow; new MIC (Mic): white arrowhead.
(E) Histone methyltransferase (HMT) activity of the EZL1 complex. HMT activity was detected in the af nity puri ed EZL1 complex, with its substrate
speci city pinpointed by recombinant H3 mutated at designated lysine residues. (F) The EZL1 complex-dependent H3K27 and H3K9 methylation in the
developing MAC. Conjugating cells from WT and all the EZL1 complex KO mutants were stained with speci ¢ antibodies against H3K27 and H3K9
methylation (green), and counterstained with DAPI (blue). Both H3K27 and H3K9 methylation were missing from developing MAC in the mutants. Note
the abnormal H3K27 methylation often found in the new MIC of the mutants, which may be attributed to occasional germline activation of transposable
elements (Figure 2F) (47). Developing MAC (AN): green arrow; new MIC (Mic): white arrowhead; old MAC (OM): white arrow.
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Supplemental Figure S2D). Mass spectrometry analysis
identi ed ve EZL1l-associated proteins: ESC1, SUZ12,
RNF1, RNF2 and NUD1 (Figure 1A; Supplemental Ta-
ble S1). EZL1 and the ve associated proteins apparently
co-fractionated during gel Itration (Supplemental Figure
S2E), consistent with the formation of a stable complex.
To verify their interactions, we also tagged all ve EZL1-
associated proteins and recovered by af nity puri cation
essentially the same set of proteins (Figure 1A: right panel,
Figure 1B; and Supplemental Table S1). Furthermore, these
proteins were co-expressed (Supplemental Figure S3A) and
co-localized (Supplemental Figure S3B); absence of any one
of them destabilized at least some other components, if
not the whole complex (Supplemental Figure S3C). Our
results support that they are integral components of a
complex—the EZL1 complex.

Biochemical analyses in Drosophila and mammalian cells
have de ned two major Polycomb Repressive Complexes
(PRCs), PRC1 and PRC2 (reviewed in (82,83)). PRCL1 con-
tains RING nger (dRing and Psc in Drosophila) and
chromo domain proteins (Pc) (84-86), while PRC2 fea-
tures a SET domain-containing histone methyltransferase
(E(2)) (87-90). Homologues to both PRC1 and PRC2
can be found in the EZL1 complex (Figure 1C; Supple-
mental Figure S4): EZL1, ESC1 and SUZ12 are homol-
ogous to Drosophila PRC2 components E(z), Esc and
Su(z)12, respectively, while RNF1 and RNF2 feature the
RING nger domain conserved in PRC1 components
dRing and Psc. PDD1, sharing a chromodomain with
the PRC1 component Pc (Figure 1C; Supplemental Fig-
ure S4), showed weak but functional interaction with the
EZL1 complex (Supplemental Figure S5). We also found
a NUDIX domain protein (putative pyrophosphohydro-
lase involved in metabolism of nucleotides and their deriva-
tives), NUDL1 (Figure 1C; Supplemental Figures S4 and S6),
whose association with PcG proteins was not previously re-
ported. RBBP4, the Tetrahymena homologue of Drosophila
NURF55 and mammalian RBBP4/RBBP7 (auxiliary com-
ponents in metazoan PRC2), was not detected in the EZL1
complex; reciprocally, the EZL1 complex was not pulled
down with RBBP4 (Supplemental Figure S7). Tetrahymena
SUZ12 is much shorter than its metazoan counterpart
(Supplemental Figure S4), only containing the VEFS do-
main de ning the minimal PRC2 with methyltransferase ac-
tivity (87,91), but lacking the long N-terminal extension re-
quired to engage NURF55 (RBBP4/RBBP7) and other co-
factors (92). As a composite with both PRC1 and PRC2
components, the EZL1 complex is noncanonical. It may
represent the ancestral PRC, from which PRC1 and PRC2
split off during evolution; alternatively, PRC1 and PRC2
may have merged in ciliates. A wide survey of PRC (espe-
cially in early branching eukaryotes) is needed to distin-
guish these two possibilities.

Immuno uorescence (IF) staining showed that the EZL 1
complex co-localized with H3K27 and H3K9 methylation
as well as their reader protein PDD1 at DNA elimination
bodies (Figure 1D; Supplemental Figure S5D), heterochro-
matic structures containing germline-speci ¢ sequences in
the late developing MAC (49). The af nity puri ed EZL1
complex methylated recombinant histone H3 in vitro; the
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histone methyltransferase activity was signi cantly reduced
for both the H3 K9C and H3 K27C substrates, and was
completely abolished when both lysine residues were mu-
tated (Figure 1E). In knockout (KO) strains lacking any
one of the EZL1 complex components, both H3K27 and
H3K9 methylation in the developing MAC were abolished
(Figure 1F). Moreover, the H3K27 and H3K9 methyla-
tion reader PDD1 was mis-localized (Figure 6A, D). Even
though it remains controversial whether Drosophila E(2)
and its mammalian homologues can methylate H3K9 as
well as H3K27 (87-90), our result strongly supports the
dual substrate speci city for the EZL1 complex, a feature
likely conserved in ciliates (93).

In mammalian cells, the heterodimer formed by the
RING nger domain-containing Ring1B and Bmi-1 (PRC1
components homologous to dRing and Psc in Drosophila)
can mono-ubiquitylate histone H2A (94). Despite the pres-
ence of the RING nger proteins RNF1 and RNF2, ubig-
uitin E3 ligase activity was not detected in the EZL1 com-
plex using standard assay conditions (Supplementary Fig-
ure SBA-D). Furthermore, in  RNF1 and RNF2 conju-
gating cells, H2A ubiquitylation level was not substantially
affected (Supplementary Figure S8E). We note that H2A
ubiquitylation activity is also not required for Polycomb re-
pression in Drosophila and mammals (95,96). In addition to
stabilizing the EZL1 complex, RNF1 and RNF2 may play
a role for chromatin compaction, as reported for metazoan
PRC1 (96-98).

The EZL1 complex is required for processing IESs and CBSs,
and controlling TEs

The loss of H3K27 and H3K9 methylation as well as al-
tered PDD1 distribution in the developing MAC of the
EZL1 complex mutants strongly suggests that heterochro-
matin formation is disrupted. In Tetrahymena, heterochro-
matinization in the developing MAC is followed by pro-
grammed genome rearrangement, which includes excision
of internally eliminated sequences (IESs) and fragmenta-
tion at chromosome breakage sequences (CBSs) (Figure
2A). We performed standard PCR assays on a well-studied
IES, the M element, revealing that elimination of the M el-
ement was completely abolished in KO strains of the EZL1
associated proteins (Supplemental Figure SOA-C). A stan-
dard PCR assay also revealed their de ciency in CBS pro-
cessing (Supplemental Figure S9D, E). We corroborated de-
fective IES and CBS processing in all EZL1 complex mu-
tants by a new set of PCR assays (Figure 2A, B), taking ad-
vantage of the recently discovered non-maintained chromo-
somes (NMCs) (99,100). As NMCs are transiently present
in the developing MAC and lost in the mature MAC, PCR
products corresponding to successfully processed IESs and
CBSs associated with NMCs are only detectable during
late conjugation (99,100), eliminating the background from
parental cells and increasing the assay sensitivity. This assay
is readily applicable in any Tetrahymena strains with simple
sample preparation.

To con rm the global role of PcG proteins in pro-
grammed genome rearrangement in Tetrahymena, we se-
quenced the puri ed developing MAC from EZL1,
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Figure 2. The EZL1 complex is required for controlling TEs and processing IESs and CBSs. (A) A schematic of programmed genome rearrangement in
Tetrahymena. Several processes are involved: (i) excision of internally eliminated sequences (IESs, shaded boxes) and re-ligation of anking MAC-destined

120z Atenige z| uo Jasn Aseiqi Ausianiun Jsjje1ex00y Aq 86€/909/292 L eexb/ieu/ea01 "0 L/I0p/a|ole-aoueApe/Jeu/woo dno olwapeose//:sdiy Woll papeojumod]



RNF1 and PDD1 cells at the end of conjugation (Fig-
ure 2C, D). The WT developing MAC were used as the pos-
itive control, showing gaps of minimal sequencing coverage
at IESs and CBSs in representative genomic regions (Fig-
ure 2C). Views of the same regions showed that EZL1,

RNF1, and PDD1 cells were de cient in processing
TPB1/TPB6-dependent IES (i.e. exonic IES; Figure 2C,
left panel), TPB2-dependent IES (i.e. reqular IES; Figure
2C, middle panel), and CBS (Figure 2C, right panel). Fur-
thermore, we performed composite analysis of lllumina se-
quencing coverage across the left and right boundaries of
well-de ned IES (Figure 2D, left panels). For WT cells,
there was clear transition from high coverage to low cov-
erage as one moves from MDS to IES across the bound-
aries, with the residue coverage of 1ESs (at levels <10% of

anking MDSs) attributable to contaminating MIC. For

EZLland PDD1 cells, IES coverage was generally high
and comparable with the anking MDS (>80% of anking
MDSs). Similar analysis of RNF1 cells showed IES cover-
age levels slightly lower than those in  EZL1and PDD1
cells (>75% of anking MDSs; most likely due to increased
parental MAC contamination), but still much higher than
WT cells (Figure 2D, left panels). Composite analysis of
CBSs corroborated that they also failed to be processed
in EZL1, RNF1, and PDDL1 cells (Figure 2D, right
panel). These results indicate that the EZL 1 complex as well
as PDDL1 is required for programmed genome rearrange-
ment in Tetrahymena.

Transposable elements (TEs) are controlled by RNAI-
dependent Polycomb repression in Tetrahymena. To vali-
date the role played by the EZL1 complex, we rst tested
RNA transcript levels from two (2) TEs in all six (6) null
mutants of the EZL1 complex, with WT cells as the con-
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trol (Figure 2E). Both are class | TEs—DNA transposons
of hAT (Figure 2E, left panels) and Tcl/mariner super-
families (Figure 2E, right panels)—which underwent re-
cent transposition and may still be capable of mobiliza-
tion (47). RT-PCR primed by oligo(dT) showed that RNA
transcripts, most likely poly(A)-tailed mRNA, were ex-
pressed at much higher levels in the mutants than in WT
cells; expression variance in the mutants may be attributed
to transcriptional mis-regulation and epigenetic instability,
as well as variations in sample preparation (Figure 2E).
We also examined ncRNA transcripts and scnRNAs from
the M element (likely derived from a degenerate TE), and
found that compared with WT cells, they persisted much
longer in the EZL1 complex KO strains as well as RNAI-
de cientcells (Supplemental Figure S10). These results sup-
port widespread transcriptional de-repression in the ab-
sence of the EZL1 complex.

We next focused on the Tcl element, which has been
shown to mobilize in RNAIi and Polycomb repression-
de cient Tetrahymena cells (47). Tc1/mariner elements mo-
bilize through a ‘cut-and-paste’ mechanism, leaving behind
a ‘vacant’ locus (101,102), which was preferentially ampli-

ed by PCR due to its much smaller size relative to the orig-
inal locus (Figure 2F). Only a small amount of the PCR
product corresponding to the ‘vacant’ locus was detected
from WT cells, re ecting the rarity of this transposition
event, while the PCR product was much more abundant in
the EZL1 complex KO strains, supporting its critical role in
controlling TEs (Figure 2F). TE mobilization occurs pre-
dominantly, if not exclusively, in the new MIC (47). It may
not be a coincidence that abnormally high levels of H3K27
methylation were often observed in the new MIC of the
EZL1 complex KO strains (Figure 1F). H3K27 methylation

«

sequences (MDSs, black solid lines); ii) chromosome fragmentation at chromosome breakage sequences (CBSs, blue ovals) and healing of double-strand
breaks by de novo telomere addition (green wavy lines); iii) loss of non-maintained chromosomes (NMCs, red solid lines) from the mature MAC. Arrows
represent PCR primers used in the IES and CBS processing assays (Figure 2B): IES (red), CBS (blue and green), MDS (black). (B) PCR assays for IES
(top) and CBS processing (middle). PCR from a MDS region was included as the positive/loading control (bottom). PCR was performed on total genomic
DNA puri ed at the end of conjugation (24 h post-mixing) from the speci ed cells. Two primers (red) anking an IES regions will amplify a long PCR
product if the IES is not excised (white arrowhead), or a short product upon IES excision (red arrowhead). As the IES resides in an NMC, the excision
product is therefore only transiently present in the developing MAC. A NMC-speci ¢ primer (blue) and a telomere-speci ¢ primer (green) will amplify a
chromosome end broken at a CBS and healed by telomere addition. This chromosome end belongs to an NMC, which is therefore only transiently present
in the developing MAC. See the schematic (Figure 2A) for primer locations. (C) IES (left and middle panels) and CBS processing (right panel), visualized
by sequencing coverage of selected genomic regions (coordinates in the Tetrahymena MIC genome assembly provided at the bottom). Genomic DNA was
puri ed from the developing MAC of WT, EZL1, RNF1,and PDDL1 cells at the end of conjugation (36 h post-mixing), and subjected to Illumina
sequencing. IES and CBS processing in the developing MAC of WT cells was revealed by a gap in sequencing coverage (left: TPB1/TPB6-dependent IES;
middle: TPB2-dependent IES; right: CBS), which was absence in the mutants. Data are visualized by IGV (132). (D) Composite analysis of well-de ned
IESs ( 6000) and CBSs ( 200). Each IES was aligned at its left or right main boundary, and further extended in both directions for 200 bp (left panels).
Each CBS was aligned at the left of its 15 bp consensus, and extended in both directions for 500 bp (right panel). On the top, normalized coverage (reads
per million reads, RPM) of each IES or CBS regions were cumulated. IES and CBS processing in the developing MAC of WT cells was revealed by low
coverage (close to 0) within the left and right boundaries of IESs or around CBSs. The coverage increased quickly (the gradient is due to heterogeneity
in IES boundaries), and reached plateau values a few hundred bp away from IES boundaries and CBSs. The slightly reduced coverage within IESs and
around CBSs in the mutants was attributable to the contaminating parental MAC. The coverage is plotted as ratios relative to the plateau values at speci ed
positions. On the bottom, normalized coverage (RPM) for all well-de ned IESs and CBSs is illustrated by the stacked heat map, plotted separately for each
strain, IES left and right boundaries, and CBS, all with its own color scale. (E) RT-PCR revealing transcriptional activation of transposable elements (TEs)
in the EZL1 complex mutants. RNA samples were collected from WT and the EZL1 complex mutants at late conjugation (10 h post-mixing). An hAT
element and a Tcl element were tested. ngoA, a gene expressed at high and constant levels during conjugation was used as the positive/loading control.
TPB2, encoding a domesticated piggyBac transposase only expressed at late conjugation, was used to validate conjugation progress. Top: representative
gel images. Bottom: quanti cation of RT-qPCR results (triplicate); expression levels in the EZL1 complex mutants were normalized against that of WT
cells. (F) A PCR assay revealing increased excision of the Tcl transposable element in the EZL1 complex mutants. Top: A schematic for excision of a Tcl
element, a functional element with recent duplications in the Tetrahymena MIC genome. The red arrows represent the nested PCR primers used in the
transposition assay shown below. The boundaries of the IESs lie outside the PCR primers, so the somatically rearranged DNA will not complicate this
assay. Bottom: Mobilization of the Tcl element at low levels in WT cells but at dramatically increased levels in the mutants. To monitor excision at the
Tcl element, nested PCR was performed on total genomic DNA puri ed at the end of conjugation (24 h post-mixing) from the speci ed cells. PCR from
a MDS region was included as the positive/loading control (Figure 2B, bottom panel).
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in the new MIC, most likely catalyzed by EZL 2 (103), may
be a response to TE mobilization, as part of the conserved
pathways affecting chromatin in DNA damage and repair
(104).

The EZL1 complex interacts with the nuclear RNAi compo-
nent EMA1L

Next, we addressed the question concerning how the EZL 1
complex is recruited to speci c loci for heterochromatin for-
mation. IF staining showed that the EZL1 complex local-
ized in the parental MAC during early conjugation and in
the developing MAC during late conjugation (Figure 3A
and Supplemental Figure S3B), exhibiting a traf cking pat-
tern reminiscent of TWI1 (42) and its associated proteins
including EMAL1, a putative RNA helicase facilitating base-
pairing between scnRNA and nascent transcripts (39,105).
The EZL1 complex localization largely overlapped with
that of EMAL (Figure 3A). The co-localization started in
the parental MAC at early conjugation (Figure 3A: 3 and
6 h post-mixing), during which long ncRNA and scn-
RNA begin to accumulate (37,39,42), and EZL 1-catalyzed
H3K27 methylationis rst detected (46). Initially, the EZL1
complex and EMAZ1 distributed diffusively or formed ne
speckles in the parental MAC (Figure 3A: 3 h). As conju-
gation progressed, they gradually coalesced into fewer but
more distinct foci (Figure 3A: 6 h). They diminished from
the degrading parental MAC (referred to as the old MAC);
they reappeared in the developing MAC, starting from early
stages of MIC/MAC differentiation (Figure 3A: 8 h). The
EZL1 complex and EMAL initially distributed diffusively
in the developing MAC (Figure 3A: 10 h). There they also
coalesced over time, culminating in co-localization in DNA
elimination bodies at late conjugation (Figure 3A: 14 h).
As EMAL is a key nuclear RNAI component required for
EZL 1-dependent heterochromatin formation (39), our re-
sult strongly suggests that it may play a direct role in re-
cruiting the EZL1 complex.

The strong co-localization pattern prompted us to exam-
ine whether there were physical interactions between the
EZL1 complex and EMAL. As conventional immunopre-
cipitation (IP) could only detect the core complex compo-
nents in association with EZL1, we adopted a procedure
involving mild crosslinking, optimized for detecting weak
or transient interactions (Figure 3B) (106). In this way, we
identi ed EMAL in association with the EZL1 complex by
af nity puri cation from HA-tagged strains (Figure 3C and
Supplemental Table S1). Furthermore, EMA1 was detected
when pulling down the EZL1 complex using a NUD1 anti-
body from WT cells, but not from NUDZ1 cells, nor with
the pre-bleed 1gG (Figure 3D). Reciprocally, NUD1 was
detected in the EMAL IP (Figure 3E). The co-IP of the
EZL1 complex and EMA1 was not affected by RNase A or
DNase | treatment (Figure 3F), indicating an interaction
independent of nucleic acids. Furthermore, the co-IP was
not affected in DCL1, TWIland PDD1 cells (Figure
3G), suggesting a more direct interaction. Taken together,
our results support physical interactions between the EZL1
complex and EMAL1, establishing a critical link for nuclear
RNAI-dependent recruitment of PcG proteins.

The EZL1 complex and EMAL are co-transcriptionally teth-
ered to chromatin in a nuclear RNAi-dependent manner

We have previously demonstrated by chromatin immuno-
precipitation (ChlP) that H3K27 and H3K9 methylation,
both dependent on EZL1, are enriched in IES before their
eventual excision (46,48). Here we performed ChIP to map
the distribution of the EZL1 complex and EMA1, focus-
ing on the M element, an IES retained in the null mutants
of the EZL1 complex (Supplemental Figure SO9A-C) (46),
the nuclear RNAIi machinery (TWI1, DCL1 and EMA1)
(39,40,42), and the chromodomain effector PDD1 (50). In
WT cells, both EMA1 and NUD1 were enriched in the M
element, but not in the anking MDS or a gene-coding lo-
cus (Figure 4A). However, binding of the IES by EMA1 and
NUD1 was abolished in  TWI1 cells (Figure 4A). Simi-
larly, NUD1 binding was abolished in EMAL cells (Fig-
ure 4A). On the contrary, in  NUDL1 cells, EMAL binding
was not affected (Figure 4A). Our result supports nuclear
RNAI-dependent chromatin association of the EZL1 com-
plex (Figures 3A and 5A).

Nascent RNA transcripts can function as an assem-
bly platform for recruiting chromatin-modifying com-
plexes to regulate transcription (20-22). Using RNA-
immunoprecipitation (RIP), we examined the speci ¢ asso-
ciation of the EZL1 complex and EMAL with transcripts
from the M element, which accumulated in the mutants as
well as WT cells (Supplemental Figure S10). These tran-
scripts were enriched in the RIP sample from EZL 1-tagged
cells, but not the untagged control cells (Figure 4B). Addi-
tionally, no enrichment was observed for the highly abun-
dant IMJ1 mRNA transcripts (Figure 4B). Despite accu-
mulation of M element transcripts in  TWI1, EMAL,
as well as  NUD1 cells (Supplemental Figure S10), their
association with NUD1 was abolished (Figure 4C), argu-
ing against direct association of the EZL1 complex and
ncRNA. Association between EMA1 and M element tran-
scripts was abolished in  TWI1 cells, while it was not af-
fected in  NUDZ1 cells (Figure 4C). Together, the ChIP and
RIP results support a linear pathway: in a nuclear RNAI-
dependent manner, EMAL is rst tethered to chromatin via
nascent transcripts, presumably guided by TWI11 associated
with homologous scnRNA (39); EMAL in turn recruits the
EZL 1 complex, leading to transcriptional silencing and het-
erochromatinization of IES.

In Tetrahymena, RNA polymerase Il (Pol Il) synthe-
sizes long ncRNA—precursors to scnRNA—in the meiotic
MIC (38), and is most likely also responsible for nascent
transcripts targeted by scnRNA in the parental MAC and
the developing MAC, conforming to the paradigm estab-
lished in other eukaryotes (22). Pol 11 transcription also in-
volves a cascade of co-transcriptional events, including the
addition and recognition of the 5 cap structure, splicing,
packaging and exporting (107). To understand how nuclear
RNAI and Polycomb repression are coordinated with the
transcriptional and co-transcriptional processes, we HA-
tagged key components of corresponding molecular ma-
chineries: RPB3 for Pol 11, CBP20 for the cap-binding com-
plex, PRP19 for the splicing complex, and THO?2 for the
RNA packaging and exporting complex (Figure 4D). With
crosslinking IP, we found that NUD1 interacted strongly
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Figure 3. The EZL1 complex interacts with the nuclear RNAi component EMAL. (A) Co-localization of the EZL1 complex and EMAL. RNF1-HA cells
were stained with anti-HA (green) and anti-EMAL (red) antibodies, and counterstained with DAPI (blue). Representative images of several conjugation
stages (at 3, 6, 8, 10 and 14 h post-mixing) are shown: meiosis, zygotic divisions, MIC/MAC differentiation, early anlagen (developing MAC) formation
and late anlagen development. The schematic illustrates the typical nuclear morphology. Parental MAC (PM): green arrowhead; developing MAC (AN):
green arrows; MIC (Mic): white arrowheads; old MAC (OM): white arrow. (B) A schematic of crosslinking IP. Cells were crosslinked with formaldehyde,
and the solubilized nuclear fraction was used as IP input. (C) Co-1P of NUD1 and EMAL1 in tagged cells. WT and various tagged cells were processed
for crosslinking IP with the anti-HA antibody. The anti-EMAL (top) and anti-NUD1 antibodies (bottom) were used for immunoblotting. Note the slight
up-shift in the migration of NUD1-HA compared with endogenous NUD1 (arrowhead). (D) Co-IP of NUD1 and EMAL in WT cells. The anti-NUD1
antibody was used for crosslinking IP; the anti-EMAL (top) and anti-NUD1 antibodies (bottom) were used for immunoblotting (signal indicated by block
arrows; the background band in the NUD1 panel corresponds to the 1gG heavy chain); pre-bleed 1gG (IgG) as negative control. (E) Reciprocal IP of
NUD1 and EMAL. WT cells were processed for crosslinking IP with the pre-bleed 1gG (IgG), anti-EMAL, and anti-NUD1 antibodies, respectively; the
anti-EMAL1 (top) and anti-NUD1 antibodies (bottom) were used for immunoblotting. (F) Nucleic acid-independent association of NUD1 and EMAL.
After crosslinking IP, the anti-HA agarose was treated with RNase A or DNase | before wash and elution; no nuclease treatment (-) as the control. The
anti-EMAL1 (top) and anti-NUD1 antibodies (bottom) were used for immunoblotting. (G) Association of NUD1 and EMAL in various mutants. WT and
the designated mutants were processed for crosslinking IP with the anti-NUD1 antibody. The anti-EMAL (top) and anti-NUD1 antibodies (bottom) were
used for immunoblotting.
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Figure 4. The EZL1 complex and EMAL are co-transcriptionally tethered to the chromatin in a nuclear RNAi-dependent manner. (A) Association of the
EZL1 complex and EMAL with an IES, M element. WT, TWI1, EMAL, and NUDL1 cells (10 h post-mixing) were processed for ChIP with the anti-
EMAL1 and anti-NUD1 antibodies; pre-bleed 1gG was used as the negative control (-). ChlP samples were analyzed by gPCR for levels of the associated
IES (M2 and M3), as well as the anking MDS (M1) and a gene coding region (JMJ1) as negative control. (B) Association of the EZL1 complex with the
M element transcripts. IP samples (with the anti-HA antibody) from WT and EZL1-HA cells (10 h post-mixing) were reverse transcribed and analyzed by
PCR for levels of associated transcripts from the M element, as well as IMJ1 as negative control. (C) Association of the EZL1 complex and EMAL with
the M element transcripts in various mutants. IP samples (with the anti-EMAL and anti-NUD1 antibodies) from WT, TWI1, EMAland NUD1 cells
(10 h post-mixing) were reverse transcribed and analyzed by PCR for levels of the M element transcripts. (D) Differential interactions between the EZL1
complex and the transcriptional/co-transcriptional machineries. The designated strains were processed for crosslinking IP with the anti-HA antibody at
late conjugation (10 h post-mixing), as previously reported (47). The anti-HA and anti-NUD1 antibodies were used for immunoblotting. Note that similar
amounts of bait proteins were recovered, as shown by the anti-HA immunoblotting. (E) WT and various tagged strains were processed for crosslinking IP
with the anti-HA antibody at late conjugation (10 h post-mixing). The anti-EMAL antibody was used for immunoblotting.
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Figure 5. Nuclear RNAI and histone methylation-binding drive dispersion of Polycomb bodies. (A) RNAi-dependent localization of the EZL1 complex.
WT and the designated RNAI mutants at early (top panels: 6 h post-mixing) and late conjugation (bottom panels: 10 h post-mixing) were stained with
the anti-NUD1 antibody (green) and counterstained with DAPI (blue). Parental MAC (PM): green arrowhead; developing MAC (AN): green arrows;
MIC (Mic): white arrowheads; old MAC (OM): white arrow. Granularity analysis of the EZL1 complex foci in the images was provided in Supplemental
Figure S11C. (B) Co-localization of the EZL1 complex and EMAL in ATWI1 cells. Cells at early (left panels: 6 h post-mixing) and late conjugation (right
panels: 10 h post-mixing) were co-stained with the anti-NUD1 (green) and anti-EMAL (red) antibodies; counterstained with DAPI (blue). Note their
abnormal aggregation at the nuclear periphery or DAPI-poor regions. (C) Co-localization of the EZL1 complex, EMAL, and PDD1 in WT and EZL1
H721A cells (methyltransferase dead). EZL1-HA WT and EZL1-HA H721A cells were co-stained with the anti-HA (green) and anti-EMAL antibodies
(red; top panels), or the anti-HA (green) and anti-PDD1 antibodies (red; bottom panels); counterstained with DAPI (blue). Note abnormal aggregation in
EZL1 H721A cells. (D) Co-localization of the EZL1 complex, EMA1 and PDD1 in WT and PDD1 Y49A cells (methyl-binding de cient). PDD1-HAWT
and PDD1-HA Y49A cells were co-stained with the anti-HA (green) and anti-EMAL antibodies (red; top panels), or the anti-HA (green) and anti-NUD1
antibodies (red; bottom panels); counterstained with DAPI (blue). Note abnormal aggregation in PDD1 Y49A cells.
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