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Higher order chromatin organization influences gene expression, but mechanisms
by which this phenomenon occurs are not well understood. RNA silencing, a conserved
mechanism that involves small RNAs bound to an Argonaute protein, mediates gene
expression via transcriptional or post-transcriptional regulation. Recently, a role for

RNA silencing in chromatin has been emerging. In fission yeast, a major role of RNA



interference (RNAI) is to establish pericentromeric heterochromatin. However, whether
this mechanism is conserved throughout evolution is unclear. In Drosophila, a powerful
model organism, there are multiple functionally distinct RNA silencing pathways.
Previous studies have suggested the involvement of the Piwi-interacting RNA (piRNA)
and endogenous small interfering RNA (endo-siRNA) pathways in heterochromatin
formation in order to silence transposable elements in germline and somatic tissues,
respectively, but direct evidence is lacking. We addressed whether the genomic locations
generating these small RNAs may act as AGO-dependent platforms for heterochromatin
recruitment. Our genetic and biochemical analyses revealed that heterochromatin is
nucleated independently of endo-siRNA and piRNA pathways suggesting that RNAI-
dependent heterochromatin assembly may not be conserved in metazoans.

Chromatin insulators are regulatory elements characterized by enhancer blocking and
barrier activity. Insulators form large nuclear foci termed insulator bodies that are
tethered to the nuclear matrix and have been proposed to organize the genome into
distinct transcriptional domains by looping out intervening DNA. In Drosophila, RNA
silencing has been reported to affect nuclear organization of gypsy insulator complexes
and formation of Polycomb repression bodies. Our studies revealed that AGO2 is
required for CTCF/CP190-dependent Fab-8 insulator function independent of its
catalytic activity or Dicer-2. Moreover, AGO2 associates with euchromatin but not
heterochromatin genome-wide. Also, AGO2 associates physically with CP190 and
CTCF, and mutation of CTCF, CP190, or AGO2 decreases chromosomal looping
interactions and alters gene expression. We propose a novel RNAi-independent role for

AGO?2 in the nucleus. We postulate that insulator proteins recruit AGO2 to chromatin to



promote or stabilize chromosomal interactions crucial for proper gene expression.
Overall, our findings demonstrate novel mechanisms by which RNA silencing affects

gene expression on the level of higher order chromatin organization.
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CHAPTER 1

INTRODUCTION

Eukaryotic genomes are organized into a complex system where physical
interactions between genes and regulatory elements ensure proper regulation of gene
expression. It has become apparent that nuclear organization and chromatin folding are
vital for spatial and temporal control necessary for proper gene expression during
development and differentiation. The mechanisms regulating nuclear organization still
need to be addressed. Gaining mechanistic insight into the function of key regulators
mediating higher order chromatin organization as well as elucidating new contributors
may aid in understanding abnormal biological processes such as tumorigenesis in which
gene expression is altered. Recently, RNA silencing has been emerging as one such

contributing factor.

RNA SILENCING

RNA silencing pathways are evolutionarily conserved mechanisms that control
gene expression via sequence-specific interactions mediated by a small RNA bound to an
Argonaute (AGO) effector protein and are involved in numerous biological processes
such as post-transcriptional gene regulation, defense against transposable elements (TES)
and pathogens, and chromatin organization. RNA silencing pathways are characterized

by the activity of an Argonaute effector protein that binds small RNAs directly. Ranging



from one AGO gene in Schizosaccharomyces pombe (S. pombe) to 27 in Caenorhabditis
elegans (C. elegans), the number varies greatly among species. The five Argonautes in
Drosophila melanogaster can be divided into two families based on homology. The
AGO subfamily includes AGO1 and AGO2, and the Piwi subfamily consists of Piwi,
Aubergine (Aub), and AGO3 (reviewed in Hutvagner and Simard 2008). Drosophila
AGO1 and AGO2 are expressed ubiquitously (Williams and Rubin 2002; Rehwinkel et
al. 2006). AGOL1 is primarily required for the microRNA pathway, which regulates
MRNA expression and functions chiefly through mRNA destabilization as well as
translational repression (reviewed in Czech and Hannon 2011). Existing as a mechanism
to protect against exogenous double stranded RNA (dsRNA), AGO2 associates with 21-
22 nt short interfering RNA (siRNA) produced by Dicer-2 (Dcr-2) in a pathway that is
required for viral immunity and a robust RNAI response (Hammond et al. 2001; Wang
and Ligoxygakis 2006). In addition, AGO2 binds endogenous siRNAs (endo-siRNAS)
that mediate TE silencing in somatic tissues (Chung et al. 2008; Czech et al. 2008;
Ghildiyal et al. 2008; Kawamura et al. 2008).

The Piwi clade of AGO proteins mediates TE silencing in the gonad. The
expression of piwi, aub, and AGO3 is mainly, although not exclusively, in the gonad
(Williams and Rubin 2002; Saito et al. 2006; Brennecke et al. 2007; Brower-Toland et al.
2007). Whereas Piwi is a nuclear protein that is detected in both germ and somatic cells
in Drosophila ovaries, Aub and AGO3 localize to the cytoplasm and accumulate in the
nuage, an electron-dense perinuclear structure associated with germline RNA processing
(Cox et al. 2000; Saito et al. 2006; Brennecke et al. 2007; Gunawardane et al. 2007;

Nishida et al. 2007). The Piwi proteins associate with a class of small RNAs termed



Piwi-interacting RNAs (piRNAS) involved in the repression of TEs in the germline (Saito
et al. 2006; Brennecke et al. 2007; Nishida et al. 2007; Yin and Lin 2007).

All AGO proteins are characterized by three functional domains crucial for their
interaction with small RNAs: the PAZ, Mid and PIWI domains. The PAZ and Mid
domains bind small RNAs (Song et al. 2003; Ma et al. 2004). The PIWI domain is a
catalytically active RNase H-like domain that cleaves the targeted RNA molecule (Song
et al. 2004; Ma et al. 2005). The endonuclease activity of AGO proteins is often referred
to as Slicer activity. Slicer activity of certain Drosophila AGO proteins has been shown
to be vital for biological functions such as small RNA-based TE and pathogen defense.
The role of AGO proteins in post-transcriptional gene silencing is rather well-
characterized. Other aspects of AGO function such as its roles in transcription and

chromatin organization or yet unknown functions will be elucidated in the future.

Transposable element silencing by the piRNA and endo-siRNA pathways

Eukaryotic genomes are beset with TEs, mobile genetic elements, transposition
and recombination of which can cause genetic instability leading to deleterious
mutations. Suppression of TEs is especially imperative in the gonad in order to limit the
propagation of unwanted mutations and is achieved principally by the activity of the Piwi
subfamily of AGO proteins. In Drosophila, Piwi, Aub, and AGO3 bind to 23-30 nt
piRNAs that are predominantly derived from genomic locations termed piRNA clusters
(Brennecke et al. 2007; Yin and Lin 2007). These piRNA producing loci are mainly

pericentromeric and enriched in transposon sequences. Based on comparative sequence



analysis of piRNAs immunopurified from the ovary, the “ping-pong” or “amplification
loop” model for germline piRNA biogenesis was proposed (Figurel-1; Brennecke et al.
2007; Gunawardane et al. 2007). Precursor transcripts from piRNA clusters, derived
from either one or both strands, give rise to piRNAs bound by Piwi, Aub, or AGO3.
Those piRNAs antisense to a homologous TE transcript can result in its cleavage, and
this event defines the 5” end of a secondary piRNA that can then bind and cleave an
antisense piRNA cluster transcript, and the cycle can continue. Piwi appears to play a
minor role in ping-pong piRNA amplification (Li et al. 2009a; Malone et al. 2009), which
is thought to occur primarily in the cytoplasmic nuage driven by Aub and AGO3 (Harris
and Macdonald 2001; Brennecke et al. 2007; Gunawardane et al. 2007).

Piwi independently serves an additional role in the silencing of certain TEs
expressed in somatic follicle cells surrounding the ovary. This somatic piRNA pathway
depends on Piwi alone and therefore does not undergo ping-pong amplification (Li et al.
2009a; Malone et al. 2009; Saito et al. 2009). The flamenco (flam) piRNA cluster, which
controls the gypsy, ZAM, and Idefix retrotransposons (Prud’homme et al. 1995; Desset et
al. 2003), is one of the major sites of primary piRNA production (Lau et al. 2009; Li et al.
2009a; Malone et al. 2009; Saito et al. 2009). Piwi associates with piRNAs generated by
flam and other piRNA clusters, and has been proposed to cleave homologous TE
transcripts using its Slicer activity (Saito et al. 2006).

TE silencing in somatic tissues is mediated by AGO2. AGO2 binds endo-
siRNAs, the majority of which silence the expression of TEs outside of the gonad (Chung
et al. 2008; Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008). Silencing is

achieved by Dcr-2-mediated cleavage of dsSRNAs into 21-22 nt siRNA that are loaded



into AGO2, which cleaves the target TE mRNA using its Slicer activity. Interestingly,
many endo-siRNAs map to the same genomic regions that generate piRNAs. Although
some redundancy in TE targeting between the two pathways is plausible, some TEs were

shown to be silenced by only one of these pathways (Watanabe et al. 2008).
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Figure 1-1. Drosophila piRNA and siRNA pathways. A. piRNA pathway. Single-
stranded piRNA precursors are generated from either uni-strand piRNA clusters that are
transcribed in one direction or dual-strand clusters that produce piRNAs from both
strands. After primary processing, piRNAs derived from uni-strand clusters are loaded
into Piwi to target TES in ovarian somatic cells. Aub and AGO3-loaded piRNAS
originating from the dual-strand clusters are further amplified in the “ping-pong” cycle
targeting TEs in ovarian germline cells. B. Endo-siRNA pathway. Most endo-siRNAs
are derived from TE transcripts. DSRNA precursors are processed by Dcr-2 and Logs.
Endo-siRNAs are loaded onto AGO2. AGO2-endo-siRNA complexes target TE
transcripts cleaving them by AGO2 Slicer activity. Modified from Siomi et al., Nat Rev

Gen 2011.



A role for RNA silencing in the nucleus

Although RNA silencing was originally believed to be a cytoplasmic mechanism,
there is a sufficient amount of empirical evidence indicating that it can also function in
the nucleus in various organisms. In S. pombe, RNAI functions primarily to nucleate and
maintain heterochromatin required for centromere function but also has a function in
euchromatin. In the unicellular ciliate Tetrahymena thermophilica (T. thermophilica), the
RNAI machinery triggers programmed genome elimination that protects against
potentially harmful TEs, which are also silenced by heterochromatin recruitment
(reviewed in Mochizuki 2010). In C. elegans, NRDE-3, an AGO protein, can localize to
the nucleus upon siRNA loading (Guang et al. 2008). NRDE-3 along with NRDE-2 has
also been shown to inhibit RNA Polymerase 11 (Pol Il) elongation (Guang et al. 2010). In
addition, another AGO protein, CSR-1, mediates a pathway that affects meiotic silencing
of unpaired chromatin and chromosome segregation during early embryogenesis
(Claycomb et al. 2009; van Wolfswinkel et al. 2009). Recently, a study reported human
Agol and Ago?2 localization to the nucleus in HeLa cells (Weinmann et al. 2009).
Interestingly, in mammals, AGO1 and AGO2 guide synthetic SiRNAs to gene promoters
(Janowski et al. 2006; Kim et al. 2006). However, the specific mechanisms of AGO-
directed RNA silencing in the nucleus and its function on chromatin remains vague in

metazoans.



HETEROCHROMATIN AND RNA SILENCING

Given the vast size and complexity of eukaryotic genomes, the genetic material
must be efficiently packaged into the nucleus. The basic structural unit is a nucleosome,
which consists of an octamer of core histones (H2A, H2B, H3, and H4) with 147 bp of
DNA wrapped around it (Kornberg 1974). The individual nucleosomes are further
arranged into 11 nm “beads on a string” arrays that make up higher order structure known
as chromatin. Microscopically, chromatin can be classified into two distinct forms,
euchromatin and heterochromatin (reviewed in Richards and Elgin 2002). During
interphase, euchromatin is visualized as decondensed chromatin whereas heterochromatin
is the compacted form. In Drosophila, an estimated one-third of the genome is composed
of repetitive and noncoding sequences associated with heterochromatin. This form of
chromatin is characterized by repeat-rich sequences, hypoacetylation of histone tails, and
dimethylation of histone H3 on lysine 9 (H3K9me2) (reviewed in (Grewal and Elgin
2007)). A conserved nonhistone Heterochromatin Protein 1 (HP1) is a critical
component of heterochromatin, localizing predominantly at and near centromeres but
also residing at telomeres, the Y, and fourth chromosomes. These regions tend to be rich
in TEs, which must be suppressed in order to maintain genomic stability but can serve a
cellular function, particularly in the case of Het-A and TART at the telomeres (reviewed

in (Mason et al. 2008)).



RNAi-mediated heterochromatic silencing in S. pombe

The paradigm for how RNA silencing controls gene expression at the chromatin
level comes from pioneering genetic and biochemical studies in S. pombe, which have
shed considerable light on mechanisms of heterochromatin assembly. The RNA
interference (RNAI) machinery was found to play a key role in heterochromatin
formation by detecting the transcription of specific DNA repeats located at the mating
type locus and the centromere and subsequently nucleating heterochromatin. For
example, double-stranded RNAs (dsRNA) transcribed from pericentromeric repeats are
processed by the RNase 111 endonuclease Dicerl into sSiRNAs (Figurel-2; Volpe et al.
2002). The single Argonaute, Argonautel binds these siRNAs as part of the RNA-
induced transcriptional silencing complex (RITS) (Motamedi et al. 2004). Loading of
RITS with siRNA and recruitment of the complex to the site of dSRNA transcription
requires the Clr4 histone methyltransferase, which methylates H3K9 (Noma et al. 2004).
This methylation mark serves as a binding site for Swi6, a fission yeast homolog of HP1,
leading to heterochromatin establishment and spreading.

Importantly, heterochromatin can also be nucleated independently of RNAI by
other mechanisms. In fission yeast, for example, in the absence of RNAI the ATF/CREB
stress-activated proteins promote heterochromatin formation at the mating type locus (Jia
et al. 2004), and the Taz1 protein can establish HP1 recruitment to telomeres (Kanoh et
al. 2005). These studies exemplify the redundancy of RNAi and additional mechanisms

with respect to the formation of heterochromatin.
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RNA silencing involvement in heterochromatin recruitment in metazoans

Based on the model in S. pombe, it has been hypothesized that the mechanism of
RNAI-dependent heterochromatin assembly is evolutionarily conserved between
unicellular eukaryotes and metazoans. Multiple studies suggested that one or more
Drosophila RNA silencing pathways may participate in transcriptional TE silencing by
inducing heterochromatin formation, but direct evidence is lacking. Initial evidence that
implicated piRNA pathways, and Piwi in particular, in establishment or maintenance of
heterochromatin in the germline came from an observation that mutation of piwi, aub, or
spn-E, encoding an RNA helicase required for the germline piRNA pathway (Vagin et al.
2006; Malone et al. 2009), results in defects in heterochromatic silencing and visible
changes in heterochromatin localization. These mutants display reduced silencing of
pericentromeric transcriptional reporters and exhibit mislocalization of HP1 and
H3K9me?2 in salivary gland polytene chromosomes (Pal-Bhadra et al. 2004) suggesting a
role for the piRNA silencing factors in nucleating or maintaining heterochromatin. These
results, however, contrast with a study that investigated the role of Piwi on 3R-TAS
subtelomeric region, which is a site of Piwi chromatin association and piRNA production.
The study demonstrated that a mutation of piwi results in an increase of transcriptional
silencing at 3R-TAS region and an increase of HP1 association suggesting an activating
role for Piwi on chromatin (Yin and Lin 2007). Moreover, HP1 was identified as an
interactor of Piwi in yeast two-hybrid screens (Brower-Toland et al. 2007). Furthermore,
both proteins associate specifically with the chromatin of two transposable elements,

1360 and the F element. Based on their findings, the authors propose that Piwi could

11



serve as a recruitment platform for HP1 binding and heterochromatin-mediated silencing.
However, this model appears not to be applicable to the 3R-TAS subtelomeric region.
Thus, it remains an open question whether other sites in the genome could serve as Piwi-
dependent HP1 recruitment sites.

Two studies suggest that the endo-siRNA silencing pathway may participate in
transcriptional TE silencing by inducing heterochromatin formation. First, mutation of
AGO?2 results in pleiotropic cellular defects in early embryos including mislocalization of
HP1 and the histone H3 variant CID, which binds specifically the centromere
(Deshpande et al. 2005). Later in development, AGO2 mutants display mislocalization of
HP1 on polytene chromosomes of the larval salivary gland (Fagegaltier et al. 2009).
Additionally, silencing of a pericentromeric transcriptional reporter is relieved when the
maternally derived pool of AGO2 is reduced. Despite these defects, AGO2 mutant flies
develop normally and are fertile, suggesting that these defects are mild and can be
compensated by other mechanisms.

In plants and other metazoans, it is similarly unclear whether RNA silencing can
establish heterochromatin directly. In Arabidopsis thaliana, RNA-directed RNA
polymerase, RDR2, a dicer protein, DCL3 and AGO4 mediate RNA-directed DNA
methylation (RdDM), which has been implicated in centromeric repeat and TE silencing.
However, H3K9me2 present in these regions is not lost in dcl3 and rdr2 mutants (Qi et
al. 2006), a situation reminiscent of S. pombe siRNA-dependent heterochromatin
assembly at the mating-type locus where a redundant pathway maintains heterochromatin
formation in a manner independent of RNAI. A study in chicken demonstrated that Ago2

associate at very low levels with a constitutive heterochromatic domain that separates the
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folate receptor gene and the B-globin locus (Giles et al. 2010). The authors proposed that
this heterochromatic region is maintained by a Dicer and Argonaute 2 dependent
mechanism, however, it is not known whether this represents a general mechanism to
maintain heterochromatin. Furthermore, a recent study in mouse cells proposed a model
for a de novo HP1 targeting to pericentric heterochromatin by long non-coding RNAs
corresponding to major satellites (Maison et al. 2011). Importantly, the authors did not

detect any small dsRNA corresponding to these heterochromatic regions.

POLYCOMB-MEDIATED GENE REPRESSION AND RNA SILENCING

The highly conserved proteins of the two antagonizing complexes Polycomb
group (PcG) and trithorax group (TrxG) maintain gene-expression profiles of crucial
developmental regulators through either repression or activation, respectively. PcG/TrxG
target genes possess cis-regulatory dual response elements termed Polycomb Response
Elements (PRES), to which both PcG and TrxG proteins can be independently recruited
by DNA-binding proteins (Simon and Kingston 2009). In Drosophila, in the silenced
state, the DNA-binding protein Pleiohomeotic (PHO) (Klymenko et al. 2006) binds PREs
and recruits Polycomb repressive complex 1 (PRC1) (Mohd-Sarip et al. 2005). PRC1-
mediated ubiquitination in concert with PRC2-directed methylation of H3 at lysine
27(Wang et al. 2004) lead to Polycomb-induced gene silencing. Other DNA-binding
proteins such as GAGA factor (GAF) have been suggested to function at PREs (Muller

and Kassis 2006). During late embryogenesis, PcG and TrxG proteins maintain the
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repressed or activated state of the genes in homeotic clusters respectively by binding to
PREs and modifying chromatin structure.

RNA silencing has been suggested to affect the PcG response in a regulatory
manner by influencing nuclear organization. A phenomenon, known as cosuppression,
where multiple transgenic copies silence an endogenous gene, is sensitive to both PcG
and RNA silencing components (Pal-Bhadra et al. 2002). Additionally, a transgenic
reporter line that contains the Drosophila Fab-7 region, a PRE-containing boundary
element that controls Abd-B expression, can induce PcG-dependent silencing of a reporter
gene and of the endogenous scalloped (sd) gene (Bantignies et al. 2003). Argonaute
mutants, agol, piwi and aub were shown to disrupt Fab-7 PRE pairing-dependent
silencing (Grimaud et al. 2006). Furthermore, RNA silencing has been suggested to play
a role in PcG-dependent long-distance interaction between PRE-containing loci. Termed
PcG bodies, these PRE-containing loci form approximately 50 nuclear foci that have
been proposed to be sites of transcriptional repression that contain multiple PcG
complexes bound to different PREs. Two remote PRE-containing loci have been shown
to colocalize to the same PcG body and these long-range interactions were decreased in

RNA silencing mutants.

CHROMATIN INSULATORS, NUCLEAR ORGANIZATION AND RNA

SILENCING

It has become increasingly apparent that DNA topology is a critical determinant of

gene regulation. While enhancers activate their target promoters over long distances,
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insulators act to restrict these communications (reviewed in Wallace and Felsenfeld
2007). Chromatin insulators are defined as DNA-protein complexes that are
characterized by two functional properties, enhancer blocking and barrier activity (Figure
1-3). In the former case, a chromatin insulator, positioned between an enhancer and a
promoter, can interfere with enhancer-promoter interactions in a directional manner. In

the latter case, an insulator can buffer transgenes against the spread of silent chromatin.

A. B.

Enhancer
Heterochromatin

N

Insulator

Promoter

Insulator

Figure 1-3. Functional properties of chromatin insulators. A) Enhancer blocking
activity of chromatin insulators restricts enhancer-promoter communications while (B)

barrier function demarcates silent and active chromatin domains.

Unlike vertebrates, which possess only one known insulator protein, the CCCTC-
binding factor (CTCF) (Phillips and Corces 2009), Drosophila employs at least five
known insulators defined by their DNA binding proteins. Two well-characterized
insulators are the gypsy insulator and Frontabdominal-8 (Fab-8) (Moon et al. 2005;
Gerasimova et al. 2007; Mohan et al. 2007) each containing binding sites for the zinc-

finger DNA binding proteins Suppressor of Hairy wing (Su(Hw)) and CTCEF, respectively
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(Figure 1-4). The gypsy insulator contains an additional component, Mod(mdg4)2.2, a
BTB domain protein that directly interacts with Su(Hw) but not DNA. The two
insulators share a common component, Centrosomal protein 190 (CP190) (Pai et al.
2004; Gerasimova et al. 2007), which interacts with Su(Hw), Mod(mdg4)2.2 and CTCF.
Despite thousands of insulator binding sites throughout the genome, insulator complexes
localize to a few large nuclear foci termed insulator bodies. These bodies are proposed to
be insulator sites clustered together to organize chromatin into distinct transcriptional
domains, and the integrity of insulator bodies is highly correlated with gypsy insulator
function (Figure 1-4; reviewed in Bushey et al. 2008). It has been proposed that
chromatin insulators interact with each other or with other cis-regulatory elements to
form chromatin loops. Chromosome conformation capture (3C) studies have
demonstrated an interaction between two insulator sites (Blanton et al. 2003). Moreover,
gypsy insulator loops have been visualized in salt-extracted nuclei by fluorescence in situ

hybridization (Byrd and Corces 2003).
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insulator complex

Figure 1-4. Nuclear organization of a chromatin insulator.

A. The gypsy insulator is defined by its binding protein Su(Hw), which also interacts
with Mod(mdg4)2.2 and CP190. B. The Fab-8 insulator, located in the Abd-B locus of
the BX-C complex, is bound by CTCF and CP190. C. Insulator proteins colocalize in
large nuclear structures termed insulator bodies. It has been proposed that insulator

complexes come together to establish transcriptional domains by looping of the DNA.

The Fab-8 insulator is a part of a large homeotic gene (Hox) cluster, known as the
bithorax complex (BX-C), that controls the identity of nine parasegments (PS5-14) in the
posterior two-thirds of the fly by regulating the expression of three homeotic genes,
Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) (Figure 1-5). Each

parasegment-specific infraabdominal (iab) domain contains an enhancer that is kept
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autonomous by boundary elements, Mcp, Fab-6, Fab-7 and Fab-8 (reviewed in Maeda
and Karch 2009). For example, in early embryogenesis, Abd-B expression is controlled
by enhancers in iab-5-8 cis-regulatory domains in PS10-13. CTCF is present at Mcp,
Fab-6, and Fab-8 boundary elements and has been shown to be required for Fab-8
insulator function (Moon et al. 2005; Holohan et al. 2007). Moreover, Fab-8 interacts
with a region bound by CTCF near the Abd-B promoter (Kyrchanova et al. 2008),
suggesting that boundary elements regulate proper communication between enhancers
and the Abd-B promoter via CTCF organizing chromatin domains at BX-C. Insulators
and other cis-regulatory regions in the Abd-B locus engage in numerous long-range
interactions, and the precise topology of the locus has been postulated to be a central
mechanism of tissue-specific Abd-B regulation (Cleard et al. 2006; Lanzuolo et al. 2007;
Kyrchanova et al. 2008; Bantignies et al. 2011). However, the mechanism by which
chromosome looping is achieved at this locus has not been elucidated. Vertebrate CTCF
has been demonstrated to mediate chromosomal looping at several developmentally
regulated loci in concert with cohesin (reviewed in Merkenschlager 2010), but it is not
known whether Drosophila CTCF, which only shares homology in the zinc-finger DNA
binding domain, retains the capacity to promote looping. Lastly, a recent genome-wide
study in mammalian cells revealed that CTCF mediates numerous promoter-enhancer
communications suggesting a role for CTCF that is diverse from its enhancer-blocking

function (Handoko et al. 2011).
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Figure 1-5. Abd-B cis-regulatory region of the bithorax complex (BX-C). A
schematic representation of iab-2 through iab-8 cis-regulatory domains that encompass
two transcription units: abd-A and Abd-B, arrows indicate the direction of transcription.
Boundary elements, Mcp, Fab-6, Fab-7, and Fab-8 and PREs are also indicated. The
corresponding abdominal segments specified by the iab domains are shown in the

Drosophila embryo. Modified from Akbari et al., Dev. Biol., 2006.

Several observations implicate RNA silencing in insulator function. First, Rm62,
a DEAD-box putative RNA helicase required for dsSRNA-mediated silencing copurifes
with CP190 insulator complexes from Drosophila nuclear embryonic extract in an RNase
A-sensitive manner (Lei and Corces 2006). Second, genetic analysis of Rm62 mutants
revealed improved activity of the gypsy insulator while mutations in Argonaute genes,
piwi and aub, cause decreased gypsy insulator function. Third, microscopic examination

of insulator bodies in larval imaginal discs of Rm62, piwi and aub mutants revealed
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disruption of insulator body organization. Insulator body phenotypes correlated with
gypsy insulator activity, suggesting that RNA silencing plays a role in nuclear
organization of gypsy insulator complexes. Whether RNA silencing can affect chromatin

insulator activity of an insulator other than gypsy has not been determined.

CONCLUSION

It has become increasingly apparent that long-range chromosomal interactions
driven by cis-regulatory elements are critical for proper control of gene expression.
Chromatin insulators disrupt enhancer-promoter interactions and can protect transgenes
from the effects of silent chromatin exerted by heterochromatin or PcG-induced
repression. In Drosophila, both the gypsy chromatin insulator and PREs have been
postulated to mediate long-range interactions to promote higher order chromatin
organization. These long-range interactions are, however, perturbed in RNA silencing
mutants. Furthermore, a functional link has been reported between the gypsy insulator,
acting to restrict PRE-mediated chromatin looping, and PcG-induced silencing (Comet et
al. 2011). The plethora of evidence suggests that RNA silencing has a functional role in
higher order chromatin organization. The mechanistic details regarding the interaction
between RNA silencing components and insulator proteins along with PREs are,
however, missing.

Here, | investigate whether RNA silencing affects gene expression at the level of
higher order chromatin organization. For my studies I utilize Drosophila melanogaster,

an outstanding model organism that has a short life cycle, a large array of available
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genetic tools, a sizable pool of characterized mutants and cell lines. Specifically, I
investigate two aspects of RNA involvement in chromatin function; (1) whether a role for
RNA silencing in heterochromatin nucleation and maintenance is conserved in
Drosophila, and (2) elucidate how RNA silencing affects the function of the CTCF class
of chromatin insulators. First, | examine the effects of piRNA and endo-siRNA silencing
mutants on heterochromatin recruitment to the sites of piRNA and endo-siRNA
production utilizing genetic and biochemical approaches. Second, | investigate the role
of AGO2 on CTCF/CP190-dependent Fab-8 insulator function, PREs and active
promoters, and its involvement in nuclear organization. Overall, these studies will shed
more light on mechanistic details of RNA silencing function in higher order chromatin

organization.
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CHAPTER 2

HP1 RECRUITMENT IN THE ABSENCE OF ARGONAUTE PROTEINS IN

DROSOPHILA

ABSTRACT

Highly repetitive and transposable element rich regions of the genome must be
stabilized by the presence of heterochromatin. A direct role for RNA interference in the
establishment of heterochromatin has been demonstrated in fission yeast. In metazoans,
which possess multiple RNA silencing pathways that are both functionally distinct and
spatially restricted, whether RNA silencing contributes directly to heterochromatin
formation is not clear. Previous studies in Drosophila melanogaster have suggested the
involvement of both the AGO2-dependent endogenous small interfering RNA (endo-
siRNA) as well as Piwi-interacting RNA (piRNA) silencing pathways. In order to
determine if these Argonaute genes are required for heterochromatin formation, we
utilized transcriptional reporters and chromatin immunoprecipitation of the critical factor
Heterochromatin Protein 1 (HP1) to monitor the heterochromatic state of piRNA clusters,
which generate both endo-siRNAs and the bulk of piRNAs. Contrary to expectation, we
find that mutation of AGO2 or piwi increases silencing at piRNA clusters corresponding
to an increase of HP1 association. Furthermore, loss of piRNA production from a single
piRNA cluster results in genome-wide redistribution of HP1 and reduction of silencing at

a distant heterochromatic site suggesting indirect effects on HP1 recruitment. Taken
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together, these results indicate that heterochromatin forms independently of endo-siRNA

and piRNA pathways.
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INTRODUCTION

Heterochromatin, characterized by scarcity of genes, low levels of transcription,
late replication, and low recombination rates, maintains genomic stability by hindering
propagation of potentially deleterious transposable elements (TEs). One model for
heterochromatin assembly comes from studies in fission yeast where a role for RNA
interference (RNAI), a process by which dsRNAs silence the expression of target genes,
was demonstrated (reviewed in (Grewal and Elgin 2007)). Based on the model in S.
pombe, where transcription from pericentromeric repeat-rich regions initiates
heterochromatin formation via interaction with the RNA silencing machinery, it has been
suggested that the mechanism may be evolutionarily conserved between unicellular
eukaryotes and metazoans.

In the Drosophila genome, there is an extensive overlap between TE-rich regions
and pericentromeric and telomeric heterochromatin marked by non-histone
Heterochromatin Protein 1 (HP1) and histone 3 dimethylated at lysine 9 (H3K9me2).
The phenomenon of position-effect variegation (PEV) provided the first glimpse into the
role of heterochromatin in gene silencing in Drosophila. When a normally euchromatic
gene is relocated near heterochromatin, variegated expression results from variable levels
of heterochromatin spreading over the gene in each cell. Screens for dominant mutations
that either suppress or enhance {Enhancer of variegation [E(var)]} PEV were performed
to identify key components of heterochromatin. For example, mutation of Su(var)3-9,
which encodes an H3K9 methyltransferase, was identified in a large screen for modifiers

of PEV (Tschiersch et al. 1994). Accordingly, loss of HP1, encoded by Su(var)2-5,

24



causes increased expression of a gene subject to PEV, while an extra copy has the reverse
effect (Eissenberg et al. 1990).

Sequencing of the small RNA population associated with the Piwi claude of AGO
proteins, Piwi, Aub and AGO3 from Drosophila ovaries identified a subclass of ~24-30
nt long RNAs, termed Piwi-interacting RNAs (piRNAs) (Brennecke et al. 2007; Yin and
Lin 2007). Interestingly, piRNAs originate from discrete loci, the majority of which are
located at pericentromeric and telomeric regions containing TEs and other repetitive
elements. Termed piRNA clusters, these loci range in length between a few of to
hundreds Kb. Two prominent clusters include the 42AB piRNA locus on chromosome
2R and flamenco (flam) piRNA producing locus on the X chromosome. The flam locus
was originally discovered as a region involved in the control of retrotransposons: gypsy,
Idefix, and ZAM (Prud’homme et al. 1995; Desset et al. 2003). Examination of piRNAs
associated with Piwi, Aub and AGO3 revealed nucleotide signatures indicative of the
amplification “ping-pong” cycle (Brennecke et al. 2007; Gunawardane et al. 2007). Aub
and AGO3, which both possess the Slicer endonuclease activity, are cytoplasmic proteins
that most likely silence TEs post-transcriptionally in the germ cells. Interestingly, in the
ovarian somatic cell (OSC) line, where Piwi is highly expressed but not Aub or AGO3,
Piwi-associated piRNAs that are mostly derived from flam locus are derived by the
primary processing pathway that does not involve the amplification step (Saito et al.
2009). Piwi, a nuclear protein that is present in both somatic and germ cells of the ovary,
is required for the TE silencing in gonadal somatic cells. Thus, it is possible that Piwi

can recruit heterochromatin machinery to silence the repetitive elements in the nucleus.
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The role of Piwi and the somatic primary piRNAs as epigenetic regulators
remains controversial since Piwi seems to exert the opposite effects at different genomic
sites. On one hand, piwi mutants exhibit defects in heterochromatic silencing and
heterochromatin localization, and Piwi and HP1 interact physically and associate with
heterochromatic 1360 and F element transposable elements, suggesting that Piwi and the
somatic primary piRNAs may silence TEs by recruiting heterochromatin (Pal-Bhadra et
al. 2004; Vagin et al. 2006; Brower-Toland et al. 2007; Malone et al. 2009). On the other
hand, piwi mutants show both increased transcriptional silencing and HP1 association
with the 3R-TAS subtelomeric region, indicating an epigenetic activation role. Therefore,
it remains an open question whether the piRNA pathway can recruit heterochromatin to
its target sites.

Sequencing of small RNAs associated with AGO2 revealed a population of ~21-
22 nt long species in Drosophila embryos, ovaries and S2 embryonic cells termed
endogenous siRNAs (endo-siRNAs) (Chung et al. 2008; Czech et al. 2008; Ghildiyal et
al. 2008; Kawamura et al. 2008). The majority of endo-siRNAs exhibit homology to TEs
and other repetitive sequences and overlap considerably with piRNA clusters. Studies
have reported HP1 mislocalization defects in early embryos and on larval polytene
chromosomes in ago2 mutants suggesting endo-siRNA pathway involvement in
heterochromatin formation (Deshpande et al. 2005; Fagegaltier et al. 2009). Whether the
endo-siRNA pathway can directly recruit HP1 to heterochromatin remains unclear.

In this study, | investigated whether HP1 association with heterochromatin in
Drosophila is mediated by either the piwi dependent piRNA pathways or by the AGO2

dependent endo-siRNA pathway. | hypothesized that similarly to the RNAi-dependent
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heterochromatin recruitment in fission yeast, heterochromatin assembly depends on
piIRNA and endo-siRNA pathways that silence TEs in the germline and soma
respectively. In order to address this hypothesis, | examined heterochromatin localization
as marked by HP1 to piRNA producing loci in piRNA and endo-siRNA pathway mutants
genetically, utilizing transcriptional reporters, and biochemically by Chromatin
Immunoprecipitation (ChlP). Transcriptional reporters bearing mini-white transgene and
positioned inside or in close proximity to top piRNA producing loci, flam, 42AB, and
80EF on chromosome 3L were used to measure mini-white expression in the adult eye.
ChlIP, an immunoprecipitation technique used to determine whether specific proteins are
associated with specific genomic regions in vivo, was utilized to assay HP1 localization
to piRNA clusters. Specifically, | hypothesized that if heterochromatin recruitment
depends on piRNA and/or endo-siRNA silencing pathways then a disruption in Piwi and
AGO2 proteins would result in (a) decreased silencing as measured by transcriptional
reporters at the piRNA producing loci and (b) a decrease of HP1 association with piRNA
clusters.

Here, | show that piRNA clusters are subject to heterochromatic silencing and
bound by HP1. Contrary to expectation, mutation of AGO2, piwi or aub results in
increased silencing at piRNA clusters and an increase in HP1 association with these loci.
Furthermore, loss of piRNA production at a single piRNA locus results in global
redistribution of HP1 and a reduction of silencing at a distant heterochromatic site.
Therefore, our results indicate that HP1 can associate with chromatin independently of

both endo-siRNA and piRNA silencing pathways in the soma.
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RESULTS

Heterochromatin dependent transcriptional silencing at piRNA clusters

We sought to determine if HP1 is recruited to heterochromatin by AGO2 or Piwi.
The majority of genomic regions that produce the bulk of piRNA, termed piRNA
clusters, are pericentromeric and rich in transposable elements (Brennecke et al. 2007;
Yin and Lin 2007). These regions also produce endo-siRNA (Chung et al. 2008; Czech
et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008), and due to their proximity to
the centromere, may be heterochromatic and serve as platforms for Argonaute mediated
HP1 recruitment.

In order to test genetically whether pericentromeric piRNA clusters are
heterochromatic, we examined a collection of fly lines bearing P element transgene
insertions inside or in close proximity to four piRNA producing loci, flam, 80EF, 42AB,
and 38C. The P elements contain a mini-white transcriptional reporter that was assayed
for expression in the adult eye. Genomic locations of these transgene insertions are
indicated in relation to previously identified small RNAs immunoprecipitated with Piwi,
Aub/AGO03, and AGO2 respectively from various cell types (Figure 2-1) (Brennecke et
al. 2007; Yin and Lin 2007; Czech et al. 2008; Kawamura et al. 2008). Lines harboring P
elements inside or in the vicinity of a piRNA cluster exhibit variegating coloration of
distinct eye facets similar to PEV, suggesting the presence of variably spreading
heterochromatin at their sites of insertion (Figure 2-2, Table 2-1). Interestingly,

insertions within a piRNA cluster that display high mini-white expression without

28



variegation harbor SUPor-P constructs, which contain Suppressor of Hairy wing
[Su(Hw)] insulator sequences that flank and likely protect the mini-white reporter from

the effects of surrounding heterochromatin (Roseman et al. 1993).
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Figure 2-1. Schematic representation of four top piRNA clusters.

Genomic locations of small RNAs, primer sets used for ChIP, and P element insertions at
(A) flam piRNA cluster on chromosome X, (B) 80EF piRNA cluster on chromosome 3L,
(C) 42AB piRNA cluster on chromosome 2R and (D) 38C piRNA cluster on chromosome
2L. Sequence datasets derived from previous studies were mapped to the genome using
Bowtie software allowing two or zero mismatches (Langmead et al. 2009). Piwi-
immunoprecipitated (Brennecke et al. 2007; Yin and Lin 2007), Aub or AGO3-
immunoprecipitated (Brennecke et al. 2007) and AGO2-immunoprecipitated (Czech et al.
2008; Kawamura et al. 2008) reads mapping to multiple locations in the genome are
indicated in red (with two mismatches allowed) and pink (with zero mismatches allowed)
while uniquely mapping reads are in dark blue (with two mismatches allowed) and light
blue (with zero mismatches allowed). Primer sets used for ChIP analysis are indicated by
yellow arrowheads. Strongly variegating (dark green triangle), weakly variegating (light
green triangle), and non-variegating P elements with high expression levels (white
triangle) are indicated. (A) P{EPgy2}DIP15"%%?° (B) PBac(PB) c06482, and (C)
P{EPgy2}EY08366 P element insertions are marked by an asterisk. SUPor-P P elements
containing insulator sequences are marked by an “I”’. Centromere proximal end is

marked by a hollow C. RepeatMasker detected sequences are represented in black.
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Table 2-1. Expression of mini-white in fly lines harboring P element insertions in

four top piRNA clusters.

Insertion piRNA  Genomic coordinates Variegation Inside piRNA
cluster of insertion cluster

P{EPgy2}DIP1FY0%% flam X:21,501,171 [] Yes No
P{SUPor-P}flam<®7° flam X:21,505,285 [-] No No
P{GT1}flam®C026%8 flam X:21,502,538 [-] Yes No
PBac(WH)CG32230%%"  8OEF 3L.:23,237,018 [+] Weak No
PBac(PB) c06482 80EF 3L.:23,286,922 [-] Yes Yes
PBac(PB)CG40470°%®  8OEF 3L.:23,849,420 [+] No No
P{GT1}BG016725¢0¢7 42AB 2R:2,370,529 [-] No Yes
P{EPgy2}EY08366 42AB 2R:2,129,510 [+] Yes No
P{XP}d02126 42AB 2R:2,129,452 [+] Weak No
P{SUPor-P}P1d"c02"14 42AB 2R:2,133,438 [+] No No
P{SUPor-P}KG09351 42AB 2R:2,160,357 [-] No Yes
PBacf(WH)04291 42AB 2R:2,228,280 [-] Weak Yes
P{EPgy2}EY01034 38C 21.:20,205,306 Yes Yes
P{XP}d02757 38C 21.:20,174,988 [+] Weak Yes
PBac(WH)f03348 38C 2L.:20,165,746 Weak Yes
P{SUPor-P}KG05288 38C 21.:20,166,034 [+] No Yes
PBac{RB}e03575 38C 21.:20,121,359 [+] Weak No
P{SUPor-P}KG02342 38C 21.:20,120,504 [-] No No

The genomic coordinates for four top piRNA clusters were defined as previously

determined by Brennecke et al., 2007. The genomic coordinates of the P-element

insertions were confirmed by PCR with primers specific to the P-elements and flanking

genomic sequences.



Expression analysis of these transcriptional reporter insertions indicates that
piIRNA clusters and their immediate vicinity are subject to HP1 dependent silencing.
Reporter expression levels of three lines harboring an insertion at flam, 80EF, or 42AB
with the most apparent variegation were tested for dependence on heterochromatin.
P{EPgy2}DIP15%%% s inserted in a gene located on the centromere distal side of the
flam piRNA producing locus on the X chromosome (Figure 2-1A), PBac(PB)c06482
resides within the 80EF cluster on chromosome 3L (Figure 2-1B), and
P{EPgy2}EY08366 borders the centromere proximal edge of the 42AB piRNA locus on
chromosome 2R (Figure 2-1C). In order to test whether these reporters are sensitive to
perturbation of heterochromatin, the expression of mini-white was examined in Su(var)2-
5%/+ and Su(var)3-9*/+ dominant loss-of-function mutants, which are compromised for
HP1 and H3K9 methyltransferase activity respectively. As expected, decreased silencing
of mini-white expression resulting in increased pigmentation was observed for all three
insertions in the heterochromatin mutants compared to wild type (Figure 2-2), suggesting

that the vicinity of P element insertion are indeed heterochromatic.
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Figure 2-2. piRNA and endo-siRNA pathway mutants display increased silencing of
transcriptional reporters at or near piRNA clusters. Adult eyes of wild type,
Su(var)2-5%/+, Su(var)3-9%/+, piwi'/piwi?, aub®“**/aub*"*?, and/or AGO2 /AGO2 "
mutants carrying a mini-white transgene inserted inside or in close proximity to the (A)
flam, (B) 80EF, and (C) 42AB piRNA clusters. AGO2°'8/AG02** mutants are examined
in (A) while AGO2°'® mutants are examined in (C). (D) Levels of eye pigment measured

at 480 nm extracted from male heads of the indicated genotypes (A-C).
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piRNA and endo-siRNA pathway mutants decrease transcription at piRNA clusters

We next tested whether the transcriptional reporters at piRNA clusters are
sensitive to perturbations in the piRNA and endo-siRNA silencing pathways. If Piwi
were responsible for direct recruitment of HP1 to piRNA clusters, mutation of piwi
should increase mini-white expression similarly to disruption of heterochromatin.
Surprisingly, piwi'/piwi? loss-of-function mutants exhibit a substantial loss of reporter
expression indicating increased silencing when compared to wild type (Figure 2-2).
Furthermore, aub®“*?/aub“"* loss-of-function piRNA pathway mutants result in a
similar reduction of mini-white expression. Strikingly, the flam transcriptional reporter
expression level was decreased dramatically in the transheterozygous endo-siRNA
pathway mutant, AGO2>'®/AG0O2*** compared to wild type (Figure 2-2A). Similarly, in
the AGO2°'® null mutant, the 42AB transcriptional reporter displays almost complete
silencing (Figure 2-2C). Spectroscopic analysis of extracted eye pigment verifies the
overall changes in mini-white expression levels for each genotype compared to wild type
(Figure 2-2D). Additionally, examination of Dcr-2"4** mutants shows a similar mild
increase in silencing for the transcriptional reporter inserted near flam (Figure 2-3A).
The opposite effects of piRNA and endo-siRNA pathway mutations compared to
heterochromatin mutations suggest that these RNA silencing pathways may actually

oppose heterochromatin formation at piRNA clusters.
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Figure 2-3. Dcr-2 mutants display increased HP1 chromatin association and
increased silencing at piRNA clusters. ChIP at (A) flam and (B) 80EF piRNA clusters
in wild type (blue) and Dcr-2"8"*% /+ (orange) from adult heads with antibodies specific
to HP1. Values shown are percent input immunoprecipitated for each primer set
normalized to hsp26. Error bars indicate standard deviation of quadruplicate PCR
measurements. (C) Adult eyes of wild type and Dcr-2""** mutants carrying a mini-

white transgene inserted in close proximity to the flam piRNA cluster.

37



DC r_2|_811fSX

WT

wej}

flamenco

a-HP1

awT

m] Dcr—ZEWSX

7

T T T T T
© [To) < o N —

gzdsy 01 aAne[al 1UBWYDIIU]

0

Primer sets

N Y Y " D9 0 A DO

o & &
LRy ,,_;29
& §e\ PSRN

80EF

|wT

a-HP1

ODc r-ZJ]BHfSX

C

T T T T T
© [Te) < ™ N -

gzdsy 01 aAle[al 1uaWYoIIUg

Y0 O QO ¢ X O0OR N DY v 0 R
Primer sets

38



HP1 chromatin association is increased at piRNA clusters in somatic tissues of RNA

silencing mutants

In order to further examine the heterochromatic nature of piRNA clusters at
higher resolution, ChlP assays were performed in adult heads to assess HP1 association
with two piRNA clusters, flam and 80EF, in the soma. Genomic locations of primer sets
that uniquely amplify regions spanning these piRNA clusters are indicated in Figure 2-
1A-B. As positive controls, primers for two transposable elements known to recruit HP1,
TART, a telomere-specific non-LTR retrotransposon, and 1360, a DNA transposon, were
also tested (Fanti et al. 1998; Sun et al. 2004). Euchromatic genes hsp26 and yellow were
also included in the analysis as negative controls for HP1 association.

In wildtype fly heads, HP1 is observed at or near locations that give rise to
piRNAs and endo-siRNAs at both flam and 80EF loci. ChIP was performed using o.-
HP1 antibodies in chromatin prepared from wildtype heads, and the amount of DNA
associated was determined by quantitative PCR using specific primer sets. As expected,
low levels of hsp26 and yellow are immunoprecipitated with HP1, while TART and 1360
levels are enriched above the euchromatic genes by over six-fold (Figure 2-4). At flam,
HP1 associates with the majority of regions that produce high levels of piRNAs or endo-
siRNAs approximately two to three-fold over the euchromatic sites (Figure 2-4A, primer
sets 1-15). Similarly, at 80EF, HP1 immunoprecipitates piRNA and endo-siRNA
producing regions two to three-fold higher than the negative controls indicating the
presence of heterochromatic marks at these loci (Figure 2-4B, primer sets G-M). Regions

flanking these areas display approximately one to two-fold enrichment over euchromatic
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sites, which may be due to tapering of HP1 spreading (Figure 2-4B, primer sets A-F and
N-P). ChlIP using antibodies directed against the chromatin insulator protein Su(Hw)
verified its presence at known insulator sequences gypsy and 1A-2 (Parnell et al. 2003)
but only background levels at TART, 1360, and piRNA clusters, indicating the specificity
of HP1 association at these sites (Figure 2-5). Rabbit IgG negative control
immunoprecipitations yielded negligible amounts of DNA for all sites tested (<0.3%
input).

Consistent with the transcriptional reporter assay, RNA silencing mutants display
elevated levels of HP1 at piRNA clusters. ChIP of HP1 was performed in piwi*/piwi?
mutant heads, and similar levels at positive and negative controls were obtained
compared to wild type (Figure 2-4). In contrast, at the flam locus, a two to five-fold
increase in HP1 levels is observed at the centromere proximal side of the locus compared
to wild type (Figure 2-4A, primer sets 6-15). Little change in HP1 recruitment is
observed at the centromere distal end of flam in piwi'/piwi? mutants (Figure 2-4A, primer
sets 1-5). At 80EF, HP1 levels increase two to three-fold in piwi'/piwi? mutants
compared to wild type across all primer sets examined (Figure 2-4B, primer sets A-P).

In order to address differences in strain background and potential accumulation of TEs in
piwi mutant strains, we performed ChIP assays comparing piwi'/piwi? mutants to a
piwi'/+ heterozygous strain and obtained similar results (Figure 2-6).

51B
2

ChlIP experiments performed in AGO2°™" mutant heads show a similar overall

increase of HP1 at piRNA clusters compared to piwi'/piwi? mutants. Levels of HP1 at
hsp26, yellow, TART, and 1360 are similar in AGO2*® mutants and wild type while

51B
2

differences are apparent at piRNA clusters (Figure 2-4). At flam, AGO mutants
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display a two to seven-fold increase of HP1 association with the centromere proximal
side compared to wild type (Figure 2-4A, primer sets 6-15). At the centromere distal end,
no significant changes in HP1 levels are detected (Figure 2-4A, primer sets 1-5). For
80EF, AGO2°'® mutants show similar levels of HP1 to wild type at the centromere distal
end (Figure 2-4B, primer sets A-D) while an approximately two to five-fold increase of
HP1 is detected in the remainder of the regions tested (Figure 2-4B, primer sets E-P).
Moreover, ChIP assays in AGO2°'® homozygous mutants compared to an AGO2°8/+
heterozygous strain produced similar results (Figure 2-7). Similar to AGO2°*® mutants,
Der-2"8"% mutants show an increase of HP1 at regions that produce small RNAs
compared to wild type (Figure 2-3 (B-C)). HP1 protein levels in wildtype, piwi'/piwi?,
and AGO2°*® fly heads are similar indicating that the increased chromatin association
observed is not due to an increased amount of HP1 (Figure 2-8). The increased HP1
chromatin association with piRNA clusters in RNA silencing mutants compared to wild
type is consistent with increased silencing of P element insertions, and these results
suggest that at least some of the observed effects on reporter gene expression in RNA
silencing mutants are due to chromatin related events. Taken together, these data suggest
an antagonistic effect of Piwi, Aub, and AGO2 on HP1 recruitment to chromatin in

somatic tissue.
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Figure 2-4. HP1 associates with chromatin at piRNA clusters, and its levels increase
in RNA silencing mutants.

ChIP at (A) flam and (B) 80EF piRNA clusters in wild type (blue), piwi*/piwi? (yellow),
and AGO2%8 (red) mutants from adult heads with antibodies specific to HP1. Percent
input immunoprecipitated is shown for each primer set, and error bars indicate standard

deviation of quadruplicate PCR measurements.
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Figure 2-5. Su(Hw) does not associate with chromatin at piRNA clusters in heads.

ChlIP at (A) flam and (B) 80EF piRNA clusters in wild type with antibodies specific to

Su(Hw) (blue) and rabbit normal serum (yellow). Percent input immunoprecipitated

is shown for each primer set, and error bars indicate standard deviation of

guadruplicate PCR measurements.
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Figure 2-6. HP1 chromatin association levels are increased in piwi mutants at
piRNA clusters.

ChlIP at (A) flam and (B) 80EF piRNA clusters in piwi'/+ (light grey) and piwiY/piwi?
(dark grey) from adult heads with antibodies specific to HP1. Values shown are
percent input immunoprecipitated for each primer set normalized to hsp26.

Error bars indicate standard deviation of quadruplicate PCR measurements.
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Figure 2-7. HP1 chromatin association levels are increased in AGO2 mutants at

ChlIP at (A) flam and (B) 80EF piRNA clusters in AGO2°:8/+ (light blue) and AGO2°8
(dark blue) from adult heads with antibodies specific to HP1. Values shown are
percent input immunoprecipitated for each primer set normalized to hsp26. Error

bars indicate standard deviation of quadruplicate PCR measurements.
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Figure 2-8. HP1 protein levels in wildtype, flam!, AGO2°® and piwi/piwi? fly heads.
Total protein was extracted from twenty adult heads by homogenization in RIPA buffer
and separated by SDS-PAGE. Immunoblotting of HP1 and Protein on Ecdysone Puffs

(Pep), a nuclear protein serving as a loading control, is shown.
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HP1 also associates with piRNA clusters in ovaries

Given the evidence that transposable elements are mainly silenced in the gonad
via piRNA pathways and in the soma via the endo-siRNA pathway, we wanted to
determine whether HP1 also associates with piRNA clusters in gonadal tissues.
Therefore, we investigated HP1 recruitment to piRNA clusters in wildtype ovaries by
ChIP. As in heads, low levels of hsp26 and yellow are immunoprecipitated with HP1,
whereas TART and 1360 levels are enriched above the euchromatic genes by over ten-
fold (Figure 2-9). At the flam locus, a four to fifteen-fold increase over the euchromatic
sites in HP1 levels is observed at most sites at the centromere proximal side of the locus
(Figure 2-9A, primer sets 4-15). Similarly, at 80EF, HP1 immunoprecipitates small RNA
producing regions two to twenty-fold higher than euchromatic sites indicating the
presence of heterochromatic marks at these loci (Figure 2-9B, primer sets A-P). Rabbit
1gG negative control immunoprecipitations yielded negligible amounts of DNA for all
sites tested. We were unable to immunoprecipitate DNA at levels above background
from either heads or whole ovaries using multiple antibodies to Piwi, Aub, AGO3, and
AGO?2 that have been used in previous studies for immunoprecipitation or
immunofluorescence (data not shown; Miyoshi et al. 2005; Saito et al. 2006; Brower-

Toland et al. 2007; Gunawardane et al. 2007).
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Figure 2-9. HP1 associates with chromatin at piRNA clusters in ovaries.
ChiIP at (A) flam and (B) 80EF piRNA clusters in wildtype ovaries with antibodies

specific to HP1 (blue) and normal rabbit IgG (red).



HP1 chromatin association is not affected greatly by depletion of Piwi in somatic

ovarian follicle cells

We wished to address whether HP1 association with piRNA clusters is dependent
on Piwi in the gonad, which express high levels of both proteins. Due to a complete loss
of germ cells and the severe underdevelopment of ovary tissue in piwi mutants, it was not
possible to obtain enough mutant material to perform ChIP. Therefore, we examined the
recruitment of HP1 to chromatin in an ovarian somatic follicle cell line (OSC) that
expresses Piwi but not Aub or AGO3 and produces only primary piRNAs, a large
proportion of which derive from the flam locus (Saito et al. 2009). The majority of Piwi
was depleted from OSC cells by siRNA-mediated knockdown, and depletion of Piwi
does not affect HP1 or Lamin protein levels compared to mock transfected cells (Figure
2-10A).

Subsequently, we investigated HP1 recruitment to piRNA clusters by ChIP in
OSC cells. In mock treated cells, low levels of hsp26 and yellow are immunoprecipitated
with HP1, while TART and 1360 levels are enriched above the euchromatic genes by 1.5-
to over two-fold (Figure 2-10(B-C)). Two additional TEs tested, gypsy and mdgl, are
immunoprecipitated at similar levels to TART with HP1 (Figure 2-10(B-E)). At flam,
HP1 associates with the piRNA cluster similar to TE levels (Figure 2-10(B-C)). Despite
much lower piRNA production from the 80EF cluster in OSC compared to flam (Saito et
al. 2009), HP1 associates with piRNA producing regions of 80EF at similar levels to flam
and TEs (Figure 2-10C, primer sets A-P). Overall, the HP1 recruitment profile in OSC is

similar to that of heads and whole ovaries albeit at lower relative levels. In Piwi
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knockdown cells, no significant differences are seen for HP1 recruitment to all sites
compared to mock treated cells except a two-fold decrease at the 1360 element. Rabbit
19G negative control immunoprecipitations yielded low amounts of DNA for all sites
tested (<0.06% and <0.07% input for mock and Piwi knockdown cells, respectively).

Importantly, Piwi association with chromatin is detectable in OSC cells, but its
profile differs from that of HP1. In mock treated cells, antibodies directed against Piwi
(Saito et al. 2006) immunoprecipitate euchromatic sites at levels similar to that of TEs
(Figure 2-10(D-E)). Furthermore, the majority of regions producing piRNA at flam is
also immunoprecipitated at comparable levels to both euchromatic sites and TEs (Figure
2-10D). Moreover, levels of Piwi association with 80EF is akin to that of flam, while
several sites in both flam and 80EF clusters show particular enrichment of Piwi up to
three-fold compared to the average association with other sites tested (Figure 2-10(D-E)).
In Piwi knockdown cells, Piwi chromatin association drops two to five-fold, down to
background levels at all sites except for some residual association with two sites in or
near the flam locus. Mouse IgG negative control immunoprecipitations yielded low
amounts of DNA in comparison to o-Piwi immunoprecipitations in mock treated cells for
all sites tested (<0.04% and <0.02% input for mock and Piwi knockdown cells,
respectively). We conclude that in ovarian somatic follicle cells, reduction of the total
pool of Piwi as well as the chromatin bound fraction does not affect HP1 association with
piRNA clusters and has a minimal effect on HP1 association with TE chromatin

association.
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Figure 2-10. Depletion of Piwi from ovarian somatic follicle cells does not affect HP1

recruitment to piRNA clusters.

(A) Western blotting of Piwi, HP1 and Lamin in OSC cells that were either mock treated

(left lane) or treated with SIRNA directed against piwi (right lane, Piwi KD).

ChIP at flam (B, D) and 80EF (C, E) piRNA clusters in mock treated and Piwi KD OSC

cells with antibodies specific to HP1 (B-C) or Piwi (D-E).
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Loss of piRNA production from a single cluster results in global HP1 mislocalization

We next sought to determine whether loss of piRNA production at a single
piIRNA cluster would affect HP1 recruitment to chromatin. Previous studies have shown
that mutation of various RNA silencing components results in global mislocalization of
HP1 on polytene chromosomes (Pal-Bhadra et al. 2004; Fagegaltier et al. 2009).
Mutation of flam has been previously shown to result in loss of piRNA production
(Brennecke et al. 2007) and upregulation of the gypsy retroelement (Prud’homme et al.
1995). In order to obtain a genome-wide view of HP1 chromatin association in flam
mutants, we examined the localization of HP1 to highly replicated salivary gland
polytene chromosomes from either wild type or flam" mutant third instar larvae by
indirect immunofluorescence using a-HP1 antibodies. In wild type, HP1 localizes
predominantly to a concentration of heterochromatin where the centromeres of each
chromosome coalesce, termed the chromocenter (Figure 2-11A, green). In contrast, flam*
mutants display expansion of HP1 at the chromocenter. Spreading of HP1 is apparent on
the second and third chromosomes, but not on the X chromosome, where flam is located.
As a reference, we also examined the localization of the chromatin insulator protein
Mod(mdg4)2.2, which is unchanged in localization between wild type and flam* (Figure
2-11A, red). The extent of HP1 chromocenter expansion is comparable to the level of
HP1 expansion that we observe in spn-E"&Y/spn-E"*5¢® mutants (Figure 2-12). A lesser

KG00476

degree of HP1 expansion was also observed in flam®¢°2%%/ flam mutants (data not

shown). Finally, total HP1 levels are unchanged in flam' whole flies compared to wild
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type (Figure 2-8). These results indicate a global change in HP1 localization resulting
from inactivation of a single piRNA cluster.

We reasoned that accumulation of HP1 at the chromocenter of flam* mutants may
result in an increase in silencing at pericentromeric sites. Therefore, the expression of
transcriptional reporters at 42AB or 80EF piRNA clusters, which are located on different
chromosomes from the flam locus, was examined in flam' mutants. Compared to wild
type, flam! mutants harboring a P element insertion at either 42AB or 80EF piRNA
clusters display mildly decreased pigmentation suggesting increased silencing at these

distinct pericentromeric loci (Figure 2-11B).
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Figure 2-11. Mutation of the flam piRNA cluster results in global HP1
redistribution.

(A) Wild type (left) and flam* (right) polytene chromosomes stained with antibodies
directed against HP1 (green) and a reference protein Mod(mdg4)2.2 (red). DNA is
stained with DAPI (blue). Chromosome arms are labeled, and insets of the enlarged
chromocenter are shown. (B) Adult eyes of wild type and flam* mutants carrying a mini-
white transgene inserted in 42AB (top row) and 80EF (bottom) piRNA clusters. (C)
Degree of eye pigmentation due to expression of the DX1 transgene array at 50C on
chromosome 2L, which undergoes repeat-induced heterochromatic silencing, in wildtype,
flam*/+, and flam* female flies and wildtype and flam® male flies. Scoring of variegation
in the eye is categorized into five groups that range between light (few pigmented facets)
to dark (almost all pigmented facets). Percentage of flies falling into each category was

graphed. Representative eyes are shown on right.
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Figure 2-12. spn-EMsEYspn-EMsE816 mutants display accumulation of HP1 at the
chromocenter.

Wild type and spn-E"sE/spn-E"s€616 polytene chromosomes stained with

C1A9 antibody directed against HP1 (green) or a reference protein Mod(mdg4)2.2

(red). DNA is stained with DAPI (blue).
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Mutation of the flam piRNA cluster suppresses heterochromatic silencing at a

distant site

Finally, to verify HP1 genome-wide redistribution in flam*mutants, we examined
the effect of flam* on the silencing of a centromere distal heterochromatic site on a
different chromosome. The DX1 transgene array consists of seven mini-white P elements
with one inverted copy at a normally euchromatic site at 50C on chromosome 2R (Dorer
and Henikoff 1994). Due to this configuration, the array forms ectopic repeat induced
heterochromatin and displays a variegated phenotype similar to PEV that is dependent on
HP1. Expression of the DX1 array was assessed based on variegation of eye
pigmentation in wild type, heterozygous flam*/+, and homozygous or hemizygous flam*
mutants (Figure 2-11C). Due to a wide range of eye coloration, variegation was scored
by categorization into five groups that ranged between Light (few pigmented facets) to
Dark (almost all facets pigmented). For females, 3% of wild type was classified as Dark,
while 29% of flam'/+ and 52% of flam* mutants displayed the same high level of
pigmentation. In males, 15% of wild type was scored as Medium-Dark or Dark while
40% of flam* males fell into these categories. These results indicate that mutation of flam
can suppress heterochromatic silencing in trans. Taken together with the HP1
centromeric expansion in polytene chromosomes and increased pericentromeric silencing
in flam® mutants, there appears to be a global redistribution of HP1 resulting from the loss

of piRNA production from a single locus.
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DISCUSSION

In this study, we tested directly whether the Argonautes AGO2 or Piwi recruit
HP1 to chromatin. As candidate sites for Argonaute/HP1 interaction, we examined
whether piRNA clusters may be heterochromatic using both genetic and molecular
approaches. First, P elements inserted at or near pericentromeric piRNA clusters were
assayed as transcriptional reporters, and these transgenes were found to display
variegated expression that is increased in heterochromatin mutants. Next, ChIP with a-
HP1 antibodies showed that HP1 associates with piRNA clusters at levels significantly
above euchromatic sites. However, mutation of piwi, aub, or AGO2 leads to a modest
increase in silencing of transcriptional reporters as well as an increase of HP1 association
at piRNA clusters in heads. In ovarian somatic follicle cells, in which both Piwi and HP1
are highly expressed, depletion of Piwi results in little or no change in HP1 recruitment to
piRNA clusters and TEs. Furthermore, loss of piRNA production at a single locus results
in expansion of HP1 at the centromere. In these flam® mutants, silencing of a distant
heterochromatic transgene array is reduced, further indicating a global redistribution of
HP1 and suggesting indirect effects. Taken together, the results argue against direct

recruitment of HP1 or maintenance of its association by AGO2 or Piwi in the soma.

AGO2 and Piwi are not required for HP1 association at piRNA clusters

Several reasons dictated the choice of piRNA clusters as the focus of our

analyses. First, both endo-siRNAs and piRNAs are generated from these loci (Brennecke
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et al. 2007; Yin and Lin 2007; Chung et al. 2008; Czech et al. 2008; Ghildiyal et al. 2008;
Kawamura et al. 2008). Next, we reasoned that at least some piRNA clusters are likely to
be heterochromatic because of their strong bias toward TE-rich pericentromeric positions
in the genome (Brennecke et al. 2007; Yin and Lin 2007), in close proximity to the vast
majority of HP1 localization. In fact, early cloning attempts determined that the flam
locus is located in a repetitive, TE rich heterochromatic region (Robert et al. 2001).
Furthermore, the pericentromeric position of these clusters likely coincides with the
transition between euchromatin and heterochromatin, corresponding to the borders of
HP1 spreading. This characteristic allows variegation assays, which monitor the variable
spreading of HP1 and heterochromatin, to be extremely sensitive. ChIP assays at the
borders of HP1 spreading would also likely be optimally sensitive to both local and
overall changes in HP1 chromatin association. Finally, piRNA clusters contain enough
unique sequence for specific primer design and monitoring by directed ChIP analysis.
Given that AGO?2 is the predominant Argonaute expressed outside the gonad that
participates in the silencing of TEs in the soma, we tested whether AGO2 could recruit
HP1 to chromatin in somatic tissue. Moreover, it has been shown that AGO2 mutants
exhibit mislocalization of HP1 (Deshpande et al. 2005; Fagegaltier et al. 2009).
However, our results show that mutation of AGO2 results in a strong increase of silencing
of transcriptional reporters at or near piRNA clusters and a mild increase of HP1
chromatin association in heads. Given the extent of increased silencing in the AGO2
mutant compared to piwi or aub mutants, which accumulate HP1 on chromatin to a
similar degree, a posttranscriptional step of silencing likely contributes to the negative

effects observed on transcriptional reporters. AGO2 mutants show a plethora of cellular
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defects during early nuclear divisions but develop normally and are fertile suggesting that
effects on these various processes as well as HP1 localization are mild or otherwise
compensated for (Deshpande et al. 2005). Therefore, AGO2 is unlikely to be required for
HP1 recruitment in this tissue.

Additionally, we find that HP1 association at piRNA clusters does not depend on
the presence of Piwi. Our analysis of piRNA clusters included flam, a primary piRNA
cluster, and 80EF, a germline piRNA producing locus. We examined both flam and
80EF clusters in somatic head tissue and ovaries, which are a mixed population of
somatic follicle and germline derived cells. In heads, there is no apparent requirement for
piwi with respect to HP1 recruitment to the piRNA clusters or to TEs that were examined.

In our study, Piwi chromatin association was detected only in OSC cells, and its
presence is dispensable for HP1 chromatin association. The flam piRNA cluster
produces high levels of primary piRNA in OSC while 80EF is active for piRNA
production in germ cells but not in OSC (L.i et al. 2009a; Malone et al. 2009; Saito et al.
2009). Nonetheless, Piwi associates with both the flam and 80EF clusters at comparable
levels, suggesting that the amount of piRNA production from a particular locus does not
correlate with Piwi chromatin association. Furthermore, the pattern of Piwi chromatin
association in OSC differs from that of HP1 in that there is no particular enrichment of
Piwi at TEs above euchromatic sites and only a minor accumulation at a few sites in the
flam and 80EF piRNA clusters. When Piwi levels were reduced by siRNA knockdown,
Piwi chromatin association was essentially abolished but HP1 recruitment was not
affected except for a two-fold decrease over the 1360 element. Previous studies

suggested that the 1360 element may be responsible for nucleating heterochromatin on
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the largely heterochromatic fourth chromosome and further showed that mutation of
factors representing all RNA silencing pathways, piwi, aub, spn-E, Dcr-1, and Dcr-2,
affect 1360 dependent heterochromatic silencing (Sun et al. 2004; Haynes et al. 2006).
Unlike the results in adult heads, no accumulation of HP1 over piRNA clusters was
detected as a result of Piwi knockdown in OSC cells. This discrepancy may reflect
differential effects in distinct cell types or the length of the Piwi knockdown in OSC
cells, which was at least adequate to essentially eliminate Piwi chromatin association. In
a related but independently derived ovarian somatic follicle cell line (OSS), Piwi and
HP1 do not colocalize in the nucleus (Lau et al. 2009), and this finding supports the
conclusion that Piwi does not direct HP1 recruitment in this cell type. Also consistent
with our results, HP1 remains localized to the chromocenter in salivary gland polytene
chromosomes in piwi null mutants (Pal-Bhadra et al. 2004; Brower-Toland et al. 2007).
We conclude that association of HP1 with chromatin can occur independently of AGO2
and piwi in somatic tissue.

A previous study addressed the role of the germline piRNA pathway in HP1
association with transposable elements. The spn-E gene controls predominantly germline
piRNA production but does not affect the somatic piRNA pathway (Malone et al. 2009).
ChlP was used to show that spn-E mutants display significantly decreased levels of
H3K9me3 and HP1 at telomeric Het-A but similar to wildtype HP1 levels at the I-element
and copia TEs, which are distributed throughout the genome (Klenov et al. 2007). This
modest reduction of HP1 at Het-A was apparent in ovaries but not in carcasses, which
contain only somatic tissue. One caveat to this study is that ChIP was performed using

primers that detect all TEs matching a particular sequence, thus measuring average HP1
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and H3K9me levels on TEs across the genome. Nonetheless, this work suggests a limited

role for the germline piRNA pathway in HP1 recruitment at the telomere.

Additional candidate platforms for Piwi-dependent HP1 recruitment

Several studies have shown that Piwi associates with at least some
heterochromatic sites in the genome, but direct evidence that any of these sites serve as
recruitment platforms for HP1 and subsequent spreading is lacking. The best
characterized Piwi-associated site is the heterochromatic 3R-TAS subtelomeric region,
which generates the abundant Piwi bound 20nt 3R-TAS piRNA. Surprisingly, the role of
piwi at this location is transcriptional activation, as piwi mutants display increased
transcriptional silencing of a nearby reporter transgene as well as an increase of HP1
association at 3R-TAS (Yin and Lin 2007). Likewise, we observe a mild corresponding
increase in HP1 association and silencing at piRNA clusters in piwi mutants suggesting
that piwi function could in fact oppose HP1 recruitment at multiple sites in the genome.
Our results are consistent with the possibility that piRNA clusters act as boundaries to the
spread of pericentromeric heterochromatin. The mechanism of Piwi dependent
transcriptional activation has not been determined, but considering that Piwi interacts
with the chromoshadow domain of HP1 (Brower-Toland et al. 2007), Piwi may compete
for binding with other HP1 interactors such as Su(var)3-9 that promote heterochromatic

silencing.

Functions for piwi outside of the gonad
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The majority of Piwi protein is found in both somatic and germline tissues of the
gonad, yet piwi clearly exerts an effect on non-gonadal somatic tissues as well. RT-PCR
analysis shows that the piwi transcript is readily detectable outside the gonad and in
somatic cell lines (Rehwinkel et al. 2006; Brower-Toland et al. 2007), but the Piwi
protein is difficult to detect (Brower-Toland et al. 2007). Nevertheless, mutation of piwi
suggests important functions for this gene outside of the gonad. For example, piwi is
essential for viability, and loss-of-function mutants display a variety of phenotypes
manifest in various non-gonadal somatic tissues such as demonstrated in this study and
others, which show a requirement for piwi in pairing-dependent silencing, nucleolar
integrity, and chromatin insulator function (Pal-Bhadra et al. 2002; Grimaud et al. 2006;
Lei and Corces 2006; Peng and Karpen 2007). For each of these chromatin related
studies, it remains a possibility that even a small amount of maternally deposited Piwi
could trigger early events in the oocyte or embryo that persist throughout development,

manifesting phenotypes visible in adult somatic tissues.

HP1 redistribution in piRNA pathway mutants

Our results along with previous studies have demonstrated that HP1 mislocalizes
from the chromocenter in a subset of piRNA pathway mutants. We found that polytene
chromosomes of flam® mutants exhibit expanded HP1 chromocenter distribution. This
result is intriguing because the flam* mutation affects a single piRNA cluster on the X

chromosome but HP1 spreading to other chromosomes is apparent. A previous study

63



detected spreading of HP1 to euchromatic arms especially in spn-E mutants (Pal-Bhadra
et al. 2004), and we confirmed this result albeit to a lesser degree, with spreading being
comparable to the extent seen in flam' mutants. Perhaps the increase of TE expression in
RNA silencing mutants can stimulate HP1 recruitment and spreading from the
centromere, which contains the highest concentration of TEs. In fact, transcription of
pericentromeric repeats stimulates RNAi-dependent heterochromatin formation in fission
yeast (Zofall and Grewal 2006; Chen et al. 2008; Kloc and Martienssen 2008).
Redistribution of HP1 in RNA silencing mutants may indirectly affect silencing at
various heterochromatic locations in the genome. Seemingly inconsistent with HP1
spreading, spn-E, aub, and piwi mutants display decreased silencing of P element
transgene arrays such as DX1 and single insertions at pericentromeric regions on
chromosomes 2 and 4 (Pal-Bhadra et al. 2004). In our study, we found that mutation of
flam also results in loss of silencing at DX1, which is distant from the flam locus. This
reduced silencing in trans could not be due to posttranscriptional events as there are no
shared sequences between DX1 and the flam locus. Therefore, we consider the possibility
that there exists a finite pool of HP1 that accumulates at the centromere in flam and other
RNA silencing mutants at the cost of reduced density and reduced silencing at other
heterochromatic regions such as the transgene array, the fourth chromosome, and the
telomere. The concept of a limited population of HP1 was suggested previously to
explain the finding that the Y chromosome behaves as a suppressor of variegation by

acting as a sink for HP1 (Dorer and Henikoff 1994).

Conclusions



Studies in multiple organisms have identified or suggested alternative mechanisms to
RNA silencing for the recruitment of HP1 to chromatin. In fission yeast, overlapping and
redundant RNAi-dependent and independent mechanisms of heterochromatin formation
have been elucidated. In mouse cells, HP1 localization to pericentromeric
heterochromatin was found to be RNase A sensitive suggesting that an RNA moiety may
be involved in HP1 recruitment (Maison et al. 2002). Our data indicate that
heterochromatin can form independently of RNA silencing in Drosophila. It will be
interesting to determine if any of these alternative mechanisms of heterochromatin

formation are conserved throughout evolution.
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MATERIALS AND METHODS

Drosophila strains

Fly stocks were maintained at 25°C on standard cornmeal medium. Lines
containing P{EPgy2}DIP15"%%%?> and P{EPgy2}EY08366 were obtained from the
Bloomington Drosophila Stock Center, and a line harboring PBac(PB) c06482 was
obtained from the Exelixis Collection at Harvard Medical School. Genomic coordinates
of these P-element insertions were confirmed by PCR with primers specific to the P-
elements and flanking genomic sequences followed by sequencing. For transcriptional
reporter assays, transgenes were crossed or recombined into mutant backgrounds and

67¢23 55 a reference. For ChIP and immunofluorescence,

scored against crosses to yw
Oregon-R was used as a wildtype control. They v f mal flam'/FM3 stock was selected
for heterozygous females each generation to prevent mobilization and accumulation of

TEs. For the DX1 variegation assay, DX1/CyO was crossed to y w v f mal flam*/FM7c;

CyO/Sp flies or yw®’*?; CyO/Sp as a reference.

Transcriptional reporter and eye pigmentation assays

Eye pigmentation of 40 to 60 adult males six days of age was examined, and

representative eye photos were taken. To quantify overall levels of eye pigmentation, the

heads of 25 male flies of each genotype were dissected, and eye pigmentation was

measured as previously described (Pal-Bhadra et al. 2004). Briefly, heads were
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homogenized in 0.8 ml of methanol, acidified with 0.1% HCI and centrifuged. The

absorbance of the supernatant was measured at 480 nm.

Chromatin immunoprecipitation

Crosslinking and sonication

Wildtype (Oregon-R) heads or ovaries were dissected on dry ice. Fly
heads/ovaries were washed in 5 ml PBS containing 0.01% Triton X-100 and centrifuged
for 1 min at 500 rcf to pellet heads. Supernatant was discarded, and 1 ml of crosslinking
solution (50 mM HEPES, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 100 mM NacCl, and
1.8% formaldehyde) and 3 mL n—heptane were added. The mixture was shaken
vigorously for 20 min at room temperature. Supernatant was discarded, and heads were
resuspended in 5 ml PBS containing 125 mM glycine and 0.01% Triton X-100. The
mixture was shaken for 5 min at room temperature. Supernatant was discarded after
centrifugation, and 5 ml of ice cold PBS containing 0.01% Triton X-100 was added.
Supernatant was removed and heads were resuspended in 5 ml ice cold PBS containing
0.01%Triton X-100 and protease inhibitors (Roche). Heads were Dounce homogenized
with pestle A (Kontes) for tissue disaggregation and complete homogenization. The
mixture was centrifuged at 400 rcf for 1 min, and supernatant was transferred to a fresh
tube. Supernatant was centrifuged at 9190 rcf for 5 min at 4°C and supernatant discarded
afterwards. The pellet was resuspended in 5 ml ice cold Cell Lysis Buffer (5 mM PIPES,

pH 8, 85 mM potassium chloride, 0.5% Nonidet P40 (NP40) and protease inhibitors).
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The mixture was Dounce homogenized with pestle B to release the cell nuclei and
centrifuged at 9190 rcf for 5 min at 4°C. Supernatant was removed, and the pellet was
resuspended in 1 ml of ice cold Nuclear Lysis Buffer (50 mM Tris HCI, pH 8.0, 10 mM
EDTA, 1% SDS and protease inhibitors) and incubated for 20 min at 4°C. Then 0.5 ml
ice cold IP dilution buffer (0.01% SDS, 1% Triton X-100, 1.2 mM EDTA pH 8.0, 16.7
mM Tris.HCI, pH 8.0, 167 mM NacCl and protease inhibitors) and 0.3 g of acid washed
212-300 micron glass beads (Sigma) was added. The mixture was sonicated in ice water
8 times for 30 s with 30 s intervals, transferred to microfuge tubes and centrifuged at

18407 rcf for 10 min at 4°C.

Quality control of input chromatin

100 pl of chromatin was adjusted to 200 ul with IP dilution buffer and decrosslinked at
65°C overnight. 2ul of proteinase K at 20 mg/ml (Invitrogen) was added, and the mixture was
incubated at 55°C for 2 h. Chromatin was extracted twice with equal volume of
phenol:chloroform (Sigma) and once with chloroform (Sigma). 2 ul of glycogen and one-tenth
volume of 3M NaOAc, pH5.2 and 2.5 volumes of ethanol were added. The mixture was
incubated for 30 min at -20°C, centrifuged and washed twice with 70% ethanol. The pellet was
dissolved in 50 ul water. Chromatin size was checked on a 1% agarose gel. DNA was

quantified using Nanodrop ND1000 spectrophotometer.

Preparation of Protein A beads
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rProtein A agarose beads (GE Healthcare) were washed with IP dilution buffer 3 times and
blocked in IP dilution buffer containing 1% BSA rotating at 4°C overnight. Beads were washed

three times in IP dilution buffer and resuspended in IP dilution buffer for later usage.

Chromatin preclear

Chromatin was diluted three to five times with IP dilution buffer (depending on the DNA
concentration). 30 ul of washed Protein A agarose beads were added to each fraction of diluted

chromatin to be used in later immunoprecipitation and incubated at 4°C for 2 h.

Immunoprecipitation

Same volume of precleared chromatin was aliqouted for each IP sample. 3-5 ul of
antibodies were added to aliquoted chromatin and incubated rotating at 4°C overnight. 30 pl of
washed beads previously blocked with IP dilution buffer containing 1% BSA were added to each
IP sample. The mixture was incubated at 4°C for 4 h. Chromatin-bound beads were centrifuged
at 587 rcf for 2 min, and supernatant was discarded. Beads were washed three times with 1 mL
Low salt wash buffer (0.1% SDS, 1.0% Triton X-100, 2.0 mM EDTA pH 8.0, 20 mM Tris.HCI,
pH 8.0, 150 mM NaCl), three times with High salt wash buffer (0.1% SDS, 1.0% Triton X-100,
2.0 mM EDTA, pH 8.0, 20 mM Tris.HCI, pH 8.0, 500 mM NacCl), and two times with LiCl
buffer (0.25 M LiCl, 1 mM EDTA, pH 8.0, 10 mM Tris HCI, pH 8.0, 1% NP40, 1% SDC) for 5
min with rotation at RT and pelleted at 587 rcf for 2 min. Chromatin was eluted with 200 ul of
freshly prepared IP Elution Buffer (0.1 M NaHCOs3, 1% SDS) at 65°C for 30 min. This step was

repeated one more time. NaCl (5 M, 20ul), EDTA (0.5 M, 8ul), Tris (1 M, pH 8.0, 16ul) were

added to 400 pl of eluted chromatin and incubated overnight at 65°C. 4 pl of Proteinase K at 20
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mg/ml were added for 3 h at 55°C. Chromatin was extracted with phenol:chloroform and

precipitated as described before. IP samples were dissolved in 50 ul water.

ChIP quantification

The quantities of target genomic regions precipitated by different antibodies were
calculated as percent input based on four-point standard curves constructed from input DNA for
each primer set. Standard deviation of each PCR performed in quadruplicate was calculated to
determine the error of measurement. Two independent ChIP samples were analyzed, and similar
results were obtained. ChIP primers were designed to be unique, detecting only sequences
present in the flam and 80EF piRNA loci and verified by in silico PCR. All primers (Table 2-2
and 2-3) were checked for both specificity and efficiency by standard agarose gel electrophoresis
and real time PCR respectively. Primers to piRNA clusters amplify in the same DNA dilution
range as primers specific to hsp26 and yellow single copy genes compared to high copy TE

elements (Figure 2-13).

Culture of OSC cell line and siRNA knockdowns

The OSC line was maintained and Piwi siRNA knockdown was performed as
previously described (Saito et al. 2009). Briefly, 3 x 10° trypsinized cells were
resuspended in 0.1 mL of Solution V of the Cell Line Nucleofector Kit V (Amaxa
Biosystems) and mixed with 200 pmol of siRNA duplex. Transfection was conducted
according to the manufacturer’s protocol using the nucleofector program T-029, and the

transfected cells were incubated at 25°C for 48 hrs. Protein knockdowns were verified by
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Western blotting, and ChIP assays were performed on mock and piwi siRNA transfected

cells (5x10° cells per IP).

Immunostaining of polytene chromosomes

Preparation and immunostaining of salivary gland polytene chromosomes was
performed as described previously (Gerasimova et al. 2000). Primary antibodies directed
against HP1 (Covance) and Mod(mdg4)2.2 (generated similarly as in Mongelard et al.
2002) and Alexa Fluor 488 labeled anti-guinea pig or Alexa Fluor 594 labeled anti-rabbit
secondary antibodies (Invitrogen-Molecular Probes) were used. The chromosomes were
viewed using a Leica epifluorescence microscope and photographed using a Hamamatsu

digital camera.

DX1 variegation assay

Eye pigmentation of 100 to 200 flies was scored. The scoring of variegation was

categorized into five groups: Light, Medium-Light, Medium, Medium-Dark and Dark

corresponding to the percentage of pigmented facets. Percentage of flies falling into each

category was graphed. Representative eye photos were taken.
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Figure 2-13. ChIP primer efficiency and specificity.

PCR amplification efficiency and specificity of ChIP primers at (A) flam and (B) 80EF
PiIRNA loci are graphed as a function of cycle threshold (Ct) values over DNA
concentration. Ct values of standard curves of input from a representative experiment
were graphed to show that primers to piRNA clusters amplify in the same DNA dilution
range as primers specific to single copy genes hsp26 and yellow compared to high copy

TE elements.
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Table 2-2. Primer set sequences used for ChIP at the flam piRNA cluster.

Sequence 5’ to 3’ Genomic coordinates
1 cgttcatgtcgttccacaac chrX:21473147+21473333 187bp
tgcacggatcgtggttatta
2 aaaccacttcgcggatttc chrX:21495641+21495810 170bp

tgcattttgatttcttgtgete
3 aacgaggccagattcaacat chrX:21497545+21497751 207bp

gaatcagtacgagggcaagg

4 caagttggggtttcgtgttt chrX:21504581+21504730 150bp
attgaaccttaccccgacaa

5 ggagtgggatggatagacga  chrX:21510544+21510729 186bp
cctggacacaggaccaaagt

6 ctcggoattttgcgttacat chrX:21526571+21527094 231bp
ggcagctaaccgtggataaa

7 gtggcttcacaaaacacgac chrX:21527157+21527376 220bp
cgaaggcttacacgcaagat

8 cctaccaacccagcgaataa chrX:21537802+21538037 236bp
tgctcttaagcctgcgaaat

9 cgatccgtttatgcaggtct chrX:21539214+21539437 224bp
ctgccaacaaatccatttcc

10 tgcctgtcgtactttgettg chrX:21543255+21543448 194bp
ccaatgaattgccgctagtt

11 cgcgactgattggaagaact chrX:21586797+21586976 180bp
tctaagcccaacgtacacga

12 tcaggattcctccagaggtg chrX:21604099+21604347 249bp
ggccgctatgagtttcatgt

13 tgcgtgacgtaagcaaactc chrX:21605733+21605922 190bp
ttttatcggtggtgggaaag

14 cgggtgtaggtcacttggtt chrX:21611603+21611784 182bp
cagttaccaacgcaatcacg

15 tgcgtgccttttaaggagtc chrX:21618001+21618210 210bp
cgctgaatgcgatagtgaca
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Table 2-3. Primer set sequences used for ChlIP at the 80EF piRNA cluster.

Sequence 5’ to 3’ Genomic coordinates
A aggcacatggatgaacaaca  chr3L:23255817+23255966 150bp
gtttggttaacgggcaacat
B  accgtgcatcccaatatcat chr3L:23257001+23257188 188bp
ccaccaaaagaaagaacacg

C  aggacacacatgcttgctttt chr3L:23262518+23262618 101bp
cgataaatcttcttttggcaga
D  tagcattacggcgaatggac  chr3L:23271313+23271532 220bp

ctctgcaataaagcgcacac

E  gcticgaagaagtgcaatca  chr3L:23277432+23277632 201bp
ttttgagcgggttttattcg

F  ggacgotttgtttgtcttcg chr3L:23278084+23278273 190bp
gactcgatgtggccatgata

G  ttttgcatgtggcaataatca chr3L:23281146+23281329 184bp
cgcatcggatattgtctgtg

H  cgaggcatgtcgtagetgta  chr3L:23290484+23290709 226bp
gccctagtggcectcttetct

I cctcattttcgectcgatta chr3L:23291884+23292130 247bp
aaaagaaccgcaagagagca

J  tcgatgagcaagatgtgagg  chr3L:23295139+23295322 184bp
aaacgagatggccaacaaag

K agggtccggttctcttctgt chr3L.:23300821+23301000 180bp
aaaacttggttgccctgatg

L  tcgtggtgcagttgagagtc chr3L:23307902+23308093 192bp
aagagcggcagagagtcaag

M  aaatcaaacggagtttctgtttct chr3L:23308478+23308657 180bp
caagctcaaagtgccatcaa

N  tttcggaagctggtacaaag chr3L:23312351+23312521 171bp
cgccgcttatattttgaacg

O ctagtttttcagcgtgcttgg chr3L:23322270+23322429 160bp
ctaagaaggcaattgcgaaag

P ggagctattggagccgtcta  chr3L:23332664+23332763 100bp
tgtactcttgccatggttcg
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CHAPTER 3

RNAI-INDEPENDENT ROLE FOR ARGONAUTEZ2 IN CTCF/CP190

CHROMATIN INSULATOR FUNCTION

ABSTRACT

A major role of the RNAI pathway in S. pombe is to nucleate heterochromatin, but
it remains unclear whether this mechanism is conserved. To address this question in
Drosophila, genome-wide localization of Argonaute2 (AGO2) by ChlP-seq in two
different embryonic cell lines was performed revealing that AGO2 localizes to
euchromatin but not heterochromatin. This localization pattern is further supported by
immunofluorescence staining of polytene chromosomes and cell lines, and these studies
also indicate that a substantial fraction of AGO2 resides in the nucleus. Intriguingly,
AGO?2 colocalizes extensively with CTCF/CP190 chromatin insulators but not with
genomic regions corresponding to endogenous SiRNA production. Moreover, AGO2, but
not its catalytic activity or Dicer-2, is required for CTCF/CP190-dependent Fab-8
insulator function. AGO?2 interacts physically with CTCF and CP190, and depletion of
either CTCF or CP190 results in genome-wide loss of AGO2 chromatin association.
Finally, mutation of CTCF, CP190, or AGO2 leads to reduction of chromosomal looping
interactions, thereby altering gene expression. | propose that RNAi-independent
recruitment of AGO2 to chromatin by insulator proteins promotes the definition of

transcriptional domains throughout the genome.
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INTRODUCTION

RNA silencing is an evolutionary conserved mechanism that involves small
RNAs bound to an Argonaute (AGO) protein that act as transcriptional or post-
transcriptional regulators of gene expression. The paradigm for how RNA silencing
controls gene expression at the chromatin level comes from studies in fission yeast, in
which the RNA interference (RNAI) machinery establishes heterochromatin at the
centromere and mating type locus to ensure proper chromosome segregation and to
promote stability of repetitive regions. At the centromere, RNAs transcribed from
pericentromeric repeats are processed by the Dcrl endonuclease and Agol Argonaute
protein, which leads to the recruitment of the histone H3K9 methyltransferase and
Swi6/HP1 binding (reviewed in (Grewal and Elgin 2007)).

In Drosophila, it remains unclear whether the RNAi pathway is involved directly
in heterochromatin formation. The primary endogenous function of the RNAIi/siRNA
pathway is to silence the expression of transposable elements (TES) in the soma
(reviewed in (Okamura and Lai 2008)). Silencing is achieved by Dcr-2-mediated
cleavage of double-stranded RNAs (dsRNAS) into 21-22 nt siRNA that are loaded into
AGO2, which cleaves the target TE mRNA using its Slicer activity. Less well
understood is the function of non-TE endo-siRNAs also produced by Dcr-2 activity and
loaded into AGO2, which are generated from hairpin transcripts and regions of 3 overlap
of convergent transcripts (3’ cis-NATs). Two studies implicated AGO2 in
heterochromatin formation based on mislocalization of HP1 and desilencing of

pericentromeric transcriptional reporters in AGO2 mutants (Deshpande et al. 2005;
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Fagegaltier et al. 2009). However, direct analysis of HP1 recruitment by chromatin
immunoprecipitation (ChIP) and HP1-dependent silencing at small RNA generating loci
led to the suggestion that AGO2 and other Argonaute genes may not be required for
heterochromatin formation in the soma (Moshkovich and Lei 2010).

Chromatin insulators are DNA-protein complexes defined functionally either as
barriers that prevent the spread of silent chromatin or enhancer blockers that constrain
enhancer-promoter communication. Unlike vertebrates, which possess only one known
insulator protein, CTCF (reviewed in (Phillips and Corces 2009)), Drosophila employs at
least five different insulator complexes. Two well-characterized insulators are the gypsy
(also known as Su(Hw)) insulator and the Fab-8 insulator of the Abd-B locus in the
bithorax complex (BX-C) (reviewed in (Bushey et al. 2008)). The gypsy and Fab-8
insulators harbor binding sites for the zinc-finger DNA-binding proteins Su(Hw) and
CTCF, respectively, and both insulator complexes share a common component, CP190.
Genome-wide insulator proteins are present at thousands of distinct DNA-binding sites
but in diploid cells they concentrate at a small number of nuclear foci termed insulator
bodies, which are dependent on CP190 for their integrity. Highly correlated at least with
gypsy insulator function, insulator bodies have been proposed to serve as tethering sites
for large chromosomal loops or other higher order chromatin structures.

It has become increasingly apparent that DNA topology is a critical determinant
of gene regulation. While enhancers activate their target promoters over long distances,
insulators act to restrict these communications (reviewed in (Wallace and Felsenfeld
2007)). Insulators and other cis-regulatory regions in the Abd-B locus engage in

numerous interactions, and the precise topology of the locus has been postulated to be a
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central mechanism of tissue-specific Abd-B regulation (Cleard et al. 2006; Lanzuolo et al.
2007; Kyrchanova et al. 2008; Bantignies et al. 2011). However, the mechanism by
which chromosome looping is achieved at this locus has not been elucidated. Vertebrate
CTCF has been shown to mediate chromosomal looping at several developmentally
regulated loci jointly with cohesin (reviewed in (Merkenschlager 2010)), and a recent
study reported that CTCF promotes promoter-enhancer interactions genome-wide.
However, it is unknown whether Drosophila CTCF can promote looping.

In Drosophila, AGO2 or other RNA silencing factors appear to play important
roles in chromatin and nuclear organization, such as formation of Polycomb Group (PcG)
repression bodies (Grimaud et al. 2006) and gypsy chromatin insulator bodies (Lei and
Corces 2006). Furthermore, AGO proteins have been detected in the nucleus and are
thought to have a functional role in that compartment. Overall, these studies suggest
novel mechanisms by which RNA silencing affects gene expression on the level of higher
order chromatin organization.

Here, | hypothesized that similarly to the gypsy insulator, RNA silencing can
affect the Fab-8 insulator. A comprehensive genetic analysis of diverse RNA silencing
mutants on Fab-8 insulator function revealed that AGO2 was the only RNA silencing
component to exert an effect. In order to test whether AGO2 may have a function on
chromatin, ChiP-seq analysis of AGO?2 in two Drosophila cell lines was performed.
Instead of repetitive sequence, AGO2 associates primarily with euchromatic sites, the
majority of which correspond to chromatin insulators. Intriguingly, AGO2 chromatin
association does not correspond to regions of the genome that produce endo-siRNAs. |

demonstrate that AGO2, but not its catalytic activity, is required for CTCF/CP190-
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dependent Fab-8 insulator function. Additionally, AGO2 interacts physically with
CP190 and CTCF. Chromosome conformation capture (3C) experiments demonstrate
that CTCF/CP190-dependent looping interactions may regulate AGO2 recruitment to
chromatin. Also, depletion of AGO2 leads to a decrease in chromosomal looping and,
thus, altered gene expression. Therefore, | propose a novel RNAi-independent role for
AGO2 on chromatin to promote or stabilize insula<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>