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ABSTRACT

During its somatic nuclear differentiation, the single cell eukaryote Tetrahymena
thermophila undergoes genome-wide programmed DNA rearrangement to eliminate
transposon-like elements from its future soma. This process involves small RNA-directed
heterochromatin formation followed by extensive nuclear reorganization to form
subnuclear domains. While more has been known about small RNAs and
heterochromatin, the mechanisms and players involved in the process of nuclear
reorganization and the subsequent removal of transposon-like elements from the somatic
genome are just starting to unravel. My thesis work centers on the study of two novel
nuclear proteins Die5Sp (Chapter 2) and Lia5p (Chapter 3) and their roles in DNA
rearrangement. These essential proteins function downstream of small RNA targeted
heterochromatin establishment. While LiaSp is essential for nuclear reorganization to
form distinct subnuclear structures, Die5p is a protein conserved across ciliate species
and appears to be important for the integrity of the differentiating genome. Maintaining
genome integrity during somatic nuclear differentiation has proven to be an active
process. Similar to V(D)J recombination during mammalian B and T cell maturation,
programmed DNA rearrangement in Tetrahymena induces global DNA damage that
requires proper response and repair. Through the study of LIA5 and DIES, we show that
nuclear reorganization during Tetrahymena DNA rearrangement is intimately associated
with the response to DNA damage. Furthermore, we implicate a chromodomain protein
Pdd1 as a component of the DNA damage response system, thus providing evidence to
support the link between heterochromatin and DNA repair during the reprogramming of

Tetrahymena somatic genome.
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Chapter 1

Introduction



1. Perspective

Chromosomes and protein components of the eukaryotic nucleus exist in non-
random distribution. Transcriptionally active euchromatin and relatively inert
heterochromatin are partitioned into separate nuclear domains. Furthermore, various sub-
nuclear structures such as nucleoli, transcription foci, cajal bodies, splicing speckles etc.
have been described (Spector, 2003, 2006). These observations suggest that the patterned
organization serves to compartmentalize functional activities in the nucleus (reviewed in
Stein et al., 2009). The changes in nuclear landscape observed during human stem cell
differentiation (Butler et al.,, 2009) further highlights the importance of nuclear
reorganization in epigenetically regulating developmental specific genes. Elucidating the
dynamics and the mechanisms that drive nuclear organization is therefore fundamental to
understanding nuclear function.

Due to its unique biology, ciliates have proven to be a prominent model organism
that has provided many pivotal insights to the fundamentals of biology. Nobel prize
winning discoveries of ribozymes and telomere function are just a few examples. More
recently, the study of programmed DNA rearrangement has contributed to our
understandings in small RNA-directed heterochromatin formation (Chalker and Yao,
2011). This evolutionary conserved process has been shown to be crucial for proper
inheritance and maintenance of genome integrity across metazoans. Moreover, massive
chromatin repositioning that accompanies heterochromatin formation during ciliate
programmed DNA rearrangement provides a unique opportunity to study nuclear

organization (Chalker, 2008). In attempt to study the mechanisms and players involved in



nuclear organization in Tetrahymena, we uncovered that this process bridges small RNA-
mediated heterochromatin formation and DNA damage repair.

Ciliate genome reprogramming during sexual reproduction involves extensive
excision events that remove considerable portion of the germline genome from its
developing soma. Domesticated transposases have been recently implicated in such
process, followed by DNA double strand break (DSB) repair to reconstitute functioning
somatic genome (Baudry et al., 2009; Cheng et al., 2010; Kapusta et al., 2011; Lin et al.,
2012). Not only are these important nuclear events integrated for the process of ciliate
somatic nuclear differentiation, increasing evidence in other organisms have also
implicated an intimate relationship between the major components of small RNA
biogenesis, heterochromatin, transposase activity and DNA damage repair. Our
understanding of the interplay between these processes is at its infancy.

The scope of my thesis encompasses the studying of two genes, LI45 and DIES
and their roles in programmed DNA rearrangement during Tetrahymena sexual
reproduction. The initial goals of these studies were to provide further understanding of
how cells reorganize their nuclear content and package unwanted chromatin for silencing
during genome reprogramming. However, in the process of elucidating the functions of
these two essential genes, the results of my thesis projects uncovered the importance of a
heterochromatin component in responding to DNA damage for repair. In turn, we
highlight the importance of DNA damage response in the process of Tetrahymena DNA
rearrangement. Additionally, we provide further evidence to support the connection
between heterochromatin and DNA damage repair, and speculate its biological

significance in regulating transposable elements during genome reprogramming.



II. Heterochromatin and silencing

In eukaryotes, DNA is wrapped around a histone octamer and organized into
higher order chromatin structures. Intricate networks of remodelers and enzymes in turn
help to epigenetically compact and organize genomes into discrete nuclear domains. A
diverse set of nuclear structures have been described, each associating with a different
nuclear activity (Stein et al., 2009). Heterochromatin and euchromatin represent one of
the earliest descriptions of nuclear compartmentalization. While the less condensed
euchromatin is considered to be more accessible for active transcription, heterochromatin
is compact and generally associated with transcriptional silencing. Although these
compartments had been generally thought to separate transcriptional activity, and that
heterochromatin is associated with gene silencing, increasing evidence reveal that
heterochromatin is required for activating expression of certain genes (Lu et al., 2000;
Yasuhara and Wakimoto, 2006).

Histones and their modifications play essential roles in regulating
heterochromatin. Because different modifications and variants of histones have been
found to be differentially enriched on euchromatin relative to heterochromatin, a histone
code hypothesis had been proposed as a means to regulate the genome (Jenuwein and
Allis, 2001). Major hallmarks of heterochromatin include hypoacetylated histones, tri-
methylation of histone 3 lysine 27 (H3K27), and di- and tri-metylation of lysine 9
(H3K9). On the other hand, transcriptionally active chromatin is often hyperacetylated
and methylated at H3K4. Heterochromatin protein 1 (HP1) is a major component of

heterochromatin. Originally identified in Drosophila melanogaster, HP1 has been found



to be highly conserved from yeast to human (Baudry et al., 2009). This protein contains
an amino-terminal chromodomain that can interact with methylated H3K9. Similar
chromodomain proteins are known to interact with methylated H3K27 (Lachner et al.,
2001). In addition, the C-terminal chromoshadow domain allows self-dimerization,
creating an interface for interaction with other proteins (Brasher et al., 2000; Mendez et
al., 2011). Each of these interacting proteins is believed to contribute to a different aspect
of heterochromatin.

Heterochromatin is preferentially associate with genomic regions containing
repetitive elements such as transposons and satellite DNA that are found in the
centromeres and telomeres (Birchler et al., 2000; Martens et al., 2005). Proper
establishment and maintenance of heterochromatin is critical for maintaining genome
integrity, as it is essential for silencing potentially harmful DNA elements as well as
ensuring proper centromere and telomere functions (Peng and Karpen, 2009). Although
some cis-acting sequences can promote the formation of facultative heterochromatin,
cells combat the repetitive nature of constitutive heterochromatin (such as those found in
the telomere and pericentric regions of eukaryotes) by involving small RNA mediated
silencing mechanisms. This process has been most extensively described in
Schizosaccharomyces pombe (Volpe et al., 2002; Verdel et al., 2004), however various
evidence have shown that the involvement of RNAi machinery in heterochromatin and
gene silencing is conserved across a diverse set of organisms (Malone et al., 2005;
Kuramochi-Miyagawa et al., 2008; Fagegaltier et al., 2009; Wang and Elgin, 2011).
Mechanisms and players involved differ slightly depending on the lineage and the

chromosomal context, however, the similarity of the fundamentals and basic mechanisms



are clear. This process involves the production of small interfering RNAs by the RNAse
III family enzyme — Dicer. The small RNAs assemble with effector Argonaut family
proteins, which can be divided into two clades: AGO and PIWI proteins. In the case of
transcriptional silencing, the small RNAs and Argonaut, together with other factors form
the RNA inducing transcriptional silencing (RITS) complex. RITS was first described in
S. pombe (Volpe et al., 2002), where it has been shown to direct the deposition of H3K9
methylation by histone methyltransferases on sequences that possess homology to the
small RNAs loaded into the complex. In Tetrahymena, a RITS like complex has also
been shown to direct H3K27 methylation (Liu et al., 2007). Methylated histones recruit
chromodomain proteins such as HP1 (Dorsophila and mammals) or Swi6 (S. pombe),
consequently nucleating the generation of higher order chromatin structure (determined
by sequence complementarity of the small RNAs). Further recruitment of additional
chromatin proteins and subsequent propagation in turn leads to the spreading of
heterochromatin and silencing of the effective region.

In addition to maintaining genome integrity, heterochromatin has impacts on
other nuclear activities since the higher order chromatin structure limits the accessibility
of the machineries that act on chromosomes. Relevant to my thesis is the impact of
chromatin structure on DNA damage repair. It has been shown that repair within
heterochromatin is less efficient than in euchromatin. Particularly, HP1 mediated
compaction of chromatin is inhibitory for repair (Goodarzi et al., 2008, 2009).
Consequently, mammalian HP1-f3 is phosphorylated and transiently released from the
damaged sites to facilitate chromatin decondensation and repair (Ayoub et al., 2008).

Countering this observation, however, HP1 has also been found to localize to sites of



DNA damage. Interestingly, this recruitment is dependent on the chromoshadow domain
and independent of the chromodomain. Furthermore, the disruption of HP1 inhibits repair
(Ayoub et al., 2009; Luijsterburg et al., 2009). Clearly HP1 exhibits dynamic mobility
during DNA damage. The exact role of HP1 in repair remains to be determined, however,
it has been proposed that HP1 may act as a component of DNA damage response (DDR)
(Luijsterburg et al., 2009) (discussed in the next section). To explain the contrasting
observations regarding HP1 recruitment and eviction during DNA damage, a bimodal
theory has been proposed to suggest that although HP1 interaction with H3K9 and
H3K27 methylation via its chromodomain is transiently released to allow chromatin
decondensation, it is subsequently recruited to the site of damage via its chromoshadow

domain and may play an active role in the process of repair (Ayoub et al., 2009).

III. DNA damage repair

Double-strand breaks (DSBs) are among the most deleterious DNA lesions.
Incorrect repair can cause inversion, translocation, deletion and chromosome fusion. To
prevent deleterious consequences, cells have evolved an elaborate system to repair this
damage. DSBs are typically repaired by either non-homologous end joining (NHEJ) or
homologous recombination (HR). The choice of which repair pathway is used depends
upon the cell cycle or developmental stage. Furthermore, different organisms often favor
one pathway over the other. For instance, NHEJ is the predominant DSB repair pathway
in mammalian cells and is active throughout cell cycle. On the other hand, HR functions

in late S-G2 phase and is the dominant repair pathway in budding yeasts.



In higher eukaryotes, NHEJ pathway involves the binding of broken ends by
Ku80/Ku70 heterodimers, which in turn recruits the DNA-dependent protein kinase
(DNA-PK) complex. Subsequently, the broken ends undergo processing, and are rejoined
by the LigaselV complex, which includes the catalytic domain Ligase IV and its co-factor
XRCC4. Cellular response to DNA damage extends beyond simply processing and
rejoining the broken ends. To ensure timely detection and repair, upon insult, cells
immediately activate a signal transduction network to convey damage. These signals are
collectively known as the DNA damage response (DDR) and are important for not only
facilitating damage repair, but also regulating cell cycle or inducing apoptosis when
damage persists.

DDR is initiated by binding of sensor proteins to DNA breaks. This in turn
activates signal transduction proteins, which leads to covalent modification and activation
of numerous substrates. These substrates can be proteins that further amplify damage
signal, or function directly in DSB repair. One of the key events that occur during DDR 1is
the rapid phosphorylation of histone H2A variant H2AX by ATM and related kinases
(ATR and DNA-PK). Phosphorylated H2AX (yH2AX) is critical for DNA damage repair,
and appears to act as an interacting platform or recognition signal for repair proteins.
Histone modification and recruitment of massive protein complexes to DNA lesion
triggers nuclear reorganization and changes in chromatin structure. In fact, one visual
response to DNA damage is the formation of nuclear foci where DNA repair occurs
(reviewed in Yin and Bassing, 2008; Bao, 2011; Cann and Dellaire, 2011; Lukas et al.,

2011). DNA repair foci is an example of compartmentalizing nuclear activities.



IV. Programmed DNA damage

Although potentially harmful to cells, many essential cellular processes involve
programmed introduction of DSBs and their subsequent repair. One of the well-known
examples is in the programmed DNA rearrangement to generate immunoglobulin and T-
cell receptor diversity of vertebrate adaptive immune systems. In this process,
programmed DSBs is introduced for V(D)J recombination by the Rag domesticated
transposase. Rejoining of the coding regions is then carried out by the NHEJ pathway,
involving Ku70/Ku80 heterodimers and the DNA Ligase IV complex (reviewed in
Gellert, 2002; Kapitonov and Jurka, 2005; Soulas-Sprauel et al., 2007).

Studies of programmed DNA rearrangements have revealed profound insights
into the mechanisms of DNA repair and recombination. Most of these DNA
rearrangements involve a few loci, thus affect a limited portion of the genome within the
organisms in which they occur. However, for some eukaryotes, programmed DNA
rearrangements occur genome-wide. Such large-scale genome reorganizations have been
known since Theodor Boveri described chromatin diminution in the parasitic nematodes
in 1887. Other whole genome rearrangement phenomena have been describe in hagfish,
copepods, ciliates, and most recently, the sea lamprey (Beermann, 1977; Nakai et al.,
1991; Tobler and Miiller, 2001; Smith et al., 2009, 2010). In my dissertation research, I
have investigated the regulation of DNA rearrangement in the ciliated protozoan
Tetrahymena thermophila.

Like the process of V(D)J recombination, DNA rearrangement in ciliates involve
the cutting and rejoining of DNA. Such event triggers programmed DNA damage that

requires proper response and repair. Differing from V(D)J recombination, however, the



developmental program in ciliates involves a genome-wide excision event that triggers
extensive DNA damage. The presence of phosphorylated H2AX and recent discovery
that NHEJ pathway components are essential provide evidence that link ciliate

programmed DNA rearrangement to damage and DSB repair.

V. Tetrahymena somatic nuclear differentiation involves genome-wide programmed

DNA rearrangement

During reprogramming of its somatic genome, ciliate Tetrahymena thermophila
undergoes genome-wide DNA rearrangement to eliminate transposon-like elements and
many non-coding sequences. This process involves massive nuclear reorganization to
partition involved chromatin and machineries into distinct subnuclear structures. Since
this major event during Tetrahymena sexual reproduction can be induced and highly
synchronized, it provides a unique opportunity to study the dynamics and mechanisms of
nuclear compartmentalization.

The single cell eukaryote Tetrahymena thermophila organizes two
morphologically and functionally distinct nuclei within the same cell (Figure 1). These
two nuclei serve the analogous roles as the germline and the soma of metazoans.
Accordingly, they perform their most critical functions to different degrees during the
two main stages of Tetrahymena cell cycle: vegetative growth and sexual reproduction
(via conjugation). The germline micronucleus is diploid, containing five chromosome
pairs that are maintained in a transcriptionally silenced state during vegetative growth. In
contrast, the somatic macronucleus is polygenomic, containing nearly 200 different

chromosomes from which all gene expression occurs to support growth. The 200
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macronuclear chromosomes comprise a fragmented subset of the genome represented in
the five micronuclear chromosomes.

During sexual reproduction (Figure 2), micro- and macronuclei differentiate from
a common zygotic genome derived from the germline of the previous generation. The
zygotic genome is formed from the fusion of haploid nuclei of two mating partners that
are generated by micronuclear meiosis during the early stages of conjugation. A selected
meiotic product in each partner undergoes an additional nuclear division to provide
stationary and migratory ‘gametic’ nuclei, the later of which are exchanged between
partners. The fusion of stationary and exchanged haploid nuclei produces genetically
identical zygotic nuclei in each partner. These zygotic nuclei complete two rounds of
mitotic division to generate the four precursor (anlage) nuclei, two that remain germline
in character and two that differentiate into new macronuclei. Thus the micronuclear
anlagane are maintained in a transcriptionally quiescent state while the macronuclear
anlage differentiates, which induces the activation of gene expression.

The differentiation of the somatic macronuclei requires genome-wide DNA
rearrangements. These rearrangement events can be categorized as two major types,
chromosome breakage and internal DNA elimination. The germline-derived
chromosomes are fragmented into at least 180 Chromosome Breakage Sequences (CBS),
a highly conserved 15bp sequence found at all know fragmentation sites. Breakage at the
CBS 1is coupled with de novo telomere addition to stabilize the shortened somatic
chromosomes. One purpose of fragmentation may be to facilitate chromosome
partitioning during the amitotic division of macronuclei (these nuclei do not undergo

conventional mitosis and divide without formation of spindles). Concurrent with
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chromosome breakages, ~50Mbp of the germline-derived DNA is eliminated from an
estimated 5000-6000 loci, which represent >30% of the original germline genome (Yao
and Gorovsky, 1974; reviewed in Yao and Chao, 2005; Chalker and Yao, 2011). The
sequences eliminated, termed Internal Eliminated Sequences (IESs), range in size from
300bp to >20kbp and are predominantly found in intergenic regions. They are efficiently
excised and their macronuclear-destined flanking DNA 1is rejoined. The newly
fragmented and rearranged chromosomes are then subject to several rounds of
amplification, resulting in a mature, polyploid somatic genome, which is transcriptionally
competent to support vegetative growth in this new generation.

The ~50Mbp sequences removed from the developing somatic nucleus are
primarily repetitive sequences that resemble transposable elements (Wuitschick et al.,
2002; Fillingham et al., 2004) and other ‘junk DNA’ in eukaryotes. While other
eukaryotes normally silence these elements by packaging them into heterochromatin,
Tetrahymena faithfully eliminates these sequences during each round of sexual
reproduction. It has long been a mystery how many diverse sequences that share little
similarity to one another can coordinately undergo excision. Early experiments that
identified essential cis-acting sequences furthered this conundrum as no two IESs studied
shared common cis-regulatory sequences. The discovery about a decade ago that the
recognition of sequence to be eliminated utilizes small RNAs to target specific genomic
regions for removal from the developing genome dispelled some of this mystery. More
significantly, these studies revealed that DNA elimination is a means of defense against

the mobility of transposable elements and showed that the mechanism of IES excision
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shares similarity with that by which other eukaryotes package silenced DNA into

heterochromatin (reviewed in Slotkin and Martienssen, 2007).

VI. Programmed DNA rearrangement involves small RNA-directed heterochromatin

formation (Figure 3)

The mechanism by which Tetrahymena DNA elimination achieves sequence
specificity is through the action of small RNAs. These small RNAs are produced by bi-
directional transcription of the germline genome during meiosis.  Although the
micronucleus is silent during vegetative growth, upon induction of conjugation, the
germline nucleus produces bi-directional transcripts, which are subsequently processed
by dsRNA-specific, Dicer-like ribonuclease (Dcll) into 27-30nt small RNAs, called scan
(scn)RNAs (Malone et al., 2005; Mochizuki, 2005). These small RNAs are assembled
with a PIWI family protein Twil, which is required for their stability (Mochizuki et al.,
2002). The scnRNAs that are complementary to IESs are then selectively transported into
the developing somatic nucleus to guide the marking of the homologous IESs for
elimination. Supporting the importance of these RNAs in DNA rearrangements, mutant
strains lacking either DCLI or TWII fail to accumulate small RNAs, consequently, fail to
eliminate IESs and arrest in development prior to completion of conjugation.

RNA-guided genome rearrangement is the ciliate equivalent of small RNA-
directed heterochromatin formation. In the developing somatic nucleus, the IESs
recognized by complementary scnRNAs are marked with histone modifications that are
hallmarks of heterochromatin, histone H3K27 and H3K9 methylation. These chromatin

modifications are established by small RNA recruitment of Enhancer of Zeste Like
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methyltransferase (Ezl1). Defects in scnRNA production or accumulation cause failed or
improper establishment of these histone modifications. Furthermore, like DCLI and
TWII mutants, cells lacking EZLI fail to eliminate IESs and arrest at the same
developmental stage (Taverna et al., 2002; Liu et al., 2007).

Not only are IES marked with heterochromatin-specific modifications, but they
are also compartmentalized into nuclear substructures. Just prior their elimination, the
marked sequences targeted for elimination are found to concentrate in electron dense
chromatin structures that bear similarity to heterochromatin found in other eukaryotes
(Smothers et al., 1997). It has been proposed that these nuclear foci are the site of IES
elimination. During the final stages of nuclear differentiation, disappearance of these
condensed structures is accompanied by elimination of the IESs from the future soma.

The involvement of the programmed DNA degradation (Pdd) proteins further
links IES elimination with heterochromatin. Pddl and Pdd3 contain chromodomains
(Madireddi et al., 1996; Nikiforov et al., 2000). Like Drosophila heterochromatin protein
1 (HP1) and Polycomb (Pc) (Paro and Hogness, 1991), Pddl and Pdd3 chromodomain
bind methylation marks on histone H3 (Taverna et al., 2002; Liu et al., 2007). During
conjugation, these proteins are recruited to the IESs in the developing somatic nucleus
through their interaction with methylated H3K27 and H3K9. They are found to localize
to the IES elimination foci. Due to its abundance and easy visualization, Pdd1 is often
used as a marker for foci formation. Like cells lacking other genes required for the
process of IES elimination, PDD1 mutants fail to excise IESs and arrest at the same

developmental stage.
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Partitioning S0Mbp sequences from 6000 loci into countable distinct nuclear foci
necessitates massive nuclear reorganization. The extent of this reorganization event is
especially apparent from the dynamic localization of the abundant conjugation protein
Pdd1 (Chalker, 2008). Pdd1 localization is initially dispersed throughout the developing
genome, but together with the IESs, Pdd1 becomes concentrated into condensed nuclear
foci at the onset of IES excision (Madireddi et al., 1996; Smothers et al., 1997). It is
likely that such nuclear reorganization serves to compartmentalize DNA rearrangement
activity into sub-nuclear domains to ensure efficient regulation. However, the exact
function and the mechanism of nuclear reorganization that lead to the formation of these

heterochromatin-like structures are not well understood.

VII. Linking DNA elimination to transposon control

As mentioned earlier, many IESs share sequence similarity to transposable
elements. Most IESs are repeated sequences found in the micronuclear genome.
Eliminated sequences, such as the Tell (Cherry and Blackburn, 1985) and REP
(Fillingham et al., 2004) elements are clearly related to transposons. The similarity of
some IESs to transposons led to the hypothesis that IES excision evolved from the
mechanism of transposon insertion. Examination of excision intermediates supported
this idea. IES deletion produces intermediates with four-base 5’ protruding ends, which
resembles the transposition products of some transposons such as Tn7 (Saveliev and Cox,
1995, 1996). For these reasons, it seemed likely that the eliminated sequences in
Tetrahymena are derived from transposons during evolution, even though many share no

transposon homology. The relatively recent discovery that the excision of IESs involves a
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domesticated transposase has provided important insight into the mechanism of this
process and its evolution.

Domesticated transposases have been identified in diverse eukaryotic lineages.
These transposases have been shown to serve critical functions that are essential for the
fitness of their hosts. Two well-known examples are RAG1 from Transib transposons
that functions in V(D)J recombination of vertebrate immunoglobulin genes (Agrawal et
al., 1998; Kapitonov and Jurka, 2005) and Cenp-B from pogo DNA tranposons, involved
in the formation of centromere in some eukaryotes (Smit and Riggs, 1996; Casola et al.,
2008). Recent efforts in Tetrahymena and its distant cousin Paramecium have identified
the involvement of the domesticated piggyBac Transposase in ciliate DNA rearrangement
(Baudry et al., 2009; Cheng et al., 2010) In Tetrahymena, TPB2 (Tetrahymena piggyBac
transposase 2) produces an enzyme with a conserved DDD motif that is capable of
catalyzing endonuclease activity in vitro. During DNA rearrangement, Tpb2 protein co-
localizes with chromodomain protein Pddl to the subnuclear DNA rearrangement foci.
Disruption of Tpb2 expression inhibits the formation of these foci and abolishes proper
DNA rearrangement. These observations suggest that ciliates have adapted to the
invasion of transposable elements by employing domesticated transposase to silence
them.

As mentioned earlier, ciliates have recruited components of the Non Homologous
End Joining pathway to repair the DNA lesions created by Tpb2 during programmed
rearrangement. Recent efforts have separately implicated heterochromatin and small
RNAs to DNA damage response in other organisms. HP1 recruitment to the site of DNA

damage has been found to be essential for repair (Ayoub et al., 2009; Luijsterburg et al.,
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2009). Furthermore it has been shown in Arabidopsis, zebrafish and mammalian cell lines
that major components of the RNAi machinery and small RNAs generated from the site
of DNA damage are crucial for DDR (Francia et al., 2012; Wei et al., 2012). These
observations suggest that the interplay between small RNAs and heterochromatin goes
beyond gene silencing and leave us pondering upon the evolutionary significance
regarding hosts’ adaptation in combating transposon invasions. Tetrahymena thermophila
integrates these pathways into one process — programmed DNA rearrangement, making it

a unique model for further studying the interaction between these pathways.
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Figure 1 — Tetrahymena nuclear dimorphism

(A) Tetrahymena contains two functionally and morphologically distinct nuclei within
each cell. The germline micronucleus contains 5 diploid chromosomes that are
transcriptionally silent during vegetative growth. The macronucleus houses the somatic
genome that is transcriptionally active to support vegetative growth. This genome is
polyploid and highly fragmented. During sexual reproduction (conjugation), the parental
macronucleus is lost. The germline micronucleus undergoes division and cross-
fertilization with its mating partner to give rise to both the germline and the somatic
nucleus of the next generation. (B) Somatic nuclear differentiation involves genome wide
programmed DNA rearrangement that involves chromosome fragmentation and the
removal of ~50Mbp transposon-like elements termed Internal Eliminated Sequences
(IESs).
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Figure 2 — Major nuclear events during 7Tetrahyman conjugation

Conjugation 1is initiated by pairing of mating compatible cells. The onset of mating
directs the germline micronucleus of each cell to enter meiosis. One of four meiotic
products is selected to undergo replication and division to produce two identical gametic
micronuclei (gmi) in each mating partner. One from each cell is exchanged and fuses
with the partner’s stationary copy to produce genetically identical zygotic nuclei. After
karyogamy, two additional rounds of mitosis produce the progenitors of the new somatic
and germ-line nuclei. Shortly after the second nuclear division, two enlarge and begin to
differentiate into macronuclei while the remaining two are preserved silent, one of which
is selected as the future germline. Adapted from (Chalker, 2008)
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Figure 3 — Model for small RNA directed IES elimination

Progression through development (arrow) and major molecular events are labeled in the
left column. Nuclear morphology of the cells at respective developmental stages are
depicted next to its corresponding arrows. Small purple circle and the larger white circles
represent the parental micronucleus and macronucleus, respectively. The blue small and
large circles represent the developing micronucleus and macronucleus, respectively. A
fluorescent image and a schematic representation of the nuclear reorganization foci are
shown. The right-most column depicts the molecular events of IES elimination described
as follows: small RNA production: parental micronucleus produces bi-directional
transcripts that are processed by Dicer-like ribonuclease (DCL1) into doubled stranded
small RNAs. These small RNAs include ones that are complementary to IESs as well as
other sequences. Small RNAs are loaded onto Piwi family protein Twil. The pool of
Twil-RNA complex that contains small RNAs complementary to IESs are selected and
transported into the developing macronucleus. IES targeting: Twil-RNA complex
identifies the IESs in the developing macronucleus and lead to the recruitment of
Enhancer of zest-like methyltransferase (Ezll). Ezll catalyzes H3 K9 and K27
methylation on histones associated with the IESs. These methyl marks recruit
chromodomain proteins such as Pdd1. Nuclear reorganization: IESs and Pdd proteins
are assembled into subnuclear foci, followed by the excision of IESs.
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The Conjugation-Specific Die5S Protein Is Required for Development of the Somatic

Nucleus in both Paramecium and Tetrahymena

Matsuda, A., Shieh, A.W, Chalker, D.L., and Forney, J.D.

Eukaryotic Cell, 2010
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Summary & Perspective

While genome rearrangements of ciliates have been studied for over three
decades, the machineries that carry out these processes are rather poorly described. To
uncover genes encoding proteins involved in programmed DNA rearrangement, a screen
was performed in Paramecium by Atsushi Matsuda and Jim Forney at Purdue University
to identify genes highly expressed when these processes occur. This screen identified the
developmental specific nuclear protein DIES (Defective IES Excision 5) that is conserved
between Paramecium and Tetrahymena. Collaboration between the Forney and Chalker
labs to investigate the role of DIES in ciliate programmed DNA rearrangement revealed
that this gene is essential in both species. Although conserved between evolutionarily
distant ciliate species Tetrahymena and Paramecium, DIES has no clear homologs in
other organisms. While the exact function of DIES remains to be elucidated, we showed
that Tetrahymena DIES (TtDIES) is required for maintaining genome integrity of the
developing somatic nucleus. The lack of TtDIES resulted in failure to complete
development and caused differentiating macronuclei to eventually lose detectable DNA
content even though the nuclear envelope remained intact. This phenotype was at the
time unique to DI/ES. Recent advances in the field since the publication of this paper may
shed lights into the significance of this finding. In particular, it has been shown that the
major players of the NHEJ DNA repair pathway Ku80 is essential for maintaining
macronuclear genome integrity during Tetrahymena DNA rearrangement. Knockdown of
Ku80 expression resulted in a loss of DNA content from the developing macronucleus as
reported for DIE5S mutant. Similarly, DNA damage repair has been implicated in

Paramecium DNA rearrangement, as repair proteins Ligase IV and XRCC4 are required
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for the process. It is likely that DIES is a component of a conserved process that mends
broken DNA ends during rearrangement. The role of DIES in DNA rearrangement is

worth revisiting.

Contributions to the work

A. Matsuda and A.W. Shieh contributed equally to this work. Half of the paper
describes the identification and role of DIES in Paramecium while the other half reports
the characterization of the Tetrahymena homolog. The identification of the protein and
the characterization of its function in Paramecium was done by Matsuda and Forney.
Except for the initial northern blot analysis, I performed all experiments characterizing

DIES in Tetrahymena with advice and support from D. L. Chalker.
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Development in ciliated protozoa involves extensive genome reorganization within differentiating macronu-
clei, which shapes the somatic genome of the next vegetative generation. Major events of macronuclear
differentiation include excision of internal eliminated sequences (IESs), chromosome fragmentation, and
genome amplification. Proteins required for these events include those with homology throughout eukaryotes
as well as proteins apparently unique to ciliates. In this study, we identified the ciliate-specific Defective in /ES
Excision 5 (DIES) genes of Paramecium tetraurelia (PtDIES) and Tetrahymena thermophila (TtDIES) as orthologs
that encode nuclear proteins expressed exclusively during development. Abrogation of PtDie5 protein
(PtDie5p) function by RNA interference (RNAi)-mediated silencing or TtDieSp by gene disruption resulted in
the failure of developing macronuclei to differentiate into new somatic nuclei. Tetrahymena ADIES5 cells
arrested late in development and failed to complete genome amplification, whereas RNAi-treated Paramecium
cells highly amplified new macronuclear DNA before the failure in differentiation, findings that highlight clear
differences in the biology of these distantly related species. Nevertheless, IES excision and chromosome
fragmentation failed to occur in either ciliate, which strongly supports that Die5p is a critical player in these
processes. In Tetrahymena, loss of zygotic expression during development was sufficient to block nuclear
differentiation. This observation, together with the finding that knockdown of DieSp in Paramecium still allows
genome amplification, indicates that this protein acts late in macronuclear development. Even though DNA
rearrangements in these two ciliates look to be quite distinct, analysis of DIE5 establishes the action of a

conserved mechanism within the genome reorganization pathway.

The biology of ciliates offers an extreme case of differential
regulation of separate copies of the genome (see reference 34).
These protists possess two morphologically and functionally
distinct types of nuclei coexisting within a common cell (re-
viewed in references 20 and 43). The somatic macronucleus is
polygenomic and transcriptionally active, whereas the germinal
micronucleus is diploid and transcriptionally inert throughout
the vegetative growth cycle.

When ciliates undergo development during the sexual phase
of the life cycle, the existing somatic macronuclei disappear
and new micro- and macronuclei arise from germ line-derived
precursors. These genetically identical precursor nuclei are
formed upon the conjugation of two mating-compatible part-
ners, which induces meiosis of germ line micronuclei. The
products of meiosis and a postmeiotic division are two haploid
gametic nuclei in each conjugate, one of which is exchanged
between partners. The migratory pronucleus fuses with the
stationary copy to form a diploid zygotic nucleus that subse-
quently divides and differentiates. The new micronuclei are
maintained in a silent state, while the differentiating macronu-
clei acquire extensive chromatin modifications that mediate
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regulated gene expression. In some ciliate species, nuclear
differentiation can alternatively occur through a self-fertiliza-
tion process called autogamy, which occurs without cell pairing
and exchange of genetic material, but nonetheless starts with
meiosis and leads to the production of new micro- and macro-
nuclei.

Macronuclear differentiation includes genome-wide DNA
rearrangements that extensively remodel the developing so-
matic chromosomes. The processes of chromosome fragmen-
tation and DNA elimination dramatically alter the genome
found in the mature somatic macronucleus after conjugation.
Different ciliate species eliminate anywhere from 15% to 90%
of the germ line (micronucleus-limited) DNA during this pro-
cess (reviewed in references 43 and 57). In addition to these
physical alterations, the genome is endoreplicated to tens or
even thousands of copies per macronucleus, a ploidy level that
varies between species.

The DNA segments eliminated from the developing macro-
nucleus are called internal eliminated sequences (IESs), which
can vary in structure both within a species and between differ-
ent species. In Paramecium tetraurelia, IESs are generally short
(26 to 883 bp) and have a modestly conserved 8-bp inverted
repeat that has some similarity to the termini of the mariner/
Tcl superfamily of transposable elements (22). Excision of
these IESs is precise, leaving a single copy of the 5'-TA-3’
dinucleotide in the macronucleus-retained sequences. The
mechanism generates double-stranded breaks at both ends,
followed by joining of the macronucleus-destined DNA (see
references 5 and 19). On the other hand, IESs in another
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ciliate, Tetrahymena thermophila, are relatively large (0.6 to
>20 kb) and show substantial heterogeneity in their excision
boundaries. The elimination of the Tetrahymena IESs shows
some similarity to the imprecise elimination of transposon-like
sequences from the developing genome of Paramecium (24).
Unlike the Paramecium 1ESs, those in Tetrahymena show no
obviously conserved sequence characteristics at their excision
boundaries. The model proposed for their excision also differs
from that of Paramecium. Evidence from the characterization
of rearrangement intermediates suggests that a double-
stranded break at one end of the IES is followed by transes-
terification of the freed end to the other boundary, generating
the macronuclear junction (45, 46).

Despite substantial variability in the size, structure, and ex-
cision mechanisms of IESs in different ciliate species, there is
a growing body of molecular evidence that IES excision in both
Tetrahymena and Paramecium involves an RNA interference
(RNAI)-like pathway (17, 34, 36, 38, 56). This pathway is more
extensively characterized for Tetrahymena. A large pool of
germ line-derived small (27- to 30-nucleotide [nt]) RNAs is
generated by cleavage of RNA produced by extensive, bidirec-
tional transcription within meiotic micronuclei (11, 36). These
“scan RNAs” (scnRNAs), generated by the Dicer-like protein
Dcllp (30, 37), direct methylation of histone H3 on lysine 9
(K9) and/or lysine 27 (K27), marking the IESs at the beginning
of nuclear differentiation for later removal from the genome
(26, 50). A role for small RNAs has also been identified in
Paramecium and possibly in Stylonychia, but it is less clear if
these act by directing specific chromatin modifications on or
near IESs (17, 21, 25). Further studies and comparative anal-
yses should reveal additional biochemical pathways that medi-
ate these remarkable genome reorganization processes. For
example, a recent study discovered a domesticated piggyBac
transposase in Paramecium that is required to remove the IESs
from the developing macronuclei and reported that a similar,
developmentally expressed transposase gene is contained
within the Tetrahymena genome (4).

In this report, we show that a gene named Defective /ES
Excision 5 (DIES) is expressed during sexual reproduction and
is required for removal of germ line-specific sequences from
the Paramecium genome. Although significant sequence iden-
tity with DIES could not be found in most other eukaryotes, we
identified a candidate homologue in Tetrahymena thermophila
(TtDIEY) that is also developmentally regulated. Disruption of
TtDIES revealed that it is also required for IES excision and
chromosome breakage. Further investigations demonstrated
that loss of TtDie5p does not appear to disturb well-charac-
terized steps in macronuclear development, such as small-
RNA accumulation and formation of DNA rearrangement
foci. Comparison of our results for both species revealed a
conserved role for DieSp in the formation of the ciliate ma-
cronucleus yet also uncovered significant differences in the
action of Die5p between these organisms. We believe this type
of comparative study has the power to discern key conserved
features of ciliate genome reorganization.

MATERIALS AND METHODS

Cell lines and culture. Paramecium tetraurelia stock d4-110 (hr-b/hr-b) was
used to generate cultures undergoing synchronized conjugation for RNA isola-
tion and whole-cell PCR analysis. Strains d4-502 (pwA-502/pwA-502; nd6-1/
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nd6-1) and a3093 (pwB-96/pwB-96; nd9-c/nd9-c1) (from Mihoko Takahashi, Uni-
versity of Tsukuba) were used for genetic analysis. Elsewhere, nd6 (nd6-1/nd6-1)
was used as a wild-type control. Paramecia were cultured at 27°C as described by
Sonneborn (49) in 1.25 to 2.5 g Austrian winter pea (Outsidepride) in 800 ml
double-distilled water (ddH,O) buffered with K-DS (4 mM sodium citrate, 2.8
mM sodium phosphate dibasic, 1.2 mM potassium phosphate monobasic, 1.5
mM calcium chloride) supplemented with 1.25 mg/liter stigmasterol and inocu-
lated with Klebsiella pneumoniae 1 to 2 days prior to use (53). Tetrahymena
thermophila stocks B2086, CU427, and CU428.1 were cultured axenically in
Neff’s (0.5% dextrose, 0.25% yeast extract, 0.25% proteose peptone, 3.3 mM
FeCl;) or SPP (0.2% dextrose, 0.1% yeast extract, 1% proteose peptone, 0.003%
Sequestrene) medium at 30°C as described previously (18, 42).

For conjugation, mating-reactive Paramecium cells in starvation medium were
mixed at a density of >2,000 cells/ml and incubated at 27°C. Conjugating cells
were enriched for by the methods described by Yang and Takahashi (55) and
Vosskiihler and Tiedtke (54), which resulted in cultures 80 to 99% pure for
conjugating Paramecium. Conjugating Tetrahymena cells were prepared for mat-
ing by washing out growth medium and culturing them in 10 mM Tris-HCI (pH
7.4) for >6 h. Mixing cultures of complementary mating types at equal cell
density produced cultures with mating efficiencies of 80 to 95% (29).

Total RNA isolation. Total RNA was isolated from 50 to 100 ml of Parame-
cium cell culture (100 to 1,000 cells/ml) with an RNeasy minikit (Qiagen) sup-
plemented by a QTAshredder for cell homogenization and an RNase-free DNase
set (Qiagen) for elimination of genomic DNA. All products were used according
to the manufacturer’s directions. RNA was extracted from 10 to 20 ml Tetrahy-
mena cell culture (2 X 10° cells/ml), using RNAzol extraction (14). Total RNA
was used in reverse transcription (RT)-PCR to monitor expression in wild-type
and ADIES lines, using TtDIES oligos 5'-GTTTATGTTTTCTAATTGAGCTT
T-3" and 5’CTGGTATAATCATTAATGCTCG-3' or HHP1 (Tetrahymena HP1
gene) oligonucleotides 5'-GGAGCTTCAACTCATTAAACACG-3’ and 5'-TC
GGGAGAAGCATACTTAGCA-3', which amplify 252-bp or 371-bp cDNA
products, respectively.

Microinjection and observation of GFP fluorescence. Paramecium plasmids
containing the green fluorescent protein (GFP)-DIES fusions were derived from
pZC’ARI (kindly provided by Eric Meyer, CNRS, Paris, and Jean Cohen, CNRS,
Gif-sur-Yvette). Plasmid pSAGNSAt contains a 652-bp upstream region, the
GFP gene, and the full-length open reading frame (ORF) of DIESa (we desig-
nated the gene identified by differential display as DIESa and its paralog as
DIES5b) followed by the 330-bp DIE5a downstream region. Plasmid sequences
are available on request. Approximately 2 pl of plasmid solution (~5 ug/ul) in
distilled water was injected into the macronuclei of Paramecium cells as previ-
ously described (32). GFP-expressing cells were fixed and stained with propidium
iodide (Vector Laboratories, Burlingame, CA) as described previously (32).
Confocal microscopy was performed with a Bio-Rad MRC 1024 UV/Vis system.

To examine DieSp localization in Tetrahymena, the TtDIES coding region
(genome coordinates CH445530:323,516 to 324,279) was amplified and cloned
into the pENTR-D plasmid to create pENTR-DIES, which is compatible with
Gateway recombination cloning (Invitrogen). Subsequently, LR Clonase IT was
used to recombine the DIES coding sequence into a destination vector containing
an MTT1-inducible GFP expression cassette cloned upstream of a cyclohexi-
mide-resistant rpl29 allele. This construct was linearized with HindIII in the
flanking 7pl29 sequences and introduced into starved Tetrahymena cells by bi-
olistic transformation. Transformants were selected in SPP medium containing
12.5 pg/ml cycloheximide. To induce GFP-DIES expression, 0.08 wg/ml CdCl,
was added to mating cells 3.5 h postmixing. Cells at 6 h to 14 h postmixing were
fixed in 2% paraformaldehyde, counter stained with DAPI (4',6-diamidino-2-
phenylindole), and visualized, using a Nikon model Eclipse E600 microscope
outfitted with a QImaging Retiga EX CCD camera driven by Openlab image
acquisition software (Improvision).

RNAi and phenotypic observation. A cDNA fragment corresponding to the
region of DIESa between a HinclI site and the polyA addition site was cloned
into pL4440 (52). (Note that a 23-bp segment in this region perfectly matches
DIESb and therefore likely silences both paralogs). RNAi experiments were
performed by feeding Paramecium Escherichia coli producing double-stranded
RNA as previously described (http://Paramecium.cgm.cnrs-gif.fr/RNAi/). Conju-
gation or autogamy of RNAi-treated cells was induced within 48 h of this feeding.
Conjugating pairs were isolated in fresh culture medium for phenotypic analysis.
For genetic studies, exconjugants were isolated and grown separately for ~10 cell
divisions prior to observation of phenotypes. To observe the phenotypes of the F,
generation, ~10 starved F, cells were transferred to fresh culture fluid and
allowed to grow for additional cell divisions, and their phenotype was scored
after autogamy (self-fertilization). Nuclear DNA was stained with propidium
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iodide in Vectashield after cells were fixed with 4% paraformaldehyde as de-
scribed previously (32).

Micronuclear and macronuclear ADIES strains. A Tetrahymena DIES knock-
out construct was generated, using a MultiSite Gateway cloning kit (Invitrogen).
DIES upstream (814 bps; nts 322753 to 323567 of contig CH445530) and down-
stream (761 bps; nts 324295 to 325056 of contig CH445530) flanking sequences
were amplified by PCR and cloned into the Gateway donor vectors, pPDONR-
P4-P1R and pDONR-P2R-P3, respectively, using BP recombinase. The MTT1-
NEO (2,079 bps) selection cassette derived from pMNBL (47) was amplified and
cloned into donor plasmid pENTR-D by a topoisomerase-mediated reaction.
These three donor plasmids were mixed in equal molar ratios with the destina-
tion vector pDEST-R4-R3 and LR Clonase Plus, and the resulting recombina-
tion created the gene disruption vector pKO-TtDIES.

Plasmid pKO-TtDIES was digested with Stul and introduced by biolistic trans-
formation into either starved CU427 and CU428 populations (macronuclear
transformation) or mating B2086 and CU428 populations (germ line transfor-
mation) 2.5 to 3.5 h postmixing as described previously (7, 8). Putative transfor-
mants with DIE5 disrupted (ADIES) within either their macronuclei or both their
macro- and micronuclei were selected by growth in the presence of paromomy-
cin. Micronuclear knockouts were verified by crossing original transformants to
CU427 to test for segregation of the MTTI-NEO cassette among the cyclohex-
imide-resistant progeny. The heterozygous micronuclear ADIES transformants
were crossed to the star strains B*VI and B*VII to generate homozygous mi-
cronuclear ADIES and ADIES micronuclei/wild-type macronuclei heterokaryons.
For both somatic and germ line transformants, which initially contained a mix-
ture of wild-type and ADIES alleles in their macronuclei, cells were subcloned
and cultured in growth medium containing increasing concentrations of paro-
momycin until only mutant alleles remained, thus producing complete macro-
nuclear-knockout strains. The elimination of the DIES gene in the macronucleus
and micronucleus was confirmed by PCR and Southern blot hybridization anal-
ysis as described previously (30).

Whole-cell PCR amplification. PCR amplifications were performed on whole-
cell Paramecium as described previously (32) (see Fig. 3).

Northern and Southern blot analyses. DNA from Paramecium cultures was
isolated as previously described (23). Tetrahymena genomic DNA was isolated
from 1 X 10° to 2 X 10° cells, using a Wizard genomic DNA isolation kit
(Promega), followed by resuspension in 10 mM Tris-HCI by incubation at 65°C
for 1 h or at 4°C overnight. Northern and Southern blots were performed as
described previously (30). Probes for Northern hybridization were derived from
cloned ¢cDNA fragments containing whole Paramecium or Tetrahymena DIES
ORFs. Plasmids used to generate Southern probes were pSA2.1HP for the 2.1-kb
Hincll and PstI or 1.5-kb BgllI-PstI fragments of the macronuclear A-51 allele or
p4578c containing a 787-bp fragment of the 4-51 allele generated by PCR, using
a forward primer (5'-GGATCTGTTGATCAACTAG-3") and a reverse primer
(5'-CTGATAGCGTATTTGGATTAG-3") with total genomic DNA from ex-
conjugant cells (see probes in Fig. 3A). This reaction amplifies the circularized
IES4578 of the A-51 allele that is present transiently in the genomic DNA of cells
during sexual reproduction. To examine the Tetrahymena DIES locus in the
knockout lines, isolated genomic DNA was digested with BstBI and separated on
0.9% agarose gel at 40 V overnight. The probe used for analysis of the knockout
lines was isolated from pDONR-Die5, created for generating the pKO-TtDie5
plasmid. To assess failure of chromosome breakage, total genomic DNA isolated
from wild-type or ADIES cells after 16 h of mating was digested with EcoRI,
fractionated, and probed with a 0.8-kbp fragment that spans the EcoRI site at
position 335013 of chromosomal scaffold CH445662.

Fluorescence microscopy. For examining the nuclear morphology of knockout
strains and for cellular localization of GFP-Die5p, cells were fixed in 2% para-
formaldehyde and stained with DAPI (1 pg/ml) for 10 to 30 min. Cells were then
immobilized under 22- by 22-mm coverslips in 5 pl of 2% methylcellulose. For
the visualization of DNA elimination structures, an integrative PDD1-YFP fu-
sion construct was introduced into Tetrahymena cells by biolistic transformation.
Conjugating transformants induced with 0.05 pg/ml CdCl, were fixed with 2%
paraformaldehyde at 14 h postmixing and were counter-stained with DAPI. For
histone modification analysis, 9-h conjugating cells were fixed with Schaudinn’s
fixative (2 parts saturated mercuric chloride to 1 part 95% ethanol) and dehy-
drated with methanol. The cells were then rehydrated with Tris-buffered saline
(TBS) and blocked in 1% bovine serum albumin (BSA) plus 0.01% Tween 20.
Anti-H3K9me2 rabbit polyclonal (Upstate Biotechnology) and anti-H3K27me3
mouse monoclonal (Abcam) antibodies were used at 1:500 dilution for immu-
nostaining. Secondary antibodies used were Alexa Fluor 488-conjugated anti-
rabbit and anti-mouse antibodies (1:1,000; Invitrogen).

Nucleotide sequence accession numbers. The nucleotide sequences of the
Paramecium DIES5a and DIESb genes are present in the GenBank database
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under accession numbers 124427424 and 124429605, respectively. The Tetra-
hymena DIES gene is found on genomic scaffold scf_8254365 under GenBank
accession number CH445530. The Tetrahymena DIES5 gene is designated
TTHERM_00686240, and the protein ID in GenBank is EAS04981.1. Pre-
liminary Paramecium and Tetrahymena genome sequence data were obtained
from Genoscope (http://www.genoscope.cns.fr/) and the J. Craig Venter In-
stitute (formerly the Institute for Genomic Research; http://www.jcvi.org/),
respectively (2, 13).

RESULTS

Paramecium DIE5 encodes a novel, developmentally ex-
pressed nuclear protein. As the genome remodeling that cre-
ates the somatic macronucleus is a major event in Paramecium
development, we used differential display to identify proteins
expressed exclusively during conjugation, as these are candi-
dates that promise to be important for this nuclear differenti-
ation (32). Upon further examination of the expression of
individual candidate genes by Northern blot analysis, one in
particular exhibited a dramatic increase in its mRNA abun-
dance at 13 h into conjugation (Fig. 1A), and overall its ex-
pression closely corresponded with the known timing of IES
excision (10 to 22 h, with a peak at 14 h) (6, 23). We also
detected a low level of expression in starved cell populations,
but this is likely derived from developing cells spontaneously
undergoing autogamy (self-fertilization).

We named this promising candidate Defective /ES Excision
5 (DIES), due to its gene knockdown phenotype described
below. DIES is predicted to encode a 199-amino-acid (aa)
protein with a molecular mass of 24 kDa. A nearly identical
protein is encoded by a second locus in the Paramecium
genome  (http://www.genoscope.cns.fr/externe/GenomeBrowser
/Paramecium/). This copy is clearly a DIES paralog derived
from the recent whole-genome duplication in the Paramecium
lineage (2), as the two genes are remarkably similar (86%
nucleotide identity; 98% amino acid identity) and both loci
contain homologous copies of the neighboring gene, NMD3,
present in the same orientation. Therefore, following the no-
menclature convention for Paramecium genes (1), we desig-
nated the gene identified by differential display as DIE5a and
its paralog as DIESb. (We refer to both genes below simply as
DIES, given that 196 of 199 aa are conserved between them,
and we used the DIE5a sequence in the design of all functional
experiments described.) Analysis of the Paramecium tetraurelia
DieSp amino acid sequence revealed no conserved protein
domains or motifs except for two classical nuclear localization
signals (NLSs); however, an identifiable homologue was found
in the genome of the ciliate, Tetrahymena thermophila (de-
scribed below). (When necessary to distinguish the Parame-
cium and Tetrahymena genes, we add the prefix Pt or Tt before
DIES). Thus, DIES appears to be a novel gene that is con-
served within the oligohymenophora lineage.

The two putative NLSs, along with the timing of expression,
suggested to us that DIES may encode a nuclear protein that
participates in macronuclear differentiation. To further inves-
tigate this possibility, we examined Die5p localization by fusing
GFP to its N terminus in a transgene expressed from the DIES
promoter. Paramecium cells containing this transgene showed
no detectable GFP fluorescence during logarithmic growth,
starvation, or the early stages of conjugation. However, con-
sistent with DIE5 mRNA expression (Fig. 1A), GFP-Die5p
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FIG. 1. DIES is a developmentally regulated gene encoding a nu-
clear protein in Paramecium. (A) Northern blot of total RNA (20 ng
per lane) from Paramecium probed with Paramecium DIESa. Ethidium
bromide staining of rRNA was used as a loading control. (B) Cellular
localization of GFP-Die5a expressed from an extrachromosomal DNA
driven by the DIE5a promoter. Fluorescent images are projections of
optical sections obtained by confocal microscopy. The GFP fluores-
cence exclusively localized to the new macronuclei, which show weaker
propidium iodide staining (DNA) than the old macronuclear frag-
ments. The image corresponds to a cell approximately 14 h after the
start of mating. The bar corresponds to 20 pwm.

was observed in cells by 7 h after the initiation of mating. The
fusion protein was found to localize exclusively within the
developing macronuclei but not in the fragments of old ma-
cronuclei of conjugating or autogamous cells (Fig. 1B and data
not shown). Thus, PtDIE5 encodes a developmentally ex-
pressed protein that appears to act in differentiating macronu-
clei.

Silencing of PtDIE5 inhibits formation of a functional ma-
cronucleus. To investigate whether the expression timing and
localization of DieSp is indicative of a function in macro-
nuclear development, we knocked down DIES expression, us-
ing RNAi-mediated gene silencing, by feeding Paramecium
cells E. coli expressing double-stranded RNA corresponding to
a fragment of DIE5 (16). To assess the level of knockdown
achieved by this approach, we monitored protein expression of
GFP-DieSp in transformed cells, using GFP-specific antibod-
ies, which provided a proxy for endogenous expression. West-
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ern blot analysis showed as substantial reduction in GFP-
Die5p levels, to ~35% of that observed upon feeding cells E.
coli transformed with the empty RNAi vector (data not
shown).

To determine whether DIES is essential to complete devel-
opment, we knocked down expression in mating cells that were
genetically marked to allow true progeny to be distinguished
from the parental lines. The two parental cell lines used in this
experiment were each homozygous for a recessive allele at
different loci (pwA or pwB; see Materials and Methods). Since
successful conjugation of these cells generates F, progeny that
are heterozygous at all loci, these F; exhibit a wild-type phe-
notype (genotype PWA/pwA, PWB/pwB). Both DIE5S RNAi-
treated and control cultures (i.e., cells fed bacteria containing
the empty RNAI vector) produced high percentages of viable
cells (78 and 97%, respectively), but only the control cells gave
rise to true progeny that were phenotypically wild-type,
whereas all viable cells of DIE5 RNAi-treated cells exhibited
the parental mutant phenotypes (Fig. 2A). Thus, loss of Die5Sp
resulted in failure to form new macronuclei.

We visually followed the DIE5 RNAi-treated conjugants
throughout development to ascertain whether the lack of sex-
ual progeny was caused by a failure in prezygotic events (e.g.,
meiosis, nuclear exchange, or karyogamy) or in events associ-
ated with postzygotic differentiation of the new macronucleus.
Control matings that produced wild-type cells generated ex-
conjugants with two macronuclear anlagen that eventually seg-
regated to the daughter cells at the first postmating cell divi-
sion (~18 h after induction of conjugation). In contrast,
cytological observations of DIE5 RNAi-treated cells (exam-
ined 30 and 36 h after induction of conjugation) showed a
dramatic reduction in cells with differentiating macronuclei, as
only 2 to 8% of exconjugants had two new macronuclei, while
12 to 23% had no macronuclear anlagen at all (Fig. 2B and C).
The no-macronucleus cells are expected to include those that
did not survive conjugation (lethal). The increase in no-macro-
nucleus cells at 54 h may also include cells that entered auto-
gamy shortly after conjugation. This is not possible in a normal
mating but could occur in cells that have undergone macro-
nuclear regeneration. Despite these nuclear abnormalities,
most DIE5 RNAi-treated conjugants proceeded through the
first postconjugative cell division. These results are substan-
tially different from those for silencing UBA2 (which encodes a
SUMO-activating enzyme), where most cells were arrested
with two micronuclei and two macronuclei (32). Together with
the genetic analysis of exconjugants, these results reveal that
knockdown of DIES expression blocks the completion of ma-
cronuclear development.

Despite the defects observed upon DIES5 knockdown, these
cells still exhibited a high level of viability upon exit from
conjugation. This observation suggests that DIES RNAI treat-
ment likely induced the alternative developmental pathway of
parental macronuclear regeneration (MR), which can occur in
Paramecium when new macronuclei fail to form. This pathway
has been observed upon silencing of other genes during con-
jugation (32, 41). Normally in wild-type cells, old macronuclear
fragments remain in the exconjugants and are transcriptionally
active for several postconjugative cell divisions. DNA replica-
tion no longer occurs, though, and these fragments are typi-
cally lost within 8 to 10 cell divisions (either actively or by
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FIG. 2. Silencing of DIE5 disrupts nuclear events during conjuga-
tion. (A) Progeny from conjugation treated with RNAIi. Survival (%)
and phenotype of the marker genes are shown. Both parental strains
for conjugation were homozygous for Mendelian recessive mutant
alleles of different marker genes (pwA and pwB; required for ciliary
reversal); thus, successful conjugation should produce the wild-type
phenotype of backward swimming, while failure in either nuclear ex-
change, fertilization, or formation of the new macronucleus should
result in the mutant phenotype, i.e., no backward swimming upon
stimulation. (B) Representative DAPI-stained Paramecium exconju-
gants with normal and defective cytological phenotypes observed after
RNAI treatments. Each picture contains a single cell with or without
the new macronucleus (arrowheads) and old macronuclear fragments.
Phenotypic classes were assigned to white, gray, or black, as indicated
below the pictures and plotted in the graphs in panel C. mac, macro-
nucleus.

dilution). When the new macronucleus is incapable of division
after sexual reproduction, one or more of the parental macro-
nuclear fragments regenerate into a single macronucleus that
is again capable of DNA replication, amitotic division, and
transcription. After MR, the macronuclear genotype is the
same as that of the parental lines (e.g., a mutant for pwA or
pwB), while the micronuclear genotype is heterozygous, as
nuclear exchange occurs between conjugates. To determine
whether MR had occurred, several cells that survived DIES
knockdown during conjugation were followed into autogamy
to reveal their micronuclear genotypes. The resulting F, lines
of the DIE5S RNAI F, survivors produced wild-type (as well as
mutant) progeny, which demonstrates that the F, cell lines
contained heterozygous micronuclei. Thus, the prezygotic
events of conjugation (i.e., meiosis and nuclear exchange) must
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have occurred normally in the DIE5S RNAi-treated cells, and
the surviving F, were the result of MR.

DIES is required for Paramecium IES excision. The failure
to form mature macronuclei after DIE5 RNAI treatment de-
spite successful formation of the zygotic nucleus raised the
possibility that this protein is important for the removal of
IESs. To examine the effect of DIES knockdown on IES exci-
sion, we first employed a PCR-based approach to specifically
amplify micronucleus-derived sequences. By locating one PCR
primer for each amplicon within an IES and its partner in the
flanking macronucleus-destined DNA, we could distinguish
DNA in the macronuclear anlagen (and new micronuclei) from
the abundant, rearranged DNA of the old macronuclear frag-
ments. The abundance of the resulting PCR products (named
“ppl,” “pp2,” and “pp3” in Fig. 3A) should increase as anlagen
DNA is amplified and decrease as the IESs containing the
primers are excised (Fig. 3B, vector lanes). In addition, as
small IESs are contained within the PCR amplicons, we could
follow their fates, as their excision prior to removal of the IESs
containing the primer sites generated smaller products ob-
served as faster-migrating bands in the gels (ppls, pp2s, and
pp3s in Fig. 3A and B). RNAi of DIE5 showed a gradual
increase in the amount of full-length (IES-containing) PCR
product over the developmental time course, indicating that
loss of DIES does not inhibit developmental DNA amplifica-
tion (Fig. 3B). Nevertheless, we saw no evidence of shorter
products, which are readily detectable in control cells, that
would indicate IES excision had occurred.

To further demonstrate that loss of DIES blocked IES exci-
sion, we used Southern blot hybridization to analyze the rear-
rangement status of the new macronuclei. For this study, total
DNA was isolated from large cultures of postautogamous cells
at a point when about 50% of well-fed control cells (treated
with the empty RNAI vector) had undergone the first cell
division. The DNA was digested with Sspl, which has frequent
recognition sites in IESs but only one in the coding region of
the A-51 allele. The probe containing macronuclear DNA from
the A gene (HincII-PstI in Fig. 3A) detected only the macro-
nuclear form of this region (indicated by the 5.7-kbp band in
Fig. 3C) in DNA from control cells (Fig. 3C, labeled vector). In
contrast, two additional bands of 1.3 and 2.0 kb were observed
in DNA from DIE5 RNAi-treated cells. These are the sizes
expected for amplification of the unprocessed A-51 gene (Fig.
3C). Furthermore, using a probe for IES4578 (Fig. 3A) that
contained only micronucleus-limited DNA, we detected a sin-
gle 500-bp DNA fragment, which corresponds to the IES-
containing locus in DNA from DIE5 RNAi-treated cells but
not from control cells (Fig. 3C). The unprocessed DNA can be
observed in these experiments because amplification of DNA
continues in the developing macronuclei despite the absence of
IES excision. Together the results show that knockdown of
DIES expression inhibits IES excision in the developing ma-
cronuclei of Paramecium, yet the DNA is amplified to levels
comparable to that for normal developing macronuclei.

Tetrahymena DIES is required for macronuclear differenti-
ation. The PtDie5p sequence contained no conserved domains
that offered clues to its biochemical function; however, we did
find a putative DIES homologue (TtDIE5) encoded within the
Tetrahymena thermophila genome. These two ciliate proteins
are similar in size (199 and 207 aa, respectively) and share 21%
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FIG. 3. Silencing of DIES inhibits excision of IESs. (A) A partial map of the micronuclear version of the 4-51 allele showing locations of IESs
(boxes), Sspl recognition sites (arrowheads), and sizes of fragments generated by Sspl digestion. Positions of expected PCR products (pp1 to pp3)
and probes for Southern hybridization are also indicated. Arrows show positions of the primers relative to IESs not drawn to scale. (B) Whole-cell
semiquantitative PCRs of RNAi-treated exconjugants, using one primer in the macronuclear sequence and the other primer inside the IESs. Each
lane represents whole-cell PCR products taken at 2-h intervals from 6 to 22 h after induction of conjugation. The predicted PCR products
correspond to ppl to pp3 in panel A. Due to excision of smaller IESs during rearrangement, two bands are expected for each primer set.
(C) Sspl-digested total genomic Southern blots of RNAi-treated exautogamous cells probed with either a HincII-Pstl fragment or IES4578, as
indicated in panel A. Total DNA (~10 ng) was isolated from an exautogamous cell culture when about 50% of control cells (RNAI using empty
vector) had undergone the first cell division. Most IESs in the micronuclear version of the 4-51 allele contain Sspl sites (single arrow heads in panel
A), while only one site is present in the macronuclear-destined sequence of the 4-51 allele (the double arrow head in panel A). Thus, for probe
HinclI-Pstl, 1.3- and 2.0-kb fragments are expected for unprocessed DNA, while a 5.7-kb fragment is expected for the processed DNA, including
abundant old macronuclear DNA in exconjugants. Probe IES4578 contains only the IES sequence and detects 0.5-kb fragments if the IES is present
at high levels in exautogamous cells.

amino acid identity throughout their coding regions (Fig. 4A). gene may have a function similar to that of its Paramecium
In addition, when the sequences were analyzed for predicted counterpart. TtDIES expression was first detected 4 h into
secondary structures using PSIPRED (33), a common domain conjugation, which corresponds to the end of meiosis, and
structure that predicted beta sheets and alpha helices in the peaked at 6 h, when new macronuclei first emerge. Expression
form Blala2B3B4 was revealed within the first 110 aa of both levels declined slightly at 8 h but continued at a low level until
proteins (data not shown). Intriguingly, our Northern blot the end of macronuclear development (about 15 h after cells
analysis revealed that TtDIES is expressed exclusively during first paired) (Fig. 4B). The expression pattern we observed is
conjugation, providing data to support that this Tetrahymena nearly identical to recently published microarray data (35).
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FIG. 4. Tetrahymena homologue (TtDIES) is developmentally expressed. (A) Pairwise alignment of Paramecium Die5 protein from paralog a
(PtDIESa) and Tetrahymena Die5p sequences. The boxes around three amino acids indicate differences between the two Paramecium sequences
(the differences are C, D, D, respectively). The underlined regions indicate potential nuclear localization signals in the Paramecium sequence.
(B) Northern blot analysis of total RNA (20 pg per lane) extracted from growing (log), starved, or conjugating cells (between 2 and 25 h after
mixing populations of compatible mating types). Ethidium bromide staining of rRNA was used as a loading control.
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FIG. 5. TtDIES zygotic expression is essential to complete conju-
gation. (A) Diagram of the gene disruption construct showing replace-
ment of the coding sequence with the neo3 selectable cassette (47).
Restriction enzyme sites (BstBI) and the region corresponding to the
radiolabeled probe fragment used for Southern blot analysis are indi-
cated. WT, wild type; MTT1pr, metallothionein gene 1 promoter.
(B) Southern blot hybridization of DNA isolated from the wild type
(lane 1), DIES micronuclear-knockout lines (lanes 2 to 5), and the
DIES complete knockout line (lane 6) using the probe shown in panel
A. Longer exposure of the blot reveals the 3.5-kb band in DIES mi-
cronuclear-knockout samples corresponding to the two copies of DIES
disrupted by the neo3 cassette in their micronuclei. (C) RT-PCR for
expression of DIES transcripts in conjugating wild-type (wt) and DIES
complete knockout (A) cells at indicated time points. The bottom
panel shows control RT-PCR with HHPI primers. Both DIE5 and
HHPI primers span an intron of their respective genes. g, Tetrahymena
genomic DNA used as a control for amplification. (D) Fluorescent
images of representative DAPI-stained wild-type (WT), micronuclear-
knockout (ADIES), and APDD] strains at 9 h, 14 h, and 33 h postmix-
ing. For each mating strain, the percentage of cells exhibiting their
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Our RNAIi knockdown experiments showed that Die5Sp is
essential for macronuclear differentiation in Paramecium. If
TtDIES is a homologue of the Paramecium protein, it is likely
to have an essential role in Tetrahymena development as well.
To investigate this possibility and learn more about Die5p
function, we used homologous gene replacement to disrupt
TtDIES. A knockout construct (Fig. S5A) consisting of the neo3
selectable cassette (45) flanked on each side by DNA se-
quences from immediately upstream and downstream of the
TtDIES locus was introduced by biolistic transformation into
starved or conjugating Tetrahymena cells to disrupt the macro-
nuclear or micronuclear copies, respectively. Paromomycin-
resistant transformants were obtained by both strategies and
were subsequently cultured to generate full macronuclear
knockouts or homozygous micronuclear-knockout lines (see
below and Materials and Methods). Genetic crosses of strains
lacking all macronuclear DIE5 copies produced viable progeny
(data not shown), indicating that DIE5 expression prior to
transcriptional activation of developing macronuclei is not
required to complete conjugation. In contrast, attempts to
generate complete knockout strains (lacking DIES in both mi-
cro- and macronuclei) by crossing heterozygous germ line (mi-
cronuclear) knockout strains were unsuccessful. One-quarter
of the progeny resulting from these crosses should have been
homozygous knockouts (in both nuclei), yet only homozygous
wild type or heterozygous knockout strains were found among
the >30 viable progeny screened (data not shown). This find-
ing provided the first indication that TtDieSp is critical for
development, as is the Paramecium protein.

As strains lacking all macronuclear DIES copies grew nor-
mally and produced viable progeny when mated, the inability
of heterozygous DIES micronuclear knockouts to produce ho-
mozygous knockout progeny must result from the loss of zy-
gotic DIES expression during macronuclear differentiation. To
allow us to further investigate DieSp’s role during Tetrahymena
development, we generated homozygous micronuclear-knock-
out heterokaryon strains of different mating types by perform-
ing genomic exclusion crosses between heterozygous micro-
nuclear knockouts and two different star strains, B*VI and
B*VII, which have defective micronuclei. These abortive mat-
ings resulted in the transfer of a haploid micronucleus from the
DIES knockout to its star strain partner without inducing new
macronuclear development, such that after pair separation and
micronuclear endoreplication, both exconjugants were ho-
mozygous in their germ line. The resulting paromomycin-sen-
sitive exconjugants (the star strain partner) with homozygous
knockout micronuclei and wild-type macronuclei were identi-
fied by genomic locus PCR (data not shown) and Southern blot
analysis (Fig. 5B) and then verified by genetic crosses (data not
shown). Herein we refer to these cell lines as DIES micro-

respective arrest phenotype at 33 h is indicated on the right. Asterisks,
arrows, and arrowheads indicate old/parental macronuclei, new ma-
cronuclei, and the micronuclei, respectively. (E) The nuclear envelope
remains intact in arrested ADIES micronuclear-knockout cells
(ADIES). Postconjugative ADIE5mic cells were fixed with 2% para-
formaldehyde and stained with aNopp52 antibody and DAPI. New
macronuclei and micronuclei are indicated as described for panel D.
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nuclear knockouts or ADIESmic (these cells were used for
most experiments; therefore, all figures labeled ADIES refer to
micronuclear knockouts). Phenotypic assortment of the paro-
momycin-resistant, homozygous, micronuclear-knockout ex-
conjugants allowed us to generate complete (micro-/macro-
nuclear) knockout strains (referred to herein as DIES
complete knockouts). We confirmed the loss of all DIES copies
and expression during conjugation by Southern blot analyses
and RT-PCR (Fig. 5B and C), respectively. The ability to
generate DIES complete knockouts confirms that DieSp is
dispensable for vegetative growth.

ADIE5mic strains are paromomycin sensitive but are ho-
mozygous for the DIE5::NEO3 allele in their silent micronu-
clei, so that when mated, their progeny, if viable, would be
paromomycin-resistant. To measure the ability of these germ
line knockout strains to produce ADIES progeny, >10° post-
conjugative cells were cultured in growth medium containing
paromomycin (plus CdCL,). In most trials, all cells died upon
the addition of the drug, providing further support that zygotic
expression of DIES is essential for the completion of conjuga-
tion. We did obtain paromomycin-resistant cells for some mat-
ings (up to two survivors per 10° mating pairs). We interpret
this to mean that some cells express sufficient DieSp from their
wild-type parental macronuclei to provide for the essential
functions of this protein late in macronuclear differentiation.
To further test this possibility, we created an N-terminal GFP-
TtDie5p transgene expressed from the strong, cadmium-induc-
ible MTT1I promoter, integrating the construct upstream of the
macronuclear rpL.29 genomic locus in the ADIESmic strains.
Expression of this transgene by the addition of cadmium dur-
ing conjugation increased progeny survival by 3 to 4 orders of
magnitude. Thus, inducing additional DieSp from the parental
macronucleus partially rescued the loss of DIES zygotic expres-
sion from macronuclear anlagen, which provided clear evi-
dence that loss of DIES expression is the cause of lethality
upon mating ADIE5mic cells and that the GFP-TtDie5p fusion
is functional. We were also able to increase survival of
ADIESmic conjugates by introducing an rDNA-based expres-
sion vector by electroporation that carries the GFP-TtDIES
transgene at ~9 h into conjugation, an observation which fur-
ther supports that this protein is required relatively late in
macronuclear development.

Tetrahymena conjugation can be readily staged by the con-
figuration of nuclei within mating pairs or exconjugants (31).
To begin to ascertain why mating ADIESmic cells fail to pro-
duce viable progeny, we fixed and DAPI-stained cells to mon-
itor their development. For most of conjugation, the progres-
sion of ADIESmic conjugates was indistinguishable from that
of wild-type mating cells as they completed meiosis, karyogamy
of gametic nuclei, and the subsequent nuclear divisions to
generate macronuclear anlagen (Fig. 5D). Mating pairs sepa-
rated, and their nuclear morphology appeared normal until
~14 h of conjugation, after which it became evident that most
knockout cells arrested their development. The last visible
event to be triggered during conjugation is the elimination of
one of the two micronuclei in each conjugant. Wild-type cells
remain with the characteristic nuclear configuration of one
micronucleus and two new macronuclei (Fig. 5D, 33 h) until
they are fed, at which point they divide their one remaining
micronucleus and undergo a specialized postconjugative cyto-
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FIG. 6. Cellular localization of GFP-Die5p in conjugating Tetrahy-
mena cells at 6 h, 8 h, and 12 h. The cells were fixed with 2% para-
formaldehyde and counterstained with DAPI. Asterisks, arrows, and
arrowheads indicate old/parental macronuclei, new macronuclei, and
the micronuclei, respectively.

kinesis to partition one micro- and one macronucleus to each
daughter. In contrast, the ADIESmic conjugates failed to trig-
ger micronuclear resorption, arresting with two micro- and
macronuclei, and were unable to divide when returned to
growth medium.

The two micro-/two macronuclei arrest phenotype has been
described for knockouts of several genes required for pro-
grammed DNA rearrangement, including APDD] strains (Fig.
5D, bottom panels). Such mutant strains not only fail to elim-
inate one micronucleus, but unlike wild-type cells, stop ampli-
fication of the DNA in the new macronuclei (Fig. 5D, compare
the DAPI-staining intensity of APDD]I cells to that of the wild
type at 33 h). Intriguingly, not only did AD/ESmic exconjugates
stop anlagen DNA amplification, but the majority of cells
(75%) actually lost most of the DNA content of the anlagen, as
indicated by the loss of DAPI staining between 14 and 33 h
postmixing (Fig. 5D). The macronuclear structure appeared to
remain intact, as immunofluorescence to detect a nucleolar
protein, NOPP52, revealed the integrity of the nuclear com-
partment (Fig. 5SE). We are unsure of the mechanism of DNA
loss, as attempts to detect chromosome degradation by the
presence of unprotected ends revealed that unlike the degrad-
ing old macronucleus, these new macronuclei do not label in
terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) assays (data not shown). Never-
theless, the loss of macronuclei in the ADIESmic exconjugates
is consistent with the Paramecium DIE5S RNAi phenotype in
which anlagen form but fail to become the macronuclei of the
surviving exconjugants.

As the DIES expression profile and knockdown/knockout
phenotypes were very similar in both Paramecium and Tetra-
hymena, we expected that TtDIES5 would also encode a protein
localized primarily to macronuclear anlagen. However, we
were surprised when we examined the localization of the GFP-
TtDieSp fusion used in the rescue experiments described
above. Although GFP-TtDie5p was detected in the developing
macronuclei during early stages of macronuclear development
(Fig. 6, 6-h to 8-h arrows), this localization was rapidly lost as
conjugation progressed, before the period when the essential
zygotic expression would occur. In contrast, we observed the
GFP fluorescence within micronuclei through all stages of con-
jugation (Fig. 6, arrowheads). Therefore, while Die5p is a
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developmentally expressed nuclear protein in both ciliates,
their localization patterns suggest some differentiation in their
action.

Zygotic expression of DIES is required for programmed
DNA rearrangement in Tetrahymena. Transcription of TtDIES
was induced by 4 h into conjugation (Fig. 4A) and peaked at
6 h; thus, it was somewhat unexpected that we found that the
macronuclear copies were dispensable. Additionally, com-
plete-knockout cells lacking DIES from both macro- and mi-
cronuclei exhibit the same phenotype as the germ line knock-
outs, which further confirms that the critical TtDIE5 expression
occurs from macronuclear anlagen. This suggests that DIES
functions at late stages of Tetrahymena conjugation when DNA
rearrangement occurs. To determine whether zygotic DieSp is
required for Tetrahymena DNA rearrangements, we monitored
IES excision and chromosome breakage in ADIE5mic excon-
jugants. To assess the process of IES excision, we examined the
elimination of the M IES, which is a >1-kbp sequence located
on micronuclear chromosome 4 (3, 9). This IES has two
equally used left deletion boundaries that are 300-bp apart,
such that successful IES excision generates two alternative
products through the elimination (A) of either 0.6 kbp or 0.9
kbp from the locus (Fig. 7A). These two forms can be easily
distinguished by a PCR-based IES excision assay, using prim-
ers designed to amplify across the IES. By crossing ADIE5mic
lines together or with wild-type strain B2086, each of which
contains only the MAQ.9-kbp rearranged form in their macro-
nuclei, we could test for appearance of the MA0.6-kbp deletion
as an indicator of new rearrangement in the anlagen. Whereas
the slower-migrating PCR product indicative of the MAQ.6-kbp
deletion was detected when each ADIESmic line was crossed to
B2086, we saw no evidence of M-element rearrangement in
crosses of the two ADIE5mic strains (Fig. 7B).

Since RNAi knockdown of Paramecium DIES blocked chro-
mosome fragmentation (data not shown) as well as IES exci-
sion (Fig. 3), we tested whether ATtDIE5Smic knockouts also
fail to fragment chromosomes. We isolated DNA from post-
conjugative ADIESmic cells and used Southern blot analysis to
examine chromosome fragmentation at a site which lies 2.2 kbp
downstream of the LIA41 gene (Fig. 7C) (30). During conjuga-
tion, breakage occurs at this sequence, followed by the addition
of 300 bp to 400 bp of telomeric DNA during growth. Restric-
tion digestion of genomic DNA with EcoRI allows simulta-
neous detection of the unprocessed micronuclear form of this
locus at 10.5 kbp, the fragmented chromosome of parental
macronuclei with fully elongated telomeres that migrates at 2.5
to 2.6 kbp, and the 2.2-kbp form that results from de novo
breakage and minimal telomere addition (Fig. 7C). Whereas
this 2.2-kbp fragment was easily observed in genomic DNA
samples from wild-type matings, the DNA from ADIE5mic
conjugants showed no evidence of chromosome fragmentation,
as the predominant band observed was ~2.5 kbp, which rep-
resents DNA from parental macronuclei of unmated cells in
the population (Fig. 7D). These results together with experi-
ments with Paramecium (data not shown) indicate that DIES is
required for IES excision and chromosome fragmentation in
both ciliates.

Critical events leading to DNA rearrangement are unaf-
fected in ADIES. IES excision is guided by small RNAs. In
Tetrahymena, it is known that these small RNAs target H3K9
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FIG. 7. Germ line TtDIES is required for Tetrahymena-programmed
DNA rearrangement. Total genomic DNA was isolated from starved wild-
type (WT) and DIES micronuclear-knockout strains (ADIES), as well as from
cells 16 h after crosses of DIE5 micronuclear knockouts to the wild type
(WT X ADIES) and two DIES micronuclear knockouts (ADIES X ADIEYS).
The DNA was used for PCR-based IES excision assays (A and B) or South-
ern blot analyses for chromosome breakage (C and D). (A) Schematic of
PCR-based IES excision assay strategy. Arrows denote forward and reverse
primers used to amplify across the M element. Alternative rearrangement
products resulting from deletion of 0.6-kbp (A0.6) or 0.9-kbp (A0.9) are
shown. (B) M-element excision PCR. Arrow indicates new IES excision.
(C) Diagram shows the macronuclear chromosomal scaffold surrounding the
LIAI gene, which lies within 2.2 kbp of a chromosomal-breakage sequence
(CBS) (white star). Relevant EcoRI (RI) restriction sites used for the South-
ern blot analysis are shown. The probe spans the central EcoRI site and
detects a 7.8-kbp fragment common to both nuclei as well as to either the
10.5-kbp micronucleus-specific fragment or a 2.5- to 2.6-kbp macronucleus-
specific fragment (2.2 kbp of unique sequence plus 300 to 400 bp of telomeric
DNA). Tel, telomere. (D) Southern blot analysis to assess chromosome
breakage. Arrow indicates the product of de novo breakage.

and K27 methylation to IES chromatin, which is bound by the
Pddl and Pdd3 chromodomain-containing proteins that are
reorganized into distinct foci that are hypothesized to be the
site of IES excision (reviewed in reference 10). The timing of
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these events has been well described, and proteins required for
many of these steps have been identified (11, 26, 36, 50). To
investigate the role of DIES in Tetrahymena DNA rearrange-
ment, we examined these events to determine whether they are
perturbed by the loss of DIES.

Production of developmental-specific small RNAs occurs
during meiosis, before the emergence of zygotic expression. As
zygotic, not somatic, expression of DIES is essential for conju-
gation in Tetrahymena, we expected that DIES would not be
required for their biogenesis or accumulation. We isolated
small RNAs from conjugating complete-DIE5-knockout cells,
and as predicted, we found that the levels of total small RNAs
and those homologous to the M IES observed were compara-
ble in wild-type and ADIESmic conjugating cells (data not
shown).

We also examined whether H3K9 and H3K27 methylation
was perturbed by the loss of DIES5. Although establishment
of these marks occurs during the time that we observed
GFP-TtDie5p to localize to developing macronuclei, depo-
sition of these modifications in conjugating DIE5 knockout
cells appeared to be unaffected (Fig. 8A). Therefore, DieSp
is not required for the establishment of these heterochro-
matic modifications in Tetrahymena, further suggesting that
the essential function of DIE5 occurs at later stages of
conjugation.

The chromodomain-containing protein Pdd1p is an essential
component of the DNA rearrangement machinery and a major
constituent of DNA rearrangement foci (12, 27). Disruption of
genes required for IES excision can block the formation of
these foci (26, 44). To investigate chromatin reorganization
upon loss of DieSp, we examined the localization of a Pdd1p-
YFP fusion expressed in ADIESmic cells. Even though these
mutant lines fail to excise IESs, Pdd1p foci in the developing
macronuclei appear to form, as we observed in wild-type con-
jugants, albeit with a slight delay in their maturation (Fig. 8B).
Given that all events prior to IES excision described to date
appear normal in ADIE5 knockouts, we suspect that Die5p acts
after these known events.

DISCUSSION

Orthologous DIES genes in Paramecium and Tetrahymena
are essential for macronuclear development. Research over
the past 10 years has revealed that some key components of
the genome reorganization pathway in ciliates are well-
known proteins in other eukaryotic organisms. Examples
include proteins of the RNA interference pathway, histone-
modifying enzymes, and transposases (4, 26, 30, 36). Other
studies have identified proteins with recognizable domains,
and yet clear orthologs cannot be identified, even in other
ciliate genomes (58). DIES is a member of a third group,
proteins that are both conserved among ciliates (Parame-
cium and Tetrahymena) but novel to this class of organisms.
This group may contain core components that account for
the unusual precision and efficiency of ciliate genome reor-
ganization. Our results provide strong evidence that Para-
mecium and Tetrahymena encode orthologous Die5 pro-
teins. Although the amino acid identity between the proteins
is modest (21%), each is the top reciprocal BLAST hit in
comparisons of their respective genomes. Additionally, the
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FIG. 8. Germ line knockout of 7tDIE5 does not inhibit critical
events leading to IES excision. (A) H3K27me3 and H3K9me?2 histone
mark deposition is unaffected in 7¢tDIE5 germ line knockouts. Nine-
hour-conjugating wild type (WT) and micronuclear-knockout (ADIES)
cells were fixed with Schaudinn’s fixative and stained with either
H3K27me3 or H3K9me?2 antibodies at 9 h into conjugation. The cells
were counter stained with DAPI. (B) Formation of PDD1 foci is not
disrupted in ADIESmic cells. Conjugating wild-type and DIES micro-
nuclear-knockout cells (ADIES) expressing an inducible PDD1-YFP
transgene were fixed at 14 h with 2% paraformaldehyde and counter
stained with DAPI. Asterisks, arrows, and arrowheads indicate old/
parental macronuclei, new macronuclei, and the micronuclei, respec-
tively.

amino acid identity is not centered in a single region, as
expected for a shared domain; rather, it is spread across the
entire coding region. Both are small, nuclear proteins (199
aa and 207 aa in Paramecium and Tetrahymena, respectively)
expressed exclusively during conjugation. Finally, RNAI
knockdown (Paramecium) and gene disruption (7etrahy-
mena) demonstrate that these Die5 proteins are essential
for genome rearrangements in their respective species. To-
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gether the data demonstrate that DIES encodes a conserved
component of the macronuclear development pathway in
ciliates.

DieS5 is one of a few conserved ciliate proteins known to be
required for DNA rearrangements. Previous studies have iden-
tified several developmentally regulated proteins that are re-
quired for genome rearrangements in Paramecium or Tetrahy-
mena. These include chromatin-associated proteins (27, 28, 39,
40, 48, 58), a transposase (4), components of the RNAI path-
way (30, 36, 37) and SUMO pathways (32), and a putative
RNA binding protein (41). Of these identified components,
only the RNAi-associated proteins, piggyMac transposase, and
SUMO components show clear homologues between these
different ciliates. In contrast, the Pdd and Lia (localized in
macronuclear anlagen) DNA rearrangement proteins of 7et-
rahymena do not have obvious homologues in Paramecium
(58). This search for homologues is complicated by the signif-
icant sequence diversity between Paramecium and Tetrahy-
mena, a point that was evident even before complete-genome
sequences were available (reviewed in reference 15). Thus,
failure to detect homologues based on primary sequence data
is not definitive, and one must consider the possibility that
protein three-dimensional structure is maintained with mini-
mal sequence identity. Functional homology is the most rele-
vant criteria, but few of the proteins involved in these rear-
rangements have known biochemical roles. For those that do,
such as the Tetrahymena chromodomain-containing Pdd1 and
Pdd3 proteins that have been shown to associate with IES
chromatin-containing histone H3 methylated on lysine 27
and/or lysine 9, respectively, evidence for an analogous role in
Paramecium DNA rearrangements is lacking (26, 50). The
Nowa proteins in Paramecium are required for elimination of
germ line transposons and a subset of IES that are controlled
by maternal effects (41). The N-terminal domains contain re-
peated elements with similarity to RNA binding motifs in other
species, and evidence of nucleic acid binding activity was ob-
tained. While there are Tetrahymena proteins, including CnjBp
(41, 51), that share similar glycine-rich repeats, none are
clearly identifiable as homologues. Whereas the Pdd, Lia, and
Nowa proteins reinforce the divergence between the DNA
rearrangement machinery in the two species, Die5p reveals a
novel connection between the two systems.

DIES is required late in macronuclear development. Al-
though the novel sequence of DieSp limits speculation on its
biochemical function, the molecular events that are disrupted
(or not disrupted) by inhibiting DIES5 expression in two species
argue for late action in macronuclear development. First of all,
prezygotic events of meiosis and pronuclear exchange occur
normally upon DIE5 RNAI silencing in Paramecium. The sur-
vivors of conjugation upon DIES5 knockdown are heterokary-
ons with heterozygous micronuclei (with alleles from both par-
ents), but they have macronuclei regenerated from fragments
of their parental macronuclei. This phenotype has been ob-
served upon knockdown of other genes involved in macro-
nuclear development (32, 41). Likewise, early-stage events of
scnRNA biogenesis (data not shown) and accumulation of
specific chromatin modifications (Fig. 8) associated with DNA
elimination appear unaltered upon disruption of DIES in Tet-
rahymena. This is in contrast to disruption of RNAi compo-
nents (e.g., DCLI or TWII) that are defective in these events.

CILIATE-SPECIFIC REGULATOR OF NUCLEAR DEVELOPMENT

39

1097

Even relatively late-stage events prior to IES excision were
not disrupted upon loss of DIE5 expression. Macronuclear
anlagen form and substantial DNA amplification occurs in
RNAi-treated Paramecium even though IES excision is inhib-
ited. In Tetrahymena ADIE5mic conjugants, Pdd1p foci formed
as expected for wild-type cells (Fig. 8B). These observations,
together with the fact that we saw no phenotype when DIES
was disrupted only from the parental macronucleus, suggest
that its essential role occurs after activation of zygotic expres-
sion of the macronuclear anlagen. Most striking is our obser-
vation that Tetrahymena heterokaryons with wild-type macro-
nuclei but homozygous for the ADIES5 allele in their
micronuclei fail to excise IESs and arrest prior to the elimina-
tion of one of the two micronuclei. These results clearly dem-
onstrate a late role for Die5p in macronuclear differentiation.

While loss of DIES expression blocked IES excision in both
ciliates studied here, we did observe some differences in ter-
minal phenotypes, in particular the degree of anlagen DNA
amplification. DIE5 RNAi-treated Paramecium appeared to
extensively amplify their anlagen DNA, whereas ADIESmic
Tetrahymena cells arrested their anlagen differentiation at a
low amplification level. We favor the explanation that this most
likely represents distinct differences in nuclear differentiation
events (e.g., macronuclear regeneration occurs in Paramecium
but not in Tetrahymena) in these evolutionarily diverse organ-
isms. Nevertheless, we cannot rule out that such phenotypic
differences may result from low levels of PtDieSp remaining
after RNAI silencing. What is clear is that RNA:I silencing that
was robust enough to prevent IES excision in Paramecium to
the same extent as was observed in Tetrahymena ADIESmic
conjugants elicited differential effects on anlagen DNA ampli-
fication.

The surprising observation that anlagen DNA is degraded in
Tetrahymena ADIES conjugants has not been observed in other
DNA rearrangement mutants (12, 30, 36, 40). The mechanism
of degradation is not understood, and we were unable to dem-
onstrate labeling in TUNEL assays. It is interesting to note
that anlagen DNA degradation appears to be the outcome in
Paramecium DIE5 RNAI silencing, but as mentioned previ-
ously, these cells survive by regenerating a functional macro-
nucleus from an old macronuclear fragment. This is possible in
Paramecium because macronuclear fragments persist through-
out conjugation and continue transcription for multiple cell
divisions after conjugation. In contrast, degradation of the old
macronucleus in Tetrahymena is complete prior to formation of
the new genome and leaves no recovery pathway if develop-
ment is defective. Further analysis will be required to establish
whether the degradation of Tetrahymena anlagen DNA has a
similar molecular basis as the fate of Paramecium anlagen in
DIES5-silenced cells.

The significance of TtDieS5p localization to the micronuclei
but not anlagen at late time points is unclear. This may reflect
the limitation of using a macronuclear GFP-DIES transgene
that cannot be expressed after degradation of the old macro-
nucleus. Alternatively, the localization could be evidence of an
unexpected role of Die5p from the newly formed micronu-
cleus. Unusual observations such as these underscore the im-
portance of investigating the role of conserved proteins such as
DieSp in the DNA rearrangement process to elucidate the
evolution and regulation of this massive genome-remodeling
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process and its connections to large-scale genome reorganiza-
tions in other species.
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Summary & Perspective

In attempt to uncover machineries that are involved in Tetrahymena DNA
rearrangement, a cytological screen was conducted to identify proteins that are localized
to the developing somatic nucleus during this process. Such a screen identified L/45
along with four other novel proteins (Yao et al., 2007), one of which (LI4A]) have
previously been shown to be essential for conjugation (Rexer and Chalker, 2007).
Although Lia5 protein has no obvious homologs in other organisms, it exhibits protein
architecture that is common to transposon-derived proteins. Consistent with this notion,
we showed that ALIAS5 blocks the induction of DNA breaks associated with the excision
of eliminated sequences. This process has been shown to require the domesticated
piggyBac transposase (Baudry et al., 2009; Cheng et al., 2010). Investigating the role of
LIAS5 thus provided another glimpse into how transposons have helped shape eukaryotic
genomes. LIA5 is also essential for the massive chromatin reorganization event that
accompanies DNA rearrangement. In the absence of Lia5p, components of
heterochromatin (histone H3 K9 and K27 methylation and chromodomain protein —
Pddl1p) are present, but fail to assemble into foci. We found that foci assembly coincides
with Pdd1 dephosphorylation and that both events fail in ALIAS5 cell. Furthermore, foci
formation and Pddl dephosphorylation can be rescued by ectopically inducing DNA
damage by UV irradiation. Taken together, we unraveled a relationship between DNA
repair and DNA elimination foci, and implicated the chromodomain protein Pddl as a

component of DNA damage response.
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INTRODUCTION

DNA damage threatens genome integrity, posing danger to the health of cells and
organisms. DNA double-strand breaks (DSB) are among the most deleterious DNA
lesions. They occur frequently, either as a consequence of environmental stresses or
strain from essential cellular processes, including transcription and DNA replication.
DSB are also introduced as part of intrinsic cellular programs. Spoll induced breaks
trigger homologous recombination during meiosis, and the Ragl/2 recombinase initiates
immunoglobulin gene rearrangement during vertebrate lymphocyte maturation.

Given their prevalence and severity, if left unattended, it is not surprising that
cells have multiple means to mend these lesions. DSBs are repaired by two major
pathways — Homologous Recombination (HR) and Non-Homologous End Joining
(NHEJ) (see Kanaar et al. 2008). HR is used primarily when an undamaged donor strand
is available to template repair (e.g. repair of stalled replication forks). The Rad51 protein
is a major player in this pathway, binding to single-stranded DNA after exonucleolytic
processing of the damaged DNA. NHEJ is the major pathway for repairing non-
replication associated breaks. Catalysis of NHEJ repair involves the binding of broken
ends by the Ku70/Ku80 heterodimer, which results in the recruitment and activation of
the DNA-PK complex. After processing, the broken ends are rejoined by DNA ligase IV
in association with its partner XRCC4.

Upon sensing lesions in DNA, cells respond by transducing a cascade of signals
to induce repair. This is collectively referred to as the DNA damage response (DDR).
This process activates effector proteins that ensures proper amplification and

transmission of the repair signal to facilitate repair, as well as evokes cellular responses
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to either stall damaged cells in their cell cycle or trigger apoptosis in cells that fail to
resolve their DNA breaks. Some of the earliest events of DDR include the
phosphorylation of Histone variant H2AX (YH2AX) and the formation of DNA repair
foci. DNA repair foci represent the ordered assembly of repair factors at the sites of the
lesions to effect the healing of the damage DNA (reviewed in Misteli and Soutoglou
2009). These events suggest that extensive chromatin remodeling occurs upon DNA
damage.

DNA repair is influenced by nuclear architecture (see Misteli and Soutoglou
2009). Evidence suggest that the repair of DSB occurs with slower kinetics in
heterochromatin compared to euchromatin (Kim et al. 2007). Furthermore, a major
heterochromatin component, heterochromatin protein 1 (HP1) has been shown to play a
critical role in DNA damage repair (reviewed in Ayoub et al. 2009; Ball and Yokomori
2009; Dinant and Luijsterburg 2009). While some studies suggest that HP1 mobilization
facilitates repair by allowing accessibility of repair machineries to damage sites, a more
direct role for the actual process of repair have been implicated. In fact, it has been
suggested that HP1 acts as an essential component of the DDR. The exact role of
heterochromatin component(s) in DNA repair is yet unclear, however, one can envision
the biological significance in the involvement of specialized mechanism to repair damage
in heterochromatin domains. As these domains are rich in repetitive sequences, it is
necessary to carefully regulate repair to prevent improper recombination between distal
homologous sequences, which could lead to inversions or translocations of chromosomal
sequences. Enlisting heterochromatin component proteins in assisting repair may help

prevent such deleterious effects.
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The programmed genome rearrangements of the ciliate Tetrahymena thermophila
provide an opportunity to examine the interplay between heterochromatin and DNA
repair. During Tetrahymena somatic nuclear differentiation, nearly 50Mb of germline-
derived DNA are packaged as heterochromatin and eliminated by site-specific
recombination. Tetrahymena are single cell eukaryotes that exhibit nuclear dimorphism,
where two morphologically distinct nuclei contain different copies of the genome that
individually act as the germline and the soma (Karrer 2000). The germline micronucleus
houses a diploid genome that is transcriptionally silent during vegetative growth, divides
mitotically, and exists to maintain and transmit genetic information to sexual progeny.
Conversely, the somatic macronucleus is responsible for all gene expression necessary to
support growth. This somatic genome is polyploid and highly fragmented. The
macronucleus is a terminally differentiated nucleus, which divides amitotically, and is
lost during sexual reproduction when a new macronucleus is formed from the parental
germline.

During sexual reproduction, micro- and macronuclei differentiate from a common
zygotic genome, derived from cross-fertilization of meiotic products from a mating
partner’s germline micronucleus. As macronuclei differentiate, 5000-6000 dispersed loci
are identified and targeted for elimination. In addition the germline-derived chromosomes
undergo chromosome breakage (at ~180 site) coupled with de novo telomere addition.
Eliminating 50Mb of DNA removes germline-specific transposon-like elements and
many non-coding sequences, which are termed Internal Eliminated Sequences (IESs).
The recognition of IESs involves small RNA directed heterochromatin formation. The

small RNAs are generated during meiosis, early into Tetrahymena conjugation, by
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processing of bi-directional transcripts into ~28nt scan (scn)RNAs by the Dicer Like
1(Dcll) protein (Mochizuki et al. 2002; Malone et al. 2005; Mochizuki and Gorovsky
2005). Later in the early differentiating macronuclei, the small RNAs homologous to
IESs target their complementary loci for the deposition of Histone H3K9 and H3K27
methylation (Taverna et al. 2002; Liu et al. 2007). These marks recruit chromodomain-
containing proteins such as Pdd1p and Pdd3p (Madireddi et al. 1996; Nikiforov et al.
2000). The IES heterochromatin then assembles with additional factors that lead to the
generation of IES—containing, heterochromatin-like nuclear foci (Yao et al. 2007).

Clearly, the silencing of IESs during Tetrahymena nuclear reprogramming
resembles the way other metazoans silence transposable elements (see Chalker and Yao
2011). In fact, ciliate IESs may have derived from transposons and other invading
elements during evolution. Consistent with this notion, a domesticated piggyBac
transposase is employed by ciliates as the excisase that cuts out IESs from their
developing somatic genome. Furthermore, much like the process of V(D)J
recombination, which also employs a domesticated transposase — RAG, IES excision in
Tetrahymena involves globally induced DNA damage, as is apparent from the presence
of y-H2AX in the developing MAC during IES excision. The involvement of DNA
damage is further supported by recent findings that DNA LigaselV/XRCC4 complex and
Ku80, all are major NHEJ pathway components, are essential for DNA rearrangement in
Paramecium and Tetrahymena, respectively.

In this paper, we investigate the role of a developmental specific nuclear protein
Lia5p in programmed DNA rearrangement. We show that LI45 is required for the

formation of IES excision foci and is likely involved in the process of programmed DNA
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damage that is associated with DNA rearrangement. Furthermore, our work implicates
the essential chromodomain containing protein — Pdd1p as a component of DNA damage

response.

RESULTS
LiaSp, a transposon-related protein is essential for development

Previously, we identified several LI4 (Localized In macronuclear Anlagen)
proteins that were expressed exclusively during macronuclear differentiation and showed
that at least one of these, Lialp, was required for the associated programmed genome
rearrangements (Rexer and Chalker, 2007; Yao et al., 2007). The LIA proteins had no
clear orthologs and few conserved domains making the prediction of function
challenging. LI45 was initially described as encoding a 1048 amino acid (aa) glutamine-
rich protein containing a putative FVYE or PHD-type zinc finger, but more recent
analyses have revealed that this motif shows similarity to a zinc ribbon domain
(pfam13842: Tnp_zf-ribbon_2) commonly found at the C-terminus of transposon-derived
proteins. Furthermore, the central region of LiaSp shares similarity with the 1S4
transposase family (pfam13843: DDE Tnp 1 7), which includes the Tetrahymena
piggyBac transposase (Tbp2p) (Cheng et al., 2010) (Figure 1A). Despite this structural
similarity, alignment of LiaSp to Tpb2p and other predicted transposases showed that
Lia5p apparently lacks the DDD catalytic triad found in active transposase (Figure 1B).
Domestication of transposon-derived proteins, including Ragl/2 and Tbp2p, has created
novel pathways acting on eukaryotic chromosomes. Our data suggest that LiaSp may

have similarly evolved from domestication of a transposable element protein.
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While LIA5 expression occurs exclusively during development, peaking between
6-8 hours after initiation of conjugation (Yao et al., 2007), its mRNA can be detected as
early as 2 hrs (Figure 1D). To determine the timing of protein accumulation, we tagged
the endogenous gene on its amino terminus with a hemagglutinin (HA) epitope and
examined its expression. HA-Lia5p could not be detected until 8hrs into conjugation
indicating that it does not accumulate until new macronuclei form (Figure 1E). Together
with our previous observation that GFP-LiaSp localizes to the developing macronuclei
(Yao et al., 2007) these data led us to suspect that Lia5p participates in the genome
reorganization of the developing somatic macronucleus.

To determine whether Lia5p is essential for macronuclear differentiation, we
deleted all copies of LIA5 from both the micro- and macronuclear genome by
homologous gene replacement with the neo3 paramomycin-resistance cassette (Shang et
al., 2002) (Figure 2A). Creation of these LI45 knockout (ALIAS5) cell lines was verified
by Southern blot analysis, and the loss of all expression was confirmed using rtPCR
(Figure 2B, C). When ALIAS5 strains were mated, no viable progeny were produced
indicating that this gene has an essential role during conjugation.

To determine the stage of development that knockout cells failed to complete, we
examined the nuclear morphology of the cells throughout conjugation. ALIAS5 cells
progressed through early stages (meiosis, nuclear exchange and karyogamy, and
formation of new macronuclei) at a rate that was similar to that of wild type (wt) cells
with no obvious developmental delays (data not shown). Wild type mating cells complete
conjugation after pair separation by eliminating one of two micronuclei, producing cells

that have two newly differentiated macronuclei and one micronucleus. These cells are
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poised to divide the one remaining micronucleus and undergo cytokinesis once fed. We
found that ALIAS cells arrested as exconjugants, prior to elimination of one micronucleus.
Furthermore, the new macronuclei formed in mutant conjugants failed to fully amplify
their genomic DNA as indicated by the weak intensity of DAPI staining relative to wt.
This two macronuclei/two micronuclei terminal arrest phenotype has been commonly
observed in mutants lacking genes (such as DCLI, PDDI and LIAI) that are required for
programmed DNA rearrangements (Coyne et al., 1999; Mochizuki et al., 2002; Malone et

al., 2005; Rexer and Chalker, 2007)

LIAS is required for DNA elimination and chromosome fragmentation

Approximately 50 Mb of germ line-derived DNA are eliminated from nearly 6000
loci during differentiation of the somatic genome. When cells are unable to complete
these DNA rearrangements, it triggers the developmental arrest that we observed for
ALIAS cells. We therefore examined loci that undergo either DNA elimination or
chromosome breakage to determine whether LIA45 is required for these somatic genome
remodeling events.

The M IES is a well-characterized eliminated sequence (Figure 3A). We isolated
single exconjugants from either wt or ALI45 mating populations and used nested PCR to
assess this element’s rearrangement status. Each successful rearrangement of the M IES
generates one of two alternative products, removing either a 0.6kb or a 0.9kb fragment.
PCR using primers flanking the IES can detect both of these rearranged products as well
as any unrearranged loci. M IES rearrangement was readily detected in wt exconjugants

as the predominant PCR products are less that 600 bp. In contrast, in ALIA5 mated cells
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we detected accumulation of a larger product migrating at the size expected for the
unrearranged, germ line form (Figure 3B). Thus ALIAS cells are unable to excise this IES
from their developing macronuclei.

In addition to IES excision, Tetrahymena macronuclear differentiation involves
breakage of chromosomes at ~180 loci followed by de novo telomere addition. Although
the connection between chromosome breakage and IES excision is poorly understood,
strains lacking genes that are required for IES excision fail to fragment chromosomes as
well. To test whether LIAS is required for this process, we examined the chromosome
breakage site found just downstream of the LIA/ gene (Malone et al., 2005). DNA
isolated from post-conjugation populations of wt or mutant cells was digested with EcoRI
and analyzed by Southern blot using a LIAI-specific radiolabeled probe. In wt
exconjugant populations, de novo breakage is readily observed as a ~2.2kb fragment,
which migrates faster than the mature macronuclear form (at ~2.5-2.6kb), which has fully
elongated telomeres (the major form detected in vegetatively growing cells and observed
in the post-conjugative populations due to unmated cells in the populations tested)
(Figure 3D). No evidence of chromosome breakage is observed in ALIA5S or ADCLI
mutant populations, indicated both by the absence of the 2.2kb fragment and increased
abundance of the unrearranged micronuclear form migrating at 10.5kb. Thus LIA45 is

required for both IES excision and chromosome breakage.

ALIAS strains establish heterochromatin, but fail to reorganize it into nuclear foci

IESs are targeted for elimination from developing macronuclei using a

mechanism of small RNA directed establishment of heterochromatin modifications
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(Mochizuki et al., 2002; Taverna et al., 2002; Liu et al., 2007). To determine whether
LiaSp acts in the establishment of heterochromatin modifications on IESs or in
downstream events, we examined the ability of ALIAS5 cells to complete the critical steps
in the macronuclear development. Wt cells generate germline specific scnRNAs during
meiosis that direct histone H3 K9 and K27 methylation to homologous IES in
differentiating macronuclei (Figure 4). Mating populations of ALIAS5 accumulated wt
levels of scnRNAs (Figure 4A) and acquired methylation on K9 and K27 of histone H3
(Figure 4B, 9hrs). These findings were not unexpected as the peak of LiaSp expression
occurs after heterochromatin is targeted to IESs.

Upon establishment of heterochromatin modifications on IES, proteins required
for IES excision, including chromodomain-containing proteins Pddlp and Pdd3p,
assemble on the modified chromatin, which is followed by the redistribution of modified
chromatin into nuclear foci (Figure 4B, WT-14hrs). The purpose of organizing IESs into
these DNA elimination foci is not known, but it has been suggested that their formation
facilitates IES excision and/or the degradation of the associated germline-limited DNA.
Even though ALIA5 cells establish heterochromatin modifications, the nuclear
reorganization of the modified sequences does not occur as both H3K9 and K27
methylation remains dispersed throughout the developing somatic macronuclei (Figure
4B, ALIAS-14hrs).

Clearly, partitioning thousands of loci into a countable number of distinct foci
necessitates massive nuclear reorganization, which is readily visualized through tracking
the dynamic localization of the essential chromodomain protein Pdd1p (Madireddi et al.,

1996; Smothers et al., 1997; Yao et al., 2007). Pdd1p, like the methylated IES chromatin
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to which it binds, is initially dispersed throughout the developing macronucleus, then
assembles into condensed nuclear foci coincident with the onset of IES excision. To
further examine how loss of LI45 affects this nuclear reorganization, we followed the
localization of Pdd1p tagged with yellow fluorescent protein (YFP). Whereas Pdd1-YFP
localized to distinct nuclear foci in wt exconjugants (Figure 4C, WT-14hrs), it remained
dispersed in the developing macronuclei of ALIA5 cells, even 30 hrs after initiating
mating when the fusion protein had disappeared from the fully differentiated macronuclei
of wild type cells, presumably as IESs were eliminated (Figure 4C, 30hrs).

These data indicate that Lia5p plays a critical role in the organization of modified
IES chromatin into DNA elimination foci. To more closely examine the participation of
Lia5p in these events, we asked whether LiaSp functions as a component of these foci. To
follow Lia5Sp localization through the differentiation of new macronuclei, we expressed
Pdd1-CFP in strains expressing either an endogenous N-terminally tagged HA-Lia5 (see
Figure 1E) or Lia5-YFP (a C-terminally tagged allele expressed from a high copy rDNA
vector) and asked whether Lia5 assembles into Pddlp-containing foci. LiaSp was
detected in the developing macronucleus as soon as they emerged (Figure 5A). As
macronuclei developed, LiaSp became increasingly concentrated at distinct regions
within macronuclei, occupying similar nuclear domains as Pdd1p. Even so, Lia5p did not
obviously co-localize with Pdd1p. Whereas Pdd1-CFP formed compact foci, the tagged
Lia5p appeared to concentrate in regions surrounding the Pdd1p foci. This is most clearly
observed in HA-Lia5p expressing cells (Figure 5B). The Lia5-YFP also localized
surrounding Pdd1-CFP, but appeared more dispersed than HA-Lia5 in some mating pairs.

It is possible that the ratio of dispersed:localized protein is altered by the large tag

54



interfering with some LiaSp action as expression of the Lia5-YFP construct in ALIAS
cells did not efficiently rescue the knockout. Nevertheless, as both the HA-Lia5 and Lia5-
YFP localize peripherally to Pddlp foci, our results argue that Lia5p is not a core
structural component of these foci. To assess whether Lia5p is recruited to the periphery
of DNA elimination foci by Pddlp, we asked whether these two proteins co-
immunoprecipitated from conjugating cells. Immunoprecipitation of HA-Lia5 did not co-
precipitate with Pdd1p or Pdd3p, further showing that Lia5p is not present in the core foci

(Figure 5C).

LIAS5 is required for proper regulation of Pddlp phosphorylation during
conjugation

Like HP1 proteins of other eukaryotes, Pdd1p shows regulated phosphorylation
(Madireddi et al., 1996; Smothers et al., 1997), although its function(s) is largely
unexplored. Pdd1p phosphorylation has been shown to peak early during macronuclear
differentiation and decrease as macronuclei mature (Figure 6A). Thus, Pddlp
dephosphorylation coincides with foci formation and IES excision. To determine whether
Pdd1p dephosphorylation might regulate its ability to aggregate into foci, we monitored
its phosphorylation state in wt and ALI45 mating cells. The phospho-isoforms of Pdd1p
in whole cell extracts were resolved on 9% SDS polyacrylamide gels and detected with
anti-Pdd1p antibodies. For both wt and ALIA5, Pdd1p migrates as a doublet representing
the phosphorylated (upper band) and unphosphorylated (lower band) proteins, which
were clearly evident by 9hr. By 12hr when Pdd1p is primarily found in DNA elimination

foci, most of the Pdd1lp in wt cells appeared to be dephosphorylated as judged by the
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collapse of the doublet into a single band (Figure 6A). Furthermore, as macronuclear
differentiation proceeds, Pdd1p levels decrease, correlating with the period during which
IESs are eliminated (wt 12-15hrs). In contrast, Pdd1p continues to accumulate between
12 and 15 hrs in ALIAS5 mating cells, which obscured the resolution of the Pdd1p doublet
(Figure 6A). Dilution of 12hr and 15hr protein samples isolated from ALIAS cells showed
that Pddlp remained phosphorylated (Figure 6B left panel). Alkaline phosphatase
treatment of these samples resulted in collapse of the double to a single band, showing
that the shift in migration is due to phosphorylation (Figure 6B right panel).

In the above experiments, we could not distinguish between whether failure of
Pdd1p dephosphorylation directly blocked foci formation, or whether ALIAS5 cells
arrested at a stage of development prior to the loss of this modification. To assess
whether Pdd1p phosphorylation may inhibit foci formation, we examined the state of
Pddlp in ADCLI cells. Mutations in components of the RNAi pathway, e.g. ADCLI or
ATWII, which lead to failure in scnRNA-directed heterochromatin formation, assemble
Pdd1p foci in developing macronuclei as soon as these nuclei appear in cells (Figure 6C).
While it is not clear how these foci relate to normal DNA elimination foci as chromatin
modifications on IESs are not established, their presence suggest that Pddlp can
assemble into sub-nuclear domains in the absence of small-RNA directed
heterochromatin targeting. If phosphorylation prevents foci assembly, Pddlp should
remains unphosphorylated in ADCL mutants. However, examination of Pdd1p isolated
from these mutants show that the Pdd1p phosphorylated isoforms accumulate and, as in
ALIAS cells, remains modified throughout conjugation (Figure 6B). Thus,

phosphorylation does not appear to be a physical barrier to the assembly of Pdd1p foci.
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Ectopic induced DNA damage is sufficient to rescue Pddl protein
dephospohrylation and foci formation in ALIAS

The exact function of DNA elimination foci is not known. Their assembly may
bring together components of the DNA elimination machinery to facilitate the excision of
nearly 6000 dispersed IESs, or alternatively, they may form after excision to sequester
excise IES and/or aid in repair of the programmed DNA double strand breaks. The
previous observation that foci do not form upon knockdown of the domesticated
transposase, TPB2, suggests that excision may be a prerequisite to the formation of these
sub-nuclear structures (Cheng et al., 2010). Our analysis of ALIAS cells also suggests that
DNA breaks at IES may lead to foci formation as these mutants fail to eliminate IESs and
Pdd1p remains dispersed. To determine whether ALIAS fail to make programmed DNA
breaks, we looked for the presence of YH2AX accumulation when DNA double strand
break occurs at IES junctions. This conserved marker of DNA damage has been shown to
accumulate in the micronuclei during meiosis, when recombination-associated DNA
breakage occurs (Song et al., 2007). Both wt and ALIAS strains contain YH2AX in the
meiotic nuclei (Figure 7A, 3 hrs); however, after developing macronuclei emerge,
YH2AX was detected only in wt cells and was largely absent from ALI4A5 macronuclei
(Figure 7A, 10 hrs). This indicates that ALIAS5 cells are deficient in initiating IES
associated double strand breaks.

The behavior of Pddlp and yH2AX in ALIA5 strains suggest that DNA
elimination foci form as a response to programmed DNA breaks. If this is indeed the

case, we reasoned that we could induce formation of Pddlp foci by introducing DNA
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damage ectopically. Cells expressing Pdd1-CFP were exposed to UV treatment at a stage
where Pddlp is normally dispersed in the developing macronucleus. We observed that
Pddl1p assembled into foci in response to this induced DNA damage (Figure 7B). These
foci localized to the sites of Ligase IV accumulation, indicating that Pdd1p is recruited to
sites of DNA damage.

To further link DNA damage to DNA elimination foci formation, we treated
ALIAS cells with UV. We found that introduction of ectopic DNA lesions rescued the
foci formation phenotype in ALIA5 conjugants (Figure 7C). To further examine whether
this foci formation mimicked the programmed DNA elimination response, we examined
the phosphorylation state of Pdd1p. Whereas phosphorylated Pdd1p accumulated in L/45
mutants, induction of ectopic breaks via UV treatment induced Pdd1 dephosphorylation
(Figure 7D). Taken together, our data indicate that DNA elimination foci form as a
consequence of a programmed DNA damage response and that LI4AS5 is somehow
involved in triggering such response. Incidentally, these observations are consistent with

the fact that Lia5p resembles transposon-derived proteins.

DISCUSSION

Tetrahymena thermophila somatic nuclear differentiation requires genome-wide
remodeling to generate the transcribed genome for the next generation. In this study, we
found that LIA5 encodes a protein critical for the chromosome breakage and DNA
elimination events that fragment and streamline the genome for efficient gene expression.
Lia5p acts after the establishment of RNAi-directed heterochromatin modifications in the

zygotic genome (figure 4), but prior to the initiation of ds breaks that results in the
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elimination of the marked sequences (IESs). Failure of conjugating ALIAS5 cells to excise
IESs is apparent as the unrearranged micronuclear form of the M IES accumulates
(Figure 3), DNA elimination foci do not form (Figure 4), and the detection of
phosphorylated H2AX is severely dimished (Figure 7). Cells lacking LIAS5 display
similar developmental phenotypes as in ALIAI cells and cells with knocked down
expression of 7PB2, which encodes the domesticated piggyBac transposase that performs
IES excision (Cheng et al. 2010; Rexer et al. 2007). In all three cases, heterochromatin
modifications are established, but Pdd1p remains dispersed. These studies make it clear
that multiple proteins must cooperate to excise the newly established heterochromatin,

marked by the Twilp-scnRNA machinery, from the somatic genome.

DNA elimination foci form in response to IES excision

The failure of ALIAS cells to form DNA elimination foci led us to investigate
what triggers the assembly of these structures. As Pdd1p, an Hpl-like chromodomain-
containing protein, is a major component, it has been suggested that foci represent the
mature form of newly established heterochromatin in the developing macronucleus (See
Chalker 2008; Madireddi et al. 1996). These foci grow larger in size and fewer in
number, appearing to coalesce as macronuclear differentiation proceeds (Yao et al. 2007).
In this model, heterochromatin is fully compartmentalized prior to its elimination, and
LiaSp acts as an essential chromatin protein that participates in the sub-nuclear
partitioning of IESs. We found that LiaSp is not present in the central core of DNA
elimination foci, but its localization surrounding Pdd1p structures would be consistent

with its involvement in this nuclear reorganization. Nevertheless, the observation that
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these structures do not form in ALIAS5 cells or in other mutant lines that fail to excise IESs
suggested the equally likely possibility that foci develop in response to DNA breaks
introduced by IES excision (Cheng et al. 2010; Rexer et al. 2007). Our data support this
second hypothesis as we could rescue foci formation in the absence of LIAS5 by
introducing ectopic DNA damage (Figure 7).

The redistribution of DNA repair proteins into sub-nuclear foci is a dynamic
process induced upon DNA damage. DNA repair foci have not been described in
Tetrahymena and, before this study, the relationship between DNA elimination structures
and repair foci was largely unexplored. We showed here that the NHEJ protein, Ligase
IV, is recruited to foci containing Pddlp in UV-treated mating cells, indicating that
Tetrahymena repair proteins are reorganized upon DNA damage. We also found that
Pdd1p is dephosphorylated in response to UV-induced DNA damage. These UV-induced
events mimic what occurs normally upon IES excision in wild-type cells when DNA
elimination foci form and Pdd1p is dephosphorylated, coincident with the introduction of
programmed ds breaks. These data strongly suggest that the organization of IES
heterochromatin into sub-nuclear structures is triggered by a DNA damage response and
implicate Pddl as a target of this response. Hpl is known to respond to DNA damage
(reviewed in Ayoub et al. 2009; Ball and Yokomori 2009; Dinant and Luijsterburg 2009).
Our findings show that heterochromatin proteins are involved in the repair of DNA
damage in ciliates and raise the possibility that their roles are ancient and potentially
evolutionarily conserved.

Host DNA repair processes have been shown to participate in ciliate programmed

DNA rearrangements. The major NHEJ components Ligase IV and XRCC4 are required
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for DNA rearrangement that occur during Paramecium macronuclear differentiation
(Kapusta et al., 2011), and the Tetrahymena Ku80 protein (Tku80p) was recently shown
to play an essential role in Tetrahymena development as well (Lin et al., 2012). Cells
lacking Tku80 (ATKUS80) still excise IESs, but are unable to rejoin the resulting ds
breaks. The unrepaired chromosomes are eventually degraded leaving developing
macronuclei devoid of detectable DNA. This phenotype was first described for ADIES
strains (Matsuda et al., 2010). The novel protein Die5p is required to complete DNA
rearrangements, but appears to act after IES excision as Pdd1p foci still form. This is in
contrast to ATKUS0 cells that do not form DNA elimination foci even though IESs are
excised. This suggests that the ability to respond to ds breaks is still intact in ADIES
strains, but not in ATKUS80 cells. We propose that Tku80p acts as a DNA damage sensor,
without which, the damage response is not conveyed, resulting in the failure to form
repair foci. In wild-type cells, Tku80p was not observed to co-localize with Pdd1p, which
we believe further indicates that its main roles are to, sense the damage, signal the
formation of Pddlp foci, and protect the free ends until rejoined. DieSp must act
downstream of Tku80p assisting in the repair of macronuclear-destined DNA after IES
excision.

Even though our data indicated that DNA elimination structures form in response
to DNA damage, several observations suggest to us that they may not be analogous to
DNA repair foci in other eukaryotes. Tku80p is not observed within DNA elimination
structures, but it is required to rejoin the macronucleus-destined DNA flanking IESs after
their excision, suggesting that repair of the developing somatic genome appears to occur

outside of foci. We believe these data indicate that formation of DNA elimination foci is
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more likely the response of heterochromatin to DNA damage. The repeat-rich DNA
found in heterochromatin can be challenging to repair pathways. The homologous
recombination machinery may have difficulty distinguishing between an undamaged
sister chromatid and other nearby homologous sequences when selecting a repair
template, which could lead to aberrant genome rearrangements. In Drosophila, it has been
shown that homologous recombination is repressed in heterochromatin until the free ends
of damaged DNA are moved outside of the heterochromatin domain, where repair can
occur without these complications. Similar relocation of ds breaks outside of
heterochromatin compartments has been observed in mammalian cells as well. The
formation of DNA elimination foci may represent complementary phenomenon leading
to the sequestration of the repeat rich IESs as heterochromatin away from repair proteins,

promoting accurate joining of the retained genomic sequences.

Transposons and the origin programmed DNA elimination.

LIAS5 was first described as encoding a glutamine rich protein containing a zinc
finger domain. Through further analysis, LiaSp appears to share structural similarity with
IS4 family of transposases. Although lacking the conserved DDD/E catalytic residues,
Lia5p contains a domain that belongs to the DDE Tnp 1 7 family as well as a Tnp_zf-
ribbon 2 domain. This protein architecture is shared by many transposon-derived
proteins, including the piggyBac transposase. Therefore, like the domesticated piggyBac
transposase gene — 7TPB2, LIA5 may be the remnant of a transposon that was
domesticated during evolution to enforce the silencing of transposon-like IESs.

Domesticated transposases have proven important for essential cellular functions across
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diverse eukaryotic organisms. Among the most well known examples are the Rag
proteins involved in the vertebrate adaptive immune systems, and CenPB proteins, which
is essential for centromere function in many eukaryotes.

Although we have not identified the biochemical function of LiaSp, the lack of
DNA elimination foci and YH2AX staining in the absence of LI45 suggests that the
protein it encodes is involved in organizing IES chromatin or recruiting 7PB2 to initiate
DNA cleavage. Intriguingly, overlapping the DDE Tnp 1 7 and the Tnp_ zf ribbon 2
domains are the predicted DNA binding domain of the mismatch repair MutS subunit
(MutSD) and the FYVE/PHD Zn finger domains, respectively. While the significance of
these domains remain unclear, MutSD links LiaSp to a possible role in DNA repair, and
FYVE/PHD Zn finger domain has been implicated in proteins with diverse functions,
including chromatin remodeling. Further analysis of both domains to elucidate the exact
mechanism of Lia5p function and the origins of L/45 gene will provide important insight

into the role of transposons in shaping eukaryotic genomes.

METHODS AND MATERIALS

Cell lines and culture. Tetrahymena thermophila cells were grown in liquid culture at
30°C according to standard methods (Orias et al., 2000). Wild type strains (B2086,
CU427, CU428) and the micronucleus-defective ‘star’ strains (B*VI, B*VII) were
originally obtained from Peter Burns (Cornell University, Ithaca, NY) and are available
from the Tetrahymena Stock Center (http://tetrahymena.vet.cornell.edu/). These strains
transformed with constructs to create knockout strains or cell lines expressing epitope-

taged proteins. ADCLI and APDD] strains were described (Malone et al., 2005; Motl and
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Chalker, 2011). Cells were made competent to mate by overnight starvation (>6hours) in
10 mM Tris-HCI (pH 7.4), and conjugation was induced by mixing starved cultures of

mating compatible strains at equal cell densities (~2.5x10° cells/ml).

RT-PCR. cDNA was synthesized from 4ug of total RNA isolated at different stages of
conjugation with SuperScript Il reverse transcriptase (Invitrogen)(Fan et al., 2000;
Malone et al., 2005). Oligonucleotide primers designed to flank the 6™ intron. (Lia5rtFw
5’-ttctctaggctaagcaccctaaaa-3’ LiaSrtRv 5°-tccattgtacccattgttcatt-3”) were used to monitor

LIAS5 expression by PCR.

Generation of LIA5 knockout and expression strains.

A LIAS5 knockout construct pLiaSKO was generated using a Multisite Gateway Cloning
kit (Invitrogen) as previously described (Matsuda et al., 2010; Motl and Chalker, 2011).
DNA corresponding to regions upstream and downstream of the LI45 coding sequence
was amplified from CU427 genomic DNA using the following primer pairs:

LIASupFw 5°- GGGGACAACTTTGTATAGAAAAGTTggtacctacaaggacaatggcaccaa-3’
LIASupRv 5> GGGGACTGCTTTTTTGTACAAACTTGtggctaaaatttctgcagtcg-3° and
LIASdownFw 5’- GGGGACAGCTTTCTTGTACAAAGTGgccaatagataaaatggcacct-3’
LIASdownRv 5’- GGGGACAACTTTGTATAATAAAGTTggtacctcatttccgaaaaatatcat-
3°, respectively (Uppercase letters are att sequences added to facilitate Gateway
recombination). The PCR products were used in BP recombination reactions with donor
vectors. The resulting clones were combined with the pENTR-Neo3 selection cassette in

a multi-plasmid LR clonase reaction into pDEST-R4-R3 to create pLiaSKO. This
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construct was linearized with Acc65I (site underlined in primers) and introduced by
biolistic transformation into 2.5 to 3.5 hr conjugating Cu428xB2086 to obtain
micronuclear transformants (Cassidy-Hanley et al., 1997; Bruns and Cassidy-Hanley,
2000). Genomic exclusion crosses of heterozygous germ line transformants with star
strains B*VI or B*VII generated homozygous mutants that were subsequently crossed to
produce complete LIA5 knockouts missing all copies of the gene from both the micro-

and macronucleus.

A hemagluttinin (HA)-tagged LIAS5 expression construct was created using a two step
overlapping PCR strategy (Rexer and Chalker, 2007) to introduce the HA coding
sequence immediately after the LIAS5 start codon using primers HALIASupFw 5°-
CACCGGGCCCtagctggcattttcaataaataaa-3’ with HALIAS5SupRv 5’-
taatcaggaacatcataaggatacattttaaattaattagttttcaaaggggataacttc-3° and HALIASdownFw
5’-ccttatgatgticctgattatgctgaattaggagaagcagatttacatacatcac-3° with HALIASdownRv 5-
CTCGAGaaaatgtattagcagctttaaatgtc-3’. The HA coding sequence is italicized and
restriction enzyme sites (Apal, Xhol) are underlined. Primers LIASdsFw 5’-
GGATCCtgatatttttcggaaatgagga-3’ and LIASdsRev 5’-CCGCGGagcaagcaaaggcgaaaata-
3’ were used to clone the LIAS downstream genomic sequence (BamHI and Sacll sites
are underlined). Amplified PCR products were inserted into p4T2 vector containing the
histone H4 promoter driven NEO cassette (Gaertig et al., 1994) to create the p4T2-
HALia5 knock-in construct, which was lineralized with Apal and Sacll and introduced
into the macronucleus of starved cells by biolistic transformation. Phenotypic assortment

was achieved by selecting transformants in gradually increased concentration of
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paramomycin until complete replacement of the L/A5 locus with the HALia5 allele was

achieved.

Co-Immunoprecipitation and Western Blot analysis. Co-Immunoprecipitation of
Lia5p with Pddlp was performed as previously described (Rexer et al. 2007) using
HALia5 strains described above. For werstern blot analysis, Immunoprecipitated
samples, or total protein (isolated from ~1x10° cells at different stages of conjugation
with Lysis Buffer) were boiled with 1X Laemmli Sample Buffer. Protein samples were
separated with 4% stacking, 9% resolving polyacrylamide gel elecrophoresis, transferred
onto nitrocellulose membrane and detected primary antibodies: polyclonal aPdd1 (abcam
1:1000), aPdd3 (abcam 1:1000) and aHA (covance PRB-101P, 1:500), followed by HRP
conjugated Goat anti-Rabbit IgG as a secondary. Blots were then overlayed with Pierce

supersignal west duro chemiluminesce substrate and imaged using a Fuji imager.

IES excision analysis. Single cells from mating pairs were isolated and lysed for PCR as
previously described (Coyne et al., 1999; Mochizuki et al., 2002). The M IES was
analyzed with two successive rounds of PCR with following nested primers:

Round I primers:

MIFw 5'-AGCTTAAACAAATGCCATATTGAG-3'

MIRv 5’-AAGGGGGGTGGGGAGGGAGAAGGA-3’

Round II primers:

MIIFw 5’-TACGATAGATCGACTGACGG-3’

MIIRv 5'-GTGGGGAGGGAGAAGGATTCAAC-3'
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Northern and Southern blot analyses. Small RNA and Chromosome breakage analysis
were performed as previously described (Malone et al., 2005; Matsuda et al., 2010). LI45
locus probe was the 850bp fragment isolated from Bglll/BamHI digest of the HALia5

construct (see above).

Indirect immunoflourescence. Cells were fixed by adding 10ul of fixative (2 parts
satuarated mercuric chloride plus 1 part 95% Ethanol) to 3mls of cells in 10mM Tris.
After incubating for 5 min at room temperature, fixative was removed. The cells were
washed once with 6mls and then resuspended in Iml of 100% methanol. For immuno-
staining, cells were dropped directly onto the slides, dried and rehydrated with 1xTBS.
Rehydrated cells were blocked with 1xTBS containing 1% BSA and 0.01% Tween20.
Primary Antibodies: polyclonal oH3K9me2 (upstate 07-441, 1:500), monoclonal
aH3K27me3 (Abcam 6002, 1:500), polyclonal aHA (covance PRB-101P, 1:500),
polyclonal aH2AvD (Rockland PS137, 1:1000). Secondary Antibodies: oRabbit and

aMouse Alexa488 and Alexa594 (Invitrogen 1:500).

Pdd1 phosphorylation analysis. To resolve the different phospho-isoforms of Pddl,
total protein were isolated from ~1x10° cells at different stages of conjugation by boiling
cells with 1X Laemmli Sample Buffer. Protein samples were separated with 4% stacking,
9% resolving polyacrylamide gel elecrophoresis, transferred onto nitrocellulose

membrane and blotted with polyclonal aPddl antibody (Abcam 5338, 1:1000). Alkaline

phosphatase treatment was performed as previously described (Smothers et al., 1997)
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UV irradiation. Irradiation was performed with GS Gene Linker™ UV Chamber (Bio-
Rad). Conjugating cells in 3-7mls suspension (10mM Tris) were exposed to150mJ of
UV-C (254nm) irradiation. Cells were then covered in aluminum foil to prevent
photolyase repair and allowed to recover in 30°C for at least 6 hours before harvesting for

assays.
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Figure 1 — LiaS$ is a developmentally expressed transposon-like protein

(A) Representation of LiaS protein. Conserved DDE Tnp 1 7 and Tnp zfribbon 2 domains are indicated. (B) Protein sequence
alignment of Lia5 with ciliate domesticated piggyBac transposases including Pramecium PGM and Tetrahymena TPB2 and TPBI.
Conserved DDD domains are indicated with red boxes. (C) Illustration of the major nuclear events during Tetrahymena conjugation.
The hours associated with each developmental stage is indicated. (D) rt-PCR for Lia5 gene expression at indicated stages of
conjugation. (E) Western blot analysis for Lia5 protein expression profile throughout conjugation.
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Figure 2 — Lia$ is essential to complete conjugation

(A) Illustration of Lia5 gene replacement strategy by neomycine resistance selectable marker driven by the inducible metallothionein
(MTT) promoter. “X” marks the site in which homologous recombination would take place between the knockout construct and the
endogenous locus for gene replacement. Arrows denote the restriction enzyme cut sites used for southern analysis to verify gene
knockout. The probe, as indicated on the illustration, detects the wild-type locus of Lia5 at 6kb and the knockout copy at 3.9kb. (B)
Southern blot hybridization of DNA isolated from wild type (427, 428) and ALia5 strains (ms, 4-2) using the probe shown in (A).
Expected products from wild type and knockout copies are labeled as “WT’ and ‘ALia5’, respectively. (C) rtPCR for the expression of
Lia5 in conjugating wild type (WT) and Lia5 knockout (ALia5) at indicated time points. Primers used span an intron. g, genomic DNA
used as control for amplification. (D) Fluorescent images of representative DAPI stained WT, ALia5 and APDDI1 strains post
conjugation.
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Figure 3 — Lia5 is required for Tetrahymena programmed DNA rearrangement

(A) Schematic of the strategy for PCR based IES excision assay. Arrows denote forward and reverse primers used to amplify across
the M IES. Alternative rearrangement products resulting from deletion of 0.6kp (A0.6) or 0.9kp (A0.9) are shown. (B) M IES excision
PCR assay. M, DNA ladder. g, genomic DNA from unmated cells. Each lane (1-8) represents a single mated cell from WT or ALia5.
Unrearranged (Mic) and the two alternatively rearranged products (A0.6 and A0.9) are as indicated. (C) Diagram showing the
chromosomal scaffold surrounding a chromosomal breakage sequence (CBS) downstream of the Lial gene. Relevant EcoRI (RI)
restriction sites used for the Southern blot analysis are shown. The probe spans the central EcoRI site and detects the 10.5kb
micronucleus-specific fragment (unrearranged) and de novo breakage at 2.2kb. The probe also detects a 7.8 kb fragment common to
both nuclei as well the 2.5kb to 2.6kb fragments that harbor fully extended telomeric DNA, found in the macronuclei of unmated cells.
(D) Southern blot analysis to assess chromosome breakage. Arrow indicates de novo breakage. veg, vegetative cells, used to represent
unmated cells in the population.
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Figure 4 — Lack of LiaS causes failure in IES excision foci formation while critical
events prior to the step remain undisturbed

(A) Upper panel: ethidium bromide staining of total RNA (20 ug per lane) extracted from
unmated (v) or conjugating WT and ALia5 cells at indicated time points (2-12hrs). Lower
panel: Northern blot analysis for M IES. (B) Immunoflouresence staining of H3K27me3
and H3K9me2 histone marks in WT and ALia5 at Shrs and 14hrs into conjugation. (C)
Fluorescent images of Pdd1-YFP localization in the developing macronuclei of WT and
ALia5 conjugating cells, counter stained with DAPI. 30hrs time point represents cells that
have finished mating and completed development or reached their final arrest point.

HIK27me3
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Figure S — Lia$5 localization at the IES excision foci

(A) Immunostaining of HALia5 at 9hrs into conjugation. (B) Co-localization of Lia5-
YFP and Pdd1-CFP or immuno-stained HALia5 and Pdd1-YFP in 14hrs conjugating
cells. (C) Immunoprecipitation of HALia5 (aHAIP). Untransformed cells (Mock1) and
IgG only pull-down (Mock2) are used as controls. Immunoprecipitated samples (IP) and
their respective supernatants (Supe) were blotted for HALia5, Pddl and Pdd3 as
indicated.
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Figure 6 — Pdd1 protein phospohrylation profile in ALia5 during conjugation

(A) aPdd1 western blot analysis of total protein isolated from conjugating WT, ALia5 and ADcl1 cells at the indicated time points. (B)
Left panel: aPddl western blot analysis of diluted protein from 12 and 15hrs conjugating ALia5 cells. Right panel: Alkaline
phosphatase treatement (+AP) of ALia5 protein at 15hr time point. (C) Fluorescent images of premature Pdd1-YFP foci in ADclI.
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Figure 7 — DNA damage in ALia5
(A) Immunostaining of YH2AX in WT and ALia5 cells during meiotic stage (3hrs) and macronuclear differentiation (10hrs) stages of

conjugation. (B) Fluorescence images of Pdd1-CFP and LiagselV-YFP co-localization in response to UV. (C-D) UV induced DNA
damage is sufficient to rescue Pddl localization and phosphorylation phenotype in ALiaS. (C) Pdd1-YFP localization in 14hrs
conjugating WT, ALia5 and ALia5 cells treated with 150mJ of UV. (D) Left panel: aPdd1 western blot analysis for WT mating at Shrs

and 12hrs. Right panel: Irradiated (+UV) or control (-UV) ALia5 mating cells at 12hrs
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Chapter 4

General conclusion and future perspective
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Genome reprogramming during cellular differentiation involves re-patterning of
chromatin through manipulation of chromatin-associated proteins and changes in nuclear
architecture to properly silence or activate appropriate genes. During sexual reproduction,
Tetrahymena thermophila undergoes extensive DNA rearrangement to reprogram the
future somatic genome of its progeny. Such process involves the removal of ~50Mbp of
the germline-derived DNA from an estimated 5000-6000 loci, which represent >30% of
the original germline genome (Yao and Gorovsky, 1974; Fass et al 2011; reviewed in
Yao and Chao, 2005; Chalker and Yao, 2011). The sequences eliminated, termed Internal
Eliminated Sequences (IESs), range in size from 300bp to >20kbp and are predominantly
found in intergenic regions. Efficient and accurate removal of these sequences is crucial
for the survival of sexual progeny. This notion is especially prominent in the extreme
cases of DNA rearrangement in ciliate subclass Stichotrichia, whom eliminates 95-98%
of the germline and need to eventually piece together and unscramble their exons into
protein coding genes (reviewed in Nowacki et al., 2011). However, the means in which
the cells recognize and target the correct sequences for removal remained a mystery for a
long time. The reasons being that the removed sequences are vastly diverse and share
little to no similarity. The relatively recent discovery that recognition of these sequences
is mediated by homologous RNAs has greatly contributed to uncovering the mystery.

Prior to this dissertation, the involvement of small RNAs had been described in
Tetrahymena programmed DNA rearrangement (Mochizuki et al., 2002; Malone et al.,
2005; Mochizuki, 2005). Furthermore, the link to heterochromatin and transcriptional
gene silencing had been implicated from the identification of essential PIWI-related and

chromodomain proteins (Madireddi et al., 1996; Nikiforov et al., 2000; Mochizuki et al.,
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2002). Together with the rapid advances made in other ciliate species and organisms, at
the time, the idea that IES removal involves small RNA-directed heterochromatin
formation has been well described. The events that follow, including the repositioning of
IESs into heterochromatin-like sub-nuclear domains and their subsequent removal, have
been largely unexplored. In fact when I joined the lab, only one protein (Lialp) had been
shown to act late enough during conjugation to function downstream of small RNA
mediated heterochromatin targeting (Rexer and Chalker, 2007). I had been particularly
interested in studying the process of extensive nuclear reorganization that partitions IESs
and associated chromatin into distinct sub-nuclear foci since this may provide insights
into how activities are compartmentalized in the nucleus. To approach this question, we
investigated proteins that function late in conjugation that may play a role in regulating
chromatin repositioning. I focused my studies on two promising candidates — Defective
IES Excision 5 (DIE5) and Localized In macrouclear Anlagen 5 (LIA5), both encode
novel proteins that are essential for programmed DNA rearrangement in Tetrahymena.
Interestingly, through studying these two genes, we revealed connections between
heterochromatin formation and a programmed DNA damage response that accompanies

IES excision during Tetrahymena somatic nuclear differentiation.

ADIES and ALIAS reveal the importance of programmed DNA damage and repair
in IES excision during Tetrahymena somatic nuclear differentiation

DIES and genome integrity

Both DIES and LIAS5 were identified from some of the first efforts to screen for

genes that may play a role in the later stages of ciliate programmed DNA rearrangement
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(downstream of small RNA and heterochromatin targeting). The screen conducted by
Matsuda and Forney at Purdue University led to the identification of the Paramecium
protein Die5p, which was found to be conserved in Tetrahymena. In both of these
evolutionarily distant species, DIES is required for programmed DNA rearrangement and
completion of conjugation. Studies done in Tetrahymena showed that although ADIES
failed to excise IESs, Pdd1p nuclear foci were detected. This phenotype was novel since
mutations in other known genes that are required for IES excision fail to form proper
foci. DIES therefore uncouples the events of nuclear reorganization and IES excision, and
may in fact function downstream of chromatin repositioning. This observation placed
DIES as the latest known acting gene in the process of Tetrahymena IES elimination.
Another phenotype that was unique to ADIES strains at the time was that while
they arrest in development at a stage common to other IES mutants studied, they
eventually lose all detectable DNA content from their developing somatic macronucleus.
Recent findings in the field (since the publication of our D/ES5 paper) may provide some
explanation for these observations. These advances provide new understanding of the
excision events during DNA rearrangement. In both Paramecium and Tetrahymena, it
has been shown that domesticated piggyBac transposase is most likely responsible for the
actual excision event of the IESs (Baudry et al., 2009; Cheng et al., 2010), consequently,
inducing a programmed DNA damage response. Major components of the NHEJ pathway
have been implicated in both species to subsequently repair the broken ends (Kapusta et
al., 2011; Lin et al., 2012). Particularly, disruption of Tetrahymena Ku80 (Tku80) results
in a phenotype similar to ADIE5 where the developing nucleus loses its DNA content

(Lin et al., 2012). Thus, although the exact biochemical function of Die5p remains to be

81



determined, we reason that it may be involved in a conserved process (at least between
Tetrahymena and Paramecium) that is essential for maintaining genome stability during
programmed DNA damage and repair.

Governing genome integrity is crucial during ciliate DNA rearrangement as it is
accompanied by genome-wide induction of DNA lesions. Current research has begun to
shed light into the pathways that are involved in repair. Studying DieSp function and the
exact role of NHEJ pathway would provide further understanding of how cells deal with
such extensive insults to its genome, especially at sites enriched in repetitive elements
that are prone to improper recombination between distal homologous sequences. As
Die5p does not contain conserved protein domains that identify it as a known component
of the NHEJ pathway; it remains unclear whether it plays a direct role in DNA damage
repair. To further investigate the role of D/ES in ensuring genomic integrity, it would be
informative to examine the possible functional and biochemical interactions between
DIES5 and known NHEJ repair pathway components. The results of these experiments

would provide mechanistic insights into the final stages of ciliate genome reprogramming

LIAS — links to transposons, heterochromatin and DNA repair

LIAS5 was identified in Tetrahymena from the same screen that uncovered LIA1
(Rexer and Chalker, 2007; Yao et al., 2007). I was especially interested in LIA5 because
it was predicted to encode a protein that contains a PHD/Zn finger domain, which has
been implicated in many cellular processes, among them, heterochromatin formation and
DNA-protein interaction. We therefore hypothesized that Lia5p would function as a

structural scaffold of the nuclear foci to bridge the interaction of essential components.
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Further studies and the most current annotation of the protein’s conserved domains
revealed that LI45 function may be more closely related to that of DIE5 than we
previously envisioned. Lia5p exhibits protein architecture that is common to transposon-
derived proteins, including the piggyBac transposases. As domesticated piggyBac
transposase Tpb2 has been implicated as the excisase that ‘cuts’ the IESs out of the
genome (Cheng et al., 2010), we suspected that L/45 functions in a similar process.
Indeed, we showed that LIA5 knockouts lack detectable YH2AX in the developing
nucleus, suggesting that ALIAS fail to generate DNA damage signals during IES excision.
Furthermore, we showed that in ALIAS5, phosphorylation of the essential chromodomain
protein — Pdd1p is mis-regulated. In wild type mating, Pdd1p is phosphorylated earlier
on. As development progresses, however, coinciding with the event of nuclear foci
formation and IES excision, Pddlp becomes dephosphorylated. We found that
phosphorylated Pddl persists in ALIAS5. Furthermore, introducing DNA damage by
treating cells with UV is sufficient to cause Pdd1 dephosphorylation and foci formation.
Importantly, in response to UV treatment, Pdd1 is recruited to nuclear domains where the
NHEJ repair protein — LigaselV aggregates. We therefore infer that Pdd1p acts as a
component of DNA damage response (DDR) and that such response is important for
triggering the assembly of nuclear foci. It would be informative to further investigate the
role of Pdd1p in DNA damage repair and how this might influence the process of nuclear
reorganization.

Through studying LIA5, we have provided a link between the heterochromatin-
like IES excision foci and the DNA repair foci. This realization may influence our future

approaches to study these foci. Furthermore, since the formation of these foci (therefore
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proper excision of IESs and repair of the broken ends) require LI45, which likely
originated from transposons introduced into Tetrahymena genome during evolution,
further studying the mechanistic function of LI45 would provide insights to how
transposons helped shape eukaryotic genomes.

Taken together, the results from my thesis projects suggest that LIA5 and DIES
are involved in the generation and protection of program-induced DNA damage during
IES excision, respectively. Although the later stages of ciliate conjugation was once an
unexplored territory, our findings and the field’s progression has generated an increasing
list of essential players involved. From these efforts, we are collectively discovering other
conserved pathways that are involved in ciliate programmed DNA rearrangement.
Further progress would advance our understanding in the relationship between these

pathways.

Nuclear reorganization

Studying nuclear reorganization during Tetrahymena DNA rearrangement has
been difficult, partly due to difficulties in isolating protein complexes that would identify
components of the DNA rearrangement foci. The results of my thesis projects suggest
that the subnuclear structures formed during the elimination of IESs may be related to
DNA repair foci. Although the question of how cells redistribute its nuclear components
to compartmentalize activities remain unanswered, our findings provide a handle for
studying the identity and possible function of the foci associated with Tetrahymena DNA

rearrangement.
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As more is understood about the stepwise assembly of the DNA repair foci and
the proteins involved, their resemblance allows us to better predict the possible
components that may be involved in the formation of DNA rearrangement foci. For
instance, as Ku80 has been shown to be important, further experiments to test the role of
other NHEJ components in foci formation would not only shed light into the process, but
also provide understanding to the extent of similarity between NHEJ repair pathway and

IES excision repair.

Understanding the link between small RNA-induced heterochromatin formation
and DNA damage repair

Perhaps one of the most interesting questions that arises from the studies of
Tetrahymena DNA rearrangements aims to decipher the interplay between small RNA,
heterochromatin and DNA damage repair. Studies of LIA5 suggested that in
Tetrahymena, nuclear reorganization and the formation of heterochromatin-like foci is
dependent on program- induced DNA damage. Importantly, one of the components of
heterochromatin — Pdd1 protein, appears to participate as a sensor for DNA damage.
Similarly, a link between heterochromatin components and DNA damage repair has been
implicated in other organisms. It has been shown that mammalian Heterochromatin
Protein 1 (HP1) responds to chromosome breaks and is required for proper repair (Ayoub
et al., 2008, 2009; Luijsterburg et al., 2009). Furthermore, while the role of small RNAs
in directing heterochromatin and gene silencing has been extensively discussed, recently,
a novel role of small RNA biogensis pathway in DNA damage repair has been revealed

in Arabidopsis, mouse, zebrafish and human (Francia et al., 2012; Wei et al., 2012).
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These studies showed that when DNA lesions occur, damage-site specific small RNAs
are produced, and that RNAi pathway components are required for proper repair. It
remains unclear, however, whether small RNA initiated heterochromatin formation is an
intermediate to proper repair, and whether the interactions between these pathways are
important for repair across different genomic loci (euchromatin vs. heterochromatin).

Small RNAs have been known to associate with ciliate programmed DNA
rearrangement. So far, the study of the role of these small RNAs have been limited to the
targeting of IESs. However, at least in Tetrahymena, the bulk of the small RNAs
accumulate beyond the stage where IESs are identified. Likewise, the expression of
Dicer-like enzyme (DCL1) persists into developmental stages that are much later than the
event of IES identification. In fact, DCLI expression peaks just prior to the formation of
nuclear foci and IES excision — the stage where genome-wide DNA damage occurs. The
roles of small RNAs in these late stages of ciliate development have been largely
unexplored.

Tetrahyman programmed DNA rearrangement undergoes a genome-wide, step-
wise process of small RNA-directed heterochromatin assembly at specific loci, followed
by their excision and the repair of surrounding sequences. This provides a unique
opportunity to study the functional relationships between small RNA, heterochromatin
and DNA repair. A heterochromatin component of the process (Pdd1p) has already been
implicated in DNA repair. Further investigating the mechanistic details, in addition to
studying the role of the developmental specific small RNAs and DCL/! in repair, would
further our understandings in the functional interconnections between these different

pathways.

86



References

Ayoub, N., Jeyasekharan, A.D., Bernal, J.A., and Venkitaraman, A.R. (2008). HP1-
mobilization promotes chromatin changes that initiate the DNA damage response. Nature
453, 682—-686.

Ayoub, N., Jeyasekharan, A.D., and Venkitaraman, A.R. (2009). Mobilization and
recruitment of HP1: a bimodal response to DNA breakage. Cell Cycle 8, 2945-2950.

Baudry, C., Malinsky, S., Restituito, M., Kapusta, A., Rosa, S., Meyer, E., and Betermier,
M. (2009). PiggyMac, a domesticated piggyBac transposase involved in programmed
genome rearrangements in the ciliate Paramecium tetraurelia. Genes & Development 23,
2478-2483.

Cheng, C.Y., Vogt, A., Mochizuki, K., and Yao, M.C. (2010). A domesticated piggyBac
transposase plays key roles in heterochromatin dynamics and DNA cleavage during

programmed DNA deletion in Tetrahymena thermophila. Molecular Biology of the Cell
21,1753-1762.

Francia, S., Michelini, F., Saxena, A., Tang, D., Hoon, M. de, Anelli, V., Mione, M.,
Carninci, P., and Fagagna, F. d’Adda di (2012). Site-specific DICER and DROSHA RNA
products control the DNA-damage response. Nature.

Kapusta, A., Matsuda, A., Marmignon, A., Ku, M., Silve, A., Meyer, E., Forney, J.D.,
Malinsky, S., and Bétermier, M. (2011). Highly precise and developmentally
programmed genome assembly in Paramecium requires ligase IV-dependent end joining.
PLoS Genet. 7, €1002049.

Lin, [.-T., Chao, J.-L., and Yao, M.-C. (2012). An essential role for the DNA breakage-
repair protein Ku80 in programmed DNA rearrangements in Tetrahymena thermophila.
Mol. Biol. Cell 23, 2213-2225.

Luijsterburg, M.S., Dinant, C., Lans, H., Stap, J.,, Wiernasz, E., Lagerwerf, S.,
Warmerdam, D.O., Lindh, M., Brink, M.C., Dobrucki, J.W., et al. (2009).
Heterochromatin protein 1 is recruited to various types of DNA damage. The Journal of
Cell Biology 185, 577-586.

Madireddi, M.T., Coyne, R.S., Smothers, J.F., Mickey, K.M., Yao, M.C., and Allis, C.D.
(1996). Pddlp, a novel chromodomain-containing protein, links heterochromatin
assembly and DNA elimination in Tetrahymena. Cell 87, 75-84.

Malone, C.D., Anderson, A.M., Motl, J.A., Rexer, C.H., and Chalker, D.L. (2005). Germ
line transcripts are processed by a Dicer-like protein that is essential for developmentally

programmed genome rearrangements of Tetrahymena thermophila. Mol. Cell. Biol. 235,
9151-9164.

87



Mochizuki, K. (2005). A Dicer-like protein in Tetrahymena has distinct functions in
genome rearrangement, chromosome segregation, and meiotic prophase. Genes &
Development 79, 77-89.

Mochizuki, K., Fine, N.A., Fujisawa, T., and Gorovsky, M.A. (2002). Analysis of a piwi-
related gene implicates small RNAs in genome rearrangement in tetrahymena. Cell 710,
689—699.

Nikiforov, M.A., Gorovsky, M.A., and Allis, C.D. (2000). A Novel Chromodomain
Protein, Pdd3p, Associates with Internal Eliminated Sequences during Macronuclear

Development inTetrahymena thermophila. Molecular and Cellular Biology 20, 4128—
4134.

Nowacki, M., Shetty, K., and Landweber, L.F. (2011). RNA-Mediated Epigenetic
Programming of Genome Rearrangements. Annual Review of Genomics and Human
Genetics 12, 367-389.

Rexer, C.H., and Chalker, D.L. (2007). Lialp, a novel protein required during nuclear
differentiation for genome-wide DNA rearrangements in Tetrahymena thermophila.
Eukaryotic Cell 6, 1320-1329.

Wei, W., Ba, Z., Gao, M., Wu, Y., Ma, Y., Amiard, S., White, C.I., Rendtlew Danielsen,
JM., Yang, Y.-G., and Qi, Y. (2012). A Role for Small RNAs in DNA Double-Strand
Break Repair. Cell /49, 101-112.

Yao, M.-C., Yao, C.-H., Halasz, L.M., Fuller, P., Rexer, C.H., Wang, S.H., Jain, R.,
Coyne, R.S., and Chalker, D.L. (2007). Identification of novel chromatin-associated
proteins involved in programmed genome rearrangements in Tetrahymena. J. Cell. Sci.
120, 1978-1989.

88



Appendix 1

Epigenetics of Ciliates

Motl, J.A., Shieh, A.W., and Chalker, D.L.

In Encyclopedia of Molecular Cell Biology and Molecular Medicine (2012)

Wiley-VCH Verlag GmbH & Co. KGaA

89



Contributions to the work

This comprehensive review was written by Jason Motl and myself, with content
and editorial input from D.L. Chalker. As a coauthor, I contributed most of the writing of
the first two sections (‘Ciliate Biology’ and ‘Epigenetic Phenomena in Ciliates’) of this
review and provide feedback on the remainder of the article. It was published in

Encyclopedia of Molecular Cell Biology and Molecular Medicine

References
Motl, J.A., Shieh, A.W., and Chalker, D.L. (2012) Epigenetics of Ciliates. In

Encyclopedia of Molecular Cell Biology and Molecular Medicine, (Wiley-VCH Verlag
GmbH & Co. KGaA)

90



Druckireigale fapproval for prmbng

ethre Kosrekiren

Without corrections) ME cl19.tex V1-01/04/2012 6:28am Page 1

After comrections |
nach Ausfilhrung

cher Koorekharen

Drate [ Damims

SigmarureZeichen: ......ooeerieecieiannnas

Epigenetics of Ciliates

Jason A. Motl, Annie W. Shieh, and Douglas L. Chalker
Washington University in St Louis, Biology Department, 1 Brookings Drive, St
Louis, Missouri, USA

1 Ciliate Biology 4

1.1 Historical Perspective 4

1.2 Life Cycle and Genetics 4

13 Differentiation of Somatic and Germline Genomes 7

1.4 Micro- and Macronuclei: Models for Silent and Active Chromatin 9

1.4.1 Differential Histone Composition of Micro- and Macronuclei 9

1.4.2 Differential Histone Modifications of Micro- and Macronuclei 10

2 Epigenetic Phenomena in Ciliates 11

21 Structural Inheritance 11

2.2 Cytoplasmic Inheritance 12 .

223 Epigenetic Control of Traits Converge with the Regulation of DNA
Rearrangements 13

3 RNA-Mediated Epigenetic Mechanisms 16

3.1 Homology-Dependent Gene Silencing 16

3.2 RNA-Guided Genome Reorganization 17

4 Small RNA-Mediated DNA Rearrangements 18

4.1 RNAi-Dependent DNA Elimination in Paramecium 18

4.2 The Role of a Domesticated PiggyBac Transposase in DNA Elimination

and Chromosome Breakage in the Developing Somatic Nucleus of
Paramecium 21

4.3 RNAi-Dependent DNA Elimination in Tetrahymena 22

4.4 RNAi Apparatus and Genome Scanning in DNA Elimination 23

4.5 Bidirectional Transcription of Long dsRNAs 23

45.1 Processing of Long dsRNAs into scnRNAs, and Their Subsequent Nuclear
Localization 25

45.2 Genome Scanning via Comparison of scnRNA Complexes to the Parental
Genome 27

Meyers: Encyclopedia of Molecular Cell Biology and Molecular Medicine: Epigenetic Regulation and Epigenomics,
Second Edition. Edited by Robert A. Meyers.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.

&

91




Druckireigale fapproval for prmbng

ethre Kosrekiren

Without corrections) ME cl19.tex V1-01/04/2012 6:28am Page 2|

After comrections |
nach Ausfilhrung

cher Koorekharen

Drate [ Damims

SigmarureZeichen: .....o.oeeierieecieiinnnes

2| Epigenetics of Ciliates

4.6 DNA Elimination of DNA Sequences from the Developing Somatic
Nucleus 29

4.6.1 Targeting of scnRNA Complexes and Modification of Chromatin of DNA
Sequences to be Eliminated 30

4.6.2 Protein Binding of Modified Chromatin, Protein Aggregate Formation, and
DNA Elimination 31

4.7 Chromosome Breakage in the Developing Somatic Nucleus 35

5 Chromosome Fragmentation and Elimination of DNA during Conjugation in
Oxytricha 35

5.1 Gene Unscrambling and Domesticated Transposases in DNA Elimination

and Chromosome Breakage 36
6 Perspective 38
Cross References to Other Volumes — Topics and Subtopics 39

References 39

Keywords

Nuclear dimorphism
Containing two different types of nuclei, likeciliates.
Micronucleus (Mic) 3

The smaller, germline nucleus of nuclear dimorphic ciliates.

Macronucleus (Mac)

The larger, somatic nucleus of nuclear dimorphic ciliates.

Conjugation
Sexual reproduction process of ciliates that involves cross-fertilization and genetic

exchange between mating partners to produce progeny.

Autogamy
Sexual reproduction process of ciliates during which one individual self-fertilizes to

produce progeny with a completely homozygous genome.
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Internal eliminated sequences (IESs)
Sequences ranging from 26 bp to 22 kb, which necessitate removal from introns, exons,
and noncoding DNA sequences during sexual reproduction to produce a functional

zygotic macronucleus.

DNA elimination
Process of removing repetitive sequences and IESs from the somatic, zygotic

macronucleus in ciliates, which occurs during sexual reproduction.

Transposons

DNA elements that can v “jump” or transpose around the genome when active.

RNA interference
Process through which ncRNAs and the products of their cleavage, sSRNAs, affect

transcriptional and post-transcriptional regulation in cells.

Heterochromatin
Chromatin state defined molecularly by histone hypoacetylation and methylation of

H3K9 and/or H3K27, which causes condensation of chrorﬂatin and gene silencing.

B Genetic studies of ciliated protozoa delivered some of the earliest evidence that
epigenetic mechanisms play profound roles \.ir} determining phenotype. The nuclear
dimorphism of these unconventional unicéllular organisms has provided a rich
context within which to uncover epigenetic mechanisms that regulate genome
activities. Comparisons of the chromatin of the transcriptionally active somatic
genome and the silent germline have revealed that histone modifications and
specialized variants are important regulatory mechanisms, allowing homologous
sequences to exist in different states. However, these genomes do not just differ
in epigenetic characteristics; they have major structural differences, the result
of developmentally programmed DNA rearrangements that occur during nuclear
differentiation. These rearrangements eliminate between 15% and 95% of a ciliate’s
germline-derived DNA to create a streamlined genome that is devoid of most
repetitive elements. More recent investigations have revealed that homologous
noncoding RNAs (ncRNAs) and RNA interference mechanisms play essential roles
in guiding these DNA rearrangements by mediating a comparison of the genome
content of the current somatic genome to that in the germline. Continuing research
into the process of DNA elimination in ciliates shows promise to provide new
insights into the potential of ncRNAs to remodel genomes during development.
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1
Ciliate Biology

1.1
Historical Perspective

The concept of “epigenetics” was largely
formulated by Conrad Waddington to pro-
vide a framework to describe the develop-
ment of multicellular organisms, and to
explain how cells with the same genetic
composition can differentiate into func-
tionally distinct types. During these early
days of genetics research, the chromosome
theory of inheritance was viewed to bridge
the observations of Mendelian inheritance
and microscopic description of chromo-
some behavior in cells. However, this
genetic theory was somewhat inadequate
to account for development of different tis-
sues within an individual, where all cells
had the same chromosomes. It was diffi-
cult to envision how the apparently static
chromosomes (genes) could by themselves
manifest phenotypic differences — the fun-
damental basis of cellular differentiation.
Epigenetic theory thus arose from the.
need to bridge the gap between geno-
type and observed phenotypes that could"

not be accounted for by the behaviorof

chromosomes. The gap was quite appar-
ent in single-celled organisms, most no-
tably the ciliate Paramecium in studies by
Tracy Sonneborn [1]. Sonneborn and his
colleagues described several examples of
phenotypic traits — for example, serotype
and mating type — which did not follow
conventional Mendelian inheritance, but
instead appeared to be passed on through
cytoplasmic inheritance. Thus, while these
traits were encoded by genes, clonal lines
with identical genotypes arose with per-
sistently different phenotypes. Through
these studies, Sonneborn and others re-
vealed that the cytoplasm was an important
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supplement to chromosomes in transmit-
ting heritable information.

While studies of ciliate genetics largely
started with those of Sonneborn, research
using these organisms has continued to
provide important understanding of epi-
genetic phenomena and their underlying
mechanisms that help explain unexpected
patterns of inheritance. In this chapter,
some early examples of non-Mendelian
inheritance observed in ciliates are de-
scribed to provide a historical context, even
though the exact mechanisms that account
for these phenomena still await discov-
ery. Nonetheless, research efforts aimed
at describing the intricate biology of this
fascinating group of microbes have pro-
vided new ways to consider epigenetics
that stretch well beyond. ciliates. Funda-
mental discoverieg of the role of chromatin
modification in"gene regulation, and the
role of noncoding RNAs (ncRNAs) in gene
silencing;have secured the place of ciliates
as pioneering” model systems for epige-
netic studies. Much of the utility of these

.organisms for this research stems from

their unique biology, with both germline

. and somatic copies of the genome main-

tained in a single cell. Below, the germline
and somatic dichotomy of ciliates are de-
scribe, followed by details of the process
of their differentiation, in order to provide
the necessary background for describing
these epigenetic discoveries.

1.2
Life Cycle and Genetics

The ciliated protozoa belong to the super-
phylum of Alveolates, which is a lineage
that diverged from the ancestors of plants
and animals more than a billion years
ago [2]. They have evolved into a di-
verse array of species that have adapted to
different environments and strategies for




Druckireigale fapproval for prmbng

Withowt corrections
ahre Kosrekiuren

After comrections |
nach Ausfilhrung

ME cl19.tex V1-01/04/2012 6:28am Page 5|

cher Koorekharen

Drate [ Damims

SigmarureZeichen: ......ooeerieecieiannnas

life. Members of the phylum Ciliophora
(i-e., ciliates) are commonly found in fresh
water, but can also existin many water-rich
environments as free-living organisms,
symbiotes, or even parasites. Ciliates have
elaborate cellular architectures, most no-
ticeably the organized arrays of cilia that
cover their exteriors. An anterior oral ap-
paratus or “mouth,” constant swimming
enabled by their cilia, and relatively large
size give the ciliates animal-like qualities,
despite their being unicellular. Ciliates are
capable of both asexual and sexual repro-
duction:

e Asexual reproduction (or vegetative popu-
lation growth) occurs by binary fission,
and is the means through which cili-
ates amplify their populations clonally
(Fig. 1a).

o Sexual reproduction occurs upon the con-
jugation of two cells, and involves the
exchange of genetic information be-
tween each partner and new somatic
genome differentiation, without an in-
crease in cell number (Fig. 1b).

The most important feature of ciliates

to consider in regards to inheritance is
their nuclear dimorphism. In each single
cell, ciliates organize two copies of their
genome in nuclei that are structurally and
functionally distinct. These two different
genomes serve the analogous roles to that
of germline and somatic cells in meta-
zoans. The germline copy of the genome is
contained in the smaller nuclear compart-
ment, the micronucleus. The micronuclei
are diploid, but interestingly are transcrip-
tionally silent during vegetative growth,
serving only to maintain and transmit
the genome to progeny cells upon sexual
reproduction. The much larger macronu-
clei, on the other hand, carry the somatic
genome and, as such, are responsible

Epigenetics of Ciliates

for all gene expression necessary for
vegetative growth. Macronuclei are poly-
ploid, with different ciliate species having
widely different copy numbers in their
somatic genomes. For example, Tetrahy-
mena retain approximately 50 copies of
each macronuclear chromosome, whereas
Paramecium macronuclei contain several
hundred copies. During sexual reproduc-
tion, the macronucleus - like the soma
of metazoa —is lost when a new one is
formed from a zygotic nucleus, which is
derived from the germline genomes of the
parental cells after meiosis.

While all ciliates exhibit nuclear dimor-
phism, the actual number of germline
micronuclei and somatic macronuclei in
each cell differs between species. In many
of the figures in the chapter,.it has been
elected to illustrate a single micronucleus
and macronucleus per cell; to simplify the
discussion. The.key nuclear events that
occur throughout the ciliate life cycle are
presented in a genéralized representation
in Fig. 1.'Veegetative growth involves clonal
amplification of the cell’s population, dur-
ing which ‘the micronucleus is duplicated
byclosed mitosis (i.e., without the dissoci-
gtfop of nuclear envelope), thus ensuring

“an“accurate maintenance of the germline

genome (Fig. 1a). The polyploid macronu-
cleus divides amitotically, splitting its nu-
clear content into roughly equal halves so
as to partition its centromere-less chromo-
somes into each progeny cell. Exactly how
the macronuclei maintain the correct copy
number of somatic chromosomes is not
well understood, but the results of stud-
ies conducted in Oxytricha and Stylonychia
have indicated that the copy number can
be regulated epigenetically [3, 4]. Neverthe-
less, high ploidy and the endoreplication
of somatic chromosomes appear to main-
tain the correct DNA content and prevent
lethal gene loss.
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Fig. 1 Ciliates reproduce both vegetatively by binary fission,

and sexually via conjugation (or autogamy).

The micronucleus and macronucleus of
a ciliate are replaced after each round of
sexual reproduction. Conjugation, which
can be induced in the laboratory by nu-
trient starvation, begins with the pair-
ing of two mating compatible cells (see
Fig. 1b). The micronuclei of the mat-
ing partners undergo meiosis, where a
single haploid meiotic product in each
partner is selected and passed on to their
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progeny; the nonselected meiotic products
are then degraded. The chosen haploid nu-
clei replicate their chromosomes and then
undergo an additional nuclear division to
produce two haploid nuclei with identi-
cal genomes, one of which is exchanged
with the mating partner. The exchanged
haploid nucleus then fuses with the part-
ner’s stationary haploid nucleus to form
the zygotic nuclei of the mating pair.
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This nuclear cross-fertilization produces
identical heterozygous, diploid genomes
in each partner. In the case where
mating-compatible partners are unavail-
able, some species will undergo autogamy;
this is a form of self-fertilization, where
two genetically identical haploid nuclei
fuse with each other, producing a homozy-
gous diploid genome (Fig. 1¢).

When the haploid “gametic” nuclei have
fused (karyogamy) to give rise to the zygotic
genome, additional rounds of DNA repli-
cation and nuclear division produce the
precursors of the new micronucleus and
macronucleus. As the development pro-
ceeds, these progenitors (which often are
called anlagen) differentiate into the new
germline and somatic nuclei. Whereas,
the cross-fertilization that occurs during
conjugation generates genetically identical
progenitor nuclei, the individual progeny
cells of a mating pair can differentiate with
distinct phenotypes (e.g., different mating
types) in non-Mendelian inheritance pat-
terns. In some cases, specific phenotypes
can be traced through a particular cytoplas-
mic lineage. It is important to note that

new somatic nuclei differentiate within «+

the cytoplasms of the two parental cells,
such that the DNA is replaced while many

Epigenetics of Ciliates

existing cellular structures are preserved.
This feature of ciliate biology is a major
contributor to the non-Mendelian inheri-
tance phenomena described in the follow-
ing sections.

1.3
Differentiation of Somatic and Germline
Genomes

Macronuclear differentiation is an extreme
example of genome reprogramming, as
the cells start with a genome that is tran-
scriptionally silent and remodel it into one
that supports regulated gene expression
during vegetative growth. In addition to
switching the genome from a silent to an
active state, this reprogramming involves
a transition from mitotic to amitotic divi-
sion, accompanied by chromesome break-
age and extensive. DNA-rearrangements
(Fig. 2). Research efforts to understand
the differences: between the transcrip-
tional activity of micro- and macronuclei
have uncovered regulatory systems that
havesolidified the ciliates” place as major
models for elucidating epigenetic mech-
anisms. Before discussing these discov-
eries further, it is important to briefly
touch upon the structural rearrangements

GGGGTT | | GGGGTT

CCCCAA

CCCCAA

NTAn
nATN

Fig. 2 The somatic genome undergoes extensive DNA rear-
rangements, including chromosome fragmentation and inter-

nal DNA elimination.
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that streamline and selectively amplify
the genome in differentiating macronu-
clei. These are important, not only for
providing an understanding of some of
the historical examples of non-Mendelian
inheritance, but also providing — through
their study — new avenues by which epige-
netic regulation can be further explored.
Ciliates streamline their somatic,
macronuclear genome through massive
genome rearrangements that fragment
the germline-derived chromosomes and
eliminate large portions of their genomic
complexity (Fig. 3). The fraction of the
germline genome removed from the
macronucleus ranges from 15% to as
much as 95% (for a review, see Ref.
[5]). Fragmentation of the developing
macronuclear chromosomes is coupled
with de novo telomere addition, which
stabilizes the newly formed termini. The
degree of chromosome fragmentation
varies widely among the ciliate lineages.
For Stichotrichs such as Oxytricha
and Euplotes, this fragmentation is so
extensive that the average macronuclear

chromosome is only a few kilobase:

pairs that typically contains a single’

gene. At the other end of the spectrum,:
the Oligohymenophora, which include”

Tetrahymena and Paramecium, break their

O(a/a) E(b/b)
¥ N
O(a/b) E(a/b)
Fi
e
O(a/a) O(b/b) E(a/a) E(b/b)
F2
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developing macronuclear chromosomes
at just tens to hundreds of sites to produce
chromosomes that are typically several
hundred kilobase pairs in size. Following
chromosome fragmentation, these small
chromosomes are amplified to their final
high copy number in the polyploidy
macronucleus.

In addition to chromosome fragmen-
tation, ciliates eliminate many DNA
segments from internal sites. These
germline-limited, internal eliminated se-
quences (IESs) are numerous in all ciliate
genomes that have been studied. They are
removed from thousands of loci and, in
some species, from up to tens of thousands
of loci. In some ciliates, such as Tetrahy-
mena, essentially all of the TESs are found
within intergenic regions; whereas in most
other ciliates studied, they are also com-
mon within genes. When IESs are present
in coding regions; they are precisely ex-
cised during macronuclear differentiation.
A common class of IESs found in di-
verse ciliates species is characterized by

AManking 5'-TA-3' dinucleotides, one copy

of which is retained upon excision (for a

. review, see Ref. [6]). The sequences elimi-

nated from somatic macronuclei represent
most of the repetitive sequences residing
in the germline genome, including trans-
posable elements [7]. The majority of IESs
may actually be the remnants of trans-
posons, or be otherwise derived from the
activity of transposable elements ([8-10];
see also a review in Ref. [11]). Intrigu-
ingly, recent evidence has suggested that
the excision of IESs utilizes domesticated
transposases [12—14]. As will be discussed

Fig. 3 Cytoplasmic inheritance. The
mating type of Paramecium is de-
termined by the parental cytoplasm,
not the genotype of the progeny. P,
Parent; F1/F2, generations.
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Tab. 1 Histone modifications found in the nuclei of ciliates.

Nucleus Histone composition Histone modifications®

Micronucleus H2A, H2B, H3, H4, micH1 H3K27me, H3S10ph, micH1ph
Macronucleus H2A, H2B, H3, H4, hvl, hv2, H3K4me, H3K9me’, H3K27me, H2Aac,

macH1

H2Bac, H3ac, H4ac, H2Aph, macH1ph

The histone composition and modifications of the micro- and macronucleus are listed above. Most
of these histones and modifications are found throughout the life cycle of T. thermophila, but one
(H3K9me) is restricted to developing macronuclei during conjugation.

%There is no distinction between mono-, di-, and tri-modifications of each histone in this table.
bThis modification is only found during sexual reproduction in the developing zygotic

macronucleus.

below, the mechanisms that ciliates use
to identify IESs are related to RNA in-
terference (RNAI), which is used by many
eukaryotes as a surveillance system to limit
the activity of transposons in the genome
[15]. These mechanisms will be described
in detail at this point, as they reveal impor-
tant insights into the use of homologous,
ncRNAs in epigenetic regulation.

1.4
Micro- and Macronuclei: Models for Silent
and Active Chromatin

The recognition that the micro- and
macronuclei of ciliates have opposite ac-
tivity states promoted the development of
these organisms as models with which to
examine cellular mechanisms that differ-
entially regulate identical sequences — the
very definition of epigenetics. The most
significant contributions in this area have
been made by groups investigating the
chromatin structure of the different nuclei
of Tetrahymena. Such efforts began about
four decades ago, and helped to establish
a number of paradigms of epigenetic con-
trol, including the importance of histone
variants and the role of histone acetylation
in transcriptional regulation. A summary

of the histone variants and modifications
found in the micro- and macronucleus is
listed in Table 1.

1.4.1 Differential Histone Composition of
Micro- and Macronuclei :

The core histones form the largest frac-
tion of chromatin‘in both the micro- and
macronuclei; however, a comparison of
the chromatin proteins found in each type
of nucleus led to the characterization of
some-of the first known histone vari-
ants. The histone variants, Hvl and Hv2,

" “were identified as forms of Histone H2A

and H3, respectively, that are localized
specifically within the transcriptionally ac-
tive macronucleus [16, 17]; these proteins
represent the equivalent of the widely con-
served variants H2A.Z and H3.3, while
Hvl (H2A.Z) is essential in Tetrahymena
[18]. In addition to its presence in the
macronucleus, this variant has been ob-
served in micronuclei during early con-
jugation, when these nuclei first exhibit
transcriptional activity [19-21]. Hv2 (H3.3)
has properties consistent with its role as
a replacement histone. This variant was
shown to be constitutively expressed dur-
ingthe cell cycle, in contrast to core histone
H3.1, which is expressed only during early
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S-phase [22]. This led to the hypothesis
that H3.1 is only deposited into chro-
matin during DNA replication, whereas
Hv2 is deposited outside of S-phase. The
exclusive presence of these two histone
variants in the macronucleus (or meiotic
micronuclei) provided some of the first
evidence that specific variants are pref-
erentially associated with transcriptionally
active chromatin.

In addition to core histone variants, the
micro- and macronuclei also have distinct
linker histones. Although neither linker
histone is essential [23], when the genes
for the micronuclear and macronuclear
linker histones were disrupted, the nu-
cleus in which they normally reside was
increased in volume. These results were
interpreted to mean that, in the absence
of the linker histones, the chromosomes
exhibited lower degrees of chromatin com-
paction. In addition, cells lacking the
macronuclear linker histone showed al-
tered ‘gene expression profiles, a finding
that providing some of the first evidence
that linker histones have roles outside of

maintaining general chromosome struc-.

ture [24].

1.4.2 " Differential Histone Modifications of *

Micro- and Macronuclei

The finding that histones in the macronu-
cleus were hyperacetylated relative to those
in the micronucleus provided evidence
which corroborated Allfrey’s observations,
namely that acetylated histones were im-
portant for transcriptional activity in an-
imals [25]. The ability to make targeted
mutations in Tetrahymena thermophila al-
lowed Martin Gorovsky and coworkers to
test whether acetylation of the H2A.Z tail
was critical for transcription, and to further
assess whether specific sites needed to be
acetylated [26]. In fact, Gorovsky’s group
found that the mutation of all normally
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acetylated lysines in the H2A.Z tail to
arginines, which were not able to be acety-
lated, was lethal. However, the mutant
phenotype could be rescued by H2A.Z
proteins containing a single acetylated ly-
sine. In addition, the Hvl tail could be
substituted for by the core H2A tail, thus
demonstrating that the overall histone tail
charge density was more important than
the modification of particular tail lysine
residues [27].

Arguably, one of the landmark discover-
ies in epigenetics research was the cloning
of the first nuclear histone acetyltrans-
ferase (HAT). Previously, C. David Allis
and coworkers had set out to identify
the protein responsible for the hyper-
acetylation of macronuclear chromatin, by
employing an in-gel histone acetylation
assay [28]. For this, the histones were
first polymerized directly into the dena-
turing protein ‘gels used to fractionate
the Tetrahymena extracts. After renaturing
the proteins in the polyacrylamide matrix,
the gels were incubated with radiolabeled

_acetyl-CoA. Subsequently, the group iden-

tified, and then purified, a 55 kDa protein

. that shared significant similarity with the

yeast GCN5 transcriptional regulator. It
was this discovery which established the
paradigm that transcriptional regulators
act by modifying chromatin [28, 29].
Other histone modifications enriched
in either micro- or macronuclei hinted
at their biological function. Histone H3
methylated on Lys4 was found exclu-
sively in the macronucleus, thus providing
the early evidence that this modification
was associated with active chromatin [30].
This modification is absent from micronu-
clei, but is rapidly established on the
bulk of the genome soon after develop-
ing macronuclei are formed. In contrast,
the methylation of histone H3 on Lys9
is found exclusively during conjugation
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on the chromatin of IESs in developing
macronuclei [31]. This modification is lost
from macronuclei as the IESs are removed
from the genome. While the methylation
of histone H3 on Lys9 was already known
to be associated with silent heterochro-
matin in Schizosaccharomyces pombe and
other eukaryotes, its linkage to IES exci-
sion — which was found concurrently to
be controlled by a RNAi-related mecha-
nism — provided one of the first examples
(along with studies conducted in S. pombe)
that RNAi-directed transcriptional gene
silencing targeted the chromatin modifica-
tions to specific genomic regions [31-33].

While most chromatin modifications are
enriched in macronuclei, the phosphory-
lation of histone H3 on Serl0 was found
to be highly enriched in micronuclei un-
dergoing mitosis or meiosis, indicating
that this modification may be involved
in chromosome condensation [34]. The
mutation of Ser10 to alanine resulted in
chromosome segregation defects, which
further supported the importance of phos-
phorylation of this position on histone
H3in chromatin compaction during nu-

clear division [35]. These structural and -

functional differences between the micro-
and macronuclei provided a rich biolog-
ical context by which to start unraveling
the role of chromatin proteins and their
post-translational modifications for con-
trolling epigenetic phenomena in ciliates.

2
Epigenetic Phenomena in Ciliates

Ciliates had been firmly established as
genetic models for uncovering epigenetic
phenomena long before many research
groups began to use the differentiation of
micro- and macronuclei as a means of re-
solving the molecular basis of epigenetic

Epigenetics of Ciliates

control. The many classical examples of
non-Mendelian inheritance and other epi-
genetic phenomena that are described in
the following sections have been included
on the basis that it is useful to revisit
these early observations in light of more
recent molecular studies. Such examples
of structural and cytoplasmic inheritance
have a common feature, notably that the
pre-existing phenotypic state of the par-
ent cells is able somehow to “template”
the phenotype that emerges in the next
generation. These phenomena challenge
many of the preconceived ideas of simple
genetic inheritance, and beg for further
investigation to decipher their underlying
mysteries.

2.1
Structural Inheritance

In addition to nuclear dualism, ciliates are
characterized ‘by the extraordinary com-
plexity and’ asymmetry of their cellular
structuzes: The ciliate cortex is comprised
of a_matrix of cytoskeletal and membra-
nous components, while organized within
the cortex are organelles with special-
i_zéd functions, such as the anteriorly

“positioned oral apparatus (a mouth-like

phagocytic structure) and a posterior cy-
toproct. The elaborate ciliate body plan is
faithfully reconstructed after each round
of binary fission. The anterior daughter
cell must reform the posterior structures,
and the posterior daughter must generate
a new mouth and other anterior compo-
nents. Both, genetic and physical manip-
ulations of the cortex have revealed that
the cellular structure of ciliates is largely
organized by the pre-existing structures,
thereby demonstrating that a cell’s pheno-
type is not determined solely by genotype.

These cells’ numerous cilia, which are
used primarily for locomotion and feeding,
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project from arrays of cortical units,
aligned into rows that are organized along
the anteroposterior axis. Each cortical unit
assumes a distinct anterior—posterior and
left-right orientation that is crucial for the
correct function of the cilia. During each
cell cycle, the units are duplicated to ensure
that each daughter cell inherits a complete
set of structures that assumes the correct
orientations. An early scientific question
was whether this cortical organization
was determined by the action of genes;
subsequently, it was revealed that the
structural organization of daughter cells
is not established purely by the cells
genotype, but rather is templated by
the geometry of the pre-existing units
(i-e., it is inherited through a non-genic
mechanism). One of the earliest studies on
cortical inheritance was performed using
doublet cells. The “doublet” phenotype
arises from a failure of pair separation
at the end of conjugation, which leads to
a fusion of the progeny. This phenotype
is fairly stable, and can be propagated
such that the vegetative progeny inherits

a duplicated set of cortical structures,.

Genetic crosses demonstrated that .the

determined by genes or the cytoplasm,-
but rather was communicated through the
architecture of the cortex itself [36].
Cortical inversion, a condition in which
the cells have one or more ciliary rows
rotated 180° in the plane of the cell surface,
further illustrates the phenomenon of
structural inheritance. In this case, an
inverted patch of cilia is produced that
results in the cells exhibiting an abnormal
“twisting” swimming phenotype. As with
the “doublet” phenotype, the progeny
of cells with inverted patches inherits
the inverted orientation of cilia, as the
new cortical organization is templated
by the parental cortical organization [37].

102

What this and other experiments show,
in the case of ciliary orientation, is that
whilst the genes supply the building
blocks, the assembly into a functional
organelle is determined by the structure of
the pre-existing cortex. The ciliate cortex
thus provides an example of structural
memory, and reveals that genes are not
the only cellular component that can
pass on heritable information to the next
generation.

2.2
Cytoplasmic Inheritance

The inheritance of pre-existing cellular
structures is a specialized example of epi-
genetic influence on the phenotype. A
more general non-nuclear medium for
transmission of heritable” information is
the cytoplasm, the role of which as a di-
rector for epigenetic information is well
documented in ciliates, notably in sexu-
ally reproducing Paramecium aurelia and
related species. One reason for this is

_that, unlike some ciliates (e.g., T. ther-

mophila), the conjugation of P. aurelia

. involves almost no cytoplasmic exchange
heredity of the doublet phenotype was not" )

between the mating pairs. Therefore, while
cross-fertilization produces identical zy-
gotic nuclei, these identical genomes de-
velop in the different cytoplasmic en-
vironments of their respective parental
cells. The interesting observation here is
that these progeny—which are genetic
twins — commonly express different phe-
notypes as determined by the cytoplasm
in which their macronuclei develop.
Cytoplasmic inheritance in ciliates is
most easily illustrated by determination
of the mating type trait (Fig. 3) [38, 39].
Paramecium exist as two mating types:
Even (E) and Odd (O). When two cells of
opposite type mate, the progeny that arise
from the E parent almost always assume
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the E mating type, whereas those from
the O parent almost always assume the O
mating type, despite each having received
identical genotypes. This observation sug-
gests that something other than genes is
directing the determination of the mat-
ing phenotype. A comparison of progeny
mating types from crosses that do, and
do not, exchange cytoplasm during con-
jugation further implicated cytoplasm as
a key component in mating type determi-
nation [40-42]. If cytoplasmic exchange
occurred between the mating pairs dur-
ing conjugation, then the progeny of the
O cell would often be switched to the E
mating type. Furthermore, an injection of
cytoplasm from the E mating partner into
the O partner was found to transform the
progeny’s mating type from O to E. No
effect was observed upon the transfer of
O cytoplasm into E cells, which suggested
that the cytoplasmic factor(s) must exist in
the E cell to determine the E mating type,
and that the E mating type is dominant
over O [43].

Similar to mating type, the serotype of
the Paramecium progeny can be strongly
influenced by the cytoplasm in which

a new somatic genome differentiates.

Serotype is determined by the specific
surface antigen protein that is expressed
and displayed on the cell surface. Although
several genes encode the different antigen
proteins, only one gene is expressed in any
given cell. Upon conjugation, the sexual
progeny typically express the parental
serotype. For instance, when cells of
serotype A are crossed with serotype B,
the progeny of both types will emerge
expressing the serotype of the parent in
which their nuclei developed [44]. The
inheritance of mating type and serotype
is, therefore, specified by the cytoplasmic
environment rather than purely as genetic
traits.

Epigenetics of Ciliates

23
Epigenetic Control of Traits Converge with
the Regulation of DNA Rearrangements

As noted above, the differentiation of a
developing somatic macronucleus from
its zygotic precursor involves an exten-
sive streamlining of its germline-derived
genome by removing extraneous ‘“‘junk”
DNA (see Fig. 2). Thus, the process
of genome rearrangement directs major
changes to the overall DNA sequence in
the somatic macronucleus relative to the
input from the germline. As the DNA
removed is primarily noncoding, the sug-
gestion that this DNA reorganization may
or may not affect gene expression has not
been extensively studied. For many cili-
ates, which have IESs imbedded within
their coding regions, DNA._elimination
must occur to generate.an expressible
protein-coding region.. It has been pos-
tulated — and supported by several exper-
imental observations — that the epigenetic
control of these DNA rearrangements may
underlie at least some of the examples of
non-Mendelian inheritance that have been
discovered. The proposal that ciliates may
differentially eliminate DNA sequences as
a thechanism to alter the phenotype ex-
pressed by their progeny, is discussed in
the following sections.

A genetic screen that initially was aimed
at elucidating the molecular basis for
mating-type expression eventually uncov-
ered an intriguing link between this trait
and the control of DNA rearrangement.
A genetic mutation, mtF¥, was isolated
in a cell line that produces only mating
type E [45]. As noted above, Paramecium
sexual progeny almost always assume the
mating type of the parent (i.e., O par-
ent, O progeny; E parent, E progeny).
Hence, when an E individual that car-
ries the mtFE mutation (mtFF/mtFF) is

103
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WT
mtF*/mtF*

P o) X
/

mtFE/mtF+

F1 o}

mtF*/mtF* 'thE/th©

mtFE

mtFE/mtFE

E

N

mtFE/mtF+
E
mtF+/mtF* mtFE/mtFE
E E

Fig. 4 The mtFE mutation: a genetic lesion that alters the
cytoplasmic inheritance of mating type in Paramecium. P,

Parent; F1/F2, generations; WT, wild-type.

crossed with a wild-type O individual
(mtFt/mtE"), the mating type of the F1
progeny still follows the cytoplasmic inher-
itance typical of a wild-type mating (Fig. 4).

However, homozygous mtFE F2 progeny -

produced from autogamy of F1 O indi-

viduals (mtF* /mtF¥) frequently switch to*
mating type E (compare Figs 3 and 4)."Al-+

though the gene mutated in mtF¥ strains
has not been identified, a detailed study
of the mtFF /mtFF strains showed that this
mutation also led to a failure to elim-
inate an IES located in the G surface
antigen gene. In turn, this observation led
to the hypothesis that the gene mutated
in mtFE strains was involved in DNA re-
arrangement and by extension, that DNA
rearrangement may be involved with mat-
ing type determination [46].

However, the mtF®¥ mutation stud-
ies provided more than just a link be-
tween DNA rearrangement and mating
type; rather, they uncovered a means by
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which the epigenetic regulation of DNA
rearrangements could alter the expres-
sion‘of specific traits. Further studies — not
of ‘mating type, but of G gene expres-

“sion —revealed that the IES+ state of the G

gene (apparently caused by the mtF® mu-

" tation) became the heritable state of the G

gene that was propagated through subse-
quent generations, even after reintroduc-
tion of the wild-type mtF* allele. Given the
observed cytoplasmic inheritance patterns
of both mating type and serotype traits
in Paramecium, this finding offered an
intriguing connection between alternative
rearrangements and altered phenotypes.
The propagation of the IES+ state in
the mtF* progeny showed that it was
not a genetic lesion or other alteration
to the germline genome that limited ex-
pression of the G gene. It was, in fact,
the IES+ state itself that was present
in the parental macronucleus and which
elicited the transmittable influence of the
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“cytoplasm” during development. This
was demonstrated more conclusively by
directly injecting the IES+ version of
the G coding sequence into the mater-
nal macronucleus, and showing that this
alone was able to block the elimination
of the homologous IES from the newly
developed macronucleus after autogamy
[47]. It is important to note that the in-
jected DNA is destroyed along with the
maternal macronucleus, so the IES+- state
must be communicated to the developing
macronucleus through the cytoplasm. The
injection of plasmid DNA containing just
the one IES, without any flanking G gene
coding sequence, was found to be suffi-
cient to block the elimination of this IES,
while the remaining IESs within the G
gene were excised efficiently. Thus, partic-
ular IES sequences presentin the maternal
macronucleus are able to communicate
their presence to the zygotic macronu-
cleus, and alter the normally efficient
removal of the homologous sequence.
However, not all IESs were found to
be subject to this form of homology-
dependent regulation. When ten different
IESs were microinjected into parental

macronuclei to test their ability to block the -

T,

excision of the homologous sequence, only
four were able to inhibit DNA rearrange-
ment. Whilstit was difficult to see why only
some IESs in the zygotic macronucleus
could sense the presence of homologous
copies in the parental macronuclei, the
clear implication here was that many
characteristics could be reproducibly
inherited in a non-Mendelian fashion,
every time a new macronucleus is formed.

The serotype genes of Paramecium have
proven to be fertile ground for uncovering
epigenetic phenomena relating to genome
rearrangements. One early and particu-
larly interesting example was revealed by
studies of a mutant strain called d48, that

Epigenetics of Ciliates

lacked the ability to express the surface
antigen A gene [48]. Subsequent carefully
conducted genetic studies showed that
the d48 micronucleus contained a
wild-type copy of the A gene; but that
the macronucleus was missing the A
gene-coding region [49]. The remarkable
discovery was that the progeny of d48
strains reproducibly eliminated the A
gene from their developing macronuclei
during  conjugation, making these
progeny unable to express the A serotype.
The results of a series of microinjection
and nuclear transplantation experiments
confirmed that the presence of the A
gene in the parental macronucleus was
necessary for it to be retained in the
progeny. Subsequently, microinjection
of the A gene into the macronucleus
of strains lacking the A" gene in both
the micro- and the macronuclei was
sufficient to restore”A gene expression
during vegetative growth; however, this
expression ‘was lost during sexual repro-
duction, when the microinjected parental
macronuclei  were fragmented and
destroyed [50]. On the other hand, in the
d48 strain — which lacks the A gene only
in"the macronucleus — microinjection of
the'A gene was sufficient to rescue A gene
expression during vegetative growth, both
in the parental strain and also in progeny
cells following sexual reproduction
[51-53]. Strains missing the surface
antigen B gene have also been observed
and rescued in a similar fashion [54, 55].
The rescue of A gene expression in the
Paramecium d48 strain was found to be
sequence-specific. Microinjection of the A
gene or an allele of the A gene that has 97%
identity resulted in A gene retention in the
newly formed macronuclei of progeny. In
contrast, introduction of the G surface anti-
gen gene —which shares approximately
80% similarity with the A gene — failed to
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rescue the A gene deficiency in the progeny
[56, 57]. Thus, the DNA sequence of the
parental macronucleus was again shown
to have the ability to dramatically influence
the types of sequence retained during the
development of new macronuclei.

The observations made with d48
strains share intriguing parallels with
both the inheritance of the IES+ state
in the mtF progeny, and with the
examples of cytoplasmic inheritance
described above. In each case, the
trait (or sequence) propagated is that
which was expressed from the parental
macronucleus. Thus, for ciliates the
regulation of DNA rearrangements allows
for somatic states of gene expression to be
transmitted to the next generation. Recent
studies of the mechanisms that guide
DNA rearrangements have shown that
homologous RNAs and chromatin-based
regulatory schemes are key components.
Studies of ciliate DNA elimination during
macronuclear development have revealed
that ncRNAs may also be the molecules
responsible for many of the cytoplasmic
and  homology-dependent
phenomena observed previously. These

mechanisms will be described in more’
detail in the following subsections, “as”

they offer many unique insights into how
ncRNAs can pattern the genome and
influence chromatin structure.

3
RNA-Mediated Epigenetic Mechanisms

3.1
Homology-Dependent Gene Silencing

Homology-dependent epigenetic phenom-
ena have been observed widely, with
the introduction of transgenes into plant
cells often leading to a silencing of the
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inheritance.

endogenous copy. One of the most-often
cited such examples resulted from an ef-
fort to create petunias that had darker
flower petals, by adding exogenous copies
of the chalcone synthase gene that gen-
erates the purple pigment [58]. However,
instead of producing the expected increase
in petal pigmentation, the transgenic petu-
nias showed a decrease in coloration, in
conjunction with an overall reduction in
the mRNA level of chalcone synthase; this
phenomenon was termed co-suppression.
Similarly, the introduction of transgenes
into the fungi Neurospora crassa induced
a phenomenon known as quelling, which
involved a silencing of the homologous en-
dogenous gene [59]. Co-suppression has
also been observed in the ciliate, Parame-
cium tetraurelia, upon high-copy microin-
jection of transgenes -that lack 5 and
3’ regulatory regions<(i.e., lacking either
promoters or transcription terminators),
which resulted in a silencing of the en-
dogenoushomologous genes [60, 61].
The mysterious mechanism underly-

ing these phenomena was discovered to

be . RNAi. A mechanistic insight into

. homology-dependent phenomena in cili-

ates has likewise been provided via connec-

" tions to RNAI. In general, RNAi refers to a

diverse collection of cellular mechanisms
that employ RNA molecules to regulate
the expression of genes (for reviews, see
Refs [62—64]). In this case, the trigger-
ing molecule is typically double-stranded
RNA (dsRNA) that is recognized by
a ribonuclease known as Dicer, which
cleaves dsRNA into fragments of approx-
imately 20-30nt. These so-called small
RNA (sRNA) species serve as the speci-
ficity factors that guide an associated
protein complex to a target mRNA or
gene, where these effector RNA—protein
complexes can promote silencing, either
transcriptionally or post-transcriptionally.
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RNAI appears to be an integral part of a
variety of processes in ciliates. An exami-
nation of the bulk sRNA species in either
Paramecium or Tetrahymena revealed dis-
tinct size classes, thus suggesting the
existence of at least two different RNAi
pathways [33, 65, 66]. The larger species
(ca. 25nt in Paramecium and 27-30nt
in Tetrahymena) were shown to be pro-
duced exclusively during conjugation, and
to guide the extensive DNA rearrange-
ments that occur in the differentiating
somatic macronucleus (this RNA-guided
genome reorganization is discussed in de-
tail in Sect. 4).

A second class of ca. 23nt RNAs
is produced in growing cells, as well
as during conjugation in Paramecium
and Tetrahymena. This size class me-
diates post-transcriptional gene . silenc-
ing (PTGS), and also the transgene
co-suppression introduced above. In ad-
dition, the introduction of dsRNA aimed
to experimentally induce gene silencing,
either through feeding or direct injec-
tion into Paramecium cells, or by hairpin
RNA expression in Tetrahymena, resulted

in the production of these ca. 23 nt RNAs -

[61,66=70]. Thus, these sSRNAs are sim-
ilar in function to the small interfer-
ing RNAs (siRNAs) discovered initially
in plants by Baulcombe and colleagues,
in that they carry out PTGS [71]. In
Tetrahymena, these sSRNAs are produced
by Dcr2p from presumed pseuodogenes
or defective endogenous genes, which
triggered the production of dsRNA pre-
cursors necessary for siRNA production
[65, 72]. They are anti-sense to these pre-
dicted open-reading frames (ORFs), and
depend on the activity of RNA-dependent
RNA polymerase (RdRP), Rdrlp, which
is found in a common complex with
Dcr2p [72]. In Paramecium, a subclass of
these smaller sSRNAs is only anti-sense to

T,
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mRNA transcripts, and is produced by
a secondary amplification that involves
the RdARPs, Rdrlp and Rdr2p [66, 73].
Although RNAI is clearly an important
mechanism during the vegetative life of
ciliates, its critical role has yet to be care-
fully examined. On the other hand, the
function of RNAi pathways during devel-
opment of the zygotic macronucleus has
promoted new considerations regarding
epigenetic programming of the genome.

3.2
RNA-Guided Genome Reorganization

Both, ncRNAs and RNAi-related mech-
anisms provide much more than a
gene-silencing role in ciliates, as these
organisms employ RNAs as guides to
extensively remodel their genomes dur-
ing sexual differentiation: Investigations
aimed at elucidating the molecular mech-
anisms associated with the reorganization
of the somatic,genome of several cili-
ates haye uncovered the involvement of
ncRNAs 69, 74—77]. Indeed, the mecha-
nisms-identified have been shown to vary
substantially among the different ciliate
sp%gies studied, such that the data re-
lating to Paramecium, Tetrahymena, and
Oxytricha will be described separately in
the following sections. Nevertheless, a
common theme has emerged, in that these
RNAs can serve as potent mediators ca-
pable of transmitting sequence-specific
information between generations. The
examples of homology-dependent regu-
lation of phenotypes (particularly those
described earlier in Paramecium; see
Sect. 2.3) hinted that the mechanism(s)
guiding genome rearrangements utilized
some form of nucleic acid to transmit
sequence-specific information between
the somatic macronucleus of one gener-
ation and the developing macronucleus
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of the next. These phenomena require
that the state of the DNA in the parental
macronucleus serves as a “template” for
the traits expressed from the genome of
the progeny.

Studies of Paramecium and Tetrahymena
DNA rearrangements have identified
two types of sequence-specific mediator
RNAs - one which is produced from the
germline genome, and a second produced
from the parental somatic genome [69,
74, 75]. The germline-specific RNAs are
in the form of sRNAs (known as scan
RNAs; scnRNAs), that are produced
during meiosis and act to identify the
IESs as germline-limited sequences
to be eliminated from the developing
somatic genome [33, 66]. The second
type of mediator RNA consists of longer
transcripts produced from the parental
macronucleus, and  which appear to
antagonize the action of the scnRNAs [69,
75]. It is these macronuclear transcripts
that are the key epigenetic regulators
that may explain the non-Mendelian
inheritance of specific traits. In Oxytricha,

analogous transcripts created from the.

parental somatic genome are postulated

to serve as templates to directly guide'th_e‘
rearrangements, while a role for SRNAs~

is, as yet, unknown [76].

Genome scanning is a term used to de-
scribe the mechanism by which RNAs
from the germline and somatic genomes
can communicate the existing genomic
content of the parental nucleus to the next
generation [33]. Scanning occurs by a com-
parison of the germline-derived scnRNAs,
with long ncRNA transcripts produced
by the parental macronucleus [69, 75].
Such scanning assures that those scn-
RNAs made to regions of the genome
which are not IESs, are removed from
the pool of scnRNAs that target specific
sequences for elimination. Scanning not
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only allows a “proofreading” of the SRNA
pool to prevent any inadvertent elimina-
tion of sequences that should be retained,
but also permits the retention of IESs
that were maintained in the macronu-
cleus of the previous generation and which
offered some advantage or specified an al-
ternative phenotype. The mechanisms of
RNA-guided genome reorganization and
genome scanning are described in the fol-
lowing sections, as these studies reveal the
power of homologous RNAs to direct the
programming of the somatic genome.

4
Small RNA-Mediated DNA Rearrangements

4.1
RNAi-Dependent DNA Elimination in
Paramecium )

The germline genome of Paramecium
tetraurelia. contains approximately 60000
IESs that range in size from 28 to 886 bp

[8, 78]. Many of these are found within cod-

ing sequences, and must be identified and

. excised with precision from the develop-

ing macronuclear chromosomes. Further-
more, during this genome maturation in
P. tetraurelia, the more than 50 micronu-
clear chromosomes are fragmented into an
unknown number of mini-chromosomes,
amplified to 800n [79, 80]. The elimination
of IESs occurs during both self-mating
and sexual reproduction, at which time the
parental macronucleus is destroyed and a
new zygotic macronucleus is generated.
The results of studies performed over
the past decade have revealed that the
[ESs are identified through the actions
of homologous RNAs via an RNAi-related
mechanism in Paramecium, and support
the model shown in Fig. 5 [69]. A class
of sSRNAs each of ca. 25 nt, produced only
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Fig. 5 P. tetraurelia uses RNAi and a domesticated trans-
posase, Pgmp, for programmed DNA elimination.
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during meiosis, has been shown to be nec-
essary and sufficient to trigger the DNA
elimination of IES sequences [66]. These
were found to be homologous to a variety of
DNA sequences throughout the genome,
and likely function in similar manner
to the T. thermophila scnRNAs described
below [33, 66, 69]. These Paramecium sc-
nRNAs have 2 bp 3’ overhangs, consistent
with cleavage by an RNase III homolog
[66,81-83] (also see review in Ref. [84]).
Seven RNase III homologs are present
in P. tetraurelia, together with three Dicer
(DCR) and four Dicer-like (DCL) homologs
[66]. Although a single knockdown of the
DCL genes has no effect on scnRNA pro-
duction, double knockdowns of DCL2 and
DCL3 will cause it to be abolished. The
localization of Dcl2p in the crescent mi-
cronucleus early in meiosis indicates that
the production of scnRNAs only takes
place there at this early time point of conju-
gation. Double knockdowns of DCL2 and
DCL3 also caused a failure of DNA elimi-
nation and produced non-viable progeny,
further supporting the conclusion that the .
scnRNAs which they produce target the
TESs for excision. i

The scnRNAs produced by Dcl2p and .

Dcl3p cleavage in the crescent micronu-
cleus are transported by the Piwi ho-
mologs, Ptiwi0lp and Ptiwi09p, into
the parental macronucleus to carry out
genome scanning [85]. The scnRNAs that
match the parental macronuclear genome
are removed from the population that
will be transported to the developing
macronucleus later in development, to
participate in genome restructuring. This
scanning occurs by comparison of these
germline-derived scnRNAs with a second
type of regulatory RNA (long ncRNA tran-
scripts produced in the maternal macronu-
cleus), and ensures that scnRNAs made to
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regions of the genome that are not IESs
are not inadvertently excised [69, 75].
Only a few proteins are known to play a
role in the genome-scanning process in P.
tetraurelia. Two glycine-tryptophan (GW)
repeat proteins, Nowalp and Nowa2p [86],
have been identified as playing a role in
this process; these were found initially to
localize within the parental macronucleus
during pre-zygotic development, and then
to move to the developing macronucleus
after its formation. A deletion analysis of
Nowalp showed that the N-terminal por-
tion of the protein has nucleic acid-binding
capabilities, particularly for RNA/DNA du-
plexes. The dimerization of Nowalp, ei-
ther with itself or perhaps with Nowa2p,
appears to be essential for the nucleic
acid-binding function. The double knock-
down of NOWAL and NOWA2 caused a
failure of the DNA elimination of a spe-
cific class of IESs in P. tetraurelia; this
was referred to as a maternally controlled
internal eliminated sequences (mcIESs)
[78, 86]. The failure of DNA elimination

_was complete in some cases, but incom-

plete in others [86]. A double knockdown

. off NOWA1 and NOWA2 also produced

non-viable progeny, which indicated an
essential function for the completion of
autogamy or conjugation.

The question then was, “How might the
NOWA proteins contribute to the epige-
netic control of IES excision?”, and “What
RNAs might they interact with?” Previ-
ously, long ncRNA has been shown to
have a role in several epigenetic phenom-
enain higher eukaryotes, including dosage
compensation and genomic imprinting
[87-93]. Data derived from P. tetraurelia
have provided strong support for an inter-
action between the maternal transcription
of long ncRNA and meiotic scnRNAs,
and revealed exactly why this interaction
is likely to be fundamental to genome
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programming [69]. Reverse-transcription
polymerase chain reaction (RT-PCR) stud-
ies of RNA isolated early in autogamy
demonstrated the production of ncRNA
without IESs, which were thought to be
transcribed from the parental macronu-
cleus. When a strain of P. tetraure-
lia containing a mclES in the parental
macronucleus was fed bacteria producing
dsRNA prior to autogamy, or were directly
injected with 23 nt siRNAs or 25nt scn-
RNAs early during autogamy against this
mclES, the latter was removed from the de-
veloping macronucleus later in autogamy.
These results indicated that genome scan-
ning could be affected by degrading the
long ncRNA in the parental macronucleus
through bacterial feeding to produce 23 nt
siRNAs, or by the direct injection of 23 nt
siRNAs, as well as directly injecting the bi-
ologically active 25 nt scnRNAs to allow re-
moval of an mcIES that normally would be
retained on the completion of autogamy.
Long ncRNA also plays a role in the
developing macronucleus by directing the
remaining scnRNAs to sequences of DNA
that are to be eliminated. In P. tetraurelia,

the transport of these remaining scnRNA '

complexes to the developing macronu-
cleus is mediated by the Piwi homologs,
Ptiwi01 and Ptiwi09, where the produc-
tion of long, ncRNA containing [ESs has
been detected using RT-PCR [69, 85]. In-
jection of the 25 nt scnRNAs in the same
P. tetraurelia strain containing a mcIES
in the parental macronucleus later dur-
ing autogamy also causes removal of the
mclES, but the simultaneous injection of
23 nt siRNAs failed to cause DNA elimina-
tion [69]. In this case, it seemed likely that
the 23 nt siRNAs actually promoted a fail-
ure of DNA elimination by targeting the
long ncRNA needed for DNA elimination
for degradation, while the 25 nt scnRNAs

Epigenetics of Ciliates

were able to recruit the necessary proteins
for the DNA elimination of this mcIES.

4.2

The Role of a Domesticated PiggyBac
Transposase in DNA Elimination and
Chromosome Breakage in the Developing
Somatic Nucleus of Paramecium

Each of the different varieties of RNA that
are seen only during autogamy or con-
jugation in P. tetraurelia are all directed
to one goal, namely the elimination of
IESs and repetitive sequences. The re-
moval of any of these types of RNA
during the reproductive process causes
nonviability [66, 69]. In order to elimi-
nate [ESs and repetitive sequences from
the genome, these scnRNAS must recruit
an excisase, a role for'which recent data
have implicated the domesticated piggy-
Bac transposase, Pgmp [12]. In order to
understand therole of Pgmp in DNA elim-
ination, a briefdescription of IESs is called
for. In P:tetraurelia, each IES is flanked by
terminal inverted repeats, the consensus
sequence of which is 5'-tggTAYAGYNR-3'
[8;:94].: Subsequently, cleavage occurs be-
tween the two guanosines in the con-
serisus sequence, to produce a 5" 4bp
overhang centered around the TA dinu-
cleotide [95]. Mutations in either the T,
A, or G in the third, fourth, and eighth
position, respectively, of the above con-
sensus sequence are then sufficient to
block cleavage [96-99]. Cleavage of the
consensus sequence, 5-TTAA-3', by pig-
gyBac transposases to produce a 5 4bp
overhang is somewhat similar to the P.
tetraurelia consensus IES sequence and
cleavage product [100, 101]. An analysis of
the P. tetraurelia genome identified a pig-
gyBac homolog, called piggyMac (PGM)
[12]. Localization of the green fluores-
cent protein (GFP)-Pgmp was found only
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in the developing macronucleus late in
autogamy. The knockdown of PGM late in
conjugation resulted in a failure to produce
any viable progeny, a failure of IES exci-
sion and chromosome breakage, and an
overexpression of IES-containing ncRNA
from the developing macronucleus. These
knockdown phenotypes implicated Pgmp
as having an essential role in the com-
pletion of DNA elimination and chromo-
some breakage in P. tetraurelia, most likely
through Pgmp-mediated dsDNA break-
age to remove IESs and other repetitive
sequences. The repair of these dsDNA
breaks is mediated by the DNA ligase IV
homologs, LIG4a and LIG4b [102].

The removal of these IESs and other
repetitive sequences in P. tetraurelia and
other ciliates is the ultimate epigenetic ac-
tion. Unlike most other eukaryotes, which
heterochromatize their repetitive and non-
coding sequences, the ciliates excise and
degrade these sequences from their so-
matic macronucleus, and then amplify the
remaining sequences so as to create a
streamlined genome that allows a greater

cell size than most other eukaryotes and a.

growth rate comparable to that of yeast: As
discussed earlier in brief, a removal of LESs

and other repetitive elements occurs™in-

completion of sexual reproduction (the ac-
tual removal of these two types of sequence
may differ slightly, and even impact on the
final state of the genome after sexual re-
production). Two different classes of IESs
have been identified — namely mcIESs and
non-mclESs — which are small, are found
throughout the genome, and eliminated
in a precise fashion [47, 78, 95]. The
mclESs are capable of having their ex-
cision blocked by the insertion of a
copy of the mcIES into the parental
macronucleus [47, 78]. The mclESs tend
to be larger in general, and it has been
hypothesized that their elimination is

112

dependent on chromatin modifications
directed by genome scanning [103]. In con-
trast, non-mcIESs are smaller, with most
being shorter than the amount of DNA
wrapped around a nucleosome, which
would necessitate a different targeting
method for DNA elimination. It seems
possible that their elimination could take
place through a directed binding of Pgmp,
or through guidance of Pgmp via a nu-
cleotide modification to their cleavage
sequences. Repetitive sequences are re-
moved with much less precise methods,
and this results in either variable cleavage
or fragmentation of the chromosome [104].
Both types of DNA elimination depend on
the action of Pgmp [12].

Despite all that has been learned re-
garding the epigenetic phenomenon of
RNAi-directed DNA elimination in P.
tetraurelia, many. questions remain to be
answered:

e “How"are these ncRNAs produced in
any of the nuclei?”

o “Whatis the difference between mcIESs
and- non-mclESs, and how does that
affect their DNA elimination?”

. e “How does DNA elimination, RNAi,

and heterochromatin function in re-
lated ciliates, and in general how is this
biological process related to other epige-
netic processes in other eukaryotes?”

Investigations into the RNAi-directed
DNA elimination process in a related
ciliate, T. thermophila, have provided ad-
ditional insights into many of these ques-
tions.

4.3
RNAi-Dependent DNA Elimination in
Tetrahymena

Like P. tetraurelia, the ciliate T. thermophila
also undergoes massive DNA elimination
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and chromosome breakage during sex-
ual reproduction or conjugation. During
conjugation in T. thermophila, the develop-
ing zygotic macronucleus is fragmented
into approximately 200 minichromosomes
from five chromosomes, while 15% of the
overall DNA content is removed and the
remaining DNA content is amplified to
50n[7,105-110] (for a review, see Ref. [5]).
Similar to P. tetraurelia, the mechanism of
this process was poorly understood until
the discovery of conjugation-specific, long
ncRNAs and a class of SRNA (termed scn-
RNAs) that are derived from the ncRNAs,
and which has led to the model shown in
Fig. 6 [33, 74, 75].

The scnRNA model of RNAi-dependent
DNA elimination in T. thermophila can
effectively be broken into two parts: (i)
production and selection of the scnRNAs
by conventional RNAi-associated proteins;
and (ii) transduction of the scnRNA signal
into heterochromatin formation, which
subsequently triggers a DNA elimination
of the heterochromatic DNA in the de-
veloping zygotic macronucleus. For each
of these parts, the experimental data sup-

porting the model, how that data can be -

used to further elucidate the mechanism
of RNAi-dependent DNA elimination, and
how the results obtained relate to epige-
netics in ciliates and other eukaryotes, are
discussed in the following subsections.

44
RNAi Apparatus and Genome Scanning in
DNA Elimination

The role of RNA during the develop-
ment of many eukaryotes has been well
documented [33, 74,87-92,111-116]. For
example, T. thermophila, like P. tetraurelia,
has been shown to possess two classes of
sRNAs that range from 23 to 24nt and
from 28 to 30nt in size [33, 65, 117, 118],

Epigenetics of Ciliates

where the larger class — the scnRNAs —is
restricted to conjugation [33]. These ap-
pear to be functionally similar to piRNAs
that have been described in a variety of
organisms, and which are known to act
to protect the germline genome in the
micronucleus against possible deleterious
effects that active transposons can inflict,
such as gene inactivation, chromosome
translocation, and chromosome break-
age [118-125]. Unlike piRNAs, which are
Dicer-independent, scnRNA production in
both P. tetraurelia and T. thermophila is to-
tally dependent on a group of DCL proteins
[66, 117, 118, 120, 123]. If the DCL genes
are either knocked out or knocked down,
the scnRNAs are not produced during con-
jugation, and this triggers a developmental
arrest [66, 117, 118]. Whilst itis intriguing
that these scnRNAs in P. tetraurelia and
T. thermophila exhibit properties of both
piRNAs and siRNAs, further studies of
the scnRNA pathway may contribute to a
fundamental undefstanding of how both
the piRNA and'siRNA pathways arose in
highet eukaryotes.

485,
Bidirectional Transcription of Long dsRNAs

The production of scnRNAs depends on
the synthesis of long dsRNA precursors
[117, 118]. At an early stage during conju-
gation, the micronucleus detaches from
a groove in the parental macronucleus
and elongates to form a crescent that
is approximately the length of two cells
[127, 128]. During vegetative growth in T.
thermophila, the micronucleus is transcrip-
tionally silent, although some decades ago
it had been observed that early during
conjugation (starting after micronuclear
detachment from the parental macronu-
cleus and peaking just prior to full
crescent elongation) there was copious

113

23




Druckireigale fapproval for prmbng

ethre Kosrekiren

Without corrections) | ME c19.tex V1-01/04/2012 6:28am Page 24

After comrections |
nach Ausfilhrung

der Koorekharen

Drate [ Danims: .
SigmarureZeichen: ....ooveeieeicecircennas

24| Epigenetics of Ciliates

RNA Pol I

(c)

Fig. 6 Meiotic germline transcription as a RNAi pathway
direct DNA elimination in T. thermophila.
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transcription from the micronucleus [19,
20]. The results of later studies conducted
in T. thermophila showed that, just prior
to this period of micronuclear transcrip-
tion, the T. thermophila H2A.Z homolog
was deposited in the micronucleus, de-
spite normally being found only in the
macronucleus [21, 129]. Other studies
also showed that RNA polymerase compo-
nents, including a putative TATA-binding
protein, TBP1, and a RNA polymerase
IT subunit, RPB3, were localized to the
micronucleus during this burst of tran-
scription [130, 131]. This implied that
the RNA polymerase responsible for this
early micronuclear transcription was RNA
polymerase II. Investigations performed
on an IES, the M element, showed that
the transcription of both strands was
markedly increased early in conjugation
during the same time period that general
micronuclear transcription was increased
[74]. These transcripts produced early in
conjugation were also heterogeneous at
the 5" and 3’ ends and, unlike RNA poly-
merase II mRNA transcripts, lacked 3’
polyadenylation. Further studies of the
transcription of other known IESs indi-
cated that this is a general characteristic
of RNAs produced during this time point
in conjugation in T. thermophila, which
meant that the burst of transcription seen
in the micronucleus produced the long,
IES-specific dsSRNA precursors required
for scnRNA production.

4.5.1 Processing of Long dsRNAs into
scnRNAs, and Their Subsequent Nuclear
Localization

The long, IES-specific dsRNA transcripts
are scnRNA  precursors, which are
processed by Dicer proteins [74, 117,
118]. An analysis of the sequence of the
T. thermophila macronuclear genome
indicated the presence of three putative

Epigenetics of Ciliates | 25

Dicer proteins [117, 118], two of which
were expressed throughout the T.
thermophila life cycle, while the third Dicer
protein, Dicer-like protein 1 (Dcllp), was
expressed exclusively during conjugation.
Although the DCL proteins, such as DCL1
in T. thermophila and DCL2 and DCL3
in P. tetraurelia, lack the conserved RNA
helicase domain, they have been shown
to play an important role in epigenetic
phenomena in other organisms besides
ciliates, including Arabidopsis thaliana
[132]. Knockouts of DCL1 caused a mas-
sive increase in these long, IES-specific
dsRNA transcripts, yet at the same time
they caused the abrogation of scnRNAs
[33, 117, 118]; this verified that the long,
IES-specific dsRNA transcripts produced
early in conjugation are precursors for
scnRNAs [117, 118]..Knockouts of DCL1
also failed to complete conjugation and,
more importantly, failed to undergo DNA
elimination. similar to the DCL2/DCL3
double knockdown in P. tetraurelia [66,
117, 118]. The localization of Dcl1p, like
Dcl2p in Prtetraurelia, showed that it was
exclusively a micronuclear protein, which

“‘meant that the long dsRNAs produced

&

in the micronucleus were processed into
scnRNAs in the micronucleus itself, and
not exported for cleavage.

Studies of the scnRNA structure itself
showed that they were phosphorylated at
the 5’ end, and also contained a 3’ hydroxyl
group, which was consistent with cleavage
by the ribonuclease III family member
Ddlip [33, 117, 118,133-136]. Hybridiza-
tion of these scnRNAs to micronuclear and
macronuclear genomic DNA preparations
from early to late in conjugation (2-10h)
showed a gradual increase in the ratio of sc-
nRNAs hybridizing to micronuclear DNA
when compared to macronuclear DNA,
thus indicating the existence of a sctRNA
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sorting mechanism [33, 137]. At 2 h, the ra-
tio of micronuclear DNA to macronuclear
DNA binding was approximately threefold
[137], but as conjugation proceeded this
ratio gradually increased to a maximum of
approximately 30-fold at 10h [33]. Further
analysis of some of these scnRNAs
showed that they were homologous to the
M and long terminal repeat (LTR) IES se-
quences, consistent with their production
from long, IES-specific dsRNAs [75, 117].
Argonaute proteins have been shown
to be essential effector proteins in SRNA
pathways [138]. The same is true for T.
thermophila as an Argonaute homolog,
TWI1, was shown to bind scnRNAs [33].
A phylogenetic analysis of Twilp indi-
cated that it was homologous to the
Drosophila melanogaster Piwi protein, and
belonged to the Piwi subfamily of Arg-
onaute proteins. TWI1 was predicted to
contain functional PAZ and PIWI do-
mains, which facilitate nucleic acid bind-
ing and “Slicer” or ribonuclease activity,
respectively. The immunoprecipitation of
Twilp shortly after the production of sc-

nRNAs at 5h into conjugation demon-.
strated Twilp/scnRNAs interaction [137].*,

The localization of Twilp showed that the’

. . o
protein was predominantly macronuclear-

with some cytoplasmic localization, but
was excluded completely from the cres-
cent micronucleus; this indicated that the
scnRNAs would have to undergo active
or passive transport into the cytoplasm to
interact with Twilp [33]. Mutation of the
DDH motif in the PIWI domain of TWI1
abolishes ribonuclease activity in Twilp,
and prevents removal of the passenger
strand in Twilp/scnRNA complexes found
in the cytoplasm [139]. Mutation of the
DDH motif also blocks the import of
the Twilp/scnRNA complexes into the
parental macronucleus, which leads to sc-
nRNA instability and degradation over a
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similar time course when compared to
TWI1 knockouts [137, 139].

Like Argonaute proteins in other or-
ganisms, Twilp does not act alone dur-
ing RNAi-dependent DNA elimination
in T. thermophila. In order for im-
port into the parental macronucleus of
the Twilp/scnRNA complexes to occur,
Twilp must also interact with an ac-
cessory protein called Giwlp [139]. Al-
though GIW1 shows no homology to any
known domains of any gene, Giwilp coim-
munoprecipitates with full-length Twilp,
interacting with the PAZ and PIWI do-
mains of Twilp along several discrete
protein sequences. Mutation of the DDH
motif in Twilp, which blocks cleavage
of the double-stranded scnRNA and also
prevents binding of Giwlp to Twilp,
ensures Twilp/scnRNA complex acti-
vation prior.ito parental macronuclear
import. Localization of Giwlp is seen
generally in the parental macronucleus
and the cytoplasm early in conjugation,
where it is capable of participation with

“Twilp/scnRNA complexes before import-

ing them into the parental macronucleus.
Giwlp also localizes to the developing
zygotic macronucleus later in conjuga-
tion, although its function there at that
time is not known. Knockouts of GIW1
cause failure of Twilp/scnRNA complex
import into the parental macronucleus,
but do not affect scnRNA cleavage or un-
winding of the scnRNA passenger strand
which, along with the Twilp/scnRNA
complex binding data, indicates the activa-
tion of Twilp/scnRNA complexes before
Giwlp-dependent import. Like the DCL1
knockout, knockouts of TWI1 and GIW1,
as well as the TWI1 PIWI domain mu-
tation, fail to complete conjugation and
block the DNA elimination of IESs [33,
137,139).
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4.5.2 Genome Scanning via Comparison
of scnRNA Complexes to the Parental
Genome

Localization of the Twilp/scnRNA com-
plexes into the parental macronucleus
sets the stage for one of the unique
aspects of DNA elimination in T. ther-
mophila. As noted above, there is an
increase in hybridization levels of sc-
nRNAs to micronuclear genomic DNA
when compared to macronuclear genomic
DNA as conjugation proceeds, indicat-
ing the presence of a sorting mechanism
[33, 137]. The sorting process through
which micronuclear-specific scnRNA en-
richment occurs is referred to as genome
scanning [33]; this is similar to the situation
in P. tetraurelia, and involves comparing
each Twilp/scnRNA complex to ncRNA
transcribed from the parental macronu-
cleus. Those Twilp/scnRNA complexes
which bind to the parental macronu-
clear ncRNA are removed from the bi-
ologically active Twilp/scnRNA complex
pool through unknown means, although
a handful of proteins have been identified
that play a role in this genome-scanning
process.

Emphasizing the connection of scnR-
NAs with piRNAs, a homolog of HEN1
(the protein which is known to stabilize
piRNAs through methylation) has also
been found to have the same role in T.
thermophila with scnRNAs [140]. The ho-
molog in T. thermophila, which is also
called HEN1, is a RNA methyltransferase
that adds a methyl group to the terminal
2" hydroxyl group of scnRNAs and has ho-
mologs in A. thaliana, D. melanogaster, and
Mus musculus [140—144]. Henlp colocal-
izes with Twilp in the parental macronu-
cleus early in conjugation during meiosis
of the micronucleus; indeed, in vitro ex-
periments with recombinant Henlp and

Epigenetics of Ciliates

Twilp have shown that Henlp also coim-
munoprecipitates with Twilp during this
period of development [140]. Knocking out
HENT1 causes a loss of 2’-O-methylation in
scnRNAs, and decreases scnRNA stability
in a similar fashion to the TWI1 knockout
and TWI1 PIWI domain mutant[137, 139,
140]. However unlike the TWI1, GIW1,
and DCL1 knockouts, knockouts of HEN1
do not show a complete failure of conju-
gation and blockage of DNA elimination
[117, 118, 137,139, 140]. HEN1 knockouts
are able to produce only 3% of possible
progeny, but are able to undergo a com-
plete rearrangement of the IESs tested on
67.8% (38/56) of occasions [140]. It is pos-
sible that, since scnRNA destabilization
is not as extreme as in a TWI1 knock-
out or PIWI domain mutant, the sheer
number of scnRNAs remaining is able to
facilitate DNA elimination-of IESs and the
completion of conjugation.

Several = Argonaute proteins that
associate with piRNAs in other organisms
have also-been found to associate with
RNA - helicases [126,145-147] (for a
review, see Ref. [148]). An RNA helicase

#, in~T. thermophila, Emalp, interacts with

Twilp/scnRNA  complexes and  plays
a-pivotal role in genome scanning by
facilitating the Twilp/scnRNA/ncRNA
interaction [75]. Emalp colocalizes with
Twilp in the parental macronucleus
early in conjugation and later in the
developing zygotic macronucleus, where
the proteins have also been found to
interact through coimmunoprecipitation
[33, 75]. Emalp localization is unaffected
in TWI1 or GIW1 knockouts, which
indicates that it is imported into the
parental macronucleus either by itself, or
by the same group of proteins that imports
Giwlp/Twilp/scnRNA complexes [75,
139]. Knockouts of EMA1 logically do
not inhibit scnRNA cleavage or import
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of Twilp/scnRNA complexes into the
parental macronucleus, since it is never
seen to accumulate in the cytoplasm
where these processes occur. However,
chromatin-spreading experiments and
RNA immunoprecipitation followed by
RT-PCR, have shown that in EMA1 knock-
outs the Twilp/scnRNA complexes are no
longer able to interact with chromatin and
ncRNA when compared to wild-type. This
was especially significant since chromatin
was through to be the site of ncRNA pro-
duction, and that Twilp/scnRNA/ncRNA
interaction was required for genome
scanning. As conjugation proceeds,
the EMA1 knockouts also ‘displayed
an increase in macronuclear-specific
scnRNAs compared to wild-type matings.
These data implied that Emalp would
facilitate genome scanning by coupling
Twilp/scnRNA  complexes with the
ncRNA  produced in the parental
macronucleus, and . also through an
unknown mechanism which negatively
selected against those Twilp/scnRNA
complexes capable of binding successfully
to the ncRNA. Finally, EMA1 knockouts.
failed to complete conjugation yet,
curiously, only showed a failure of DNA:

rearrangement in a select set of IESs.”

This may point towards the existence of
different classes of IESs in T. thermophila
(as occurs in P. tetraurelia) that do not
undergo this selection process [47, 75, 78].

Although relatively few proteins
are known to play a role in the
RNAi-dependent = DNA  elimination
process, there exist a few situations in this
process where homologs in one ciliate
are found to play the same or similar
role in another ciliate [12, 14, 33, 66,
85, 86, 117, 118, 149]. One of these sets
of homologs is the GW repeat proteins
Nowalp and Nowa2p in P. tetraurelia, and
Waglp and CnjBp in T. thermophila [86,

118

149]. The GW repeat proteins have been
found to interact with Argonaute family
proteins in A. thaliana, D. melanogaster,
and Homo sapiens, and to play a role
in sRNA effector function [150-152].
Although, Nowalp and Nowa2p appear
to have RNA-binding capabilities, the
function of their homologs, Waglp and
CnjBp, in T. thermophila, is unclear
[86, 149]. Subsequent colocalization and
coimmunoprecipitation experiments
with Waglp and CnjBp demonstrated a
protein—protein interaction with Twilp
[75, 149]. CnjBp was also shown to localize
to the crescent micronucleus during
meiosis (unlike Twilp and Waglp),
although its role there is currently
unknown [149]. Double knockouts of
WAG1 and CNJB caused the retention
of macronuclear-specific ‘scnRNAs com-
pared to wild-type matings, as conjugation
proceeded in a®sgimilar fashion to the
EMA1 knockout [75, 149]. Unlike the
EMAT1knockott, the double WAG1/CNJB
knockout jalso showed a slight increase

_in the retention of micronuclear-specific

scnRNAs. This may entail a more general

. function of these two GW repeat proteins

in the genome-scanning process, for
the Twilp/scnRNA  complexes that
need to be sequestered in the parental
macronucleus, and for those complexes
that need eventually to be transported
to the developing zygotic macronucleus
[148].  Although double knockouts
of WAGI1/CNJB show an increased
retention of scnRNAs, the Twilp/scnRNA
complexes are able to interact with ncRNA
through Emalp normally, indicating that
their biological function lies downstream
of the initial binding of Twilp/scnRNA
complexes with ncRNA. Like many of
the proteins involved in RNAi-directed
DNA elimination, the double knockouts
of WAG1/CNJB failed to complete
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conjugation, but failed DNA elimination
in a specific set of IESs only (much like
EMA1 knockouts) [75, 149]. Curiously,
this set of IESs was slightly different
from those in EMA1 knockouts [149],
and although GW repeat proteins have
been shown to affect Argonaute function,
the actual mechanism remains a mystery
[149-152]. In fact, even among ciliates
there is no clear mode of action for these
GW repeat proteins [86, 149]. Nonetheless,
as more information becomes available
regarding the RNAi-dependent DNA
elimination pathway in both P. tetraurelia
and T. thermophila, it will be interesting
to see whether Nowalp and Nowa2p'in P.
tetraurelia function similarly to Waglp and
CnjBp in T. thermophila, through sorting
Argonaute/scnRNA complexes. Likewise,
the proof of RNA binding by Waglp and
CnjBp (which has already been demon-
strated in Nowalp and Nowa2p) could
help to define a common mode of action
for GW repeat proteins in ciliates, and
possibly in other eukaryotes in general.
Long ncRNA has been shown to play a
vital role in a variety of epigenetic phe-

nomena, as noted above [74, 75,87-93]. In ;

both P. tetraurelia and T. thermophila there
appear to be three sources of long ncRNA
during sexual reproduction: the crescent
micronucleus; the parental macronucleus;
and the developing zygotic macronucleus
[74, 75]. The ncRNA produced in the
parental macronucleus is vital to the
genome scanning process, and was ini-
tially detected in T. thermophila along-
side the bidirectional transcribed long,
IES-specific dsRNA scnRNA precursors,
and the ncRNA produced in the develop-
ing macronucleus [74]. PCR-based assays
devised to further examine ncRNA tran-
scription during conjugation showed that
the long, IES-specific dSRNA scnRNA pre-
cursor transcription peaked at 3 h, ncRNA

Epigenetics of Ciliates

transcription from the parental macronu-
cleus necessary for genome scanning
peaked at 6h, and ncRNA transcription
from the developing zygotic macronu-
cleus for IES targeting peaked at 10h
[75]. Blocking the transcription of parental
macronuclear ncRNA by treatment with
actinomycin D during the peak hours
of genome scanning (4-6h into conju-
gation) caused a significant increase in
the failure of IES excision and DNA elim-
ination [74]. Besides using actinomycin
D, it is also possible to block the exci-
sion of individual IESs by inserting the
IES sequence into the parental macronu-
cleus prior to conjugation, similar to the
blockade of mcIES excision in P. tetrau-
relia [47, 78, 153, 154]. For example, in
T. thermophila, an insertion: of the M ele-
ment IES into the parental macronucleus
causes a massive increase in M element
long dsRNAs, but with no change in the
level of scnRNAs [153]. This indicates that
the excess long,dsRNAs were not being
processed into scnRNA, but were most
likely-acting as ncRNAs in the parental
macronucleus, thereby removing M ele-
ment scnRNA/Twilp complexes from the
bié]}ogical active pool of Twilp/scnRNA
complexes.

4.6
DNA Elimination of DNA Sequences from
the Developing Somatic Nucleus

When initially discovered, the phe-
nomenon of DNA elimination in ciliates
appeared to be an aberration in the world
of biology, that was focusing increasingly
on genetic processes. However, the rise
of epigenetics has facilitated a clearer
view of how DNA elimination relates
to other biological processes. Whilst
the link between scnRNAs and piRNAs
was discussed in Sect. 4.5, this is not
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the only biologically relevant link that
DNA elimination in ciliates has to other
organisms. Just as RNAi was shown to
direct heterochromatin formation in A.
thaliana and S. pombe, it was also shown
that a correct heterochromatin formation
in the developing zygotic macronucleus
through H3K9 and H3K27 methylation
would depend on the normal function
of RNAi components in T. thermophila
[112, 117, 118,155-157]. Thus, DNA
elimination depends on an establishment
of heterochromatin to control the glut
of repetitive elements in its genome [31,
155, 158]. As with other eukaryotes, the
initial methylation of histones associated
with repetitive elements precipitates
heterochromatin formation and the
compaction of these sequences. Typically,
T. thermophila and other ciliates take
the additional step of removing these
heterochromatic sequences out of their
somatic genome, in order to create a
streamlined genome (not unlike many
simple eukaryotes) to optimize their

fitness. This streamlining process begins<
when the Twilp/scnRNA complexes haye.
been transported to the developing zygotic:, ,

macronucleus to target the H3K9 and
H3K27 methylation of IESs [31, 137, 158].
These methylated histones then act to re-
cruit chromodomain and other accessory
proteins, which ultimately promote IES
excision and DNA elimination by the do-
mesticated piggyBac transposase, Tpb2p
[14,159-163]. The link between RNAi and
heterochromatin, IES-specific chromatin
modifications, heterochromatin readers,
and the nature of IESs and DNA elimina-
tion in T. thermophila, will be described in
the following section, together with details
of relevant experiments to determine each
of these steps.

120

4.6.1 Targeting of scnRNA Complexes

and Modification of Chromatin of DNA
Sequences to be Eliminated

Like  RNAi-directed heterochromatin
formation in A. thaliana and S. pombe,
RNAi-dependent DNA elimination in T.
thermophila requires the production of
ncRNA [74, 75,112, 156, 164]. This ncRNA
(which is created in the developing zygotic
macronucleus) is necessary for targeting
IESs, and interacts with the remaining
Emalp/Twilp/scnRNA complexes, which
are transported there once the developing
macronucleus has moved to the anterior
of the cell and has begun to enlarge [33, 75,
137, 139]. The Twilp accessory proteins
involved in genome scanning, Emalp,
Waglp, and CnjBp, are also transported to
the developing macronucleus, although it
is unclear whether this occurs in a greater
complex with Twilp, or independently [75,
149]. The Emalp/Twilp/scnRNA/ncRNA
complex interaction facilitates the binding
of this complex with another group of
proteins referred to as the Ezllp complex

(8.D; Taverna et al., unpublished data) [75].

In the RNAi-directed heterochromatin
formation pathways in A. thaliana and
S. pombe, heterochromatin formation
is directed by H3K9me2, which is
catalyzed by the Su(var) three to nine
homologs, Kryptonite (KYP), and Clr4,
respectively [165-167]. RNAi-dependent

DNA elimination in T. thermophila
is dependent instead on Ezllp, an
E(z) homolog, and other associated

proteins (S.D. Taverna et al., unpublished
data) [158]. The Ezllp complex, which
consists of Ezllp, Esclp, Rnflp, Rnf2p,
and Nudlp, contains homologs from
two protein complexes, PRC1 and
PRC2, as found in higher eukaryotes.
These complexes are known to play a
fundamental role in the developmental
regulation of heterochromatin through
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histone methylation and gene silencing
in many organisms, which the Ezllp
complex has subsumed in T. thermophila
(S.D. Taverna et al., unpublished data)
[158,168-170].  Immunoprecipitations
of Ezllp, Nudlp and Rnflp are able to
pull-down Emalp, thus demonstrating
a protein—protein interaction between
the Emalp/Twilp/scnRNA complex and
the Ezllp complex (S.D. Taverna et al.,
unpublished data). Nudlp, Rnflp, Rnf2,
and Esclp of the Ezllp complex appear
to have no catalytic function themselves,
unlike other homologs found in PRC1
and PRC2 complexes, but instead act to
enhance targeting of Ezllp to IESs and
Ezl1p methylase activity at the IESs (S.D.
Taverna, unpublished data) [171-175] (see
review in Ref. [176]). Ezllp, which is the
effector component of the Ezl1p complex,
is an E(z) homolog and contains the SET
domain, which is capable of trimethylation
of H3K9 and H3K27 (S.D. Taverna et al.,
unpublished data) [158,177-180]. The
coimmunoprecipitation of Ezl1p is able to
pull-down the other members of the Ezl1p
complex, Nudlp, Rnflp, Rnf2, and Esclp

(S.D. Taverna et al., unpublished data); :

reciprocal pulldowns using tagged-Nudlp
and -Rnflp are also able to immuno-
precipitate Ezllp. The colocalization of
H3K9me3 and H3K27me3 with Rnflp
of the Ezllp complex shows that it is
capable of histone methylation during
conjugation. A knockout of any of
the Ezllp complex components causes
disassociation of the complex and loss
of H3K9 methylation along with aberrant
H3K27 methylation, which implicates
the Ezllp complex in both H3K9me3
and H3K27me3 during conjugation (S.D.
Taverna et al., unpublished data) [158].
Knockouts of the EZL1 complex also result
in an increased accumulation of scnRNAs
and ncRNAs produced in the developing

Epigenetics of Ciliates

macronucleus from the M IES, which
indicates the existence of a feedback
mechanism controlling both scnRNA
and ncRNA production throughout the
cell during conjugation (S.D. Taverna
et al., unpublished data). DCL1, TWI1,
and EZL1 complex knockouts also form
aberrant DNA elimination bodies, which
contain a number of proteins including
the chromodomain proteins, Pdd1p, and
Pdd3p (S.D. Taverna et al., unpublished
data) [158]. Like other components
of RNAi-directed DNA elimination,
knockouts of the Ezllp complex caused
failure of DNA elimination (S.D. Taverna
et al., unpublished data). In the case of
EZL1 knockouts, a failure to complete
conjugation has also been observed [158].

Methylation of H3K9..and- H3K27 by
the Ezllp complex is an integral part of
the RNAi-dependent, DNA elimination
process [31, 155, “158]. Indeed, the
inhibition of*this methylation by the
Ezllp complex, through knockout of
any component of RNAi-directed DNA
elimination . upstream or mutation of
histone " 3" itself is sufficient to block
binding of the chromodomain proteins,
P(I@lp and Pdd3p, and its association with

“othier proteins to form DNA elimination

bodies necessary for DNA elimination [75,
117, 118, 155, 158]. Mutation of H3K9Q
directly blocks the site from methylation,
while mutations of H3S10E and H3S28E
created an artificially phospho-switch,
which naturally prevents methylation of
the lysine directly downstream. All of these
histone 3 mutations prevent Pdd1p and
Pdd3p association with IESs [155, 158].

4.6.2 Protein Binding of Modified
Chromatin, Protein Aggregate Formation,
and DNA Elimination

The role of chromodomain proteins
in  RNAi-directed  heterochromatin
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formation and heterochromatin
formation in general in eukaryotes is
well documented [111,181-183]. Once
H3K9me3 and H3K27me3 modification
occurs on histones associated with IESs,
the aforementioned chromodomain
proteins, Pdd1p and Pdd3p, are able to
bind the IES chromatin which, along
with other associated proteins, condenses
the approximately 6000 IES loci into
a handful of cellular foci referred to
as DNA elimination bodies [14, 31,
158, 159,161-163,184-186]. In these
DNA elimination bodies a domesticated
piggyBac transposase, Tbp2p, directs the
endonucleolytic cleavage of IESs at the
IES boundaries, excising the IES [14].
Although these double-strand breaks are
thought to be repaired through one of
the dsDNA break repair pathways, it is
currently unknown which pathway is re-
sponsible for this repair in T. thermophila.

Chromodomain proteins are pivotal het-
erochromatin histone readers. Knockouts
of chromodomain proteins cause dere-
pression of heterochromatin [183, 187];

likewise, knockouts of PDD1 also see a.
decrease in heterochromatin formation™,
[31, 158]. This implies that the estabs
lishment of H3K9me3 and H3K27me3,"

and the binding of the two chromod-
omain proteins (Pddlp and Pdd3p) to
these marks, are interconnected in DNA
elimination body formation and DNA
elimination (see Fig. 7a,b) [31, 158]. Pdd1p
and Pdd3p, along with Pdd2p, were dis-
covered by the isolation of proteins en-
riched in developing zygotic macronuclei
late during conjugation, and were the
first identified proteins shown to play
a role in DNA elimination [159, 161,
184, 185]. Pdd1p contains two chromod-
omains, and is capable of binding ei-
ther H3K9me3 or H3K27me3 peptides in
vitro, and to colocalize with H3K9me3,

122

H3K27me3-modified chromatin and IESs
late in conjugation [31, 158, 159, 188].
Pdd1lp may play multiple roles during
development, as it has been shown to lo-
calize within crescent micronuclei early
during meiosis, within parental macronu-
clei and developing zygotic macronuclei,
as well as in a cytoplasmic body known
as the conjusome [159, 184, 189, 190]. The
biological roles of Pdd1p in the crescent
micronucleus and parental macronucleus
are unknown, although a loss of expres-
sion during the early developmental stages
is sufficient to block DNA elimination,
thereby indicating that such Pdd1p local-
ization is biologically relevant [190]. The
localization of Pddlp in the conjusome
is thought to reflect the conjusome’s role
as a distribution center-for the parental
and developing macronuclei, or as a stag-
ing ground for Pddip transition from
the parental macronuclei into the devel-
oping zygetic macronuclei later in con-
jugation [[189]. Other proteins that are
known to;localize to the developing zy-

_gotic. macronucleus later in conjugation,

such as Lialp, Lia3p, and Lia5p, also ap-
pear in the conjusome [162, 163]. In order
to signal a transition from the parental
macronucleus to the conjusome and the
developing zygotic macronucleus, Pdd1p
is phosphorylated up to four times [159];
this phosphorylation is lost as the conjuga-
tion proceeds, however, which may trigger
DNA elimination body formation. The
colocalization of Pddlp with H3K9me3,
H3K27me3, and IESs occurs in the devel-
oping zygotic macronucleus [31, 158, 159,
188]. Initially, the localization of Pddlp
is diffuse throughout the entire nucleus,
but as the developing zygotic macronu-
cleus matures the Pdd1p is concentrated
into approximately 10 foci of average size
1 um, termed DNA elimination bodies [184].
These Pdd1p-containing DNA elimination
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Fig. 7 RNAi-directed histone methylation on internal elim-
inated sequences (IESs) leads to their assembly into DNA
elimination bodies and excision by a domesticated trans-
posase, Tpb2p.
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bodies also contain a number of other
proteins including Pdd2p, Pdd3p, Lialp,
Lia3p, Liadp, Lia5p, Tbp2p, and the Ezl1p
complex (see Fig. 7b) (S.D. Taverna et
al., unpublished data) [14, 158,161-163,
188]. Double knockouts of WAG1 and
CNJB, LIA1 knockouts, EZL1 complex
knockouts, PDD1 somatic knockouts, and
PDD2 somatic knockouts each disrupt
DNA elimination body formation (S.D.
Taverna et al., unpublished data) [149, 190,
191]. The tethering of Pdd1 to an artificial
IES with no native histone methylation is
also sufficient to direct DNA elimination,
indicating that Pdd1p itself is sufficient
to recruit its accessory proteins such as
Tbp2p and to trigger DNA elimination [31].

The third chromodomain protein,
Pdd3p, has been shown to bind strongly to
H3K9me3, but not to H3K27me3, in vitro
[31, 158]. Pdd3p localization is limited
to the developing zygotic macronucleus
where, like Pdd1p, it is initially diffuse but
later condenses into the DNA elimination
bodies [161]. The second programmed
DNA degradation protein, Pdd2p, has no

known homology [185] but demonstrates.
a localization that differs slightly from™,

that of Pddlp, by localizing only to.the:

parental and developing macronuclei '

[185, 191]. Like Pdd1lp and Pdd3p, the
localization of Pdd2p in the developing
zygotic macronucleus is initially diffuse
until DNA elimination body formation.
In a similar manner to Pdd1p, Pdd2p is
phosphorylated once during transition
from the parental macronucleus to the
developing zygotic macronucleus [188];
again, this phosphorylation is removed
immediately prior to DNA elimination
body formation. PDD2 somatic knockouts
are sufficient to cause the failure of cells
to undergo DNA elimination and to
complete conjugation which, like PDD1
somatic knockouts, may indicate a vital

124

role for early localization in the parental
macronucleus [191].

Other proteins have been found to in-
fluence DNA elimination body formation.
For example, a diverse group of proteins
that participated in this process were iden-
tified by their localization specifically to
differentiatingmacronuclei, and thus were
named localization in macronuclear anla-
gen (Lia) proteins [162, 163]. Lialp, Lia4p,
and Lia5p each play a role in DNA elim-
ination body formation; typically, Lia5p
contains a plant homeodomain (PHD) Zn
Finger, while Lia4p contains a putative
chromo shadow domain; otherwise, these
proteins show no obvious homology to
other known proteins. Of the Lia pro-
teins, Lialp is the best characterized, and
localizes to both the conjusome and devel-
oping zygotic macronucleus [162]. Late in
conjugation Lialp is-found in association
with Pdd1p.and IESs in DNA elimination
bodies. Knockouts of LIA1 fail to elimi-
nate [ESsand complete conjugation, much
like‘'many;other proteins in RNAi-directed

DNA elimination. The preliminary char-

acterization of Lia3p, Liadp, and Lia5p
has shown a diffuse localization early
in the developing zygotic macronucleus,
and later localization in DNA elimina-
tion bodies [163]. LIA3, LIA4, and LIAS
knockouts also fail to undergo DNA elimi-
nation and complete conjugation (A.W.-Y.
Shieh et al., unpublished data). While the
role of these non-chromodomain proteins
in RNAi-directed DNA elimination is not
clear, it is possible that these proteins
form a scaffold through which Pdd1p and
Pdd3p, by interacting with specific classes
of IESs, can be brought together to form
the foci necessary for DNA elimination
by the domesticated piggyBac transposase,
Tbp2p.

Domesticated transposases have been
shown to play an important role in a variety
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of eukaryotic organisms, for example,
RAG1/RAG2 recombinase in VD] (vari-
able, diverse, and joining) recombina-
tion in the human immune system [192,
193]. Ciliates appear to have domesticated
transposases in order to facilitate the re-
moval of repetitive sequences and IESs
during conjugation [12-14]. In T. ther-
mophila, Tbp2p —a piggyBac transposase
homolog —is essential for removing IESs
during conjugation (see Fig. 7c) [14]. An
analysis of the TBP2 ORF shows homol-
ogy with, and preservation of, the catalytic
DDD motif in the domesticated piggyBac
transposase in P. tetraurelia, PGM, and
other piggyBac transposases in H. sapiens,
Xenopus spp., and the moth, Trichoplu-
sia ni. Tbp2p colocalizes with H3K9m3,
H3K27me3, and Pddlp in the develop-
ing zygotic macronucleus, before and after
DNA elimination body formation. The
knockdown of TBP2 using RNA hairpins
does not inhibit Pdd1p association with
H3K9me3 and H3K27me3 [14, 70]; how-
ever, TBP2 knockdown does inhibit DNA
elimination body formation, IES removal,
and completion of conjugation, thus im-

plying an essential function downstream .

of Pddlp and Pdd3p binding [14]. An in

vitro analysis of the catalytic DDD motif

of Tbp2p has shown that it is capable of
cutting the consensus piggyBac cleavage
sequence, 5-TTAA-3/, as well as a variety
of divergent sequences (see Fig. 7c) [14,
194, 195]. As noted above, Tbp2p cleavage
produces a 4 bp 5" overhang, which is not
observed in mutants of the Tbp2p DDD
catalytic motif [14, 195].

4.7
Chromosome Breakage in the Developing
Somatic Nucleus

The epigenetic RNAi-directed DNA elim-
ination process in T. thermophila is only

Epigenetics of Ciliates

a part of the global genome rearrange-
ment that occurs in the developing zy-
gotic macronucleus during conjugation.
Chromosome breakage and differential
chromosome amplification must also take
place for this process to be complete
[105-110,196-199] (for a review, see Ref.
[5]). This epigenomic process differs be-
tween P. tetraurelia and T. thermophila; in
the former species the process seems to
depend on RNAi-dependent DNA elimina-
tion machinery, whereas in T. thermophila
chromosome breakage during conjugation
is. prompted by a conserved DNA se-
quence called the chromosome breakage
sequence (CBS) [12, 104, 200]. Chromo-
some breakage and differential chromo-
some amplification have been shown to
be essential for completion of conjuga-
tion, and are linked to RNAi-directed DNA
elimination [33, 117, 149,/158, 191]. The
conserved 15 bp €BS sequence is sufficient
and necessary'for chromosome breakage
and telomere ‘addition, which is blocked
in CBS,mutants (see Fig. 7c) [200-203].
Genomic analysis of the T. thermophila
genome. has shown that, with little vari-
ation, the CBS is present at all sites of
gh}g)mosome breakage [107, 108]. Like IES
excision, chromosome breakage appears
to be dependent on the piggyBac trans-
posase, Tbp2p [14].

5

Chromosome Fragmentation and
Elimination of DNA during Conjugation in
Oxytricha

The studies of DNA elimination in P.
tetraurelia and T. thermophila, as described
above, have revealed the role of sSRNAs and
long ncRNAs in remodeling genomes dur-
ing development. They have also hinted
to the possible mechanisms that allow
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phenotypic traits to be propagated to
the next generation. Whilst DNA elim-
ination and chromosome fragmentation
occur throughout the entire ciliate clade
[5], it remains unclear whether RNAs play
a similar role in more distantly related cil-
iates. However, recent investigations on
these processes in a subgroup of ciliates
known as stichotrichs has provided a defini-
tive answer to this question [76]. Whilst the
stichotrichs — which include the genera
Oxytricha and Stylonichia — undergo DNA
elimination and chromosome breakage,
these processes are much more extreme
and result in the elimination of more than
95% of the genome and of gene-sized
mini-chromosomes of approximately 2 kb
in size [204-207] (for a review, see Ref. [5]).
A further complication in the understand-
ing of these processes in Oxytricha and
Stylonichia was the discovery of scrambled
genes in the micronucleus [208-214]. Re-
cent data acquired from Oxytricha trifallax
have indicated that parental macronuclear
ncRNA is able to direct the unscrambling
of genes, DNA elimination, and chromo-
some breakage [76].

5.1

Gene Unscrambling and Domesticated “- -~ '

Transposases in DNA Elimination and
Chromosome Breakage

As in other ciliates, it seems likely that
in stichotrichs DNA elimination — and, by
extension, gene scrambling —in the mi-
cronucleus represent ways to prevent ac-
tive transposons from appearing in the
somatic macronuclear genome [5]. Yet, by
scrambling the macronuclear-destined se-
quences (MDSs) of genes in the germline
micronucleus, the stichotrichs ensure that
DNA elimination must occur during sex-
ual reproduction, in order to generate
intact coding regions if progeny are to be
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viable. In this case, gene scrambling takes
several forms, with some MDSs having
undergone permutation in linear order,
while others are even inverted with re-
spect to the other MDSs to complicate the
unscrambling process further (see Fig. 8b)
[208-214].

To date, the scrambled genes discovered
have included actin I, o telomere-binding
protein (@TBP) and DNA polymerase
o, with many more likely waiting to be
discovered. Similar to P. tetraurelia, the
MDSs of O. trifallax are bordered by
short repeats (termed pointers) that may
help direct gene unscrambling and DNA
elimination [215] although, unfortunately,
these repeats are too short to unambigu-
ously accomplish this task. The discovery
of parental macronuclear ncRNA dur-
ing conjugation, ‘and -its role in gene
unscrambling and- DNA elimination, il-
luminates how these processes occur in
O. trifallax and possibly in stichotrichs
in general [76]. Subsequent RT-PCR anal-
yses of RNA isolated from conjugating

O, trifallax early and late in conjugation
“detected the presence of both sense and
. anti-sense ncRNAs. These ncRNAs, which

are longer than mRNAs and contain telom-
eres, imply that the general transcription
of all mini-chromosomes is initiated at the
telomere sequence early during conjuga-
tion. RNAi against these ncRNAs during
conjugation was sufficient to block the re-
arrangement of the target genes in the
developing macronucleus. In order to vali-
date the role of the parental macronucleus
in producing these ncRNAs, Landweber
and coworkers injected (into either the
macronucleus or the cytoplasm) artificial
DNA and RNA transcripts to a known gene
(telomere-end-binding protein-g8; TEBPS),
which contained different permutations of
the MDSs. Upon the completion of con-
jugation, some TEBPS genes containing
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Fig. 8 Unscrambling of genes that are jumbled in the germ
line genome of O. trifallax is guided by maternally produced

template RNAs.

the alternative MDS order were found in
the developing macronucleus, thus veri-
fying the ability of artificial DNA in the

parental macronucleus to produce ncRNA #

transcripts and to alter DNA elimination
in the developing macronucleus.

Similar to P. tetraurelia and T. ther-
mophila, a family of domesticated trans-
posases has been found to play a role
in gene unscrambling and DNA elimi-
nation in O. trifallax [12—14]. In this case,
the transposases, termed telomere-bearing
element 1 (TBE1), TBE2, and TBE3, be-
long to the TBE family of transposons
and are not retained in the macronucleus
after DNA elimination and chromosome
breakage [13, 216, 217]. The triple knock-
down of these transposases is sufficient
to cause aberrant gene unscrambling and
DNA elimination [13].

Taken together, these data have led
to the propesal of a model (see Fig. 8)
for gene unscrambling, DNA elimina-
tion, and chromosome breakage in O.
t_nj”a_lllax [76]. At an early stage in con-
jugation, the bidirectional transcription
of all mini-chromosomes in the parental
macronucleus produces ncRNA. Follow-
ing its appearance, the latter is transported
to the developing macronucleus later dur-
ing conjugation, where it directs gene
unscrambling (if necessary) and the DNA
elimination of IESs via a family of do-
mesticated transposases (TBE1, TBE2, and
TBE3) to produce a functional minichro-
mosome in the developing macronucleus
[13, 76]. Although the presence of SRNAs,
a Piwi homolog, and heterochromatin
marks have each been found in the sti-
chotrich, Stylonichia, it remains to be seen
whether any of these play a role in gene
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unscrambling and DNA elimination in
Oxytricha, Stylonichia, and in other sti-
chotrichs, similar to P. tetraurelia and T.
thermophila [33, 66, 85, 155, 158, 218]. It
should be noted here that one point re-
mains consistent in DNA elimination in
all ciliates, namely the presence of ncRNA.

6
Perspective

Ciliates have long held the fascination
of scientists, as they were among some
of the first microorganisms to be stud-
ied in detail. Indeed, it was while de-
veloping Paramecium as a genetic model
that Sonneborn first realized that many
traits did not follow simple Mendelian
rules of inheritance, and instead pro-
posed that the cytoplasm might play a role
in regulating the development of stable
phenotypes. Although, today, molecular
explanations for many of Sonneborn’s ob-
servations have still not been provided,

ciliates have nevertheless emerged as an -

important study system when investigat-

ing epigenetic mechanisms. Notably, their*
nuclear dimorphism has provided an®in-:

formative biological context within which
to uncover the mechanisms responsible
for the differential regulation of homolo-
gous sequences. Ultimately, many of the
mechanisms identified were shown to be
common regulatory schemes used widely
among eukaryotes. As an example, stud-
ies conducted in Tetrahymena provided the
key data to show that transcriptional reg-
ulators acted by modifying chromatin [28,
29].

More recently, studies with ciliates have
helped to reveal important roles for both
long and short ncRNAs in mediating epi-
genetic regulation [33, 65, 66, 69, 76,
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117, 118]. The majority of these new in-
sights have resulted from studies aimed at
elucidating the mechanisms that these or-
ganisms employ to remodel their somatic
genomes during nuclear differentiation.
Animportant paradigm that is now emerg-
ing from investigations of somatic nuclear
differentiation of Paramecium and Tetrahy-
mena, is that DNA rearrangement provides
a means of genome surveillance, serv-
ing to remove the repetitive DNA from
the transcriptionally active somatic nu-
cleus, so that any potentially deleterious
elements (e.g., transposons) which are
silent in the germline cannot be spread.
The ciliates identify this “junk” DNA by
making an RNA copy of their germline
genome during meiosis, thus processing
bidirectional transcripts into an abundant
class of sRNAs (scnRNAs) that can be
used as the specificity factors to recog-
nize germline-limited sequences [33, 66,
69, 74, 117;-118]. DNA rearrangement can
be considered an innovative endpoint in
the ciliate version of the piRNA pathway.

_In metazoans, the piRNA pathway serves

to protect the germline from transposable
elements via RNAi-directed silencing [120,
123, 125, 126, 219, 220] (see also Refs [63,
221)). In ciliates, the silencing of these
sequences is permanent in the somatic
genome, as they are eliminated during
differentiation. It is clear, therefore, that
a piRNA-mediated genome defense can
serve as an evolutionary ancient mecha-
nism.

The mechanistic connection between
epigenetic silencing and DNA elimination
is quite direct, as evidenced in Tetrahy-
mena, where the germline-derived scnR-
NAs guide DNA rearrangements by di-
recting heterochromatic modifications to
the IESs. As noted in Sect. 4.3, both
histone H3K9 and H3K27 methylation
are established on IES chromatin at the
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start of differentiation of the somatic
macronucleus [31, 158], a discovery that
was made immediately after RNAi was
found to direct heterochromatin modifi-
cation to silent genomic domains in S.
pombe [112]. Taken together, the results of
investigations in these unicellular models
confirmed that RNAi-directed heterochro-
matin formation could provide a common
means of instituting transcriptional gene
silencing athomologousloci. Although the
exact details of how sRNAs can direct chro-
matin modifications to specific sequences
remain rather unclear, future studies in
Tetrahymena and in other model systems
will surely provide more detailed insights
into these fundamental mechanisms.
What has become increasingly apparent
is that ciliates have ways to communicate
homologous sequence information be-
tween the germline and somatic genomes,
from one generation to the next. As first
revealed in studies of d48 Paramecium
strains, the simple absence or presence of
a DNA sequence in the parental somatic
nucleus can “template” the same genome
structure after DNA rearrangement of the

new copy in the zygotic somatic genome -

[51, 49]. Evidence acquired from both
Paramecium and Tetrahymena has indi-
cated that this comparison of genome
content is mediated by an interaction be-
tween scnRNAs and longer ncRNAs (see
Figs 5 and 6), produced from the dif-
ferent nuclei [69, 75]. The syntheses and
sites of action of these different ncRNAs
exhibit both temporal and spatial separa-
tions, which allows the ncRNAs created in
the parental somatic nucleus to block the
action of scnRNAs, whereas those in the
developing zygotic macronucleus will help
to guide DNA elimination by interacting
with the remaining scnRNA pool. Indeed,
it is quite likely that these RNA-mediated
genome comparisons that occur during

Epigenetics of Ciliates | 39

development are responsible for some of
the enigmatic examples of non-Mendelian
inheritance, as originally described by Son-
neborn.

The control of gene unscrambling in
Oxytricha, via ncRNAs produced from the
parental somatic genome, is perhaps the
most intriguing phenomenon yet discov-
ered [76]. Asillustrated in Fig. 8, these ncR-
NAs are proposed to interact directly at the
scrambled loci derived from the germline
genome, and to guide the correct order-
ing of the mixed-up and inverted gene
segments to ensure the assembly of a func-
tional ORF. Whilst it is rather remarkable
to consider that RNA could dramatically re-
structure the DNA of an organism, recent
data acquired from this group of ciliates
has further revealed that. the. copy num-
ber of the putative ncRNA templates can
epigenetically regulate the copy number
of the homologous chromosomes in the
next generation [3; 4]. While the detailed
mechanisms._underlying these phenom-
ena remain to-bé elucidated, these observa-
tions reveal nonetheless that homologous
RNAs-have a much-underappreciated ca-
pacity to influence gene expression and
genome organization. Today, with much
biology still awaiting illumination, the cil-
iated protozoa are clearly an important
group of eukaryotes that are capable of
revealing surprising modes of epigenetic
regulation.

&
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