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RNAi and Polycomb repression play evolutionarily conserved and often coordinated roles in transcriptional si-
lencing. Here, we show that, in the protozoan Tetrahymena thermophila, germline-specific internally eliminated
sequences (IESs)—many related to transposable elements (TEs)—become transcriptionally activated in mutants
deficient in the RNAi-dependent Polycomb repression pathway. Germline TE mobilization also dramatically in-
creases in these mutants. The transition from noncoding RNA (ncRNA) to mRNA production accompanies tran-
scriptional activation of TE-related sequences and vice versa for transcriptional silencing. The balance between
ncRNA andmRNAproduction is potentially affected by cotranscriptional processing as well as RNAi and Polycomb
repression. We posit that interplay between RNAi and Polycomb repression is a widely conserved phenomenon,
whose ancestral role is epigenetic silencing of TEs.
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Polycomb group (PcG) proteins are involved in develop-
mentally regulated transcriptional silencing in a wide
range of eukaryotic systems: Among the best character-
ized are Hox gene repression in Drosophila and verte-
brates and X chromosome inactivation in female
mammals (Di Croce and Helin 2013; Grossniklaus and
Paro 2014). For example,Drosophila E(z) and its homologs
are SET domain-containing histone methyltransferases
specific for histone H3 Lys27 (H3K27) methylation (Cao
et al. 2002; Czermin et al. 2002; Kuzmichev et al. 2002;
Müller et al. 2002). This histone modification is recog-
nized by Drosophila Pc and other chromodomain-con-
taining proteins, leading to heterochromatin formation.
Growing evidence implicates both long noncoding RNA
(ncRNA) and small RNA in Polycomb repression (Brock-
dorff 2013; Simon and Kingston 2013; Davidovich and
Cech 2015). In Drosophila, both the RNAi machinery
and PcG proteins are required for silencing in somatic

and germline cells (Pal-Bhadra et al. 1997, 2002; Peng
et al. 2016). Many long ncRNA, including Xist RNA in-
volved in X inactivation inmammalian cells, are associat-
ed with Polycomb-repressive complex 2 (PRC2) and
implicated in PRC2-mediated transcriptional repression
(Khalil et al. 2009; Tsai et al. 2010; Zhao et al. 2010). X in-
activation also intersectswith nuclear RNAi (Ogawa et al.
2008; Zhao et al. 2008; Kanellopoulou et al. 2009)—a con-
served pathway for transcriptional silencing (Grewal and
Elgin 2007; Martienssen and Moazed 2015).

In common with other ciliated protozoa, Tetrahymena
thermophila contains in the same cytoplasmic compart-
ment two types of nuclei: the germline micronucleus
(MIC) and the somatic macronucleus (MAC) (Karrer
2012).MICcandifferentiate intoMACduringconjugation,
the sexual phase of the Tetrahymena life cycle, accompa-
nied by massive programmed genome rearrangement
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(Chalker et al. 2013; Yao et al. 2014). Thousands of MIC-
specific internally eliminated sequences (IESs) are re-
moved, leaving behind MAC-destined sequences (MDSs)
(Fig. 1A). Studies of developmentally regulated hetero-
chromatin formation and DNA elimination in Tetrahy-
mena have revealed a pathway involving both the RNAi
machinery and PcG proteins (Fig. 1B; Noto and Mochi-
zuki 2017). The pathway starts with RNA polymerase II
(Pol II)-catalyzed bidirectional transcription of long
ncRNA in the meiotic MIC (Chalker and Yao 2001;
Mochizuki and Gorovsky 2004b; Aronica et al. 2008). A
special class of small RNA, referred to as scan RNA
(scnRNA), accumulates in a manner dependent on the
RNAimachinery, which includes DCL1, a Dicer-like pro-
tein that processes long ncRNA into scnRNA (Malone
et al. 2005; Mochizuki and Gorovsky 2005), and TWI1,
an Argonaute/Piwi homolog that binds scnRNA (Mochi-
zuki et al. 2002; Mochizuki and Gorovsky 2004a; Noto
et al. 2010). Conserved histone modifications, H3K27
and H3K9 methylation, are deposited in a manner depen-
dent on both the RNAi machinery and EZL1, an E(z) ho-
molog in Tetrahymena (Liu et al. 2004, 2007). These
histone modifications are subsequently recognized by
chromodomain-containing effectors like PDD1 (analo-
gous to HP1), which help to form heterochromatic struc-
tures containing DNA sequences that are eventually
eliminated (Madireddi et al. 1996; Coyne et al. 1999; Ta-
verna et al. 2002; Liu et al. 2007; Schwope and Chalker
2014).
It has long been known that many Tetrahymena IESs

contain sequences derived from transposable elements
(TEs) (Wuitschick et al. 2002; Fillingham et al. 2004). Var-
ious TEs are revealed in the recently sequenced MIC ge-
nomes of ciliates, including Tetrahymena (Fass et al.
2011; Hamilton et al. 2016), Paramecium (Arnaiz et al.
2012; Guérin et al. 2017), and Oxytricha (Chen et al.
2014). Recent transposition in Tetrahymena populations
is supported by TE insertion polymorphisms in certain
IESs (Huvos 2004a,b), as well as purifying selection in pre-
dicted coding sequences of many potentially active TEs
(Gershan and Karrer 2000; Fillingham et al. 2004; Hamil-
ton et al. 2016). Nonetheless, a complete understanding of
how TEs are propagated and controlled in the binucleated
ciliates remains elusive.
Here, we show that Tetrahymena IESs—many contain-

ing TE-related sequences—are transcriptionally activated
in mutants deficient in the RNAi-dependent Polycomb
repression pathway. Germline mobilization of recently
active TEs also increases dramatically in these mutants.
Furthermore, transcriptional activation of TE-related se-
quences coincides with the transition from ncRNA to
mRNA production, and vice versa for transcriptional si-
lencing. The balance between ncRNAandmRNAproduc-
tion is tipped by cotranscriptional processing as well as
RNAi and Polycomb repression. Based on conservation
of key components and wide distribution of similar path-
ways in eukaryotes, we propose that interplay between
RNAi and Polycomb repression may be a ubiquitous phe-
nomenon utilized for TE silencing as well as transcrip-
tional repression of developmental genes.

Results

Widespread production of IES-specific polyadenylated
RNA in mutants deficient in RNAi-dependent Polycomb
repression

We examined RNA transcripts from germline-specific
IESs (Fig. 1A), in wild-type cells as well as three mutants
deficient in different steps of the RNAi-dependent Poly-
comb repression pathway—ΔDCL1, ΔEZL1, and ΔPDD1
(Fig. 1B).We focused on late conjugation (10 h aftermixing
of complementary mating types), when IESs in the devel-
oping MAC are heterochromatinized but not yet excised.
The RNA samples, after oligo-dT enrichment of polyade-
nylated transcripts, were analyzed by strand-specific Illu-
mina sequencing (RNA sequencing [RNA-seq]). RNA-seq
reads were mapped back to the Tetrahymena MIC refer-
ence genome (Hamilton et al. 2016). Most of the ∼10,000
IESs analyzedwere covered at low levels inwild-type cells,
while many of them were abundantly covered in the mu-
tants (Fig. 1C; Supplemental File S1). Transcriptional acti-
vationwaswidely distributed in the genome, as illustrated
by locations of IES-specific polyadenylated RNA within
Supercontig_2.1, the longest assembled scaffold of the
Tetrahymena MIC genome (Fig. 1D). Furthermore, tran-
scription patterns in the mutants shared substantial simi-
larities with each other (Fig. 1D). There were significant
overlaps between the sets of IESs that were highly induced
in each mutant (Fig. 1F), reflecting their coregulation by
RNAi and Polycomb repression. Zooming into individual
IESs, we found that IES transcripts were often clustered
into distinct loci, many of which showed little or no ex-
pression in wild-type cells but were highly induced in
each mutant (Fig. 1E). In contrast to IES-specific tran-
scripts, transcripts from MDSs, corresponding to bona
fide mRNA, were present at similar levels in wild-type
cells and the mutants (Fig. 1E; Supplemental Fig. S1).
It should be noted that, even though all IES elimination

is abolished in ΔDCL1, ΔEZL1, and ΔPDD1 cells (Feng
et al. 2017), polyadenylated transcripts were not detected
in all IESs, and the number of polyadenylated transcripts
mapped to individual IESs could vary dramatically among
the mutants (Fig. 1C). Furthermore, the IESs affected in
ΔEZL1 or ΔPDD1 were essentially subsets of the IESs af-
fected in ΔDCL1 (Fig. 1F). This containment is consistent
with DCL1-mediated RNAi being upstream of EZL1 and
PDD1-mediated Polycomb repression (Fig. 1B) and sug-
gests that additional pathways may be affected in
ΔDCL1. It also supports that IES processing is intrinsically
robust, probably underpinned by an extensive trans-recog-
nition network mediated by scnRNA (Noto et al. 2015;
Noto and Mochizuki 2018).
We also examined distribution of PDD1 in IESs by

re-analyzing published ChIP-seq (chromatin immunopre-
cipitation [ChIP] combined with high-throughput se-
quencing) data (Kataoka and Mochizuki 2015). IESs that
were highly induced transcriptionally in the mutants
were enriched with PDD1 in wild-type cells, while those
not induced in any mutants were depleted of PDD1 (Fig.
1G; Supplemental Fig. S2), suggesting that PDD1 specifi-
cally, and this pathway in general, directly silence these
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transcripts. These results strongly support global tran-
scriptional activation of IES-specific loci in the developing
MAC upon disruption of the RNAi-dependent Polycomb
repression pathway.

mRNA characteristics for IES-specific polyadenylated
transcripts in mutants deficient in RNAi-dependent
Polycomb repression

Close scrutiny of IES-specific polyadenylated transcripts
(Supplemental File S2) revealed several characteristics
commonly associated with mRNA. First, we observed an
enrichment of poly-A-containing RNA-seq reads mapped
to the 3′ termini of transcripts (Supplemental Fig. S3A,B),
consistent with poly-A tailing of mRNA. Additionally,
these IES-specific transcripts displayed strand-specificity,
and some contained splice sites (Fig. 2A). Splicing of IES-
specific transcripts was widespread (Fig. 2B). Most splice
sites in IES-specific transcripts were found in the mutants
exclusively, while for MDS transcripts, there was an al-

most complete overlap between splice sites found in
wild-type cells and themutants (Fig. 2B). The result is con-
sistentwith global transcriptional activation of IES-specif-
ic loci in the mutants, without disruption to regular
mRNA production (Supplemental Fig. S1).

We also systematically examined strand bias. We de-
fined the strand bias index as the normalized RNA-seq
coverage difference between theWatson andCrick strands
(|W−C/W+C|). The strand bias index is 0 when both
strands are equally transcribed and is 1 when only one
strand is transcribed; the higher the index value, the stron-
ger the strandbias.Wedivided thewholeMICgenome into
200-bp bins and calculated for all significantly transcribed
bins their strand bias indices, whichwere ranked and plot-
ted. This analysis revealed strong strand bias for most of
the bins in IES regions from wild-type cells and the mu-
tants, close to levels of strand bias observed in bona fide
mRNA from MDS regions (Fig. 2C). Relative to wild-type
cells, strand bias further increased in ΔPDD1 cells and
even more so in ΔEZL1 cells, while it decreased in
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Figure 1. Widespread production of IES-
specific polyadenylated transcripts in mutants
deficient in RNAi-dependent Polycomb re-
pression. (A) A schematic forDNAelimination
in Tetrahymena. (B) Key steps and players in
the DNA elimination pathway. (C ) Distribu-
tion of polyadenylated transcripts in IESs. We
ranked 9878 consistently processed IESs (Sup-
plemental File S1) from highest to lowest by
their coverage of polyadenylated RNA (reads
per kilobase of transcript per million mapped
reads [RPKM]), in wild type and mutants defi-
cient in RNAi-dependent Polycomb repression
(ΔDCL1, ΔEZL1, and ΔPDD1, respectively).
(Inset) The top 100 IESs. Note increased and
widespread transcription of IES-specific se-
quences in the mutants. (D) Distribution of
highly expressed IESs, in wild type and themu-
tants. Supercontig 2.1, over 3.5Mb in length, is
analyzed. Read densities (RPKM) are represent-
ed by a color scale. Note the alignment of red
stripes in the mutants, indicating coregulation
by the RNAi-dependent Polycomb repression
pathway. (E) A representativeGBrowse view il-
lustrating RNA sequencing (RNA-seq) cover-
age in wild type and the mutants. (Blue bar)
IES. Gene model: an IES-specific (left) and an
MDS-specific (right) gene. Note dramatically
increased IES transcription in the mutants,
compared with wild-type cells. (F ) A propor-
tional Venn diagram representing IESs highly
induced in themutants. (G) A box plot compar-
ing PDD1 enrichment in wild-type cells [(ChIP
− input)/(ChIP + input)] in IESs induced in the
mutants (ΔDCL1, ΔEZL1, and ΔPDD1 cells, re-
spectively) with IESs not induced in any mu-
tants. The first quartile, median, and the
third quartile are marked. A Kruskal-Wallis H
test was performed for all three pairwise com-
parisons, revealing highly significant varianc-
es. P <2.2 × 10−16.
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ΔDCL1 cells (Fig. 2C). Similar shifts in strand biaswere ob-
served in MDS as well as IESs (Fig. 2C). Decreased strand
bias in ΔDCL1 cells coincided with widespread spurious
transcription of IESs (Fig. 1C,F; Supplemental Fig. S3C), of-
ten on both strands and at low levels. In ΔEZL1, both het-
erochromatin marks—H3K27 and H3K9 methylations—
are abolished in the developing MAC (Liu et al. 2007); in
ΔPDD1 cells, H3K27 methylation is normal, while H3K9
methylation is abolished (Taverna et al. 2002; Schwope
and Chalker 2014); in ΔDCL1 cells, H3K27 methylation
is abolished, while H3K9methylation is greatly increased
in its levels and no longer specifically associatedwith IESs
(Malone et al. 2005; Liu et al. 2007). Taken together, these
results support a connection between heterochromatin
formation and bidirectional transcription (decreased
strand bias). Our RNA-seq result was in sharp contrast to

the global run-on sequencing (GRO-seq) result from the
wild-type MIC at early conjugation (2 h after mixing),
which showed dramatically reduced levels of strand bias
for both IESs and MDSs (Fig. 2C), attributable to bidirec-
tional transcription of ncRNA from the meiotic MIC
(Schoeberl et al. 2012).
We next focused on IES-specific loci silenced by the

RNAi-dependent Polycomb repression pathway (i.e., epi-
genetically silenced loci). We performed composite analy-
sis, in which these loci were all scaled to unit length,
arranged in the 5′ to 3′ direction of the predominant
transcript, and extended in both directions (Fig. 2D; Sup-
plemental Fig. S3D). This analysis showed that transcrip-
tional activation in the mutants was accompanied by
increases in strand bias, especially in ΔEZL1 and ΔPDD1
cells (sense/antisense ratio: wild-type, 45; ΔDCL1, 83;
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Figure 2. mRNA characteristics for IES-specific pol-
yadenylated transcripts. (A)A representativeGBrowse
view illustrating strandbias and splice sites of IES-spe-
cific polyadenylated transcripts. Genemodel: an hAT
and aTc1 family transposase. Positive values ofy-axes
represent normalized RNA-seq coverage (reads per
million mapped reads, RPM) of the Watson strand,
negative values the Crick strand. (Blue bar) IESs. (B)
Venn diagrams representing splice sites associated
with IES (top) andMDS (bottom) polyadenylated tran-
scripts in wild type and mutants. (C ) Strong strand
bias for IES-specific polyadenylated transcripts. y-
axis: Strand bias index, quantified by RNA-seq cover-
age of theWatson (W) and Crick strand (C) of a 200-bp
bin: |W−C|/(W+C) higher value indicating stronger
strand bias. x-axis: All 200-bp bins ranked by their
strand bias indices, from low to high. (Solid lines)
MDS bins; (dashed lines) IES bins. GRO-seq data
from the meiotic MICs were used as a negative con-
trol; increases in strand bias observed for MDSs were
attributable to mRNA from contaminating MACs
(Schoeberl et al. 2012). (D) Composite analysis of epi-
genetically silenced IES-specific loci. (Top) Composite
analysis of RNA-seq coverage from 2421 loci highly
induced in the mutants (Supplemental File S2). Each
locus is equally divided into 100 units from the 5′ to
3′ end (highlighted region) and extended by 1.5 kb in
both directions (the scale is not related to the gene
body length). The average RPM of each unit in all
the loci were cumulated. (Inset) Zoom-in of the high-
lighted area. Positive values of they-axis represent the
cumulativeRPM from the sense strand of the predom-
inant transcript (solid lines), negative values the anti-
sense strand (dashed lines). (Bottom) Control with
randomized genomic locations. Note the strong
strand bias of IES-specific polyadenylated transcripts
and their high induction in the mutants. Both charac-
teristics disappeared in the randomized control. (E) A
positive correlation between polyadenylated tran-
script levels and strand bias in IES-specific loci in

ΔDCL1 cells. y-axis: Strand bias index, quantified by RNA-seq coverage of the sense (S) and antisense strand (A) of an IES-specific locus:
(S−A)/(S +A); values close to 1 indicate strong bias for sense strand transcripts. x-axis: Quantiles of IES-specific loci ranked by their poly-
adenylated transcript levels in ΔDCL1 cells; all loci expressing polyadenylated transcripts are grouped into 10 quantiles (1–10, from low to
high). (F ) Codon usage patterns. IES-specific loci with long ORFs (≥100 amino acids) were searched for homology by blastp (e≤ 1×10−10)
(Supplemental File S3). The conserved regions were translated, and the codon usage frequencies were calculated (Supplemental File S3).
Codon usage patterns of IES-specific loci as well as regular genes encoded in MDS are plotted in a radar chart.
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ΔEZL1, 337; and ΔPDD1, 196). Indeed, we found that,
while IES-specific loci with low levels of polyadenylated
RNAexhibited awide range of strand bias, lociwithhigher
expression levels had a stronger sense strand bias, a trend
that was particularly obvious in ΔDCL1 cells (Fig. 2E) but
also detectable in other cells (Supplemental Fig. S3E).

We also analyzed potential proteins encoded by IES-spe-
cific loci. A blastp search revealed that most of the loci
containing a long open reading frame (ORF; ≥100 amino
acids) display significant similarities (e≤ 1 × 10−10) to pro-
teins typically encoded by TEs, such as transposases and
reverse transcriptases (Supplemental File S3; see below).
Furthermore, the codon usage pattern in these regions is
very similar to that of proteins encoded by bona fide
mRNA from MDS (Fig. 2F; Supplemental File S3). Taken
together, these results indicate that many of the IES-spe-
cific transcripts highly induced in the mutants display
mRNA hallmarks, including strand specificity, abundant
and efficiently processed splice sites, poly-A tailing, and
protein-coding capacity.

Broad transcriptional activation of TE-related sequences
in mutants deficient in RNAi-dependent Polycomb
repression

In Tetrahymena, many IESs contain TE-related sequences
(Fass et al. 2011; Hamilton et al. 2016). Importantly, many
of the epigenetically silenced loci have significant homol-
ogy with TEs (Fig. 3A; Supplemental File S4). We found
homologs to class I elements (retrotransposons; ∼10% of
annotated TEs) (Supplemental Fig. S4A), represented in
Tetrahymena by REP elements (Fillingham et al. 2004).
We also found homologs to class II TEs (DNA transposons)
even more abundant than class I TEs (∼51%), including
Tc1/mariner and hAT superfamilies (Figs. 2A, 3B; Supple-
mental Fig. S4B–E). We also detected many sequences re-
lated to integrases (∼39%) (Supplemental Fig. S4F) and
other proteins encoded by Tlr elements (Wuitschick
et al. 2002), which are related to the Maverick/Polinton
subclass of DNATEs (Kapitonov and Jurka 2006; Pritham
et al. 2007). As illustrated by Tc1/mariner members,
many of these TE-related sequences contain long ORFs
predicted to encode transposases with conserved domains
and intact catalytic residues (Fig. 3B,D,E). They are often
flanked by terminal inverted repeats (TIRs) and putative
target site duplications (TSDs) (Fig. 3B). All of these char-
acteristics are consistent with their presence as autono-
mous TEs, capable of producing transposases promoting
their own mobilization and that of related nonautono-
mous elements.

Elements related to the Tc1/mariner superfamily of
DNA transposons are known to represent the most abun-
dant TE-related sequences in the Tetrahymena MIC ge-
nome (∼42%) (Fass et al. 2011; Hamilton et al. 2016). To
investigate how Tc1/mariner elements are controlled in
Tetrahymena, we systematically identified all putative
Tc1/mariner transposases in the MIC genome, as evi-
denced by their conserved transposase domains (Fig. 3C–

E; Supplemental File S5). Phylogenetic analysis revealed
62 distinct transposases falling within either the Tc1 or

Pogo subgroups, which are characterized by distinct
domain architecture and catalytic triads (Fig. 3C–E; Tell-
ier et al. 2015). Each of these subgroups was represented
by a wide diversity of transposases forming multiple
clades (i.e., families), and at least 25 of these clades had
closely related family members in the Tetrahymena
MIC genome (>99% within-group DNA sequence identi-
ty) (Fig. 3C, branches marked by red stars). Thus, a wide
diversity of Tc1/mariner elements apparently underwent
recent transposition and may still be capable of mobiliza-
tion. Tc1/mariner members also became progressively
more dominant among a diverse range of TEs induced in
the mutants, as nucleotide divergence from their family
consensus sequence decreases (Supplemental Fig. S5; Sup-
plemental File S5). This reflects Tc1/mariner activities in
the recent past as well as a long history of expansion and
diversification in this lineage. Prolonged vertical trans-
mission of TEs in Tetrahymena is further supported by
the codon usage pattern of TE-related sequences, which
is very similar to that of known Tetrahymena genes (Fig.
2F). Importantly, most of the putative Tc1/mariner trans-
posases were transcriptionally activated in the mutants
(Fig. 3F). RNAi-dependent Polycomb repression is there-
fore likely to play an important role in controlling TE ac-
tivity in Tetrahymena and particularly that of Tc1/
mariner elements.

Germline mobilization of a recently active TEs

It has long been speculated that DNA elimination in Tet-
rahymena and other ciliates evolved to thwart TEmobili-
zation (Prescott 1994; Coyne et al. 1996). To test this
hypothesis, we focused on a recently active Tc1 element
with sequence features of an autonomous TE (Figs. 3C,
4A). Tc1/mariner elements mobilize through a “cut and
paste”mechanism: afterTEexcision, the original genomic
locus is reconnected by DNA repair, leaving behind an
“empty” locus with a TE footprint (Fig. 4A; Plasterk
et al. 1999; Tellier et al. 2015). We used PCR to detect
the germline genomic locus after excision of the Tc1 ele-
ment, which was preferentially amplified due to its
much smaller size relative to the original locus (Fig. 4A).
We detected a PCR product of the expected size using ge-
nomic DNA samples at the end of conjugation (24 h after
mixing) as the template (Fig. 4B).Onlyavery small amount
of the PCR product was detected from wild-type cells, re-
flecting the rarity of Tc1 excision. The PCR product was
much more abundant in the mutants (Fig. 4B). Cloning
and sequencing of the PCR product revealed the predicted
TA footprint left by the excised Tc1 element (Fig. 4A).
These results are consistent with the low but still sig-
nificant expression levels of the Tc1 transposase in wild-
type cells (RPKM: 4.6) and its dramatically increased
expression in the mutants (RPKM: 136.9, 91.4, 42.7 for
ΔDCL1, ΔEZL1, and ΔPDD1, respectively) (Fig. 5A). We
alsooverexpressed theTc1 transposase in thewild-type ge-
netic background (Fig. 4C; Supplemental Fig. S6), con-
trolled by the Cd2+-inducible MTT1 promoter (Shang
et al. 2002).Tc1excisionwasdetectedwithCd2+ induction
but not in its absence (Fig. 4C). This confirms that the Tc1
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Figure 3. Broad transcriptional activation of TE-related sequences in mutants deficient in RNAi-dependent Polycomb repression.
(A) Classification of TE-related sequences in epigenetically silenced IES-specific loci; 439 loci shared homology with interspersed repeats;
261 shared homology with various annotated TEs, as shown in the pie chart; and 178 shared homology with unclassified (Supplemental
File S4). Note the predominance of DNA transposons and Tlr/viral elements. (B) A representative GBrowse view of an IES (blue bar) con-
taining a recently duplicated Tc1/mariner DNA transposon, with intact terminal inverted repeats (TIR; magenta arrow box), target site
duplications (TSD; TA in bold), and anORF (green arrow box) encoding a putative DNA transposase featuring helix-turn-helix DNA bind-
ing (HTH1/2) and transposase (Tnp; with a DDE catalytic triad) domains. Positive values of the y-axis represent normalized RNA-seq cov-
erage (RPM) of the Watson strand, negative values the Crick strand. Note that this gene is highly expressed only in the mutants. (C–F )
Consistent transcriptional activation of putative Tc1/mariner transposases in the mutants. (C ) Phylogenetic analysis of putative Tc1/
marinerDNA transposases (Supplemental File S5). Tc1/marinerDNA transposases are further divided into Tc1 and Pogo families, based
on protein sequence alignment of their conserved transposase domains (62 in total). Groups containing low divergence members (≥99%
within-group DNA sequence identity) are marked (red star; 25 in total). The Tc1 element illustrated in Figure 3B is indicated by a blue
arrow; the Tc1 element illustrated in Figure 4A is indicated by a green arrowhead. (D) Alignment of the transposase motif, containing
the conserved DDD/E catalytic triad. (E) Distribution of conserved domains, including HTHDNA binding (cyan diamond [domain acces-
sion number: cl21459], green oval [smart00674] and magenta hexagon [cl09264]) and transposase (red rectangle [cl21549]) domains. (F )
Transcriptional induction of putative Tc1/mariner transposases in the mutants. Transcriptional bias is quantified by RNA-seq coverage
in wild type (WT) and a specified mutant (MT): (MT−WT)/(MT+WT). The values (−1 to +1) are represented by a color scale: red for in-
duction in amutant (>>0), green for repression (<<0), and black for little change (≈0), all relative towild-type cells. Note thatmost of the 62
groups were induced in the mutants.
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transposase is sufficient and necessary for excision of the
Tc1 element, and transcriptional silencing by the RNAi-
dependent Polycomb repression pathway is critical for
controlling this TE.

We next performed time-course analysis of this TE exci-
sion event. In wild-type cells, Tc1 excision occurred at
late conjugation (Fig. 4D); a similar pattern, with much

stronger signals, was observed in ΔEZL1 cells (Fig. 4D).
Tc1 excision was detected (16 h after mixing) after IES ex-
cision in wild-type cells (as shown by the excision at 10 h
after mixing of a well-studied IES, the M element [Duhar-
court and Yao 2002; Liu et al. 2004]) and persisted in the
conjugation progeny (36 h after mixing) (Fig. 4D). Since
all IESs, including the one containing the Tc1 element,
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Figure 4. Germline mobilization of a recently
active TE. (A) A schematic for mobilization of
a Tc1 element. It contains a conserved DNA
transposase (ORF: green block arrow; transpo-
sase domain: indigo box; catalytic triad: DDD).
The Tc1 element also features intact TIR (ma-
genta arrow box) and TSD (TA in bold red in
the top and bottom sequences), while its exci-
sion leaves a TE footprint (TA in bold blue in
the bottom sequence). The red arrows represent
the nested PCR primers used in the transposi-
tion assays shown in panels B–D. The boundar-
ies of the IESs lie outside the PCR primers, so
the somatically rearranged DNA was undetect-
ed by this assay. (B) Mobilization of the Tc1 ele-
ment at low levels in wild-type cells but at
dramatically increased levels in the mutants.
To monitor excision at the Tc1 element, nested
PCR was performed on total genomic DNA pu-
rified at the end of conjugation (24 h after mix-
ing) from the specified cells. A MAC gene,
JMJ1, was monitored as the loading control. (C )
Tc1 mobilization by transposase overexpres-
sion. To monitor excision at the Tc1 element,
nested PCR was performed on total genomic
DNA purified at the end of conjugation (24 h af-
ter mixing), with or without induction of the
Tc1 transposase overexpression by cadmium (±
Cd2+). A MAC gene, JMJ1, was monitored as
the loading control. Completion of conjugation
wasmonitored by a PCR assay for a well-studied
IES, the M element (Duharcourt and Yao 2002;
Liu et al. 2004). Overexpression of the Tc1 trans-
posase (HA-tagged) was shown by immunoblot-
ting with an anti-HA antibody. Coomassie-
stained total cellular proteins was used as the
loading control. (D) Time course analysis of
Tc1mobilization. In wild-type cells, the Tc1 ex-
cision product was detected after developmen-
tally programmed DNA elimination and
persisted in conjugating cells (red brackets).
Conjugation progress was monitored by a PCR

assay for a well-studied IES, the M element. Its processing gives rise to the short PCR product in conjugating CU427 and CU428 cells
(green brackets), distinct from the long PCR product from the mature MAC in parental cells (Duharcourt and Yao 2002; Liu et al.
2004). In ΔEZL1 cells, dramatically increased levels of the Tc1 excision product were detected, but with a temporal pattern similar to
wild-type cells (red brackets). In cells overexpressing the Tc1 transposase, excision of the Tc1 elementwas expedited. JMJ1wasmonitored
as the loading control. (E) Excision frequency of the Tc1 element in ΔEZL1 cells. Genomic DNA samples were isolated from the specified
conjugation time points, digested by HindIII to release the Tc1 element-containing IES fragment, and analyzed by Droplet Digital PCR.
Excision frequencywas quantified by dividing the number of Tc1 excision events with the number of control events. (F ) Tc1mobilization
occurs in the newMIC. The developing MAC and the newMIC were purified fromwild-type cells at late conjugation (24 h after mixing).
The M element was monitored for the enrichment of MAC and MIC. The two bottom bands correspond to the IES-excised forms found
only inMAC,while the top band corresponds to the IES-retained form found only inMIC (red arrowhead). The formerwere enriched in the
developing MAC sample, while the latter was enriched in the newMIC sample. JMJ1 was the loading control. (G) A model for TE mobi-
lization in Tetrahymena and other binucleated ciliates. (1) TEmRNA is generated in the developingMAC. (2) Transposases are imported
into the newMIC. (3) TEs aremobilized in the newMIC: (3.1) excision from a donor locus, leaving behind a TE footprint (blue dot; seeA);
(3.2) insertion into a receptor locus.
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are eliminated in the developing MAC of wild-type cells,
these observations strongly support that transposition oc-
curs not in the developing MAC but in the new MIC. In
cells overexpressing the Tc1 transposase from the paren-
tal MAC, Tc1 excision was detected in early conjugation
(6 h after mixing), probably as a direct result of the Tc1
transposase induction before initiation of conjugation.
We surmise that, as it occurs before formation of the de-
veloping MAC (8 h after mixing), Tc1 excision again can
only occur in the MIC, albeit during prezygotic and post-
zygotic divisions (Supplemental Fig. S6B). Using droplet
digital PCR, we validated the conjugation time-course of
Tc1 excision in ΔEZL1 (Fig 4E; Supplemental Fig. S7).
We estimated that the frequency for Tc1 excision pla-
teaued at approximately 4 × 10−4 by the end of conjuga-
tion—one to two orders of magnitude above background
levels (Fig 4E; Supplemental Fig. S7). We further showed
that Tc1 excision was detected in the sample enriched
for the new MIC from wild-type cells at late conjugation
but not in the sample enriched for the developing MAC

(Fig. 4F), supporting that Tc1 excision occurs preferential-
ly, if not exclusively, in the new MIC. We conclude that
RNAi-dependent Polycomb repression is required for con-
trolling the excision and, by inference,mobilization of the
Tc1 element. Tc1 excision also proves that polyadeny-
lated transcripts generated from Tc1 elements are bona
fide mRNA encoding a functional transposase. Even
though the mRNA is generated from the developing
MAC, the transposase must enter the new MIC to ensure
germline transposition of the element and its expansion in
the Tetrahymena population (Fig. 4G). Somatic transcrip-
tional activation coupled with germline mobilization is
likely a recurring theme for TEs in binucleated ciliates,
as in multicellular organisms (Wang et al. 2018).

Alternative production of ncRNA and mRNA in IESs

IESs are specifically targeted for elimination by scnRNA
(Mochizuki et al. 2002). scnRNAs accumulating during

A B
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Figure 5. Alternative production of
ncRNA and mRNA in IES-specific loci. (A)
Active production of polyadenylated tran-
scripts as well as scnRNA in an IES. y-axes:
Normalized coverage (RPM) of polyadeny-
lated transcripts and scnRNA in wild type
and the mutants. Positive values represent
coverage on theWatson strand, negative val-
ues the Crick strand. Early-scnRNA is repre-
sented by 2′-O-methylated scnRNA at early
conjugation (Schoeberl et al. 2012), while
late-scnRNA is represented by scnRNA as-
sociated with TWI11 expressed from the de-
veloping MAC at late conjugation (Noto
et al. 2015). Note the significant levels of
polyadenylated transcripts inwild-type cells
and absence of early-scnRNA. (B) Active
production of polyadenylated transcripts as
well as scnRNA in a large cluster of IES-spe-
cific loci derived from TEs. (C ) Enrichment
of scnRNA in IES-specific loci. (Top) Com-
posite analysis of the early and late scnRNA
coverage of epigenetically silenced IES-spe-
cific loci. Each locus is equally divided into
100 units from the 5′ to 3′ end (highlighted
region) and extended by 1.5 kb in both direc-
tions (as in Fig. 2D). The average normalized
scnRNA coverage (RPM) of each unit in all
the loci was cumulated. Positive values rep-
resent coverage on the sense strand of a lo-
cus (solid lines), negative values the
antisense strand (dashed lines). (Bottom)
Control with randomized genomic loca-
tions. (D) Relationship between polyadeny-
lated transcript levels and the late-scnRNA
bias in IES-specific loci. The late-scnRNA
bias for a locus is quantified by early- (E)
and late-scnRNA levels (L): (L−E)/(L +E).
Values close to 1 indicate strong bias for

late-scnRNAs. IES-specific loci are grouped into 10 quantiles (1–10, from low to high) according to their polyadenylated transcript levels
in wild-type and ΔDCL1 cells, respectively. Note that while a positive correlation between polyadenylated transcript levels and late-
scnRNA bias was found in wild-type cells, a negative correlation was found in ΔDCL1 cells.
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early conjugation, referred to as early-scnRNAs, are de-
rived from bidirectional ncRNA transcripts generated in
the meiotic MIC (Chalker and Yao 2001; Mochizuki
et al. 2002); additional scnRNAs are derived from ncRNA
transcripts generated in the developing MAC during late
conjugation, referred to as late-scnRNAs (Noto et al.
2015). IESs in the developing MAC generate ncRNAs
(Aronica et al. 2008)—precursors to the late-scnRNA—as
well as polyadenylated transcripts. Indeed, we found sub-
stantial overlap in genomic locations between late-
scnRNAs and IES-specific polyadenylated transcripts (Fig.
5A,B), while early-scnRNAs were excluded from some
IES-specific loci (Fig. 5A). Composite analysis of scnRNA
distribution around IES-specific loci silenced by the
RNAi-dependent Polycomb repression pathway (Fig. 2D)
revealed that both early- and late-scnRNAs were enriched
therein, compared with a control generated from random-
ized genomic locations (Fig. 5C; Supplemental Fig. S8A).
Analysis of total scnRNA at late conjugation (10 h after
mixing; amixture of early- and late-scnRNA) also revealed
similar enrichment (Supplemental Fig. S9A). However,
only moderate strand bias was observed in scnRNA (Fig.
5A–C;Supplemental Figs. S8A, S9A,B), in striking contrast
to the sense strand specificity of the associated polyadeny-
lated transcripts (Fig. 2D).This result suggests that, inboth
themeioticMICand the developingMAC, there is bidirec-
tional transcription of ncRNAaround the IES-specific loci,
which subsequently undergo cleavage by DCL1 (Malone
et al. 2005; Mochizuki and Gorovsky 2005) and random
selection of the guide strand by TWI1 (Mochizuki and
Kurth 2013). Bidirectional transcription of ncRNA in the
meiotic MIC was further corroborated by the GRO-seq
data showing no strand specificity in IESs (Fig. 2C).

In wild-type cells, IES-specific loci with significant
mRNA levels, including the aforementioned active Tc1
element (Fig. 4), were predominantly associated with
late-scnRNA but not early-scnRNA (Fig. 5A,D). For IES-
specific loci with decreasing mRNA levels, the late-
scnRNA bias was progressively reduced (Fig. 5D, top pan-
el). The strong positive correlation betweenmRNA levels
and the late-scnRNA bias can be interpreted in the con-
text of epigenetic regulation of transcriptional activation
in the developing MAC. We propose that high levels of
early-scnRNA target homologous sequences in the devel-
oping MAC to nucleate the formation of heterochroma-
tin, which in turn favors the production of ncRNA over
mRNA. In the absence of early-scnRNA, some IES-specif-
ic loci can producemRNA instead of ncRNA in the devel-
oping MAC.

The correlation between mRNA levels and the late-
scnRNA bias turned negative in ΔDCL1 cells, as many
IES-specific loci associated with early-scnRNAwere high-
ly induced (Fig. 5D, bottom panel). Similar analyses re-
vealed intermediate states in ΔEZL1 and ΔPDD1 cells
(Supplemental Fig. S8B), as fewer IES-specific loci were in-
duced andmany of themwere expressed at lower levels in
these two mutants compared with in ΔDCL1 cells (Sup-
plemental Fig. S3C,D). Global increase in IES-specific pol-
yadenylated transcripts coincided with compromised
production of late-scnRNA in all three mutants. Previous

studies stronglysupport thatDCL1 is required for bothear-
ly- and late-scnRNA (Malone et al. 2005; Mochizuki and
Gorovsky 2005), while EZL1 and PDD1 are implicated in
late-scnRNA production (Noto et al. 2015). Our analysis
confirms that scnRNA production from IES-specific loci
is abolished in ΔDCL1 cells (Supplemental Fig. S9A,B). In
ΔEZL1 and ΔPDD1 cells, even though global scnRNA lev-
els were not significantly affected (Supplemental Fig. S9A,
B), IES-specific loci with strong late-scnRNA bias were
preferentially depleted of scnRNA at late conjugation
(Supplemental Fig. S9C,D). Taken together, these results
strongly support that epigenetic factors, including the
RNAi machinery and PcG proteins, regulate the balance
between ncRNA or mRNA production in the developing
MAC.

The balance between ncRNA and mRNA production is a
critical aspect of the balance between transcriptional
silencing and activation

To further investigate how the alternative production of
mRNA and long ncRNA is regulated, we compared polya-
denylated transcript levels at different conjugation stages
(3, 6, and 10 h after mixing) (Fig. 6A,B). In contrast to high
levels of IES-specific polyadenylated transcripts at late
conjugation, very few, if any, were detected in wild-type
cells or the mutants at early conjugation (3 and 6 h after
mixing) (Fig.6A,B); ascontrols, abundant readscorrespond-
ing to bona fide mRNA (mapped to MDS) were found (Fig.
6A,B). During early conjugation, the transcriptionally ac-
tive meiotic MIC is the sole source for IES-specific tran-
scripts (Chalker and Yao 2001; Schoeberl et al. 2012);
however, they are exclusively ncRNAs, which in Tetrahy-
mena are distinguished frommRNA by their lack of poly-
adenylation, in line with the previous observation for
transcripts from theM element (Chalker and Yao 2001).

We next investigated why the meiotic MIC can only
produce ncRNA, while the developing MAC can produce
both ncRNA and mRNA. In Tetrahymena, transcription
in the meiotic MIC is catalyzed by RNA polymerase II
(Mochizuki and Gorovsky 2004b), which is probably also
responsible for IES transcription in the developing MAC,
conforming with Pol II-catalyzed ncRNA production in
other eukaryotes (Castel and Martienssen 2013). Pol II-
driven mRNA biogenesis involves a cascade of cotran-
scriptional events, including the addition and recognition
of the 5′ cap structure, splicing, and packaging and export-
ing (Aguilera 2005). WeHA-tagged key components of the
corresponding molecular machineries: RPB3 for Pol II,
CBP20 for the cap binding complex, PRP19 for the splicing
complex, and THO2 for the RNA packaging and exporting
complex (Fig. 6C,D). By immunofluorescence staining,
RPB3 and CBP20 were localized in the meiotic MIC dur-
ing early conjugation and in the developing MAC during
late conjugation, while PRP19 and THO2 were only de-
tected in the developing MAC but were excluded from
the meiotic MIC (Fig. 6C). On the other hand, all four
components were detected in the parental MAC generat-
ing bona fide mRNA (Fig. 6C). We conclude that mRNA
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production is precluded in the meiotic MIC due to the
lack of critical cotranscriptional factors.
To understand how the cotranscriptional processes are

coordinated with RNAi-dependent transcriptional si-
lencing in the developing MAC, we examined interac-
tions of RPB3, CBP20, PRP19, or THO2 with TWI1, an
Argonaute/Piwi family member that is a critical player
in the pathway (Fig. 6D; Mochizuki et al. 2002; Noto
et al. 2010, 2015). All these components are present in
the developing MAC (Fig. 6C; Mochizuki et al. 2002),
allowing physiologically relevant interactions. TWI1
was coimmunoprecipitated with RPB3 (Fig. 6D), sup-
porting a role of Pol II in ncRNA production. Even stron-
ger coimmunoprecipitation was detected between TWI1
and CBP20, while only weak coimmunoprecipitation

was detected with PRP19, and none with THO2 (Fig.
6D). This result suggests that 5′ end processing of
transcripts plays a critical role in recruiting the RNAi
machinery for ncRNA production. In contrast, cotran-
scriptional processes that occur further downstream are
progressively segregated from ncRNA production. We
also found that in IES-specific loci, both early- and late-
scnRNA were detected in introns at levels comparable
with those of the flanking exons, in contrast to the deple-
tion of polyadenylated transcripts in introns (Fig. 6E).
This result provides further support for the lack of splic-
ing in ncRNA produced in both the meiotic MIC and the
developing MAC and precludes the possibility that
scnRNA is produced by post-transcriptional processing
of mRNA.
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Figure 6. The balance between ncRNA and
mRNA production is a critical aspect of the
balance between transcriptional silencing and
activation. (A) IES-specific polyadenylated
transcripts are only produced during develop-
ingMAC formation. (3) 3 h after mixing: meio-
sis, (6) 6 h after mixing: gametogenesis, (10) 10
h after mixing: developing MAC formation,
(blue bar) IES. RNA-seq was performed after
oligo-dT enrichment of polyadenylated tran-
scripts. Note that essentially no RNA-seq
reads were mapped to the IES region at the
two early conjugation time points. (PM) Paren-
tal MAC, (DM) developing MAC, (OM) old
MAC. (B) Percentage of RNA-seq readsmapped
to consistently processed IESs, relative to total
mappable reads. Note that IES-specific polya-
denylated transcripts were abundantly pro-
duced during developing MAC formation (10
h after mixing) but rarely detected before that
(3 and 6 h after mixing). (C ) Localization of
the transcriptional and cotranscriptional ma-
chineries in early (3 h after mixing) and late
(10 h after mixing) conjugating cells. RPB3-
HA, CBP20-HA, PRP19-HA, and THO2-HA
cells were stained with an anti-HA antibody
(red) and counterstained with DAPI (blue). Pa-
rentalMAC (PM): green arrowhead, developing
MAC (DM): green arrows, MIC: white arrow-
heads, old MAC (OM): white arrow. (D) Inter-
action between TWI1 and the transcriptional/
cotranscriptional machineries. The designated
cells were processed for crosslink-immunopre-
cipitation with the anti-HA antibody at late
conjugation (10 h after mixing). The anti-HA
and anti-TWI1 antibodies were used for immu-
noblotting. Note that similar amounts of bait
proteins were recovered, as shown by the
anti-HA immunoblotting. (E) Production of
scnRNA from intronic as well as exonic re-
gions. Distributions of polyadenylated tran-
scripts (dotted lines) and scnRNA (solid lines)
in introns and exons of IES-specific loci. Each

intron is equally divided into 10 units from the 5′ to 3′ end; the two flanking exons are also equally divided into 10 units, respectively.
The average RPM of each unit in all the loci were cumulated. Double counting for exons is avoided. (F ) Alternative production of ncRNA
andmRNA in themeioticMIC and the developingMAC. In this simplified schematic, transcription from IES-specific loci is emphasized,
while genic transcription from MDS is omitted. See text for details.
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We conclude that ncRNA and mRNA can be alterna-
tively produced from the same genomic locus under the
influence of different trans-acting factors (Fig. 6F). In the
meiotic MIC, lack of PRP19 and THO2, required for
mRNA biogenesis but minimally involved in ncRNA bio-
genesis, precludes mRNA production and entails exclu-
sive ncRNA production. In the developing MAC, many
IES-specific loci can potentially generate both. Epigenetic
factors regulate the transition between ncRNA and
mRNA production, at least partially through their differ-
ential interactions with cotranscriptional processing fac-
tors. Transcriptional silencing of TEs is accompanied
and reinforced by the transition from mRNA to ncRNA
production and vice versa for transcriptional activation.

Discussion

Alternative production of ncRNA andmRNAas a critical
aspect of the host–TE relationship

We have demonstrated that RNAi-dependent Polycomb
repression controls TEs in Tetrahymena. Intriguingly,
TE-related sequences can alternatively produce ncRNA
or mRNA. As both are transcribed by Pol II, additional
factors—including the RNA splicing and exporting
machinery, the RNAimachinery, and the chromatin envi-
ronment—dictate alternative outcomes (Fig. 6E). In the
meioticMIC, lack of key cotranscriptional processingma-
chineries entails the exclusive production of ncRNA. In-
deed, regulating the accessibility of cotranscriptional
processing machineries or utilizing alternative transcrip-
tionalmachineriesmaybe a recurring theme forTE silenc-
ing during meiosis, which has also been implicated in the
biogenesis of piRNA (Le Thomas et al. 2014; Mohn et al.
2014; Zhang et al. 2014; Senti et al. 2015; Andersen et al.
2017)—the metazoan equivalent of scnRNA (Gao and
Liu 2012; Mochizuki 2012). In the developing MAC, the
RNAimachinery targets nascent RNA transcripts and dis-
rupts mRNA production, possibly by cleavage with the
slicer activity of TWI1 (Noto et al. 2010) or interference
with mRNA processing (Perales and Bentley 2009). The
balance may also be affected by histone modifications as-
sociated with a locus. In particular, scnRNA production
and EZL1-catalyzed histone methylation may potentially
form a positive feedback loop (Noto et al. 2015). Based on
all the evidence, we propose that the transition between
ncRNAandmRNAproduction is a critical aspect underly-
ing transcriptional silencing and activation, especially for
TE-related sequences (Fig. 6E). Our results strongly sup-
ports TE-derived sequences as the template for many
long ncRNA, which in other eukaryotic systems may or
may not be cotranscriptionally processed or converted
into small RNA (Kelley and Rinn 2012; Kapusta et al.
2013;Haet al. 2014).Wealso showthat thebalanceof tran-
scriptional silencing and activationofTEs is closely linked
to strand bias of their transcripts, implying a transition
from unidirectional transcription for mRNA to bidirec-
tional transcription for ncRNA. In several eukaryotic sys-
tems, antisense transcription has been shown to initiate
from the 3′ end of a transcriptional unit or the divergent

promoter of a neighboring transcriptional unit, frequently
derived from a TE nested within or downstream of a gene
(Conley et al. 2008) and controlled by variousmechanisms
including chromatin structure and RNA processing-based
surveillance (Lee et al. 2013; Schulz et al. 2013;Marquardt
et al. 2014).

In Tetrahymena, enrichment of scnRNA specific for
IESs underlies RNAi-guided heterochromatin formation
and DNA elimination (Noto and Mochizuki 2017). Al-
though some specificity can be attributed to the scanning
process depleting scnRNA homologous to MDS (Mochi-
zuki et al. 2002; Mochizuki and Gorovsky 2004a; Schoe-
berl et al. 2012), a strong bias for IESs in early scnRNA
and ncRNA transcripts from the meiotic MIC has not
been accounted for. Based on our results, we propose that
TEs’ capability for mRNA production (essential for their
mobilization) can be diverted for ncRNA production (re-
quired for TE silencing and ultimately their elimination
in Tetrahymena and other ciliates). Indeed, high levels of
early-scnRNA, derived from ncRNA in the meiotic MIC,
are a strong predictor of complete silencing of mRNA
production in the developing MAC. Early-scnRNAs are
primarily generated from peri-centromeric and subtelo-
meric regions of the MIC chromosomes (Hamilton et al.
2016), which are associated with heterochromatin in a
wide range of eukaryotes (Slotkin and Martienssen 2007).
When a TE is inserted into these regions, early-scnRNA
production is promoted, leading to silencing of all closely
relatedTEs in trans. Thismaybe an importantmechanism
for a newly invaded TE to stabilize its copy number in the
host genome and the population.

In binucleated ciliates, in a brief window after transcrip-
tional activation but before DNA elimination in the de-
veloping MAC, TE-encoded proteins may be expressed
and subsequently imported into the germlineMIC, allow-
ing TE mobilization and persistence in the germline MIC
(Fass et al. 2011; Arnaiz et al. 2012; Chen et al. 2014; Ham-
ilton et al. 2016). On the other hand, ncRNA-mediated
transcriptional silencing and subsequent DNA elimina-
tion of almost all TE-related sequences from the transcrip-
tionally active somatic MAC reduce the host’s fitness
cost. Alternative production of ncRNA and mRNA of
TE-related sequences therefore represents a critical bal-
ancing act allowing TEs to persist in the genome of a
host species—be it a protozoan or a metazoan (Levin and
Moran 2011).

In mutants deficient in RNAi-dependent Polycomb
repression, we find abundant mRNA from numerous
TE-related sequences, as well as evidence for increased
mobilization of at least one recently active Tc1/mariner
element, supporting epigenetic instability as a cause for
TEmobilization.DiverseTc1/marinerelements andother
TEs have been propagated recently inTetrahymena (Ham-
ilton et al. 2016). Under sporadic conditions of epigenetic
instability, many TEs may be mobilized en masse in
episodes that have the potential to dramatically alter a ge-
nome, drive a population to traverse the fitness landscape,
and even lead to speciation (Zeh et al. 2009; Oliver and
Greene 2012), thus providing an underlying molecular
mechanism for evolution by punctuated equilibria
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(Eldredge and Gould 1972). Although limited, previous
studies of IES positions and sequences across Tetrahyme-
na species point to high levels of polymorphism (Huvos
1995). Future characterization of the Tetrahymena mobi-
lome and its epigenetic regulation will provide deeper un-
derstanding of the intricate relationship between the host
genome/epigenome and TEs and how they work together
to shape the course of evolution.

Polycomb repression as an ancient pathway
for RNAi-dependent TE silencing

RNAi-guided transcriptional silencing of TE-related se-
quences generally involves three ancient pathways:
H3K9 methylation catalyzed by histone methyltrans-
ferases homologous to Drosophila Su(var)3-9; H3K27
methylation catalyzed by histone methyltransferases ho-
mologous to Drosophila E(z); and DNA cytosine methyl-
ation catalyzed by DNA methyltransferases (Malone and
Hannon 2009; Moazed 2009). Based on their widespread
distribution in all the major eukaryotic branches, there
is an emerging consensus that these pathways were al-
ready present in the last eukaryotic common ancestor
(Fig. 7; Supplemental File S6; Aravind et al. 2011; Iyer
et al. 2011). RNAi-dependent Polycomb repression may
be present in a wide range of eukaryotic organisms, even
though its role is sometimes obscured by the other two
pathways. In mouse embryonic stem cells, PcG proteins
have been shown to act coordinately to transcriptionally
repress genomic repeats, including retroviral elements
(Leeb et al. 2010), a function often solely assigned to
H3K9 methylation and DNA methylation. In Arabidop-
sis, loss of DNA methylation and accompanying H3K9
methylation in TE-related sequences can lead to redistri-
bution of H3K27 methylation (Mathieu et al. 2005;
Weinhofer et al. 2010; Deleris et al. 2012), which indicates

a complex interplay between these epigenetic marks and
TEs. Intriguingly, one or more of the heterochromatin for-
mation pathways have been lost in particular branches of
evolution (Fig. 7; Supplemental File S6). TheDNMTDNA
methylation pathway is conspicuously absent in ciliates
and nematodes. There is only the Su(var)3-9 pathway in
Schizosaccharomyces Pombe, and none of the three path-
ways is in Saccharomyces cerevisiae, even though all
three are present in related fungi Neurospora and Crypto-
coccus (Jamieson et al. 2013; Dumesic et al. 2015). Only
PcG proteins are found in Tetrahymena (Liu et al. 2007),
making it an ideal system to dissect the function and mo-
lecular mechanism of RNAi-dependent Polycomb repres-
sion. To the best of our knowledge, our study is the first to
demonstrate that defects in Polycomb repression lead to
not only transcriptional TE activation but also germline
mobilization of TEs. Combined with the phylogenetic
profile, our results argue strongly that, although PcG pro-
teins are adapted to various functions during evolution,
their ancestral role may have been to control TEs.

Materials and methods

Additional details are available in Supplemental Material.

Strains and culture conditions

Tetrahymena strains were produced using fusion PCR-generated
constructs (Supplemental File S7), as described previously (Gao
et al. 2013). To overexpress the Tc1 transposase, its coding region
was used to replace the MTT1 coding region and HA-tagged.
Somatic transformants were selected for paromomycin resis-
tance, conferred by the neo gene inserted into the nearby MTT3
locus. RPB3, CBP20, PRP19, and THO2 were HA-tagged at the
endogenous locus.
Tetrahymena cells were grown at 30°C in SPP medium (Sweet

and Allis 1998). To initiate conjugation, log-phase growing cells
(∼2×105/mL) of two differentmating types werewashed, starved,
and mixed in 10 mMTris (pH 7.4) or Dryl’s buffer (2 mM sodium
citrate, 1mMNaH2PO4, 1mMNa2HPO4, 1.5mMCaCl2, pH 6.8)
at 30°C (Sweet andAllis 1998; Cassidy-Hanley 2012). Overexpres-
sion of the Tc1 transposase was induced with 1.5 µg/mL Cd2+

overnight in SPP medium. Cells were then washed, starved, and
mated with wild-type CU427.

RNA-seq and analysis

Total RNA was extracted from Tetrahymena cells using the
RNeasy Protect Cell minikit (Qiagen), as described (TetraFGD,
http://tfgd.ihb.ac.cn/index/smphelp). Polyadenylated transcripts
were enriched using Sera-Magmagnetic oligo-dT beads (GE). First
strand-specific libraries were constructed using the Illumina Tru-
Seq StrandedmRNA sample preparation kit (RS-122-2101). Small
RNA was enriched by a mirVana™ miRNA isolation kit
(Ambion). Small RNA libraries were constructed using the Illu-
minaTruSeqSmallRNASamplePrepkit (RS-200-0012). Sequenc-
ing was performed using an Illumina HiSeq-2500 sequencer.
Analysis of polyadenylated transcripts was performed as de-
scribed previously (Xiong et al. 2012; Feng et al. 2017). Analysis
of small RNAwas performed as described (Schoeberl et al. 2012).

Figure 7. Polycomb repression as an ancient pathway for RNAi-
dependent TE silencing. Distribution of RNAi-dependent hetero-
chromatin formation pathways in eukaryotes (Supplemental File
S6). Asterisks point out organisms in whichDNA cytosinemeth-
ylation levels are very low. See text for details.
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Selecting consistently processed IESs for analysis

IESs were identified by comparing the Tetrahymena MIC and
MAC genome assemblies, as previously described (Hamilton
et al. 2016). We manually removed all known nonmaintained
chromosomes and exonic IESs, which either contain or are asso-
ciatedwith abundantmRNA transcripts (Cheng et al. 2016;Ham-
ilton et al. 2016; Lin et al. 2016; Feng et al. 2017). Some IESs are
variably processed, as they are partially or even fully retained in
the MAC of some conjugation progeny. We avoided this compli-
cation by focusing on consistently processed IESs (Supplemental
File S1), which are covered at low levels by genomic DNA se-
quencing of the developing MAC and the mature MAC in wild-
type cells but at high levels in the developing MAC of ΔDCL1
cells (Feng et al. 2017).

Selecting IES-specific loci for analysis

Gene models in IESs were generated using the RNA-seq data of
polyadenylated transcripts in wild-type, ΔDCL1, ΔEZL1, and
ΔPDD1 cells. After removing thosewithmany reads alsomapped
outside of the consistently processed IESs (multimappers), we ob-
tained a list of IES-specific loci (Supplemental File S2, Sheet 1). A
subset of the IES-specific loci were silenced by the RNAi-depen-
dent Polycomb repression pathway (RPKMMT≥1 and RPKMWT-

/RPKMMT≤ 0.5) (Supplemental File S2, Sheet 2).
Long ORFs in IES-specific loci (≥100 amino acids) were

searched for homology by blastp. Putative conserved coding re-
gions were identified by merging significant hits (e≤ 1×10−10),
and their codon usage frequencies were calculated (Supplemental
File S3). IES-specific loci were further annotated for TE-related se-
quences (Supplemental File S4) by BLAST search against a library
of interspersed repeats obtained from the Tetrahymena MIC ge-
nome (Hamilton et al. 2016). The library was built by combining
knownTEs fromRepbase (Jurka et al. 2005) and repeats identified
de novo. Repeats were classified into TE families using multiple
lines of evidence, including conserved TE protein domains
(Marchler-Bauer et al. 2011), homology to known elements, pres-
ence of terminal inverted repeats, and putative target site duplica-
tions. With similar methods, we also performed a systematic
search for putative Tc1/mariner elements in the Tetrahymena
MIC genome (Supplemental File S5).

TE mobilization assay

Two pairs of primers (Supplemental File S7) were designed for am-
plification by nested PCR of the truncated genomic region after
excision of the Tc1 element in Supercontig_2.6:532,001..534,000.
All primers anneal within the IES region; therefore, they cannot
amplify the IES excision product. Tc1 excision frequency was
quantified by Droplet Digital PCR, using HindIII-digested geno-
mic DNA as the template.

Immunofluorescence staining, immunoprecipitation, and
immunoblotting

For immunofluorescence staining, Tetrahymena cells were fixed
in PBS with 2% paraformaldehyde for 10 min, permeabilized in
0.4% Triton X-100 for 3 min, and probed with the anti-HA anti-
body (Cell Signaling Technology). For immunoprecipitation, Tet-
rahymena cells were fixed in PBSwith 0.1% paraformaldehyde at
roomtemperature for 5min.Afterwashing (50mMTris [pH8.0], 1
mMMgCl2, 10mMKCl), cells were resuspended with 10mL ice-
cold immunoprecipitation buffer and sonicated (Branson Sonifier
250, 90% duty cycle, output 4, 4 × 15 sec burst). The solubilized
fraction was recovered after centrifugation and filtration, and in-

cubatedwith anti-HA agarose (Sigma) for 4 h at 4°C. For immuno-
blotting, the anti-HA antibody (Cell Signaling Technology) and
the anti-TWI1 antibody (a gift from Kazufumi Mochizuki) were
used.

Identification of Ago/piwi, E(z), Su(var)39, and DNMT homologs

We first searched the literature concerning RNAi, H3K27 meth-
ylation, H3K9 methylation, and 5-cytosine DNA methylation
pathways in 16 organisms representingmajor branches of eukary-
otic evolution (Supplemental File S6). In the absence of experi-
mental evidence, we searched genome sequences for homologs,
defined as reciprocal best BLAST hits of human AGO1, EZH2,
SUV39H1, and DNMT genes (Supplemental File S6).

Accession numbers

RNA-seq and small RNA-seq data have been deposited at the
NCBI Gene Expression Omnibus under accession GSE118200.
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