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Abstract

The potent ability of small, double-stranded RNAs to silence gene

expression was initially reported 1998, sparking revolutions in molecular biology

and genetics. Since then, intensive research into the mechanism of RNA-

mediated silencing has implicated the machinery of this pathway in the post-

transcriptional regulation of the majority of mammalian genes. The major RNA

effectors of silencing are miRNAs, and they target mRNAs encoding proteins

involved in nearly every biological process including cell division, differentiation,

development and death. These small RNAs directly associate with a member of

the Argonaute family of proteins to form the RISC which functions as a

component of large ribonucleoprotein complexes. Considering the extent and

critical nature of the proteins regulated by the miRNA pathway, the assembly

and activity of RISC is most certainly subject to extensive regulation by a variety

of mechanisms.

Hsp90 is an essential, ubiquitous and highly abundant molecular

chaperone that is conserved throughout evolution. Interactions with its vast

array of client proteins are coordinated by a network of co-chaperones, and its

activity results in conformational changes within the structure of these clients

through a process known as the chaperone cycle. A generally accepted role for

Hsp90 in that maturation of its clients involves the stabilization of an unfavorable

structural intermediate. The stabilization of these intermediates allows for the

activation of the client. A role for Hsp90 in the RNAi pathway was initially
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suggested by data demonstrating a reduced interaction between the RNAi core

components hAgo2 and Dicer in the absence of Hsp90 activity.

In this thesis, I have demonstrated that Hsp90 activity, together with a

subset of its co-chaperones, is important for the function of the miRNA-

mediated post-transcriptional gene silencing machinery.
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CHAPTER 1

Introduction
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1.1 RNA interference

1.1.1 Overview

More than a decade has passed since the potent ability of double

stranded RNA (dsRNA) to interfere with protein expression at the messenger

RNA (mRNA) level was discovered (Fire et al., 1998). In the intervening years, the

study of RNA intereference (RNAi) has led a revolution in molecular biology,

allowing researchers to specifically ‘knock down’ the expression of proteins using

small interfering RNAs (siRNAs). The subsequent discovery of endogenous small

RNA effectors of silencing, called microRNAs (miRNAs) has further reformed

traditional thinking about mechanisms of translational regulation (Ambros and

Horvitz, 1987; Lee et al., 1993; Olsen and Ambros, 1999; Reinhart et al., 2000;

Wightman et al., 1993). The protein components of RNA-mediated silencing are

evolutionarily conserved across kingdoms, are present in all metazoans and are

predicted to regulate the expression of greater than half of all mammalian genes

(Friedman et al., 2009).  This level of conservation leaves little doubt as to the

significance of RNA interference for eukaryotic biology.

Initially, the mechanism of action by which these small RNAs affect

protein expression was largely unknown; however, intensive investigation has

identified much of the machinery responsible for enacting the silencing effect of

small RNAs. The cytoplasmic RNase Dicer, working in conjunction with TRBP (HIV

transactivating response RNA-binding protein) and/or PACT (also known as

PRKRA) cofactors, is responsible for cleaving dsRNA into short, ~22nt small RNAs

(Haase et al., 2005; Provost et al., 2002; Zhang et al., 2002) (Figure 1.1). After this

processing step, small RNAs interact with their targeted mRNAs as a component

of the large ribonucleo-protein (RNP) complex known as the RNA-induced

silencing complex (RISC). A member of the Argonaute family of proteins is

common to all forms of RISC. These proteins associate directly with the small

RNA and are responsible for the endonuclease activity within RISC.
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Figure 1.1 Pathways of small RNA biogenesis. A. Extensively complementary
RNA from endogenous or exogenous sources is processed in the cytoplasm by
Dicer to yield mature, ~22 nt siRNAs. siRNAs, which can also be introduced as
chemically synthesized duplexes of 22 nt, are loaded onto an Argonaute protein
and mediate cleavage of complementary mRNA. B. Hairpin structures formed by
transcripts from the nuclear genome are first processed in the nucleus by
Drosha, exported to the cytoplasm and processed into mature, ~22nt duplexes
by Dicer. miRNAs target Argonaute-containing miRISC complexes to mRNAs and
result in translational repression and/or deadenylation of the mRNA. C. Drosha-
independent biogenesis of miRNAs involves the spliceosome-mediated removal
of an intron. The excised intron adopts a hairpin structure and serves as a
substrate for Dicer. Adapted from (Ender and Meister, 2010)
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1.1.2 Classes of Small RNA

1.1.2.1 PIWI-interacting RNA (piRNA)

The Argonaute family of proteins can be subdivided into two classes. The

first is composed of the ubiquitously expressed Argonaute proteins that

demonstrate the most similarity to Argonaute-1 of Arabidopsis thaliana and

generally bind to dsRNA-derived small RNAs. The second subfamily of Argonaute

proteins, initially identified in Drosophila melanogaster, is the Piwi class. This

subfamily was identified, and named, due to the effects of Piwi mutants on

gonadal development (Cox et al., 1998; Cox et al., 2000). Piwi proteins bind to

RNA derived from a single-stranded precursor (Thomson and Lin, 2009) and

evidence from multiple studies in Drosophila suggests that they are involved in

repressing transposons (Brennecke et al., 2007; Chen et al., 2007; Pelisson et al.,

2007; Savitsky et al., 2006; Shpiz et al., 2007; Vagin et al., 2004). Piwi-interacting

RNAs (piRNAs) have also been identified in mammalian systems (Aravin et al.,

2006; Girard et al., 2006; Grivna et al., 2006; Watanabe et al., 2006) and are

divided into two classes. Class one is defined by piRNAs expressed following the

pachytene stage of meiosis. Unlike piRNAs of Drosophila that are enriched for

sequences of transposons, more than 90% of the known members of this class of

mammalian piRNAs map to unique sites within the mammalian genome (Aravin

et al., 2006; Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006). The second

class of mammalian piRNAs is expressed before meiotic pachytene

(prepachytene piRNAs) and is derived from repetitive and transposon-rich

sequences (Aravin et al., 2006; Aravin et al., 2007; Aravin et al., 2007; Aravin et

al., 2008; Kuramochi-Miyagawa et al., 2008). In both mammals and Drosophila,

piRNA sequences are clustered within their respective genomes. In Drosophila,

virtually all piRNA clusters are found within heterochromatin with a particular

enrichment at the boundary between euchromatin and heterochromatin at the
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centromeric regions of chromosomes (Aravin et al., 2003; Reinhart and Bartel,

2002).

Unlike the other classes of small RNAs discussed in this section, piRNA

biogenesis is independent of Dicer activity (Houwing et al., 2007; Vagin et al.,

2006), and is believed to occur via two pathways. The model of the primary

pathway posits the cleavage of a long single-stranded RNA that traverses an

entire piRNA cluster by an unknown nuclease. This processing step generates a

free 5’ end which is then loaded onto a Piwi protein. Cleavage of the loaded

transcript generates its 3’ end, yielding a mature piRNA. Mammalian piRNAs

show a strong sequence bias for a 5’ uridine residue which may serve to direct

the initial cleavage of the long piRNA transcript. However, piRNAs associated

with the Piwi family member AGO3 in Drosophila show no such 5’ nucleotide

bias and are thought to be loaded with piRNAs generated by a second pathway

of piRNA biogenesis.

The second model for piRNA biogenesis is termed the ‘ping-pong cycle’

and depends on the cleavage of piRNA transcripts derived from both strands of

genomic clusters of piRNA sequences (Brennecke et al., 2007; Gunawardane et

al., 2007; Li et al., 2009; Liu and Paroo, 2010). It is proposed that cleavage of a

long piRNA transcript is mediated by the endonuclease activity of the PIWI

protein pre-loaded with a piRNA. Products of Piwi-mediated cleavage are then

loaded onto Piwi proteins (e.g. AGO3) and direct cleavage of transcripts derived

from the opposite strand of genomic DNA.

As piRNAs are a relatively recently discovered class of small RNA, there

remains a great deal to be learned about their role in biological processes such

as germline preservation and developmental timing.
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1.1.2.2 Small interfering RNA (siRNA)

In 1998, Andrew Fire, Craig Mello and their colleagues published the

seminal observation that gene expression can be potently and specifically

inhibited by introducing dsRNAs that share perfect complementarity with the

mRNA of the gene of interest (Fire et al., 1998). Upon formation of a perfect

duplex between the siRNA and the targeted mRNA, the mRNA is cleaved by the

endonuclease activity of the Argonaute component of RISC (Elbashir et al.,

2001a; Elbashir et al., 2001b; Schwarz et al., 2002) (Figure 1.1A). The sequence-

specific mediators of RNA interference were later shown to be 21- and 22-nt

dsRNAs (Elbashir et al., 2001a) and since then RNA interference has become a

ubiquitous technique in laboratories throughout the world.

Widely used in engineered approaches to knockdown protein expression,

siRNAs have also been shown to serve an important function in innate immunity

against viral infection in plants and insects (Kemp and Imler, 2009; Mallory and

Vaucheret, 2010). Long dsRNA molecules, generated as replication intermediates

of RNA viruses, can be recognized and processed by Dicer in the same manner as

engineered dsRNA used by researchers. The role for this pathway in the defense

against invading RNA viruses has led to speculation that the evolutionary origin

of the RNA interference pathway was a primitive immune system. This RNA-

based immune system is still relied upon by plants, fungi and invertebrates (Lu et

al., 2005; Morel et al., 2002; Wang et al., 2006).

The efforts of many labs working to understand the mechanism and

biological significance of RNA interference has led to the discovery of a number

of other classes of endogenously transcribed small RNAs.

1.1.2.3 Endogenous siRNA (endo-siRNA)

There is another class of small RNAs that is derived from a pathway

similar to that which generates canonical siRNAs. As described above, siRNAs are
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generated by processive cleavage of dsRNA precursors from exogenous sources.

Alternatively, endogenous transcripts which form extended intramolecular

hairpins or intermolecular duplexes give rise to endo-siRNAs. Similar to the

siRNA biogenesis pathway, the biogenesis of endo-siRNAs in Drosophila requires

Dicer (Chung et al., 2008; Czech et al., 2008; Ender and Meister, 2010; Ghildiyal

et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a; Okamura et al.,

2008b). Endo-siRNAs have been described in plants, C. elegans, Drosophila and

mice (Chapman and Carrington, 2007).

In Drosophila, there are two isoforms of Dicer and two members of the

Argonaute subfamily and the two major small RNA pathways (miRNAs and

siRNAs) utilize separate Dicer and Argonaute isoforms. siRNAs from dsRNA

precursors are the products of Dicer-2-mediated cleavage and preferentially

associate with Drosophila Ago2 to mediate the cleavage of target mRNA (Caudy

et al., 2002; Forstemann et al., 2007; Lee et al., 2004). Accordingly, endo-siRNAs

preferentially load onto Drosophila Ago2 (Czech et al., 2008; Kawamura et al.,

2008) and mammalian Ago2 (Watanabe et al., 2008) to direct the cleavage of

their targets. The endo-siRNA pathway in both Drosophila and mice appears to

mainly target transposable elements, although protein-coding genes are also

targeted (Czech et al., 2008; Ghildiyal et al., 2008; Okamura et al., 2008a).

1.1.2.4MicroRNA (miRNA)

The lin-4 gene of Caenorhabditis elegans was discovered as encoding a

small RNA with complementarity to lin-14 and it was suggested that lin-4

regulates lin-14 via an antisense RNA-RNA interaction (Lee et al., 1993). It is now

known that lin-4 represents a large class of small, non-coding RNAs that function

to down-regulate the expression of protein-coding genes in C. elegans (Olsen

and Ambros, 1999; Reinhart et al., 2000). These small RNAs, initially known as

small temporal RNAs, are now known as microRNAs (miRNAs). Since their

discovery in C. elegans, miRNAs have been identified in a wide range of
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metazoans with described roles in nearly every aspect of biology including

developmental timing, differentiation, proliferation, metabolism and even

metastasis (Adams et al., 2009; Aukerman and Sakai, 2003; Brennecke et al.,

2003; Chen et al., 2004; Chen, 2004; Emery et al., 2003; Johnston and Hobert,

2003; Lee et al., 2006; Li et al., 2010; Liu et al., 2004; Morita et al., 2007; Palatnik

et al., 2003; Sun et al., 2011; Wang et al., 2011; Xu et al., 2003; Yin et al., 2011).

Biogenesis of miRNAs begins with transcription from the nuclear genome

resulting in the production of a long single-stranded transcript. This transcript,

called the primary miRNA transcript (pri-miRNA), contains partially

complementary inverted repeats that lead to the formation of large hairpin

structures (Kim, 2005). The pri-miRNA is cleaved by the nuclear RNaseIII-type

microprocessor Drosha and its DiGeorge syndrome critical region 8 (DGCR8)

cofactor, generating the pre-miRNA (Han et al., 2006). Exportin-5-dependent

transport of the pre-miRNA from the nucleus to the cytoplasm allows for

additional processing of the pre-miRNA by Dicer (Lund et al., 2004). Dicer-

mediated cleavage of the pre-miRNA generates the mature miRNA, which is then

loaded onto an Argonaute protein to form a miRNA RISC (miRISC) (Kawamata

and Tomari, 2010). Once loaded onto an Argonaute protein, the miRNA duplex is

unwound. Following duplex unwinding, a single stranded RNA, termed the ‘guide

strand’, remains associated with an Argonaute protein as a part of the mature

RISC (Figure 1.1B).

Drosha-dependent pathways are not the only mechanism for miRNA

biogenesis. A second pathway, which is independent of the activity of this

nuclear microprocessor, relies on spliceosome-dependent excision of short

introns that mimic the structural features of a pre-miRNA. These excised introns

are exported from the nucleus by Exportin-5 and are then processed by Dicer

into mature miRNAs (Figure 1.1C) (Berezikov et al., 2007; Okamura et al., 2007;

Ruby et al., 2007).
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The mechanism by which miRNAs repress translation is poorly

understood. The 3’ untranslated regions of many mRNAs contain conserved

sequence elements that retain a high level of complementarity to bases 2-8 of

miRNA sequences, termed ‘seed regions’ (Lewis et al., 2003). These sites are

targeted by miRNAs via base-pairing. In animals, most miRNAs have been shown

to form imperfect duplexes with their binding sites on targeted mRNAs, with

poor conservation outside of the seed region. Endonucleolytic cleavage of an

mRNA by the Argonaute component of RISC requires extensive base-pairing,

especially at positions 10-12 of the guide miRNA (Tolia and Joshua-Tor, 2007;

Wang et al., 2008; Wang et al., 2008). As a result of this requirement, miRNAs in

animals do not typically result in the endonucleolytic cleavage of the mRNA (Lee

et al., 1993; Moss et al., 1997; Pillai et al., 2005; Wightman et al., 1993). It is

generally accepted that miRNAs repress translation through one of, or

potentially a combination of, two means: i) Inhibition of cap-dependent

translation initiation and/or elongation (Humphreys et al., 2005; Mathonnet et

al., 2007; Pillai et al., 2005; Thermann and Hentze, 2007; Wakiyama et al., 2007;

Wang et al., 2006); (Chendrimada et al., 2007; Wang et al., 2008); (Kim et al.,

2004; Maroney et al., 2006; Nelson et al., 2004; Nottrott et al., 2006; Vasudevan

et al., 2007); (Petersen et al., 2006); (Nottrott et al., 2006); ii) Deadenylation and

consequential destabilization of the target mRNA (Behm-Ansmant et al., 2006a;

Eulalio et al., 2007; Eulalio et al., 2008; Eulalio et al., 2009; Fabian et al., 2009;

Iwasaki et al., 2009; Takimoto et al., 2009; Till et al., 2007; Wakiyama et al.,

2007). In the latter mechanism, the effect of the miRNA on the stability of the

mRNA differs from the effect of an siRNA as it requires the activity of a

deadenylase complex (Behm-Ansmant et al., 2006b; Eulalio et al., 2009; Fabian

et al., 2009). Argonaute proteins and glycine-tryptophan (GW) repeat-containing

protein of 182 kDa (GW182) are necessary for miRNA-mediated repression of

translation (Eulalio et al., 2009; Eulalio et al., 2009). The proposed mechanisms
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of miRNA-mediated post-transcriptional gene silencing are discussed in more

detail in section 1.1.3.3.2.

1.1.3 Protein components of RNA-mediated silencing

1.1.3.1 RNase III enzymes

Drosha and Dicer are double-strand (ds)-specific RNases whose cleavage

products are used to provide specificity in RNA-based gene-silencing pathways

(Bernstein et al., 2001; Gregory et al., 2004). These modular ~200 kDa enzymes

work in conjunction with cognate-binding partners to generate small RNAs and

load them onto the ribonucleoprotein complexes that effect post-transcriptional

gene-silencing (Chendrimada et al., 2005; Forstemann et al., 2005; Lee et al.,

2006; Liu et al., 2003).

1.1.3.1.1 Drosha / DGCR8

Members of the Drosha family contain two RNase III domains (a and b), a

double-stranded RNA binding domain (dsRBD) and a relatively long amino-

terminus (Filippov et al., 2000; Wu et al., 2000). The latter segment contains a

proline-rich region and an arginine/serine-rich (RS-rich) region, both of which are

thought to participate in protein-protein interactions (Fortin et al., 2002; Wu et

al., 2000) (Figure 1.2A).

Drosha family members localize predominantly to the nucleus (Wu et al.,

2000). In addition to their role in RNAi, Drosha proteins are important for

processing pre-ribosomal RNA precursors (Wu et al., 2000). Originally termed

human RNase III, inhibiting the expression of this enzyme resulted in cell death,

demonstrating that Drosha is an essential enzyme (Wu et al., 2000). Work by the

Kim laboratory revealed that Drosha activity is required upstream of Dicer in the

microRNA (miRNA) biogenesis pathway (Lee et al., 2003). Specifically, this
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enzyme is responsible for cleaving the pri-miRNAs into pre-miRNAs (Lee et al.,

2003).

Drosha does not function in isolation in vivo, but rather is part of a

multiprotein complex that has been termed Microprocessor (Denli et al., 2004).

The Microprocessor complex includes the dsRNA-binding protein DGCR8 or

Pasha (partner of Drosha) in Drosophila. Pasha is important for efficient

processing of miRNA precursors as evidenced by the observations that

biochemical or genetic depletion of its activity interferes with pri-miRNA

processing (Denli et al., 2004; Han et al., 2004; Landthaler et al., 2004).
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Figure 1.2 The basic structure of the core components of the mammalian RNAi
pathway. A. Schematics of Drosha, Dicer, hAgo2 (Ago) and GW182 are shown
depicting the locations of described domains as well as regions of interest for
their role in the RNAi pathway. B. The crystal structure of Thermus thermophilus
Argonaute is shown bound to a 21 nucleotide guide DNA duplexed with a 20
nucleotide target RNA. From (Wang et al., 2008).



15



16

1.1.3.1.2 Dicer / TRBP

Similar to Drosha, Dicer enzymes contain two RNase III domains and a

dsRBD, but lack proline-rich and RS-rich domains. They are the only members of

the RNase III superfamily that contain PAZ and ATP-dependent RNA helicase

domains. In addition, most Dicer isoforms possess a centrally located domain

(DUF283), which has been shown to have the structure of a non-canonical RNA

binding fold and, at least in Arabidopsis thaliana, is important for protein-protein

interactions (Qin et al., 2010) (Figure 1.2A).

Biochemical and candidate gene selection approaches were used to

identify Dicer as the bidentate ribonuclease activity that generates 22 bp siRNAs

from long dsRNA precursors (Bernstein et al., 2001). Moreover, Dicer functions

downstream of Drosha to produce mature miRNAs from pre-miRNAs (Kim et al.,

2009).

Dicer is a modular protein, composed of five or more different domains,

listed above. The PAZ domain, located in the center of the Dicer molecule, is also

present in members of the Argonaute superfamily of proteins (Cerutti et al.,

2000). Structural studies have revealed that PAZ domains are oligonucleotide-

binding modules (Lingel et al., 2003; Song et al., 2003; Yan et al., 2003). By

binding to the 3’ ends of dsRNA molecules, PAZ domains help to position the

substrates for cleavage by the RNase III domains. PAZ domains of Dicer contain a

large extended loop that is absent from Argonaute PAZ domains (Macrae et al.,

2006). This difference between Dicer and Argonaute PAZ domains may be

important for differential binding and transferring RNA substrates between

these proteins.

The RNase III domains form the catalytic centers of Dicer enzymes and

dimerization of these domains is required for RNase activity in all RNase III family

members (Dunn, 1976; Robertson et al., 1968). Dimerization results in alignment

of the active sites from each RNase III domain thereby creating a catalytic center.
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Such an arrangement allows these enzymes to cleave two nearby

phosphodiester bonds on opposite strands of the duplex. This type of cleavage

gives rise to dsRNA products with 2 nt 3’ protruding ends.

Human Dicer interacts with two closely related dsRNA-binding proteins,

TRBP and PACT (Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 2006).

The roles of these proteins in miRNA biogenesis remains to be determined, as

neither of them are absolutely required for processing of pre-miRNAs. Dicer and

TRBP (and/or PACT) cooperate in loading the miRNA onto mammalian

Argonautes (Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 2006). The

role of dsRNA-binding proteins in the miRNA pathway of Drosophila is better

understood. Loquacious, which contains three dsRNA-binding domains, interacts

with Dicer-1, and is required for miRNA biogenesis (Forstemann et al., 2005;

Jiang et al., 2005; Saito et al., 2005). Moreover, the Drosophila protein R2D2 has

a role in determining which strand of an siRNA duplex is loaded into RISC as the

guide strand (Tomari et al., 2004). During siRNA biogenesis, R2D2 binds to the

more thermodynamically stable end of the RNA duplex, forcing Dicer-2 to bind

the opposite end of the dsRNA duplex. Thus, the siRNA is selectively oriented

within the Dicer-2/R2D2 heterodimer and one strand of the duplex is

preferentially loaded.

1.1.3.2 GW182

GW182 was originally identified and characterized as an immunoreactive

antigen detected by an autoimmune serum from a human patient suffering from

motor and sensory neuropathy (Eystathioy et al., 2002). There are three paralogs

of GW182 in humans (TNRC6A, TNRC6B and TNRC6C), as well as a single ortholog

found in Drosophila melanogaster and two in Caenorhabditis elegans. A defining

feature of the GW182 family is an amino-terminal domain rich in glycine-

trypophan (GW) repeats. These GW repeats have been shown to act as

Argonaute-binding determinants (El-Shami et al., 2007; Eulalio et al., 2009;
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Eulalio et al., 2009; Lazzaretti et al., 2009; Takimoto et al., 2009; Till et al., 2007),

and are accordingly termed ‘Argonaute hooks’. The interaction between GW182

and Argonaute proteins is essential for miRNA-mediated gene silencing (Baillat

and Shiekhattar, 2009; Behm-Ansmant et al., 2006a; Ding and Han, 2007; Eulalio

et al., 2009; Eulalio et al., 2009; Jakymiw et al., 2005; Lazzaretti et al., 2009; Lian

et al., 2009; Liu et al., 2005a; Takimoto et al., 2009; Till et al., 2007; Zipprich et

al., 2009). Analysis of GW182 mutants has identified sequences within the

carboxyl-terminal end as being important in the repression of protein

translation, independent of the ability of GW182 to bind to Argonautes (Behm-

Ansmant et al., 2006a; Eulalio et al., 2009; Li et al., 2008; Lian et al., 2009) (Figure

1.2A).

Efforts to elucidate the mechanism by which GW182 affects the

translation of messages targeted by miRNAs have demonstrated an interaction

between GW182 and poly(A)-binding protein I (PABP-I) (Fabian et al., 2009; Zekri

et al., 2009). This interaction may interfere with the circularization of the mRNA

which is mediated by the interaction between eIF4G and PABP-I. Additionally,

miRISC recruits the CCR4-NOT1 deadenylase complex and this requires GW182

(Behm-Ansmant et al., 2006a; Eulalio et al., 2009; Fabian et al., 2009). Despite

the considerable progress made in identifying the domains of GW182 that are

involved in translational silencing, the mechanism by which translation is

inhibited by miRNAs is not well understood.

Components of miRISC including human Argonaute2 (hAgo2), GW182,

miRNAs and targeted mRNAs are enriched in cytoplasmic RNA granules known as

processing bodies (P bodies).  GW182 is a key component of these granules

(Jakymiw et al., 2005; Yang et al., 2004) which are also known as GW bodies. The

amino-terminal domain of GW182 is critical for targeting it to P bodies (Behm-

Ansmant et al., 2006a), which are believed to be involved in the storage or

degradation of translationally repressed messages, and the localization of
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hAgo2-associated complexes to these RNA granules may serve to enhance

miRNA-mediated translational repression.

1.1.3.3 Argonaute superfamily

Regulation of protein expression by small RNAs requires the loading of

these effector molecules onto an Argonaute protein. Named for the phenotype

of an AGO-knockout in Arabidopsis thaliana (Bohmert et al., 1998), Argonautes

are small RNA-binding proteins that are the core components of RISC and

therefore are essential to the RNAi pathway. Argonaute proteins are divided into

two subfamilies.

1.1.3.3.1 Piwi subfamily

The expression of the Piwi subfamily of Argonaute proteins is mainly

restricted to the germline; where they interact with piRNAs (Thomson and Lin,

2009). Four Piwi proteins are encoded by the human genome (HIWI, HIWI2,

HIWI3, HILI) and three by the mouse genome (MIWI, MILI, MIWI2). The role of

the Piwi subfamily of proteins in humans is largely unknown; however, in mice

they are all important for spermatogenesis (Carmell et al., 2007; Deng and Lin,

2002; Kuramochi-Miyagawa et al., 2004). Consistent with their requirement for

spermatogenesis, Piwi proteins silence mobile genetic elements in the germline

(Aravin et al., 2007; Carmell et al., 2007). The Piwi proteins of Drosophila

(Gunawardane et al., 2007; Saito et al., 2006) and Rattus norvegicus (Lau et al.,

2006) have the capacity to cleave target RNAs in vitro, but the role of target

cleavage in vivo is still undetermined.

Piwi subfamily members are substrates for methylation by the arginine

methyltransferase PRMT5 (Kirino et al., 2009). Post-translational methylation of

Piwi proteins facilitates their interaction with Tudor-domain-containing proteins

(TDRDs) (Reuter et al., 2009; Vagin et al., 2009). The role of TDRDs in Piwi-

mediated silencing is unclear; however, there is evidence that TDRD1 is
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important for piRNA biogenesis and silencing of repetitive elements (Kojima et

al., 2009; Reuter et al., 2009; Vagin et al., 2009).

1.1.3.3.2 Argonaute subfamily

Argonaute proteins are conserved throughout the animal, plant and fungi

kingdoms, and are expressed in all multicellular and many unicellular organisms.

The number of proteins of the Argonaute subfamily varies widely between

species, from a single isoform in the fission yeast Schizosaccharomyces pombe to

10 in Arabidopsis thaliana. There are four members of the Argonaute subfamily

in humans (Ago1, Ago2, Ago3 and Ago4). These proteins are expressed

ubiquitously and bind to both miRNAs and siRNAs.

Argonaute proteins are characterized by the presence of three domains:

a Piwi-Argonaute-Zwille (PAZ) domain, a PIWI domain and a MID domain (Figure

1.2A). The least conserved region of Argonaute proteins is the amino-terminal

domain. As mentioned above, PAZ domains are also found in Dicer proteins and

form an oligonucleotide-binding pocket which recognizes and preferentially

interacts with 2 nt 3’ overhangs (Lingel et al., 2003; Lingel et al., 2004; Ma et al.,

2004; Song et al., 2003; Yan et al., 2003). These overhangs are characteristic of

the cleavage products of RNase III family members (e.g. Drosha, Dicer). The PIWI

domain of Argonaute proteins adopts an RNase H-like fold (Parker et al., 2004;

Song et al., 2004; Yuan et al., 2005) and is the catalytic center of Argonaute

proteins (Liu et al., 2004; Song et al., 2004). The PIWI domain is responsible for

the endonucleolytic cleavage of mRNAs targeted by complete base-pairing with

siRNAs. Significantly, of the four Argonaute isoforms that are expressed by the

human genome, only hAgo2 contains a catalytically active PIWI domain (Liu et

al., 2004; Meister et al., 2004). Accordingly, hAgo2 is the only human Argonaute

capable of cleaving a targeted mRNA (Liu et al., 2004; Meister et al., 2004). The

MID domain adopts a Rossman-like fold, which serves as a binding pocket for the

5’ phosphate group of the small RNA (Ma et al., 2005; Parker et al., 2005). The
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Patel group has crystallized Thermus thermophilus Argonaute in complex with

single-stranded guide oligonucleotides and double-stranded duplexes (Wang et

al., 2008; Wang et al., 2008; Wang et al., 2009) (Figure 1.2B). This has provided a

platform for predictions about the structure of Argonautes of higher organisms;

however, no complete structures of mammalian Argonautes have been solved to

date.

Argonautes are guided to their target mRNA by miRNAs and siRNAs. As

alluded to, evidence suggests that initial target recognition is determined by the

seed region (Bartel, 2009; Filipowicz et al., 2008). The mechanism by which an

Argonaute protein silences an mRNA is determined by the extent to which the

guide small RNA base-pairs with the target. Complete complementarity between

the guide and the target promotes endonucleolytic cleavage of the target by

hAgo2. Alternatively, base-pairing mismatches in the central region of the duplex

leads to inhibition of translation and/or a decrease in mRNA stability (Tolia and

Joshua-Tor, 2007; Wang et al., 2008; Wang et al., 2008) (Lee et al., 1993; Moss et

al., 1997; Pillai et al., 2005; Wightman et al., 1993). The vast majority of

regulation of endogenous mRNAs by miRNA-mediated pathways occurs without

hAgo2-mediated endonucleolytic activity; however, the mechanism of silencing

is poorly understood and an area of controversy (Fabian et al., 2010).

There are two models to explain miRNA-mediated silencing of protein

expression. The first model contends that protein expression is decreased by

inhibiting translation. The step at which this inhibition occurs is controversial.

Proposed mechanisms of inhibition include; suppression of cap recognition by

the EIF4E component of eIF4F and the subsequent reduction in 40S ribosomal

subunit recruitment (Humphreys et al., 2005; Mathonnet et al., 2007; Pillai et al.,

2005; Thermann and Hentze, 2007; Wakiyama et al., 2007; Wang et al., 2006);

repression of 60S subunit joining (Chendrimada et al., 2007; Wang et al., 2008);

post-initiation effects blocking elongation (Kim et al., 2004; Maroney et al., 2006;



22

Nelson et al., 2004; Nottrott et al., 2006; Vasudevan et al., 2007); pre-mature

termination and ribosome dissociation (Petersen et al., 2006); and promoting

the proteolysis of nascent polypeptides (Nottrott et al., 2006). A second model

for regulation of translation, which is not necessarily mutually exclusive with the

first model, predicts that Argonaute binding promotes deadenylation and

destabilization of the target mRNA. This second model is based on evidence that

miRISC acts to recruit the CCR4-NOT1 deadenylase complex to the target mRNA

(Behm-Ansmant et al., 2006a; Eulalio et al., 2007; Eulalio et al., 2008; Eulalio et

al., 2009; Fabian et al., 2009; Iwasaki et al., 2009; Takimoto et al., 2009; Till et al.,

2007; Wakiyama et al., 2007). Recently, a parsimonious model of miRISC action

was proposed in which repression occurs in two steps (Djuranovic et al., 2011).

The authors suggest that, in all cases, translation of the mRNA is initially

inhibited. The message is then deadenylated and degraded to consolidate the

initial, transient, translational repression. The authors further suggest that the

kinetics of the transition from the initial stage of translational inhibition to the

degradation of the mRNA could be regulated by a variety of as-of-yet-

unidentified factors (Figure 1.3).

Argonaute proteins function in regulating the expression of the majority

of mammalian genes and affect a vast array of biological processes; therefore, it

is likely that they are extensively regulated. However, comparatively little work

has been done to determine how Argonaute proteins are regulated. Stability of

hAgo2 is known to be influenced by hydroxylation at proline-700 (Qi et al.,

2008). Additionally, there have been a number of phosphorylated residues

identified in hAgo2. Phosphorylation of serine-387 was shown to impact the

localization of hAgo2 to P bodies, but the functional consequence of this

modification is still unknown (Zeng et al., 2008). Phosphorylation of tyrosine-

529, located in the MID domain of hAgo2, prevents the binding of small RNAs

(Rudel et al., 2011). As modified amino acid residues are typically found on the

exposed surface of proteins, it is tempting to speculate that the association of
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Argonaute proteins with other protein components of the RNAi system may be

altered by post-translational modifications. The direct interaction between

Argonautes and the GW182 family of proteins is potentially subject to regulation

as the GW182 family plays a critical role in the silencing and degradation of

miRNA-targeted mRNAs (Baillat and Shiekhattar, 2009).
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Figure 1.3 Model of miRNA-mediated post-transcriptional gene silencing. An
Argonaute-GW182 complex is targeted to the 3’ end of a translating mRNA by
the miRNA bound to Argonaute. Interaction between GW182 and PABP-I leads
to a loss of circularization and a decrease in translation initiation. Additional
interactions involving the carboxy-terminal domains in GW182 recruit the
CCR4/NOT1 deadenylase complex. Ultimately, the mRNA is decapped and
degraded by the XRN1 5’3’ nuclease. Adapted from (Huntzinger and
Izaurralde, 2011)
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1.2 Cytoplasmic RNA Granules & the RNAi machinery

There are a variety of mechanisms for controlling gene expression, post-

transcripition, which include: modulating the initiation of translation, the

stability of mRNA and altered subcellular localization of mRNAs. In eukaryotic

cells, a variety of RNA granules exist with which non-translating mRNAs can

associate (Bashkirov et al., 1997; Knowles et al., 1996; Nover et al., 1989; Schisa

et al., 2001). The granules include P bodies, germline granules, neuronal

transport granules and stress granules. Of these, P bodies and stress granules are

the only granules found in the non-neuronal soma. These granules contain

proteins that function in pathways involved in mRNA decay (Ingelfinger et al.,

2002; van Dijk et al., 2002) and/or storage (Gallouzi et al., 2000; Stoecklin et al.,

2006; Thomas et al., 2005) and are thought to consolidate translationally-

repressed mRNAs (Kedersha et al., 2002). Significantly, both P bodies and stress

granules contain hAgo2 (Leung et al., 2006; Liu et al., 2005b) and have therefore

been implicated in small RNA-mediated post-transcriptional gene silencing

pathways.

1.2.1 Processing bodies

The 5’-to-3’ exonuclease XRN1 was the first enzyme associated with

mRNA decay reported to localize to discrete cytoplasmic foci (Bashkirov et al.,

1997) which later became known as P bodies. Dcp2, Dcp1, Lsm1-7, CCR4 and

other enzymes involved in the degradation of mRNA also localize to these

granules (Andrei et al., 2005; Cougot et al., 2004; Sheth and Parker, 2003;

Stoecklin et al., 2006; Wilczynska et al., 2005), firmly establishing a connection

between mRNA degradation and these cytoplasmic granules. P bodies are highly

mobile structures that move along microtubules (Aizer et al., 2008; Carmichael

et al., 2006), an observation that led to speculation that bi-directional movement

may be a mechanism for scanning the cytoplasm for mRNAs targeted for

degradation or silencing. While P bodies are constitutively present in the
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cytoplasm of most eukaryotic cells (Behm-Ansmant et al., 2006a; Ingelfinger et

al., 2002; Lykke-Andersen, 2002; Sheth and Parker, 2003; Squirrell et al., 2006;

van Dijk et al., 2002)(Buchan and Parker, 2009), their size, number and

composition varies based on cell type and stages of the cell cycle (Moser et al.,

2007; Yang et al., 2004). Considerable efforts are being made to better

understand the biogenesis of P bodies. A recent publication has identified no less

than 39 genes involved in the formation of P bodies in mammalian cells (Ohn et

al., 2008). However, the mechanisms governing P body biogenesis are still poorly

understood.

A link between P bodies and the RNAi pathway was revealed when it was

shown that both hAgo2 and GW182 are critical components for P body

formation in mammalian cells (Chu and Rana, 2006; Eulalio et al., 2007a; Franks

and Lykke-Andersen, 2008). P bodies form as a consequence of RNAi-mediated

silencing (Eulalio et al., 2007b); however, RNAi-mediated silencing of an mRNA

can occur in the absence of microscopically visible P bodies (Eulalio et al.,

2007b). Consequently, the role of P bodies in RNAi-mediated silencing is still a

matter of controversy. Nevertheless, their persistence throughout evolution

suggests that they serve an important role in RNA metabolism. Perhaps P bodies

increase the efficiency of the processes of RNAi and mRNA degradation by

concentrating the components of these pathways. Post-translational

modifications which regulate the association of hAgo2 with P bodies have been

reported (Zeng et al., 2008). It may well be that regulating the association of

human Argonaute proteins with cytoplasmic P bodies serves as a mechanism for

increasing the efficiency of miRNA-mediated silencing.

1.2.2 Stress granules

Originally identified as concentrations of a specific subset of cellular

mRNAs in the cytoplasm of heat-stressed Lysopersicon peruvianum (tomato)

cells (Nover et al., 1989), stress granules are now known to form as a protective
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measure countering temperature, translational, oxidative and metabolic stresses

(Barber, 2005; Kaufman, 2004; Lu et al., 2001; Wek et al., 2006). It is believed

that stress granules serve to enhance the translational inhibition of mRNAs

encoding expendable proteins allowing the cell to conserve energy during stress.

Consistent with this hypothesis, mRNAs that encode stress-response factors,

such as heat shock proteins, are selectively excluded from stress granules

(Kedersha and Anderson, 2002; Stohr et al., 2006). The exact mechanism by

which this occurs is not understood.

Stress granule formation, a process which involves over 100 human genes

(Ohn et al., 2008), is triggered by the stress-induced phosphorylation of eIF2α

(Kedersha et al., 2005). eIF2α is a component of the eIF2 complex, which loads

the initiator tRNA onto the 40S ribosomal subunit (Dever, 2002; Kimball, 2001).

Phosphorylation of eIF2α inhibits initiation of protein synthesis (Krishnamoorthy

et al., 2001). The second stage of stress granule assembly relies on domains

which mediate protein-protein interactions (Gilks et al., 2004; Kedersha et al.,

2000; Kedersha et al., 1999; Mazroui et al., 2007; Rikhvanov et al., 2007;

Tourriere et al., 2003)(Buchan and Parker, 2009). Such domains are found in

numerous RNA-binding proteins known to be components of stress granules. For

example, TIA-1 and TIA-R are RNA-binding proteins that contain glutamine and

asparagine-rich prion-like domains. These domains have the ability to self-

aggregate and can therefore promote stress granule formation (Gilks et al.,

2004; Kedersha et al., 2000; Kedersha et al., 1999). Stress granule formation is

also dependent on an intact microtubule network. Microtubule depolymerizing

drugs such as nocodazole have been shown to impair the formation of these

structures (Fujimura et al., 2009; Ivanov et al., 2003; Kolobova et al., 2009; Kwon

et al., 2007; Loschi et al., 2009); however, the role of microtubules is unclear.

While the composition of stress granules, and the mechanism by which

they are assembled, have been the focus of intense investigation, little is known
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about their function. It has been hypothesized that stress granules form as a

means of repressing the translation of and/or stabilizing and storing mRNAs;

however, neither the global repression of translation nor the stabilization of

mRNAs explicitly requires the formation of stress granules (Buchan et al., 2008;

Fujimura et al., 2009; Hilgers et al., 2006; Kwon et al., 2007; Loschi et al., 2009;

Mokas et al., 2009; Ohn et al., 2008). While not strictly required for translational

repression, it remains an intriguing possibility that stress granules serve to

reduce translation of non-essential mRNAs to allow for optimal translation of

mRNAs involved in the stress response. Emerging evidence has demonstrated

that inhibition of stress granule formation leads to reduced cell survival, which

suggests that these granules may play an anti-apoptotic role during stress

conditions (Baguet et al., 2007; Eisinger-Mathason et al., 2008; Kwon et al.,

2007). A role for stress granules in preventing or delaying the onset of apoptosis

has led to speculation that they do so by sequestering pro-apoptotic factors. In

the context of the stress granule, sequestration of pro-apototic factors could

serve to link cell fate decisions to mRNA regulation. Certainly, a better

understanding of the roles of stress granule components within the granule

during the stress response will aid in elucidating the function of these highly

dynamic structures.

While it has been consistently demonstrated that hAgo2 associates with

stress granules (Detzer et al., 2011; Leung et al., 2006), there is little knowledge

regarding the mechanism or functional consequence of this association. Existing

evidence indicates only that the localization of hAgo2 to stress granules is

dependent on the presence of mature miRNAs (Leung et al., 2006) and that the

accumulation of hAgo2 in stress granules results in a decrease in miRNA- and

siRNA-mediated post-transcriptional gene silencing (Detzer et al., 2011). As a

more complete understanding of the factors that control the association of

hAgo2 with both P- bodies and stress granules remains elusive, it is unclear

whether the pool of hAgo2 associated with P bodies is biochemically identical to
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that which is capable of being recruited to stress granules. Given the difference

in the composition of P bodies and stress granules, it is tempting to speculate

that hAgo2 localized to P bodies is associated with mRNAs that are in a late stage

of miRNA-mediated silencing and in the process of consolidating translational

repression via deadenylation and mRNA decay. Meanwhile, the hAgo2 recruited

to nascent stress granules would be predicted to be associated with mRNAs

which are at early stages of translational repression. Nevertheless, considering

the paucity of knowledge regarding the cause and effect of hAgo2 association

with stress granules, further investigation into the mechanisms regulating this

aspect of Argonaute function is warranted.

1.3 Interaction between RISC components and the Hsp90 chaperone system

The Hobman laboratory reported that hAgo2 interacts with a protein

complex containing the chaperone Hsp90 (Tahbaz et al., 2001). These results

were confirmed by the Hannon laboratory, whose results further suggested that

this interaction was not dependent upon additional proteins (Liu et al., 2004).

Chaperones may mediate crucial protein-protein and protein-RNA interactions

among components of the RNAi pathway and may therefore be important in its

regulation. Indeed, inhibition of Hsp90 ATPase activity significantly reduces the

association of tagged hAgo2 with a co-expressed, tagged form of human Dicer

(Tahbaz et al., 2001). These findings suggest that the function of hAgo2 in the

miRNA pathway may be dependent upon the activity of the Hsp90 chaperone

complex.
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1.4 The Hsp90 Chaperone System

1.4.1 Overview

All organisms employ molecular chaperones to help newly synthesized

proteins adopt their native conformations, as well as assemble into and

disassemble from macromolecular complexes. These factors comprise a very

large and structurally diverse group, but many of them are upregulated in

response to heat stress and are therefore termed the heat shock proteins (HSPs).

One of the most conserved HSPs, present from bacteria to humans, is Hsp90

which is highly abundant, even in unstressed cells. It is essential and, in

eukaryotic cells, is found in nearly every subcellular compartment (Borkovich et

al., 1989). In fact, most eukaryotic genomes encode several compartment-

specific Hsp90s. Not surprisingly, due to its ubiquity and abundance, Hsp90

interacts with a wide array of ‘client’ proteins. In general, the clients of Hsp90

depend on the chaperone’s activity to acquire their active conformation (Taipale

et al., 2010).

1.4.2 Structure

Each Hsp90 monomer consists of three distinct domains: amino-terminal,

middle and carboxyl-terminal. Hsp90 functions as a dimer and the carboxyl-

terminal domain mediates dimerization. This domain also contains a highly

conserved Met-Glu-Glu-Val-Asp (MEEVD) motif that mediates interaction with

many of the co-chaperones of Hsp90 (Young et al., 1998). The middle domain

contains motifs that play a critical role in client recognition. The amino-terminal

domain of Hsp90 shares structural homology with other members of the gyrase,

Hsp90, histidine kinase and MutL (GHKL) ATPase superfamily (Bergerat et al.,

1997) (Figure 1.4A). Hsp90 binds ATP via an α- and β-sandwich motif in its

amino-terminal domain (Prodromou et al., 1997; Stebbins et al., 1997). The

interaction of this domain with a catalytic loop in the middle domain, which

contains a catalytic arginine residue, leads to ATP hydrolysis (Meyer et al., 2004;
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Sato et al., 2000). The binding and hydrolysis of ATP provides the energy

required by Hsp90 to elicit conformational changes in its client proteins. This

maturation of clients occurs through a process known as the Hsp90 chaperone

cycle (Figure 1.4B) (Chadli et al., 2000; Csermely et al., 1993; Grenert et al., 1997;

Maruya et al., 1999; Prodromou et al., 2000; Sullivan et al., 1997). Significantly,

the binding of ATP to Hsp90 can be inhibited with high specificity by ATP

analogues (e.g. geldanamycin, 17-AAG, radicicol) (Chavany et al., 1996; Schulte

et al., 1995; Schulte et al., 1998; Smith et al., 1995; Whitesell et al., 1994).
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Figure 1.4 Hsp90 domain structure and chaperone cycle. A. The three domains
of Hsp90 are the GHKL ATPase domain in the amino-terminal end, a middle
domain required for client recognition and a carboxy-terminal domain important
in dimerization of the chaperone. Regions important for ATP binding and
catalyzing ATP hydrolysis and the MEEVD sequence required for interaction with
the co-chaperones are also noted. B. Schematic of the proposed chaperone cycle
of Hsp90. Binding of ATP results in Hsp90 adopting a more ‘closed’
conformation, which is predicted to modify the structure of the bound client (not
shown). ATP hydrolysis and subsequent dissociation of ADP restores Hsp90 to its
‘open’ conformation, releasing the properly folded client and allowing additional
client proteins to bind. Adapted from (Taipale et al., 2010).
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1.4.3 Clients of Hsp90

Hsp90 interacts with a large number of client proteins. These clients are

involved in diverse cellular functions including signal transduction, trafficking,

receptor activation and the innate and adaptive immune responses (Brugge et

al., 1981; Garcia-Cardena et al., 1998; Holt et al., 1999; Joab et al., 1984; Lipsich

et al., 1982; Minet et al., 1999; Sanchez et al., 1985; Sato et al., 2003; Schuh et

al., 1985; Sepehrnia et al., 1996; Tariq et al., 2009). Studies in yeast have

demonstrated either direct or genetic interactions between Hsp90 and 1,232

unique proteins, or roughly 20% of the proteins in the yeast genome (Breitkreutz

et al., 2008). Despite the abundance of Hsp90 client proteins, very little is known

about the molecular basis of client recognition. Common sequences or structural

motifs have not been identified and their existence seems unlikely given the

diversity of proteins that rely on Hsp90 chaperone activity. More likely, co-

chaperones of Hsp90 have an important role in the process of client recognition.

1.4.4 Roles of Hsp90 co-chaperones

While more than 20 co-chaperones have been identified in eukaryotic

cells, their individual biological functions remain largely a mystery. In general, co-

chaperones modulate the biochemical activity of Hsp90 by: coordinating the

interaction between Hsp90 and other chaperone systems; stimulating or (more

typically) inhibiting the ATPase activity of Hsp90; and participating in the

recognition of specific Hsp90 client proteins.

The largest group of Hsp90 co-chaperones contain characteristic

tetratricopeptide repeat (TPR) domains which bind to the MEEVD motif of Hsp90

(Carrello et al., 1999; Chen et al., 1998; Owens-Grillo et al., 1996a; Owens-Grillo

et al., 1996b; Radanyi et al., 1994; Ratajczak and Carrello, 1996; Young et al.,

1998). This class of co-chaperones, in addition to a variety of other functions, is

involved in the cooperative and successive action of Hsp40, Hsp70 and Hsp90.

The best characterized member of this family is HOP (Hsc70 and Hsp90-
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organizing protein). HOP contains multiple TPR domains that can simultaneously

bind Hsp90 and Hsp70 and coordinate the transfer of a client protein between

them (Taipale et al., 2010). A subfamily of the TPR domain-containing group of

co-chaperones, FK506-binding proteins (FKBPs), are important positive

regulators of androgen, glucocorticoid and progesterone receptor signaling

pathways (Dolinski et al., 1997; Smith et al., 1993).

The Cdc37 co-chaperone links Hsp90 and its kinase clients and is also

known to inhibit the ATPase activity of Hsp90. The interaction of Cdc37 with the

amino-terminal domain of Hsp90 blocks ATPase activation by inhibiting the

interaction of the catalytic arginine residue from the middle domain with the

ATP-binding site. Cdc37 also blocks the ATP-binding pocket and holds it in an

inactive conformation. This conformation of Hsp90 prevents interaction of the

amino-terminal domains across the dimer, an interaction known to be important

for activating Hsp90 ATPase activity (Roiniotis et al., 2005; Siligardi et al., 2002).

p23 is a co-chaperone that associates with Hsp90 late in the chaperone

cycle, following ATP binding and interaction of the ATP binding site with the

catalytic residue of the middle domain (Ali et al., 2006; Freeman et al., 2000;

Young and Hartl, 2000). This conformation is very transient; however, p23-

mediated stabilization of this conformation of Hsp90 is predicted to facilitate

client maturation (McLaughlin et al., 2006).

One of the few co-chaperones known to activate the ATPase activity of

Hsp90, Aha1, binds to the middle domain and facilitates the interaction of the

amino-terminal ATP-binding domain with the catalytic arginine residue found in

the middle domain of Hsp90 (Meyer et al., 2004). The binding of Aha1 promotes

a closed conformation of Hsp90 in which the amino-terminal domains from each

monomer stably associate. Stabilizing the interaction of the amino-terminal

domains of the Hsp90 monomers, across the dimer, promotes efficient ATP

hydrolysis (Retzlaff et al., 2010).
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The range of effects that the co-chaperones have on the ATPase activity

of Hsp90 likely reflects the different stages of the chaperone cycle at which they

function. Generally speaking, co-chaperones that inhibit ATPase activity are

more likely to be involved in client loading and/or the formation of mature

Hsp90 complexes. Alternatively, co-chaperones that enhance the ATPase activity

of Hsp90 are most likely involved in the stages of the chaperone cycle which

elicit a conformational change in, and the subsequent release of, the mature

client protein.

1.4.5 Maturation of client proteins

Despite a central role in many cellular processes, many aspects of Hsp90

structure, regulation and function remain unknown. The role of Hsp90 in the

maturation of kinases and steroid hormone receptors provides a great deal of

insight into the molecular function of Hsp90 (Grad and Picard, 2007). The

glucocorticoid receptor (GR) is a transcription factor that belongs to the

superfamily of nuclear receptors. Following the binding of glucocorticoids, GRs

regulate the transcription of target genes by binding specific sites in their

promoters or enhancers (Mangelsdorf et al., 1995). Nascent GR is folded into a

conformation with low affinity for hormone by the concerted action of Hsp40

and Hsp70 as well as several co-factors of these chaperones (Figure 1.5)

(Nemoto et al., 1990). The co-chaperone HOP mediates the transfer of GR from

Hsp70 to Hsp90 (Chen and Smith, 1998), and the ATP-bound Hsp90-GR complex

is subsequently stabilized by p23 (Dittmar et al., 1997; Morishima et al., 2003).

Hsp90 regulates the final maturation of GR and, in doing so, increases the affinity

of GR for hormone by 100-fold (Nemoto et al., 1990). Structurally, the ‘open’

conformation of the hormone-binding cleft of GR is stabilized by the chaperone

activity of Hsp90, allowing the receptor to bind to the hormone and acquire its

active state (Figure 1.5). Stabilization of transitional, conformationally

unfavorable structural intermediates to facilitate more stable, conformationally
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active states is generally accepted as a major function of the Hsp90 chaperone

complex in the maturation of client proteins (Grad and Picard, 2007).
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Figure 1.5 Schematic representation of the maturation of an Hsp90 client.
Transfer of a glucocorticoid receptor (GR) from a complex containing
Hsp40/Hsp70 is mediated by HOP. Hsp90 binds to ATP and its co-chaperones
resulting in a conformational change in the structure of the bound client. The
conformationally altered client has an increased affinity for its glucocorticoid and
this high affinity state is stabilized by continued association with Hsp90.
Following binding of the receptor to the glucocorticoid, ATP is hydrolyzed and
the chaperone complex dissociates, releasing the GR.  Adapted from (Grad and
Picard, 2007).
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1.5 Objectives

The RNAi pathway modulates the expression of greater than half of the

proteins encoded by mammalian genomes (Friedman et al., 2009). Accordingly,

the protein components of this system are very likely to be subject to extensive

regulation. The objective of my thesis was to characterize the nature of the

interaction between the molecular chaperone Hsp90 and hAgo2, the core

component of the RNAi pathway in humans. The results detailed in chapter 3

demonstrate a clear requirement for the activity of the Hsp90 chaperone in the

localization and function of hAgo2. Based on the results obtained in the first

study, I hypothesized that Hsp90 activity is required to facilitate interaction

between Argonaute, loaded with a miRNA, and the targeted messenger RNA. In

chapter 4 of this thesis I present unpublished data suggesting that the

interaction of RISC with a target RNA depends on Hsp90 activity. Lastly, based

the role of co-chaperones in client recognition and their requirement for client

maturation, I predicted specific co-chaperones would be required for the

activation of Argonaute. The Hsp90 co-chaperones that co-localize with hAgo2 at

stress granules served as a list of candidates for further investigation. In chapter

5, I demonstrate that knockdown of the Hsp90 co-chaperones Aha1 and Cdc37

has a significant effect on the efficiency of RNA-mediated post-transcriptional

gene silencing.
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CHAPTER 2

Materials & Methods
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2.1 Materials

2.1.1 Reagents

The following reagents were used following the manufacturers’

recommendations unless otherwise stated.

Table 2.1 Commercial sources of materials, chemicals and reagents
Reagent Source
40% acrylamide /bis-acrylamide solution (29:1) Bio-Rad
Agar Sigma-Aldrich
Agarose, ultrapure, electrophoresis grade Invitrogen
Ammonium acetate Invitrogen
Ammonium persulphate Sigma-Aldrich
Ampicillin Sigma-Aldrich
Bacto-tryptone Becton, Dickinson & Company
Bacto-yeast extract Becton, Dickinson & Company
Blasticidin Invitrogen
Bovine serum albumin (BSA) Sigma-Aldrich
1-bromo 3-chloropropane Sigma-Aldrich
Bromophenol blue Sigma-Aldrich
CO2-independent cell culture medium Invitrogen
Casein, enzymatic hydrolysate Sigma-Aldrich
Chloroform Thermo Fisher Scientific
CompleteTM EDTA-free protease inhibitor Roche
Diatomaceous earth Sigma-Aldrich
Dimethyl sulphoxide (DMSO) Sigma-Aldrich
Dimethylpimelimidate Thermo Fisher Scientific
Disodium hydrogen orthophosphate Becton, Dickinson & Company
Dithiothreitol (DTT) Sigma-Aldrich
Doxycycline Sigma-Aldrich
Dulbecco’s modified Eagle’s medium (DMEM) High Glucose Invitrogen
Dynabeads M-280 Streptavidin Invitrogen
Ethanolamine Thermo Fisher Scientific
Ethidium bromide solution Sigma-Aldrich
Ethyl Alcohol Commercial Alcohols
Ethylenediaminetetraacetic acid (EDTA) EMD Chemicals
Fetal bovine serum Invitrogen
Geldanamycin LC Laboratories
Glycerol Thermo Fisher Scientific
Glycine Calbiochem
Guanidine HCl Thermo Fisher Scientific
Hippuristanol J. Pelletier (McGill University)
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES) Thermo Fisher Scientific
Hydrochloric Acid Thermo Fisher Scientific
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Table 2.1 (Continued)
Reagent Source
Kanamycin Sigma-Aldrich
Isopropanol Commercial Alcohols
Isopropanol, molecular biology grade Sigma-Aldrich
Lipofectamine 2000 Invitrogen
Magnesium chloride hexahydrate EMD Chemicals
Methanol Thermo Fisher Scientific
2-Mercaptoethanol Thermo Fisher Scientific
N,N,N’,N’-tetramethylenediamine (TEMED) Sigma-Aldrich
Nonidet P-40 (NP-40) / Igepal CA-630 Sigma-Aldrich
OptiMEM Invitrogen
Paraformaldehyde Thermo Fisher Scientific
Penicillin-streptomycin solution (100x) Invitrogen
Phenol, buffer-saturated Sigma-Aldrich
Phenol: Chloroform: Isoamyl Alcohol Sigma-Aldrich
Potassium acetate Anachemia
Potassium chloride Becton, Dickinson & Company
Potassium hydroxide Becton, Dickinson & Company
ProLong Gold with DAPI Invitrogen
Protein G - sepharose Fast Flow General Electric Healthcare
Puromycin Sigma-Aldrich
Skim milk powder Carnation
Sodium arsenite Sigma-Aldrich
Sodium chloride Thermo Fisher Scientific
Sodium dodecyl sulphate (SDS) Bio-Rad
Sodium hydroxide Becton, Dickinson & Company
Sodium molybdate Acros Organics
Sodium salicylate EM Science
Sucrose EMD Chemicals
TRI Reagent / TRIZol Invitrogen
TRIzol Invitrogen
Tris base EMD Chemicals
Triton X-100 VWR International
0.25% Trypsin-EDTA Invitrogen
Tween-20 (polyoxyethylenesorbitan monolaureate) Thermo Fisher Scientific
UltraPure distilled water Invitrogen
Xylene cyanol FF Sigma-Aldrich
Zeocin Invitrogen

Table 2.2 Molecular size standards
Standard Source
GeneRuler 1 kb DNA Ladder Plus (SM1333) Fermentas
PageRuler Pre-stained Protein Ladder (SM0671) Fermentas
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Table 2.3 DNA/RNA modifying enzymes, buffers
Enzyme Source
Calf intestinal alkaline phosphatase Invitrogen
DNase I, amplification grade Invitrogen

Restriction endonucleases Invitrogen
New England Biolabs

RNase A Invitrogen
T4 DNA ligase Invitrogen

Table 2.4 Detection systems
System Source
Axiovert 200M with
UltraView ERS spinning disk confocal unit
Hamamatsu C9100-050-EM-CCD digital camera
Volocity acquisition software

Zeiss
Perkin Elmer Bioscience

FluorChem Q Cell BioSciences
FluoroChem FC Alpha Innotech Corp.
LSCM510 Zeiss
MX3005P Stratagene
Nitrocellulose membrane, Trans-Blot Transfer Medium Bio-Rad
Odyssey Infrared Imaging System LiCor
Polyvinyldene difluoride (PVDF) membrane (0.45 µM) Millipore
Rx film Fuji
SuperSignal WestPico chemiluminescent substrate Thermo Scientific
Ultraviolet gel transilluminator Thermo Fisher Scientific
XO-Mat Developer Kodak

Table 2.5 Multi-component systems
System Source
Expand Long Template PCR System Roche
PerfeCTa SYBR Green SuperMix, UNG, Low Rox Quanta Biosciences
Platinum Taq PCR System Invitrogen
QIAEX II gel extraction kit QIAGEN
QIAGEN plasmid maxi kit QIAGEN
QIAprep spin miniprep kit QIAGEN
QIAquick PCR purification kit QIAGEN
qScript Flex cDNA kit Quanta Biosciences
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2.1.2 Commonly used buffers

The following buffers were used throughout this work and their composition is

detailed below in Table 2.6.

Table 2.6 Buffers and solutions
Name Composition

5x protein sample buffer
62.5 mM Tris-HCl (pH 6.8), 25% (v/v) glycerol, 2% (w/v)
SDS, 0.01% (w/v) bromophenol blue, 5% (v/v) β-
mercaptoethanol

6x DNA gel loading buffer 40% (w/v) sucrose, 0.25% (w/v) bromophenol blue, 0.25%
(w/v) xylene cyanol FF

Alkaline lysis buffer 200 mM NaOH, 1% (w/v) SDS

Bacteria resuspension buffer 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 100 µg/mL RNase
A

Diatomaceous earth 100 mg/mL diatomaceous earth, 6 M guanidine-HCl, 20
mM EDTA, 50 mM Tris -HCl (pH 8.0)

Diatomaceous earth wash buffer 50% (v/v) isopropanol, 200 mM NaCl, 5mM EDTA, 20 mM
Tris -HCl (pH7.5)

Hsp90 IP buffer 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM MgOAc, 1%
TritonX-100, 20 mM sodium molybdate

LB growth media 1% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast extract,
0.5% (w/v) NaCl, 0.1% (v/v) 1 M NaOH

Neutralization buffer 3.0 M Potassium acetate (pH 5.5)
NP40 lysis buffer 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% (v/v) NP-40

Oligo binding buffer 25 mM HEPES-KOH (pH 7.4), 50 mM KCl, 75 mM KOAc, 2
mM MgCl2, 1 mM DTT

Phosphate-buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 (pH 7.4)

PBS-T 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 (pH 7.4),
0.05% (v/v) Tween-20

RISC wash buffer 25 mM HEPES-KOH (pH 7.4), 50 mM KCl, 1.5 mM MgCl2,
0.5% (v/v) NP40

SDS-PAGE running buffer 250 mM glycine, 0.1% (w/v) SDS, 100 mM Tris base (pH
8.3)

Swelling buffer 25 mM HEPES-KOH (pH 7.4), 50 mM KCl, 1.5 mM MgCl2, 1
mM DTT

TAE 40 mM Tris-Acetate, 1 mM EDTA (pH 8.0)
Tris-buffered saline (TBS) 137 mM NaCl, 2.7 mM KCl, 24 mM Tris-HCl (pH 7.4)

TBS-T 137 mM NaCl, 2.7 mM KCl, 24 mM Tris-HCl (pH 7.4),
0.05% (v/v) Tween-20

Western blot transfer buffer 200 mM glycine, 25 mM Tris base (pH 8.3), 20% (v/v)
methanol, 0.1% (w/v) SDS
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2.1.3 Oligonucleotides

Table 2.7 Oligonucleotides
Name Engineered

sites
Sequence Usage

(Section)
eGFP-hAgo2-AflII-F Afl II 5’-TACTCTTAAGTCGCCACCATGGTGAGCAAGG 2.2.2.1
eGFP-hAgo2-XbaI-R Xba I 5’-ACTTCTAGATTAAGCAAAGTACATGGTGCGC 2.2.2.1
TRBP-XhoI-F Xho I 5’-GCTCGAGCCATGAGTGAAGAG 2.2.2.3
TRBP-BamHI-R BamH I 5’-GGGATCCCTTGCTGCCTGCCATG 2.2.2.3
hDcr1-XhoI-F Xho I 5’-GCCTCGAGGCATGAAAAGCCCTGCTTTGCA 2.2.2.2
hDcr1-HindIII-R Hind III 5’-GCAAGCTTGCTATTGGGAACCTGAGGTT 2.2.2.2
BoxB-MfeI-F Mfe I 5’-GTTGTTCAATTGTAAGTCCAACTACTAAACTGGGGATTC 2.2.2.5
BoxB-HpaI-R Hpa I 5’-CAACAAGTTAACGGCCGCCTCGAGATAATATC 2.2.2.5
let-7c RT primer Proprietary (Ambion, AM30002) 2.2.7.2
let-7c PCR primer set Proprietary (Ambion) 2.2.7.3
anti-cel-miR35,
2’-O-methylated RNA

5’-/Biotin/ACUGCUAGUUUCCACCCUGUGA 2.2.8.2

anti-hsa-miR122,
2’-O-methylated RNA

5’-/Biotin/CAAACACCAUUGUCACACUCCA 2.2.8.2

2.1.4 Plasmid Vectors

Table 2.8 Plasmid vectors
Plasmid Source
pEGFP-hAgo2 Addgene
pCR-BluntII-TOPO Invitrogen
pcDNA 4/TO Invitrogen
pcDNA 4/TO / GFP-hAgo2 Constructed in this study
pDsRed-C1-Monomer Clontech
pEGFP-C1 Clontech
pEGFP-C1 / TIA-1 J.F. Caceres (Western General Hospital)
pDEST30-HA / TRBP2 W. Filipowicz (Friedrich Miescher Institute)
pcDNA 5/TO / CFP-hDicer T.C. Hobman (University of Alberta)
pEGFP-C1 / hDicer Constructed in this study
pWS /GFP-TNRC6A E.K. Chan (University of Calgary)
pLKO.1 Sigma-Aldrich
pLKO.1 / Aha1 shRNA Sigma-Aldrich
pLKO.1 / Cdc37 shRNA Sigma-Aldrich
pLKO.1 / FKBP52 shRNA Sigma-Aldrich
pEGFP-N1 Clontech
pEGFP-N1 / let7a (3’ UTR) E. Jan (University of British Columbia)
pEGFP-N1 / KRAS 3’ UTR E. Jan (University of British Columbia)
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Table 2.8 (Continued)
Plasmid Source
phRL-TK / 5x BoxB W. Filipowicz (Friedrich Miescher Institute)
pCI-Neo4 / lambda N-HA-hAgo2 W. Filipowicz (Friedrich Miescher Institute)
pCI-Neo4 / HA-hAgo2 W. Filipowicz (Friedrich Miescher Institute)
pCI-Neo4 / lambda N-HA-LacZ W. Filipowicz (Friedrich Miescher Institute)
pEGFP-N1 / 5x BoxB Constructed in this study

2.1.5 Antibodies

Table 2.9 Primary antibodies
Antibody Dilution Application* Source
Rabbit anti-Ago2 (2D4, PAZ) 1:1 000 WB T.C. Hobman, University of Alberta
Human anti-GW182 1:1 000 WB M.J. Fritzler, University of Calgary
Mouse anti-Hsp90 (SPA-830) 1:1 000 WB Assay Designs
Rabbit anti-FKBP52 (ab97306) 1:1 000 WB Abcam
Mouse anti-Cdc37 (MA3-029) 1:1 000 WB Thermo Fisher Scientific
Rabbit anti-Ahsa1 1:1 000 WB P. LaPointe, University of Alberta
Rabbit anti-cytochrome C 1:1 000 WB L.G. Berthiaume, University of Alberta
Mouse anti-RAS (RAS10) 1:1 000 WB Millipore
Rabbit anti-GFP 1:20 000 WB L.G. Berthiaume, University of Alberta
Rabbit anti-GAPDH (ab9485) 1:1 000 WB Abcam
Mouse anti-hnRNP U (ab10297) 1:1 000 WB Abcam
Human anti-GW182 1:100 IIF M.J. Fritzler, University of Calgary
Rabbit anti-TRBP 1:250 IIF A. Gatignol, McGill University
Rabbit anti-PACT 1:300 IIF G.C. Sen, Cleveland Clinic
Rabbit anti-Dcp1 (ab47811) 1:800 IIF Abcam
Goat anti-TIA (sc-1751) 1:50 IIF Santa Cruz Biotechnology
Mouse anti-Hsp90 (SPA-830) 1:100 IIF Assay Designs
Rabbit anti-Cdc37 (SPA-605) 1:250 IIF Assay Designs
Rabbit anti-hAhsa1 1:100 IIF P. LaPointe, University of Alberta
Mouse anti-HOP (SRA-1500) 1:250 IIF Assay Designs
Mouse anti-p23 1:500 IIF Assay Designs
Mouse anti-FKBP59 (SRA-1400) 1:250 IIF Assay Designs
Goat anti-GFP 1:2500 IP L.G. Berthiaume, University of Alberta

*- IB: immunoblot; IIF: indirect immunofluorescence; IP: immunoprecipitation
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Table 2.10 Secondary antibodies
Antibody::Conjugate Dilution Application* Source (product ID)

Goat anti-mouse::HRP 1:5 000 WB Jackson ImmunoResearch Laboratories
Goat anti-rabbit::HRP 1:5 000 WB Jackson ImmunoResearch Laboratories
Goat anti-human::HRP 1:5 000 WB Jackson ImmunoResearch Laboratories
Goat anti-rabbit::Alexa750 1:10 000 WB Invitrogen (A21039)
Donkey anti-mouse::Alexa680 1:10 000 WB Invitrogen (A10038)
Goat anti-mouse::Alexa750 1:10 000 WB Invitrogen (A21037)
Donkey anti-rabbit::Alexa647 1: 1 000 IIF Invitrogen (A31573)
Goat anti-rabbit::Alexa594 1: 1 000 IIF Invitrogen (A11037)
Goat anti-mouse::Alexa647 1: 1 000 IIF Invitrogen (A21236)
Donkey anti-mouse::Alexa488 1: 1 000 IIF Invitrogen (A21202)
Donkey anti-rabbit::Alexa488 1: 1 000 IIF Invitrogen (A21206)
Donkey anti-human::TexasRed 1: 1 000 IIF Jackson ImmunoResearch Laboratories

*- IB: immunoblot; IIF: indirect immunofluorescence

2.1.6 Cell lines

Table 2.11 Mammalian cell culture lines
Cell line Source
HeLa ATCC
HeLa / TREx Invitrogen
HeLa / TREx / 4TO-GFP-hAgo2 This study
HepG2 D.L. Tyrrell, University of Alberta
Huh7.5 D.L. Tyrrell, University of Alberta
MEF WT G.C. Sen, Cleveland Clinic
MEF PACT -/- G.C. Sen, Cleveland Clinic
MEF TRBP -/- R.E. Braun, The Jackson Laboratory
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2.2 Methods

2.2.1Molecular Biology

2.2.1.1 Isolation of plasmid DNA from Eschericia coli

Small scale plasmid DNA isolation was performed using either QIAprep

spin mini prep kit (Table 2.5) following manufacturer’s recommendations, or

using diatomaceous earth (Table 2.6). Plasmid-transformed DH5α bacteria,

grown overnight in 4 mL cultures of LB (Table 2.6), were pelleted via

centrifugation at 5 000 x g for 10 minutes. For diatomaceous earth, bacterial

pellets were resuspended in 200 µL of bacteria resuspension buffer (Table 2.6).

Following resuspension, 200 µL of alkaline lysis buffer (Table 2.6) was added;

tubes were inverted several times and incubated at room temperature for 5

minutes to complete lysis. Lysates were neutralized with 300 µL of neutralization

buffer (Table 2.6) and insoluble material was pelleted via centrifugation at > 12

000 x g for 10 minutes. Supernatants were transferred to a fresh 1.5 mL tube

containing 750 µL of diatomaceous earth slurry. Samples were incubated for at

least 10 minutes at room temperature with rocking or rotation and then applied

to pre-wetted filter pipette tips on a vacuum manifold. Plasmid DNA bound to

diatomaceous earth was washed in place on the filter pipette tip twice with

diatomaceous earth wash buffer (Table 2.6). Following final wash, tips were left

to air dry for 10 minutes and then centrifuged at 10 000 x g for 1 minute to

remove trace isopropanol. Tips were then transferred to fresh microfuge tubes

and the plasmid DNA was eluted from the diatomaceous earth with 50 µL MilliQ

H2O and centrifugation at 10 000 x g for 1 minute.

Large scale plasmid DNA purifications from 200 – 300 mL overnight

cultures were carried out using QIAGEN plasmid maxi kits (Table 2.5) following

the manufacturer’s recommendations.
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2.2.1.2 Restriction endonuclease digestion

Reactions were typically carried out in a volume of 20 µL with 0.5 - 5 µg

of plasmid DNA and containing 2 - 10 U of restriction endonuclease and

appropriate reaction buffer (Table 2.3).

2.2.1.3 Dephosphorylation of linearized vectors

To reduce occurrences of vector self-ligation, vector DNA was

dephosphorylated using calf intestinal alkaline phosphatase (Table 2.3) according

to manufacturer’s recommendations.

2.2.1.4 Polymerase chain reaction

DNA was amplified using Platinum Taq (Table 2.5) or the Expand Long

Template PCR system (Table 2.5). Reactions typically contained 50 – 250 ng of

plasmid DNA, linearized by restriction endonuclease digestion, 500 nM dNTPs,

200 nM of each primer and 1 – 5 U of polymerase. Reactions were performed

using either a TC-312 thermocycler (Techne) or a Robocycler Gradient 40 Hot

Top system (Stratagene).

2.2.1.5 Agarose gel electrophoresis

Electrophoresis grade agarosewas dissolved by heating in TAE (Table 2.6).

Prior to pouring the gel [0.8% - 1.5% (w/v)] into the casting tray, ethidium

bromide was added to a final concentration of 0.5 µg/mL. The gel was immersed

in TAE and the DNA samples were mixed with 6x DNA gel loading buffer (Table

2.6) and electrophoretically resolved. Fragments were visualized using an Ultra-

violet gel transilluminator (Table 2.4) or images captured using a FluoroChem FC

imaging system (Table 2.4)
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2.2.1.6 Purification of DNA fragments

A QIAquick PCR purification kit (Table 2.5) was used to purify PCR

products from dephosphorylation reactions, polymerase chain reactions and

restriction endonuclease digestion reactions of PCR products, which generated

small (<50nt) cleavage products that were to be excluded from subsequent

ligations. Restriction endonuclease digestions yielding larger products that were

not compatible for exclusion by the above kit were separated by agarose gel

electrophoresis and the bands of interest were excised from the gel with a clean

razor blade. DNA fragments were then eluted from the agarose gel using the

QIAEX II gel extraction kit (Table 2.5).

2.2.1.7 Ligation of DNA

DNA inserts and vectors were combined in molar ratios ranging from 2:1

– 4:1, typically using a minimum of 20 ng of vector DNA and 1 – 5 U of T4 DNA

ligase (Table 2.3). Reaction volumes were kept minimal, typically not exceeding

15 uL, and performed for at least 30 minutes at room temperature (for cohesive-

end ligations) or overnight at 16oC (for blunt-end ligations).

2.2.1.8 Transformation of Escherichia coli

Three strains of E. coli [OneShot Chemical Competent (Invitrogen), XL10-

Gold Ultracompetent cells (Stratagene) and SubCloning Efficiency DH5α

competent (Invitrogen)] were used during the course of this work. In all cases,

chemically competent cells were transformed and cultured following the

manufacturer’s recommendations.

2.2.2 Construction of recombinant plasmids

All primers used for the construction of the below plasmids are

documented in Table 2.7. The sources of all plasmids described below are
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detailed in Table 2.8. The sequence of plasmid constructs generated by PCR was

verified by DNA sequencing at the Molecular Biology Facility (Department of

Biological Sciences, University of Alberta) or at The Applied Genomics Centre

(TAGC, Department of Medical Genetics, University of Alberta).

2.2.2.1 pcDNA4/TO / GFP-hAgo2

The plasmid pEGFP-hAgo2 was linearized with Eag I and used as a

template in a PCR with the primers eGFP-hAgo2-AflII-F and eGFP-hAgo2-XbaI-R.

The resulting product (3348 base pairs) was cloned into pCR-BluntII-TOPO

following the manufacturer’s protocol. The GFP-hAgo2 cassette of pCR-Blunt-

GFP-hAgo2 was then subcloned into pcDNA4/TO using the Afl II and Xba I

restriction endonuclease sites.

2.2.2.2 pEGFP-C1 / hDicer

After using pcDNA 5TO / CFP-hDicer as a template in a PCR with the

primers hDcr1-XhoI-F and hDcr1-HindIII-R to generate an hDicer fragment (5774

base pairs), the resulting PCR fragment was subcloned into pCR-BluntII-TOPO

following the manufacturer’s protocol. Due to concerns over plasmid stability as

well as problems with plasmid yield, both presumably as a result of the large size

of the hDicer open reading frame, the hDicer cassette was subcloned into

pBluSKP using the Xho I and Hind III sites. Following propogation of

pBluSKP/hDicer, the hDicer cassette was ultimately subcloned into the Xho I and

Hind III sites of pEGFP.

2.2.2.3 pEGFP-C1 and pDsRed-C1-Monomer / TRBP2

The vector pDEST30-HA/TRBP2 was used as a template for PCR using the

primers TRBP-XhoI-F and TRBP-BamHI-R. The resulting PCR product (1006 base

pairs) was digested and subsequently ligated into the pDsRed-C1-Monomer and

pEGFP-C1 vectors at the Xho I and BamH I sites.
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2.2.2.4 pDsRed-C1-Monomer / TIA-1

The TIA-1-enconding sequence was subcloned from pEGFP-C1 / TIA into

pDsRed-C1-Monomer using Xho I and Xba I.

2.2.2.5 pEGFP-N1 / 5x BoxB

After using phRL-TK/5xBoxB as a template for PCR with the primers BoxB-

MfeI-F and BoxB-HpaI-R, the resulting PCR fragment (226 base pairs) was

subcloned into theMfe I and Hpa I sites of pEGFP-N1.

2.2.3 Culture and transfection of mammalian cell lines

2.2.3.1 Cell line maintenance

HeLa, HepG2, Huh7.5, MEF WT, MEF PACT-/- and MEF TRBP-/- cells were

cultured in DMEM containing 10% FBS, 20 mM HEPES (pH 7.4) and

penicillin/streptomycin. HeLa / TREx cells were cultured in DMEM containing

10% FBS, 20 mM HEPES (pH 7.4), penicillin (200 U/mL), streptomycin (200

µg/mL), and blasticidin (5 µg/mL). The derivative cell line HeLa/TREx / 4TO-GFP-

hAgo2 was cultured in the same media as the parent HeLa/TREx cell line with the

addition of Zeocin (400 µg/mL). Cells were incubated at 37oC in a humidified

atmosphere with 5% CO2.

2.2.3.2 Transient transfection of cell lines

HeLa and HeLa/TREx/4TO-GFP-hAgo2 (Section 2.2.3.3) cells were

transiently transfected with plasmid DNA using Lipofectamine 2000. 24 hours

prior to transfection, cells were seeded in 35mm dishes at a density of 1.5x105

cells/dish. Cells were then transfected with 1 µg of plasmid DNA and 2.5 µL of

Lipofectamine 2000 in 1 mL of OptiMEM per dish. Cells were incubated with the

DNA-lipocomplexes for 2 hours, after which the medium was supplemented with
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an equal volume of OptiMEM containing 20% FBS and returned to a 37oC

incubator overnight. The following day the medium was replaced with normal

growth media.

2.2.3.3 Construction of HeLa/TREx/4TO-GFP-hAgo2 stable cell line

HeLa/TREx cells were transfected, in a 35 mm dish, with

pcDNA4/TO/GFP-hAgo2 (Section 2.2.2.1) using Lipofectamine 2000 following the

protocol for transient transfection. 48 hours after transfection, cells were

trypsinized and seeded into a 150 mm dish. Growth medium was replaced with

HeLa/TREx growth medium supplemented with zeocin (described in 2.2.3.1).

Medium was replaced twice weekly for approximately 2 weeks until colonies

were apparent. Colonies were trypsinized using sterile cloning rings and

sterilized silicone grease and re-plated into 96-well plates. Cells were grown

under selection and continually passaged into increasingly larger culture dishes.

Ultimately, clones were screened for inducible expression of GFP-hAgo2 by

seeding cells on coverslips, inducing expression by treatment with doxycycline (1

µg/mL) for 24 hours and imaging using fluorescence microscopy. A single clone

with inducible expression of GFP-hAgo2 was used in this study.

2.2.3.4 Selection and enrichment of cells transiently transfected with pLKO.1-

based vectors

HeLa cells were cultured and transiently transfected with plasmid DNA

using Lipofectamine 2000 as described in Section 2.2.3.2. Following overnight

incubation in OptiMEM supplemented with FBS to a final concentration of 10%,

medium was aspirated and the cells were rinsed one time with PBS (Table 2.6).

Cells were subsequently grown in DMEM supplemented with 10% FBS, 20 mM

HEPES (pH7.4) and puromycin (5 µg/mL) for an additional 24 to 48 hours (total of

48 to 72 hours post-transfection) as indicated.
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2.2.4 Microscopy

2.2.4.1 Indirect Immunofluorescence

HeLa and HeLa/TREx/4TO-GFP-hAgo2 cells were cultured on glass

coverslips, treated as described and processed for indirect immunofluorescence

microscopy post-transfection at times indicated. Stress granules were induced by

treating the cells with either 500 µM arsenite or 1 µM hippuristanol for the

indicated times prior to fixation. Cells were thrice washed with PBS and then

fixed with 4% (w/v) paraformaldehyde for 15 minutes. Fixed cells were rinsed

with PBS three more times prior to permeabilization with PBS containing 0.2%

(v/v) TritonX-100 for 2 minutes. Following permeabilization, coverslips were

again rinsed three times with PBS and then blocked for 2 hours in PBS-T

containing 2% skim milk powder (Table 2.6). Primary antibody (diluted as

indicated in Table 2.9) incubations were performed in PBS-T containing 2% skim

milk powder for 2 hours at room temperature or overnight at 4oC. Following

primary antibody incubation, coverslips were washed three times in PBS-T while

rocking for a total of 2 hours. Secondary antibody (Table 2.10) incubations were

performed in PBS-T for 1 hour at room temperature followed by three additional

PBS-T washes, for a total of one hour. Coverslips were rinsed with PBS and then

mounted in ProLong Gold antifade reagent with DAPI. Digital images of samples

were captured with an Axiovert 200M (Table 2.4) or LSCM510 (Table 2.4)

microscope.

2.2.4.2 Live cell imaging

HeLa cells transiently expressing fluorescent protein-tagged chimeras, or

stably transfected HeLa/TREx/4TO-GFP-hAgo2 cells induced to express GFP-

hAgo2 with doxycycline, were cultured in 35 mm glass-bottom dishes (MatTEK)

and treated as described. Prior to imaging, the growth medium was aspirated,

the cells were rinsed with PBS and the medium was replaced with CO2-

independent cell culture medium supplemented with 10% FBS. Cells were
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imaged on a Zeiss Axiovert 200M and were kept warm by outfitting the

microscope with an objective warmer (Bioptechs) and a heated stage (Zeiss).

Induction of stress granules during live cell imaging experiments was

done by treating cells with either 500 µM arsenite or 1 µM hippuristanol.

Untreated cells in 35 mm glass-bottom culture dishes, containing 1 mL of CO2-

independent media, were mounted on the heated stage. Image acquisition was

started and, following the initial time point, an additional 1 mL of CO2-

independent media containing either 1000 µM arsenite or 2 µM hippuristanol

was carefully added to the dish.

2.2.4.3 Quantitative image analysis

Datasets acquired with Volocity image acquisition software were

exported using LIFF format and the LIFF file was opened using Imaris x64 with

the MeasurementPro module (Bitplane). Stress granule number and “Absolute

Intensity” were determined using a “Spots” algorithm with “Region growing”

selected (“Region of interest” and “Track (over time)” were left unselected). The

average diameter of nascent stress granules, typically 1 µm, was entered in the

“Estimated diameter” field and a filter was added to exclude spots that were

both below (reduce false positives) and above (exclude pre-existing processing

bodies) a threshold “Quality”. Statistics were exported in Microsoft Excel file

format and analyzed.

2.2.5 Protein gel electrophoresis and detection

2.2.5.1 Sodium dodecyl-suplhate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by discontinuous gel electrophoresis (5%

stacking gel and 8%, 10% or 12% resolving gel). Stacking gels were prepared by

adding acrylamide / bis-acrylamide, to final concentration of 5%, to 125 mM Tris-
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HCl (pH 6.0) with 0.1% SDS, 0.1% ammonium persulphate and 0.1% TEMED.

Resolving gels were prepared by combining acrylamide / bis-acrylamide, to an

appropriate final concentration, in 375 mM Tris-HCl (pH 8.8), 0.1% SDS, 0.1%

ammonium persulphate and 0.1% TEMED.  Protein samples were mixed with 5x

protein sample buffer (Table 2.6) and denatured at 95oC for 6 minutes.

Electrophoresis was performed using the Bio-Rad mini-protean III system with

SDS-PAGE running buffer (Table 2.6) at 140 – 225 Volts. After electrophoresis,

the gels were processed for immunoblot analysis as described below (Section

2.2.5.2).

2.2.5.2 Immunoblot analysis

Following SDS-PAGE, proteins in the gels were transferred to either 0.45

µm polyvinylidene fluoride (PVDF) or nitrocellulose membranes. PVDF

membranes were first activated in methanol. Membranes were then

equilibrated in western blot transfer buffer (Table 2.6) for at least 10 minutes at

room temperature with rocking. Protein transfer was performed using western

blot transfer buffer, pre-chilled to 4oC and a Mini Trans-Blot Electrophoresis

transfer cell apparatus (Bio-Rad) at 140 V or 320 mA for at least 1 hour.

Following completion of the transfer the membranes were air-dried, re-wet with

methanol, and then blocked in PBS-T or TBS-T (Table 2.6) containing 5% (w/v)

skim milk powder for at least 1 hour on a rocking device. PBS-T was used

preferentially throughout the immunoblot procedure when blots were to be

imaged using the Odyssey Infrared scanner (LiCor) {Figures 5.2, 5.3 and 5.4};

however, when blots were developed using horseradish peroxidase-conjugated

secondary antibodies {Figures 3.3, 3.9, 3.10, 4.1 and 5.4 (hAgo2 and GW182)},

TBS-T was used interchangeably. Membranes were incubated with primary

antibodies diluted (as described in Table 2.9) in PBS-T containing 5% (w/v) skim

milk powder for 2 hours at room temperature or overnight at 4oC. It should be

noted that for the best results, when the rabbit anti-Ago2 (2D4) primary
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antibody was used for immunoblot detection of endogenous hAgo2, incubations

were done overnight at 4oC. After three washes with PBS-T at room temperature

for a total of 2 hours, the membranes were incubated in the secondary antibody

diluted (as indicated in Table 2.10) in PBS-T containing 2% (w/v) skim milk

powder for 25 minutes at room temperature. Lastly, membranes were washed

three times with PBS-T for a total of 30 minutes and then detected as described

below (Section 2.2.5.3 or 2.2.5.4).

2.2.5.3 Detection of horseradish peroxidase-conjugated secondary antibodies

Membranes were incubated in Supersignal West Pico chemiluminescent

substrate (Table 2.4) for 3 minutes, after which they were either exposed to Rx

film (Table 2.4) or imaged using the FluorChem Q (Table 2.4).

2.2.5.4 Detection of fluorophore-conjugated secondary antibodies

Membranes were rinsed with PBS and then placed, face-down, on the scanner

bed of the Odyssey Infrared Imaging system (Table 2.4). The membranes were

scanned at 84 µm resolution on a quality setting of “High”.

2.2.6 Biochemical analysis of protein-protein interactions

Immunoprecipitation of Hsp90 and detection of associated Argonaute by

immunoblot analysis was performed by Paul LaPointe (University of Alberta).

2.2.6.1 Primary Hsp90 antibody crosslinking

Monoclonal anti-Hsp90 antibodies (Table 2.9) and protein G-sepharose

fast flow beads were mixed together in PBS for 1hr at room temperature at a

concentration of 3 – 5 mg of IgG per milliliter of bead volume and then washed

with 10 volumes of 100 mM HEPES (pH 8.8). Following the wash, antibody was

crosslinked to beads with 20 mM dimethylpimelimidate for 30 minutes at room
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temperature. Samples were then washed twice with 10 volumes of 200 mM

ethanolamine and incubated in 200 mM ethanolamine for an additional 2 hours

at room temperature. Lastly, samples were washed three times with 10 volumes

PBS and stored at 4oC as a 1:1 slurry in PBS.

2.2.6.2 Immunoprecipitation of Hsp90

Four confluent 100 mm dishes of HeLa cells were treated as described

and lysed in Hsp90 IP buffer (Table 2.6) supplemented with CompleteTM Protease

Inhibitor. Lysates were cleared via centrifugation at 14 000 x g for 10 minutes at

4oC. Immunoprecipitation of clarified lysates was performed with 2-3 µL of

protein G-sepharose beads crosslinked to anti-Hsp90 primary antibody (Section

2.2.6.1). Immunoprecipitations were carried out for 1 hour at 4oC with rotation

after which the beads were washed one time with Hsp90 IP buffer before boiling

in protein sample buffer and subjected to SDS-PAGE and immunoblot analysis.

Protein G-sepharose beads crosslinked to monoclonal anti-myc antibodies

(following protocol in 2.2.6.1) were used as a control.

2.2.7 RNA techniques

2.2.7.1 RNA isolation

Total RNA (including small RNA species) was isolated from samples using

either TRIzol reagent or TRI Reagent (Invitrogen) following the same protocol

detailed below. Samples were homogenized in 20 volumes of reagent or 1 mL

per 35 mm dish of cultured cells. Homogenized samples were incubated at room

temperature for 5 minutes and then 1/5th volume of 1-bromo 3-chloropropane

was added. The samples were mixed by vigorous shaking for 30 seconds prior to

incubation for 5 minutes at room temperature. Aqueous and organic phases

were separated via centrifugation at 12 000 x g for 15 minutes at 4oC and the

aqueous phase was transferred to a fresh, nuclease-free microfuge tube. An
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equal volume of phenol/chloroform/isoamyl alcohol was added to the aqueous

phase, samples were vortexed for 90 seconds and then re-centrifuged at 12 000

x g for 15 minutes at 4oC. Again, the aqueous phase was transferred to a fresh,

nuclease-free tube and an equal volume of chloroform was added. Samples were

vortexed for 30 seconds and centrifuged for 10 minutes at 12 000 x g at 4oC. The

aqueous phase was again placed in a fresh tube and the RNA was precipitated at

-20oC for 1 hour after addition of molecular biology grade isopropanol equivalent

to 50% of the original volume of TRIzol used in the lysis. Precipitated RNA was

pelleted by centrifuging samples at 12 000 x g for 15 minutes at 4oC. The RNA

pellet was washed with 1 mL of 70% ethanol and re-pelleted via centrifugation at

8 000 x g for 10 minutes at room temperature. In order to remove all

contaminating guanidine isothiocyanate from the purified RNA, the RNA pellet

was resuspended in 135 µL of UltraPure distilled water, 5 µL of 500 mM EDTA

(pH 8.0) and 15 µL of 3 M ammonium acetate. After rigorous pipetting and

vortexing, to ensure resuspension of the RNA pellet, the RNA was precipitated

again at -20oC for 1 hour using 500 µL of molecular biology grade isopropanol.

The precipitated RNA was repelleted and washed with 70% ethanol prior to

being resuspended in UltraPure distilled water.

2.2.7.2 First strand synthesis of miRNA

Total RNA samples were isolatedfrom HeLa cells as described in 2.2.6.1.

Prior to first-strand synthesis, samples were treated with amplification grade

DNase I (Table 2.3) as per the manufacturer’s recommendations. First strand

synthesis reactions were set up using 2 µg of total RNA, the qScript Flex cDNA

synthesis kit (Table 2.5) and let-7c RT primer (Table 2.7) as per the

manufacturer’s recommendations.

2.2.7.3 qPCR analysis of miRNA level

Quantitative PCR reactions were conducted on an MX3005P thermocycler

(Table 2.4) using PerfeCTa SYBR Green SuperMix, UNG, Low Rox (Table 2.5).
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Reactions were performed as technical triplicates in a final volume of 25 µL

containing 2 µL of cDNA generated in Section 2.2.7.2 and 0.5 µL of each primer

from the let-7c primer set (Table 2.7). The thermal profile of the qPCR reaction

consisted of an initial denaturation step of 10 minutes at 95oC followed by 40

cycles of 95oC for 30 seconds, 1 minute at 55oC and 1 minute at 72oC.

Fluorescence was quantified at the end of the 55oC step. A dissociation curve

was used to verify that a single product was amplified, and the temperature

range used was 55oC to 95oC.

Analysis of miRNA levels bound to GFP-hAgo2 was complicated by the

lack of an unrelated small RNA that could be used to normalize the samples.

Therefore, the method used to determine the relative levels of let-7c miRNA

between samples was solely based on an efficiency of amplication of 100%. The

equation used in the calculation of relative levels of miRNA was [2^(Ct{variable}-

Ct{control}], where the product of the equation is the fold decrease in the

amount of miRNA associated with the variable sample relative to the control.

2.2.7.4 Analysis of RNA integrity for microarray profiling

Total RNA samples isolated as in 2.2.6.1 were analyzed on a NanoDrop

2000c spectrophotometer (Thermo Scientific). Samples with A260/A280 and

A260/A230 ratios greater than 1.8 were sent to the Alberta Transplant Applied

Genomics Center (ATAGC, University of Alberta) for analysis using a BioAnalyzer

2100 (Agilent). Samples with an RNA Integrity Number (automatically

determined by the software of the BioAnalyzer 2100) of greater than 8.0 were

used in downstream labeling for microarray analysis.

2.2.7.5Microarray profiling of miRNA expression

Samples were submitted to the ATAGC (University of Alberta) and 1 µg of

total RNA was labeled following their protocol for sample preparation for miRNA

microarray analysis. Labeled RNA was analyzed and hybridized (by ATAGC) to a
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GeneChip miRNA 2.0 microarray chip (Affymetrix) following the manufacturer’s

recommendations.

2.2.8 Biochemical analysis of  protein-RNA interactions

2.2.8.1 Immunoprecipitation of GFP-hAgo2 for detection of associated miRNA

Stably transfected HeLa/TREx / 4TO-GFP-hAgo2 cells (Section 2.2.3.3)

were seeded into 100 mm dishes and grown to approximately 80% confluency.

The expression of GFP-hAgo2 was induced by supplementation of the growth

medium with doxycycline to a final concentration of 1 µg/mL. Six hours following

the addition of doxycycline, the cells were treated with geldanamycin at a final

concentration of 1 µg/mL, or DMSO as a control, for an additional 12 hours.

Subsequent to GFP-hAgo2 induction and treatment with geldanamycin, cells

were lysed with NP40 lysis buffer (Table 2.6) supplemented with CompleteTM

Protease Inhibitors. Lysates were clarified via centrifugation at 10 000 x g for 10

minutes at 4oC. Immunoprecipitation of clarified lysates was performed with 0.5

– 2.0 µg of polyclonal goat anti-GFP (Table 2.9) for 2 hour at 4oC with rotation

prior to recovery on protein G-sepharose beads. Protein G-sepharose beads

were prepared by washing 3 times in 10 volumes of PBS followed by washing

with 10 volumes of NP40 lysis buffer. The beads were then blocked in NP40 lysis

buffer supplemented with 1% (w/v) casein for 1 hour at 4oC with rotation.

Following blocking, the beads were collected via centrifugation at 500 x g for 3

minutes, and resuspended in NP40 lysis buffer containing 1% (w/v) casein to

create a 1:1 slurry. Twenty microliters of beads were then added to the

antibody-containing lysates and the samples were rotated for an additional hour

at 4oC. Beads were collected via centrifugation at 500 x g for 3 minutes at 4oC

and washed once in NP40 lysis buffer.  Following wash step, the beads were

resuspended in 200 µL of NP40 lysis buffer and then aliquoted into fractions and

harvested separately. Samples were harvested in either 400 µL of TRIzol reagent
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for RNA extraction or protein sample buffer for SDS-PAGE and immunoblot

analysis.

2.2.8.2 Pulldown of RISC using 2’-O-methylated oligonucleotides

Huh7.5 cells were grown to confluency in order to obtain 2.0x107 cells

per sample.

For each sample, 15 µL of Dynabeads M-280 streptavidin beads were

prepared by washing three times with 1 mL of oligo binding buffer (Table 2.6).

Following the third wash, the bead suspension was divided into two 1.5 mL

centrifuge tubes and the excess wash buffer was aspirated. For every 15 µL of

streptavidin beads prepared above, 30 µL of the 2’-O-methylated

oligonucleotides anti-cel-miR35 or anti-has-miR122 (Table 2.7) were diluted from

60 µM stock into oligo binding buffer supplemented with 1 M NaCl and 2 mM

DTT to a final concentration of 1 µM. Beads were adsorbed with anti-sense

oligonucleotides for 120 minutes at 4oC with rotation. Following the adsorbtion,

the beads were washed three times with oligo binding buffer and then

resuspended using 200 µL of oligo binding buffer for each 15 µL of prepared

beads. The resuspended beads were aliquoted into fresh 1.5 mL centrifuge tubes

and the buffer was aspirated.

Typically, greater than 3.0x108 cells were harvested by trypsinization

from culture dishes, combined and collected by centrifugation at 1 000 x g for 5

minutes. The pellet was resuspended in 25 volumes of PBS. A haemocytometer

was used to determine the total number of cells harvested. Cells were then re-

pelleted by centrifugation at 1 000 x g for 5 minutes after which they were

resuspended in 4 mL of ice-cold swelling buffer (Table 2.6) supplemented with

CompleteTM Protease Inhibitor. The cells were allowed to swell on ice for 20

minutes before they were homogenized with 40 strokes using a 7 mL glass

dounce homogenizer. Cellular debris, nuclei and unbroken cells were pelleted via

centrifugation of the homogenate at 12 500 x g for 15 minutes. The supernatant
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was collected and diluted with additional swelling buffer so that the final

concentration of the homogenate was equivalent to 2.0x107 cells/mL. Cell

homogenate was divided in half and 100 µM geldanamycin was added to one

aliquot while an equal volume of DMSO was added as a control to the other. The

oligonucleotide-adsorbed beads prepared as above were then combined with 1

mL of cellular homogenate and incubated for 60 minutes at 30oC, with rotation.

Following the incubation, the beads were collected, resuspended in 1 mL of RISC

wash buffer (Table 2.6) and transferred to a new microfuge tube. Following the

wash step, the beads were collected and boiled in 100 µL of protein sample

buffer. Protein samples were then subjected to SDS-PAGE and immunoblot

analysis.
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CHAPTER 3

Hsp90 regulates the function of Argonaute 2 and its recruitment to

stress granules and P bodies

A version of this chapter has been published in
“Pare, J.M., Tahbaz, N., Lopez-Orozco, J., LaPointe, P., Lasko, P., and Hobman,
T.C. (2009). Hsp90 regulates the function of Argonaute 2 and its recruitment to
stress granules and P-bodies. Mol. Biol. Cell 20, 3273-3284.”
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3.1 Rationale

Previous studies by the Hobman laboratory and others have revealed

that Argonaute proteins bind to the molecular chaperone Hsp90 (Hock et al.,

2007; Liu et al., 2004; Maniataki and Mourelatos, 2005; Tahbaz et al., 2001;

Tahbaz et al., 2004). Given the robust nature of the physical interaction between

Hsp90 and hAgo2 (Liu et al., 2004) and previous data showing that the

interaction between hAgo2 and Dicer was negatively affected by inhibition of

Hsp90 (Tahbaz et al., 2004), I predicted that hAgo2 is a bona fide client of Hsp90.

The specific requirement for this chaperone in Argonaute function had not been

examined. Unlike most other chaperones that assist in folding of nascent

polypeptides, Hsp90 has a restricted but diverse set of client proteins (Grad and

Picard, 2007). The precise mechanisms by which Hsp90 recognizes, binds to and

“matures” client proteins are not known, but it is generally believed that its

clients require the chaperone to acquire their enzymatically active

conformations.

In the cytoplasm, Argonaute-dependent post-transcriptional gene-

silencing (PTGS) has been linked to discrete cytoplasmic puncta called GW- or P

bodies (Jakymiw et al., 2005; Liu et al., 2005b; Sen and Blau, 2005). In addition to

P bodies, Argonautes rapidly associate with stress granules when cells encounter

translational stress. Microscopically visible stress granules are not present in

“unstressed” cells; however, treatment with arsenite or the translational

repressor hippuristanol results in rapid formation of stress granules (Bordeleau

et al., 2006; Leung et al., 2006). Moreover, targeting of hAgo2 to P bodies and

stress granules appears to require that hAgo2 be actively involved in post-

transcriptional gene silencing (Leung et al., 2006; Liu et al., 2005b; Rudel et al.,

2011).

If my hypothesis is correct and hAgo2 is a true client of Hsp90, then

inhibition of the Hsp90 activity would result in reduced hAgo2 function and a
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consequential decrease in miRNA-mediated and siRNA-mediated post-

transcriptional gene silencing. In addition, I predicted that a reduction in the

miRNA- and siRNA-mediated PTGS activity of hAgo2 would result in a reduced

recruitment of hAgo2 to both processing bodies and stress granules.

3.2 Results

3.2.1 Hsp90 activity is required for the recruitment of nascent GFP-hAgo2 to P

bodies

The first experiment of this study was designed to determine the effect of

inhibition of Hsp90 on the ability of newly synthesized green fluorescent protein-

(GFP-) tagged hAgo2 (GFP-hAgo2) to be recruited to P bodies in the absence of

Hsp90 activity. First, I determined the kinetics of GFP-hAgo2 induction and

recruitment to P bodies in a HeLa/TREx/4TO-GFP-hAgo2 stable cell line.

HeLa/TREx/4TO-GFP-hAgo2 cells were cultured in glass-bottom 35 mm dishes

and imaged prior to, as well as every hour following, the addition of doxycycline

(1 µg/mL) to the media. Using this method, it was determined that nascent GFP-

hAgo2 was sufficiently accumulated in P bodies as to be microscopically visible

beginning at 6 hours post-induction.  The effect of inhibition of Hsp90 activity on

the recruitment of nascent GFP-hAgo2 to P bodies was then determined by

inducing the expression of GFP-hAgo2 with doxycycline in the presence of either

10 µM geldanamycin or an equivalent volume of DMSO for 6 and 10 hours. As

shown in Figure 3.1A, and quantitated using Imaris x64 image quantitation

software in Figure 3.1B, inhibition of Hsp90 activity with geldanamycin

effectively abrogates the recruitment of nascent GFP-hAgo2 to P bodies.

Additionally, the fluorescent intensity of GFP-hAgo2 throughout the cytoplasm

was measured and found to be reduced in geldanamycin-treated cells (Figure

3.1B).
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Figure 3.1 Inhibition of Hsp90 activity with geldanamycin impairs recruitment
of nascent GFP-hAgo2 to P bodies. A. Expression of GFP-hAgo2 was induced in
stably transfected HeLa cells by addition of 1 µM doxycycline (+DOX) for 6 or 10
hours in the presence or absence of 10 µM geldanamycin (Geld or DMSO,
respectively). Images were acquired immediately prior to induction with DOX
(-DOX) and also at 6 and 10 hours post-induction. The insets at the bottom left
are enlargements of the areas within the black squares. B. The average numbers
of GFP-hAgo2 positive P bodies in DMSO- (6 hr, n=52; 10 hr, n=63) and
geldanamycin-treated cells (6 hr, n=64; 10 hr, n=81) were determined. In
addition, the average fluorescent intensities of GFP-hAgo2 in the cytoplasm at 6
and 10 hours post-induction with DOX are shown (arbitrary units). Data were
acquired using Imaris software. Size bar represents 10 µm. Error bars indicate
standard error of the mean, p values are displayed.
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3.2.2 Hsp90 activity is required for the formation and/or stability of GW182-

positive P bodies

Reduced recruitment of nascent GFP-hAgo2 to P bodies following

inhibition of Hsp90 activity with geldanamycin could in fact be due to reduced

formation and/or stability of these RNPs. To address the potential scenario that

P body integrity is dependent on Hsp90 activity, HeLa cells were treated with 10

µM geldanamycin or DMSO for a total of 6 or 10 hours. Following treatment, the

cells were processed for indirect immunofluorescence and the number of P

bodies was determined using an antibody to GW182, a core component of P

bodies. Results in Figure 3.2 show that inhibition of Hsp90 activity for 6 hours

reduces the number and intensity of P bodies, while treatment with

geldanamycin for 10 hours results in a near complete loss of microscopically

visible P bodies. These data indicate that the biogenesis and/or stability of P

bodies is dependent upon Hsp90 activity.
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Figure 3.2 Inhibition of Hsp90 activity with geldanamycin eliminates GW182-
positive P bodies. HeLa cells were treated with DMSO or 10 µM geldanamycin
for 6 and 10 hours after which they were processed for indirect
immunofluorescence using antibodies specific for the P body resident protein
GW182. Size bar represents 10 µm.
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3.2.3 Hsp90 activity is required for miRNA-mediated post-transcriptional gene

silencing

The results described above, together with recent work suggesting that P

bodies are formed as a consequence of RNA-mediated silencing (Eulalio et al.,

2007b), support my hypothesis that Hsp90 activity is required for Argonaute

function in miRNA- and/or siRNA-mediated gene silencing. The assay used in this

study to assess miRNA function is based on the regulation of the level of Ras

protein by the let-7 miRNA family (Johnson et al., 2005). Specifically, in a given

cell, Ras levels are inversely proportional to the levels of let-7 miRNAs.

Accordingly, I predicted that if geldanamycin inhibits the ability of Argonautes to

bind let-7 miRNAs, or function after binding, levels of Ras protein would increase

in drug-treated cells. HeLa cells were treated with 10 µM geldanamycin or DMSO

for a total of 12 hours and protein samples were harvested for immunoblot

analysis. Indeed, levels of Ras protein were on average nearly 45% higher in cells

treated with geldanamycin (Figure 3.3A and B). These data are comparable to

those of Johnson et al who reported that inhibition of let-7c functions increases

Ras protein levels by 60-70% (Johnson et al., 2005). The steady state levels of

Argonaute proteins were similar in control and geldanamycin treated samples

(Figure 3.3A and B), indicating that a drug-induced decrease in Argonaute

protein concentration is not the reason for elevated Ras expression. It was also

determined whether additional putative miRNA targets were affected when

Hsp90 activity was inhibited. Using web-based algorithms

(http://microrna.sanger.ac.uk/), we determined that cytochrome c is a high

confidence target of mi29-b, a miRNA that like let-7c, is highly expressed in HeLa

cells (Yeung et al., 2005). It was observed that levels of cytochrome c protein

were significantly increased in geldanamycin-treated cells (Figure 3.3C). Finally, I

monitored Ras protein levels in geldanamycin-treated HepG2 cells. This cell line

contains low levels of let-7c miRNA (Johnson et al., 2005) and, as predicted, Ras

levels were not significantly affected by this drug (Figure 3.3A and B). These
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results suggest that Hsp90 activity is required for efficient miRNA-mediated post

transcriptional gene silencing, however, the potential role (or roles) for Hsp90 in

the maturation and activity of Argonaute2 is still unclear.
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Figure 3.3 Inhibition of Hsp90 activity with geldanamycin results in increased
Ras protein expression. A. HeLa and HepG2 cells were treated with DMSO or 10
µM geldanamycin (Geld) for 12 hours. The level of endogenous Ras is shown
with GAPDH provided as a loading control. Levels of endogenous Argonaute
proteins in HeLa cells were determined using a PAZ domain-specific polyclonal
antibody. B. Quantitation of the level of Ras, normalized to GAPDH and relative
to DMSO control is shown for HeLa and HepG2 samples. C. HeLa cells were
treated with DMSO or 10 µM geldanamycin for 6 hours. Quantitation of the level
of cytochrome c, normalized to GAPDH and relative to DMSO control is shown.
Error bars indicate standard error of the mean, p values are displayed..
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3.2.4 Hsp90 activity is required for the recruitment of GFP-hAgo2 to nascent

stress granules

Stress granules are known to contain stalled translation complexes

(Kedersha et al., 2002) and have been implicated in miRNA-mediated post-

transcriptional gene silencing due, at least in part, to hAgo2 being a component

(Leung et al., 2006). Given that inhibition of Hsp90 blocks the recruitment of

nascent GFP-hAgo2 to P bodies and significantly reduces the number of GW182-

positive P bodies, the effect of geldanamycin on the recruitment of GFP-hAgo2

to stress granules was investigated.

HeLa cells transiently transfected with pcDNA4/TO/GFP-hAgo2 were pre-

treated with 10 µM geldanamycin or DMSO for 2 hours and then stress granule

formation was induced during live cell confocal microscopy with 1 µM

hippuristanol. Under control conditions, GFP-hAgo2-positive stress granule

formation occurred minutes after cells were exposed to hippuristanol (Figure

3.4A). Pre-treatment with geldanamycin appeared to reduce the rate by which

GFP-hAgo2 was targeted to stress granules (Figure 3.4A). Quantitation of the

data using Imaris x64 image quantitation software confirmed that geldanamycin

treatment substantially reduced the total numbers of GFP-hAgo2 positive stress

granules as well as the average GFP fluorescence intensity of the individual

granules compared to control cells (Figure 3.4B).
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Figure 3.4 Inhibition of Hsp90 activity with geldanamycin inhibits recruitment
of GFP-hAgo2 to nascent stress granules in response to hippuristanol. HeLa
cells were transiently transfected with plasmids encoding GFP-hAgo2. At 24
hours post-transfection, cells were treated with DMSO (-) or 10 µM
geldanamycin (+) for 6 hours, after which, hippuristanol was added to a final
concentration of 1 µM. Cells were then imaged every 30 seconds for a total of 20
minutes. A. Still images are presented from beginning, mid and end time points.
The insets in the bottom left of the panels are enlargements of the areas within
the squares. Size bar represents 10 µm. B. The fluorescent intensities of newly
forming stress granules in geldanamycin (n=22) or DMSO (control) (n=33) treated
samples were measured at regular intervals after addition of hippuristanol.
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3.2.5 Inhibition of Hsp90 does not affect the formation of stress granules

Due to the previously described effects of blocking Hsp90 activity on

GW182-positive P bodies, it was necessary to confirm that the inhibition of

Hsp90 was not having negative effects on the formation of stress granules. TIA1

cytotoxic granule-associated RNA binding protein (TIA-1) is considered a

nucleating factor in stress granule formation (Kedersha et al., 1999) and as such,

coalescence of GFP-tagged TIA-1 into nascent stress granules was used to

monitor their biogenesis. HeLa cells transiently transfected with pEGFP-C1/TIA1

were pre-treated with 10 µM geldanamycin or DMSO for 2 hours and then stress

granule formation was induced during live cell confocal microscopy with 1 µM

hippuristanol. In contrast to results with cells expressing GFP-hAgo2, pre-

treatment with geldanamycin did not dramatically affect the recruitment of GFP-

tagged TIA-1 to stress granules (Figure 3.5A), and this was confirmed by

quantitation of the data using Imaris x64 image analysis software (Figure 3.5B).
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Figure 3.5 Inhibition of Hsp90 activity with geldanamycin does not affect
formation of GFP-TIA-positive stress granules in response to hippuristanol.
HeLa cells were transiently transfected with plasmids encoding GFP-TIA. At 24
hours post-transfection, cells were treated with DMSO (-) or 10 µM
geldanamycin (+) for 6 hours after which hippuristanol was added to a final
concentration of 1 µM. Cells were then imaged every 30 seconds for a total of 20
minutes. A. Still images are presented from beginning, mid and end time points.
The insets in the bottom left of the panels are enlargements of the areas within
the squares. Size bar represents 10 µm. B. The fluorescent intensities of newly
forming stress granules in geldanamycin- (n=20) or DMSO- (control) (n=24)
treated samples were measured at regular intervals after addition of
hippuristanol.
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3.2.6 Hsp90 and a subset of its co-chaperones localize to nascent stress

granules

To determine if Hsp90 complex components are themselves recruited to

stress granules and/or P bodies, I examined the relative localizations of Hsp90

and associated co-chaperones under control and stressed conditions. In control

cells, Hsp90 was homogenously distributed throughout the cytoplasm and

nuclei. However, when translational stress was induced, a pool of Hsp90 was

recruited to newly formed stress granules (Figure 3.6A, arrowheads). Similarly,

the early and late Hsp90 co-chaperones Hop and Aha1 (Figure 3.6A and B,

respectively), as well as the ubiquitous co-chaperone p23 (Figure 3.6C) were

recruited to nascent hAgo2-positive stress granules. Hsp90 complexes are

defined by the presence of specific co-chaperones and two of the main types

are: i) Cdc37-containing, which regulate the maturation of some protein kinases;

ii) immunophillin-containing (e.g. FKBP59) that participate in the maturation and

transport of steroid hormone receptors (Taipale et al., 2010). In Figures 3.6A and

3.6C it can be seen that Cdc37 but not FKBP59 is recruited to stress granules.
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Figure 3.6 Hsp90 and specific co-chaperones are localized to stress granules
formed in response to hippuristanol treatment. A. HeLa cells were treated with
DMSO or 1 µM hippuristanol (+HIPP) for 1 hour before processing for indirect
immunofluorescence using antibodies specific for Hsp90, Aha1, Cdc37, p23 and
FKBP59. Newly formed stress granules are marked with arrowheads. B. Control
or stably transfected HeLa cells expressing GFP-hAgo2 were treated with 1 µM
hippuristanol for 1 hour. Cells were then processed for indirect
immunofluorescence using antibodies specific for hAgo2, Hsp90, Aha1, Cdc37,
HOP, p23 or FKBP59. In all cases the inset panels in the bottom right are
enlargements of the areas marked by white squares. Size bars represent 10 µm.
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3.2.7 PACT, but not Dicer nor TRBP, is recruited to stress granules

The localization of the hAgo2-binding proteins Dicer, TRBP and PACT in

control and stressed cells was also examined as these proteins form a large

complex that facilitates maturation of miRNAs and RISC assembly (Lee et al.,

2006; Maniataki and Mourelatos, 2005). None of the Argonaute-binding proteins

was associated with cytoplasmic foci in control cells, but instead, localized

diffusely throughout the cytoplasm and nucleus (Figure 3.7A). The nuclear

staining with anti-Dicer and anti-TRBP reagents has been attributed to

nonspecific binding because when the experiments were repeated with

fluorescently-tagged Dicer and TRBP, it was observed that both proteins were

largely confined to the cytoplasm (Figure 3.7B). Similar results were reported by

other laboratories (Laraki et al., 2008; Provost et al., 2002). In contrast to Dicer

and TRBP, PACT was efficiently recruited to TIA-positive stress granules (Figure

3.7A) indicating that components of the RISC loading complex react differently to

translational stress.
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Figure 3.7 PACT, but not Dicer or TRBP, localizes to stress granules formed in
response to hippuristanol treatment. A. HeLa cells were treated with DMSO
(Control) or 1 µM hippuristanol for 1 hour before processing for indirect
immunofluorescence using antibodies specific for TIA, Dicer, TRBP and PACT.
Nascent TIA- and PACT-positive stress granules are indicated with arrows. B.
HeLa cells were transiently transfected with plasmids encoding GFP-Dicer or
GFP-TRBP. Cells were treated with DMSO (-) or 1 µM hippuristanol (+) for 1 hour
before processing for indirect immunofluorescence using an antibody specific for
TIA. Size bars represent 10 µm.
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3.2.8 PACT and TRBP are not required for the formation of or the recruitment of

GFP-hAgo2 to P bodies and stress granules

The Dicer-binding proteins TRBP and PACT are components of the RISC

loading complex, and contribute to efficient miRNA-mediated silencing

(Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 2006). Furthermore, it

has been suggested that one or both of these co-factors of Dicer may be

required for the biogenesis of mature miRNAs (Chendrimada et al., 2005; Lee et

al., 2006). To determine whether either of these proteins is required for the

formation of P bodies or stress granules, or the recruitment of hAgo2 to stress

granules, I used a mouse embryonic fibroblast cells from knockout mice. TRBP-

and PACT-deficient cells were treated with either DMSO or 1 µM hippuristanol

for 1 hour and then fixed and processed for indirect immunfluorescence using

antibodies against GW182, hAgo2 and TIA. Figure 3.8 shows that both GW182-

positive P bodies and TIA-positive stress granules are formed in the absence of

either TRBP or PACT, and additionally that hAgo2 is efficiently recruited to stress

granules in both cases.
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Figure 3.8 Formation of neither P bodies nor stress granules, and recruitment
of endogenous hAgo2 to nascent stress granules, require TRBP or PACT. A.
Mouse embryonic fibroblasts (wildtype (WT), PACT -/-, TRBP +/- and TRBP -/-)
were processed for indirect immunofluorescence using an antibody specific for
GW182. B. Mouse embryonic fibroblasts (wildtype (WT), PACT -/-, and TRBP -/-)
were treated with 1 µM hippuristanol for 1 hour and then processed for indirect
immunofluorescence using antibodies specific for human Argonaute and TIA.
Size bars represent 10 µm.
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3.2.9 Physical interaction between Hsp90 and human Argonaute 2 is unaffected

by inhibition of Hsp90 activity

To determine whether the co-localization between hAgo2 and Hsp90

complex components at stress granules is due to increased association between

hAgo2 and Hsp90, immunoprecipitation of Hsp90 was performed under non-

denaturing conditions. Lysates prepared from hippuristanol-treated and control

HeLa cells were subjected to immunoprecipitation with mouse anti-Hsp90.

Immunoblot analysis was used to determine the relative binding between Hsp90

and Argonaute proteins. Surprisingly, treatment with 1 µM hippuristanol for 90

minutes prior to lysis had no appreciable effect on the amount of Hsp90-

associated hAgo2 (Figure 3.9). Similarly, inhibition of Hsp90 activity with 10 µM

geldanamycin for 2 hours prior to lysis or treatment with hippuristanol did not

significantly affect the binding of Argonautes to Hsp90.
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Figure 3.9 Human hAgo2 interacts with Hsp90 and this interaction is not
affected by treatment with geldanamycin or hippuristanol. HeLa cells treated
with DMSO (-), 1 µM hippuristanol for 2 hours (HIPP), 10 µM geldanamycin for 2
hours (Geld) or both drugs were subjected to immunoprecipitation with an
antibody specific for Hsp90, followed by immunoblotting with antibodies specific
for Hsp90 and human Argonaute. Immunoprecipitation with anti-HA (12CA5) is
shown as a control.



96

3.2.10 Association of miRNAs with pre-existing GFP-hAgo2 is unaffected by

inhibition of Hsp90

Although Argonaute complexes can be programmed with small RNAs that

do not require Dicer processing (Elbashir et al., 2001a), RISC activation is much

more efficient when coupled to Dicer activity (Chendrimada et al., 2005; Gregory

et al., 2005; Maniataki and Mourelatos, 2005; Pham et al., 2004). Given that

formation of stable Dicer/Argonaute complexes is dependent on Hsp90 activity

(Tahbaz et al., 2004), I questioned whether this chaperone is also required for

the loading of small RNAs onto Argonaute. To address this question, I compared

the amount of let-7 miRNA-associated with GFP-hAgo2 in cells that had been

treated with or without 10 µM geldanamycin. Expression of GFP-hAgo2 was

induced for 6 hours in stably transfected cells prior to introduction of

geldanamycin. Induction of GFP-hAgo2 and inhibition of Hsp90 was continued

for an additional 12 hours, after which immunoprecipitations were performed

using anti-GFP antibodies. RNA was isolated from load, flow-through and bound

fractions and levels of let-7c miRNA were analyzed by quantitative PCR. Results

presented in Figure 3.10 show that, while equivalent amounts of GFP-hAgo2

were immunoprecipitated, levels of let-7c miRNA associated with GFP-hAgo2

were unaffected by geldanamycin treatment. Furthermore, the total level of let-

7c miRNA remains unchanged after 12 hr of geldanamycin treatment.
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Figure 3.10 Association of let-7c miRNA with GFP-hAgo2 is unaffected by
geldanamycin. Cells expressing GFP-hAgo2 were treated with DMSO or 10 µM
geldanamycin (Geld) for 12 hours after which time GFP-hAgo2 was
immunoprecipitated using an antibody specific for GFP or normal goat serum as
a control (NGS). Total RNA was isolated from bound (GFP IP), control bound (NGS
IP) and unbound (GFP IP FT) and the level of let-7c miRNA present in each
fraction was determined by RT-qPCR. Samples were also subjected to western
blotting and levels of immunoprecipitated GFP-hAgo2 were determined using an
antibody specific to GFP. Error bars indicate standard error of the mean, p values
are displayed..
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3.3 Summary

In this section, a putative role for the molecular chaperone Hsp90 during

the maturation and/or activation of hAgo2, and potentially other human

Argonaute proteins, was described. The effects of geldanamycin on the

association of nascent GFP-hAgo2 with existing P bodies, formation and/or

stability of existing P bodies and the expression of endogenous miRNA targets

(e.g. Ras, cytochrome c) strongly suggest a role for Hsp90 in the miRNA pathway.

While the mechanism was not fully determined, due to both the reduced

association of GFP-hAgo2 with nascent stress granules and that localization of

hAgo2 to stress granules is dependent on association with small RNAs (Leung et

al., 2006), it was speculated that inhibition of Hsp90 results in a decreased

amount of small RNAs associated with RISC. Indeed, a series of papers published

following our report show that the loading of RNA duplexes requires both ATP

(Yoda et al., 2010) and the activity of the Hsc70/Hsp90 complex (Iki et al., 2010;

Iwasaki et al., 2010; Miyoshi et al., 2010). However, our data demonstrating no

reduction in the amount of the miRNA let-7c associated with

immunoprecipitated GFP-hAgo2 following inhibition of the Hsp90 activity appear

to contradict our initial conclusion, as well as the conclusions of the

aforementioned reports. It is likely that RISC complexes are very stable once

formed; therefore, we may have been unable to detect a difference in loading

due to a prevalence of loaded Argonautes formed prior to the addition of

geldanamycin. It is also possible that Hsp90 activity is required only to accelerate

or enhance the efficiency of loading and, with prolonged treatments with

geldanamycin, RISC would still be loaded with miRNAs despite a lack of

chaperone activity, albeit with decreased kinetics. Further complicating the

conclusion that Hsp90 activity is required for loading miRNAs into hAgo2, and

that decreased loading of GFP-hAgo2 is responsible for the impaired recruitment

to stress granules, is the observation that stress granules form normally in both

PACT-deficient and TRBP-deficient cell lines and that hAgo2 is efficiently
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recruited to them. It is clear that a better understanding of the involvement and

role of Hsp90 in the maturation and activation of hAgo2 within the context of

the miRNA-mediated silencing pathway is required in order to resolve these

outstanding issues.

I have also demonstrated that a specific subset of Hsp90 complexes

associate with stress granules. As mentioned, two major classes of Hsp90

complexes are classified as containing either Cdc37 or immunophillins. Here I

have shown that Cdc37 co-localizes with Hsp90 and hAgo2 at stress granules,

while the immunophillin FKBP59 does not. These data led me to speculate that

there may be specific sub-groups of Hsp90 co-chaperones that are required for

the maturation and/or activation of hAgo2 by Hsp90 and specifically that the

Cdc37 co-chaperone may have a role in regulating the function and/or

localization of the RNAi machinery.
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CHAPTER 4

Geldanamycin impairs target-binding by hAgo2 in vitro
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4.1 Rationale

After the results detailed in chapter 3 of this thesis were published, a

number of groups demonstrated that the loading of RNA duplexes onto

Argonaute proteins requires both ATP (Leung et al., 2006) and the activity of the

Hsp90 chaperone complex (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al.,

2010). Iwasaki et al. (2010) reported that, if a siRNA duplex was loaded prior to

the inhibition of Hsp90, hAgo2 was able to cleave a target RNA efficiently in the

absence of Hsp90 activity. However, the majority of miRNA-mediated silencing in

mammalian systems occurs in a cleavage-independent manner (Baek et al.,

2008; Guo et al., 2010). Silencing by a cleavage-independent mechanism

suggests that the ability of RISC to stably associate with the targeted mRNA is

more significant for efficient silencing than its ability to cleave the mRNA.

Endogenous miRNAs can direct the cleavage of an mRNA with a perfectly

complementary binding site (Hutvagner and Zamore, 2002; Song et al., 2004;

Yekta et al., 2004). As cleavage is a result of complete base-pairing throughout

the miRNA sequence, an extensive duplex must form between miRNAs and their

target. Moreover, in order for the hAgo2 to cleave the mRNA, the duplex must

be incorporated within the structure of hAgo2 such that the substrate is

positioned adjacent to the active site within the PIWI domain. However, nascent,

unloaded hAgo2 is unable to accommodate a RNA duplex without chaperone

activity (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010). In view of this,

I hypothesized that the incorporation of a miRNA-target duplex into the

structure of hAgo2 would require the activity of Hsp90. Consistent with this

prediction, structural studies of Thermus thermophilus Argonaute show

considerable rearrangement of the amino-terminal and PAZ domains, relative to

the MID and PIWI domains, during target-binding (Wang et al., 2008). Therefore,

I predicted that inhibition of Hsp90 activity would impair the ability of hAgo2 to

stably associate with a targeted mRNA.
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4.2 Results

4.2.1 Inhibition of Hsp90 activity with geldanamycin impairs target-binding by

hAgo2 in vitro

Hutvagner et al. (2004) reported that modified antisense oligonucleotides

can be used to block small RNA-mediated post-transcriptional gene silencing

(Hutvagner et al., 2004). A modification replacing the hydroxyl group at the 2’

position of the ribose with an O-methyl group renders an oligonucleotide

containing these bases resistant to endonucleolytic cleavage (Inoue et al., 1987).

These modified oligonucleotides can also be used in sequence-specific

purification of RISC (Aoki et al., 2007; Fabian et al., 2009; Jannot et al., 2011;

Mayr et al., 2007; Yigit et al., 2006). Specifically, a biotinylated 2’-O- methylated

oligonucleotide antisense to guide miRNA is bound by RISC and pulled down

using streptavidin- coupled magnetic beads.

The  human  hepatoma  cell  line,  Huh7.5,  is  commonly  used  as  a  cell

culture model for Hepatitis C virus infection. This cell line was chosen for these

experiments as the liver-specific miRNA miR-122 is the predominant miRNA

species in human liver and Huh7.5 cells (Randall et al., 2007). In human liver,

miR-122 accounts for greater than 70% of all miRNA species cloned, whereas in

the Huh7.5 hepatoma-derived cell line it represents 23% of all cloned miRNAs

(Randall et al., 2007). We anticipated that this biased expression of a single

miRNA species would provide the basis for isolating a significant portion of RISC.

A biotinylated 2’-O-methylated oligonucleotide antisense to miR-122 of

Homo sapiens was adsorbed to streptavidin-coupled magnetic beads. An

oligonucleotide antisense to Caenorhabditis elegans miR-35 was used as a

control. Huh7.5 cells were lysed by dounce homogenization. Lysates were

aliquoted and treated with either DMSO or 100 µM geldanamycin immediately

prior to incubation with oligonucleotide-coated beads. The relative level of bead-

associated RISC was determined by quantitative western blot analysis. Inhibition
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of Hsp90 activity significantly reduced the association of hAgo2 with the 2’-O-

methylated oligonucleotide-adsorbed beads (Figure 4.1).
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Figure  4.1  Inhibition  of  Hsp90  activity  with  geldanamycin  impairs  target-
binding by hAgo2 in vitro. A. Lysates of Huh7.5 were treated with DMSO (-) or
100 µM geldanamycin (+) prior to pulldown with a 2’-O-methylated
oligonucleotide antisense to miR-122. An oligonucleotide antisense to
Caenorhabditis elegans miR-35 was used as a control.  The levels of bound hAgo2
were determined using a PAZ domain-specific polyclonal antibody. B.
Quantitation of the  relative  level  of  hAgo2  is  shown  for  the  DMSO- and
geldanamycin- treated (Geld) samples. Amount of hAgo2 non-specifically
associated with miR-35 beads was subtracted as background. Error bars indicate
the standard error of the mean, p values are displayed..
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4.3 Summary

Establishing a stable interaction between miRISC and a targeted mRNA is

predicted to be an important factor in maintaining miRNA-mediated post

transcriptional gene silencing (Bartel, 2009). This stable association is expected

to involve the formation of a partially complementary duplex between the guide

strand of the miRNA and the target mRNA. Given the requirement for Hsp90

chaperone activity for efficient loading of a miRNA duplex onto Argonaute

proteins, I hypothesized that the stable interaction of RISC with a target mRNA

would also require Hsp90 activity. In this chapter, I demonstrate that inhibition

of Hsp90 impairs the interaction of hAgo2 with a target RNA in vitro.

As this effect was examined using a single miRNA-target interaction, the

universal requirement for Hsp90 activity in target binding remains unclear. It is

tempting to speculate that as the complementarity between the guide and the

target decreases, resulting in duplexes with increasingly bulged structures,

Hsp90 activity may be vital for establishing stable association of hAgo2 with a

targeted mRNA. This hypothesis posits that a perfectly complementary duplex

would be more readily incorporated into the structure of the Argonaute protein

than would a more bulged duplex.

These results suggest that hAgo2 can bind to a target RNA when ATP-

binding by Hsp90 is inhibited. However, it is important to note that while

chaperones often increase the efficiency of specific processes, they may not be

absolutely required for these processes to occur.  Moreover, as geldanamycin

cannot displace ATP from the binding pocket of Hsp90, these results cannot

account for target-binding by hAgo2 in pre-existing complexes with ATP-bound

Hsp90. As a result, a more detailed understanding of the requirement for Hsp90

activity in the target-binding by RISC in vivo is required.
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CHAPTER 5

Specific Hsp90 co-chaperones are required for efficient small RNA-
mediated post-transcriptional gene silencing
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5.1 Rationale

In chapter 3, I described the identification of a subset of Hsp90 co-

chaperones that co-localize with hAgo2 to stress granules. These include the

kinase-specific co-chaperone Cdc37 as well as the generic co-chaperone Aha1.

Additionally, the immunophillin FKBP52 was shown not to localize to these

granules. Generally, the function of co-chaperones is to modulate the

biochemical activity of Hsp90 by guiding the initial recognition of specific clients

in addition to regulating different aspects of the chaperone cycle. Therefore, I

hypothesize that one or more of the co-chaperones that are recruited to stress

granules are necessary for hAgo2 function.

A short-hairpin RNA (shRNA)-based approach was used to knock down

the expression of Aha1, Cdc37 and FKBP52 in order to study the effects of these

co-chaperones on the RNAi pathway. If my hypothesis is correct, knocking down

the expression of a co-chaperone required for the maturation and function of

hAgo2 would decrease the efficiency of small RNA-mediated post-transcriptional

gene silencing.  In the present chapter, I identify a role for two of these co-

chaperones in the siRNA- and miRNA-mediated post-transcriptional gene

silencing pathways.

5.2 Results

5.2.1 Reporters for assaying the efficiency of small RNA-mediated gene

silencing

A number of reporter-based systems have been used to assay miRNA-

mediated silencing (McClure et al., 2011; Sullivan and Ganem, 2005). Generally,

the 3’ untranslated region (UTR) of an endogenous miRNA target is subcloned

downstream of the open reading frame of a reporter such as luciferase or GFP.

As a result of the miRNA-binding sites within the 3’ UTR, the level of translation
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from this mRNA is significantly reduced as compared to an mRNA transcribed

from a control construct that lacks the miRNA target site. This reduced protein

expression is attributed to miRNA-mediated, cleavage-independent, post-

transcriptional gene silencing. In this study, a reporter containing the 3’ UTR of

the KRAS mRNA, sub-cloned into the 3’ UTR of a GFP reporter was used (GFP-

KRAS, Figure 5.1). This 3’ UTR contains binding sites that are targeted by

members of the let-7 family of miRNAs and is sufficient to reduce the translation

of a reporter mRNA (Johnson et al., 2005) (Figure 5.2).

A second type of reporter system relies on a cleavage-dependent

mechanism of silencing. Generally, a sequence with perfect complementarity to

an endogenous miRNA is sub-cloned into the 3’ UTR of the reporter construct.

Endogenous miRNAs guide hAgo2-containing RISC to mRNAs produced from this

plasmid resulting in cleavage by the endonuclease activity of hAgo2.  In this

study, a cassette encoding a sequence with perfect complementarity to the let-

7a miRNA was cloned into the 3’ UTR of a GFP reporter (GFP-let7a, Figure 5.1).

This strategy significantly reduces the expression of the reporter protein by

destabilizing the mRNA (Figure 5.2).

It should be noted that, in this study, pEGFP-C1 was used as a GFP only

control. The GFP protein encoded by pEGFP-C1 is 26 amino acids larger than the

GFP encoded by pEGFP-N1, accounting for thedifference in size as detected by

immunoblot analysis.
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Figure 5.1 GFP-based reporters for assaying the efficiency of miRNA-mediated gene
silencing. A. Schematic representing the reporter plasmid encoding the 3’ UTR of KRAS
subcloned downstream of a GFP reporter. The full-length human KRAS 3′ UTR has eight
potential let-7 complementary sites. Hypothesized duplexes formed by mRNA sites (top)
and let-7a miRNA (bottom) are shown. Region of KRAS 3’ UTR used in reporter vector
and sites within that region are shown in black. B. Schematic represents the reporter
plasmid encoding the cassette with perfect complementarity to let-7a, subcloned
downstream of a GFP reporter. Duplex between the mRNA site (top) and the let-7a
miRNA (bottom) is shown. Adapted from (Johnson et al., 2005).
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5.2.2 Knockdown of Aha1 and Cdc37 impairs small RNA-mediated gene

silencing

To determine if specific Hsp90 co-chaperones are required for efficient miRNA-

or siRNA-mediated post-transcriptional gene silencing, I used the GFP-based

RNAi reporters detailed above in combination with shRNA-based knockdown of

co-chaperones. It was determined empirically that the most robust knockdown

of Aha1 and FKBP52 was seen at 72 hours post-transfection with the shRNA

plasmids. The co-chaperone Cdc37 is essential for long-term viability (Tatebe and

Shiozaki, 2003; Westwood et al., 2004) and therefore, cells treated with Cdc37

shRNAs were harvested at 48 hours to limit cell death. Control cells transfected

with pLKO.1 (the parent vector lacking shRNA cassette) show efficient miRNA-

mediated gene silencing of the GFP-KRAS and GFP-let7a reporters (Figure 5.2A

and B). Knocking down expression of the Hsp90 co-chaperones Aha1 and Cdc37,

but not FKBP52, resulted in a near complete loss of miRNA-mediated, cleavage-

independent silencing of the GFP-KRAS reporter (Figure 5.2A and B). Depletion of

these co-chaperones had a similar effect on cleavage-dependent silencing of the

GFP-let7a reporter (Figure 5.2A and B). Unexpectedly, knocking down FKBP52

expression also reduced the efficiency of miRNA-mediated silencing of the GFP-

let7a construct, albeit to a lesser extent than knockdown of Aha1 and Cdc37

(Figure 5.2A and B).
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Figure 5.2 Knockdown of Hsp90 co-chaperones Aha1 and Cdc37 impairs miRNA-
mediated silencing of a GFP reporter. A. HeLa cells were transiently transfected
with plasmids encoding GFP, GFP-KRAS or GFP-let7a and shRNAs to silence the
expression of Aha1, Cdc37, FKBP52, or vector only control (pLKO.1). 24 hours
following transfection, cells containing shRNA plasmids were positively selected
by growth in media containing 2.5 µg/mL of puromycin. Cells knocked down for
Cdc37 were harvested 48 hours post-transfection while all other samples were
harvested 72 hours post-transfection. GFP expression was determined by
quantitative western blot analysis. GAPDH levels are shown as loading controls.
Lower case Roman numerals indicate triplicate samples. B. Quantitation of the
level of GFP, normalized to GAPDH and relative to the GFP control, is shown for
the GFP-KRAS (-KRAS) and GFP-let7a (-let7a) constructs for each co-chaperone
knockdown. Error bars indicate standard error of the mean, p values are shown.



115



116

5.2.3 Knockdown of Aha1, Cdc37 or FKBP52 does not affect the ability of

tethered hAgo2 to silence translation

miRNAs function to guide hAgo2-containing protein complexes to the 3’

UTR of mRNAs. Following the interaction of hAgo2 with the targeted mRNA,

additional protein factors (e.g. GW182) are recruited, leading to a decrease in

translation as well as a destabilization of the mRNA. Artificially tethering hAgo2

to the 3’ UTR of a reporter mRNA leads to a decrease in the translation of the

reporter in a miRNA-independent manner (Eckhardt et al., 2011; Pillai et al.,

2004). This can be done using tandem repeats of the BoxB hairpins cloned into

the 3’ UTR of a reporter (e.g. GFP) mRNA (GFP-BoxB). When co-expressed with

HA-tagged hAgo2 fused to the lambdaN protein (NHA-hAgo2), the lambdaN

protein will bind to the tandem BoxB hairpin repeats in the 3’ UTR of the GFP-

BoxB mRNA, thereby tethering hAgo2 to the 3’ UTR. HA-tagged fusion of

LambdaN and the LacZ protein (NHA-LacZ) was used as a non-silencing control,

and HA-tagged hAgo2 (HA-hAgo2) served as a non-tethering control. Using this

system, I investigated whether the additional protein factors recruited to the

message, following hAgo2 binding, were still able to efficiently silence the

translation of an mRNA.

Expression of specific Hsp90 co-chaperones was knocked-down using

shRNAs as described above. In all cases, the knockdown of Hsp90 co-chaperones

had no effect on the ability of the lambdaN-HA-tagged hAgo2 to silence

expression of the GFP reporter (Figure 5.3A and B).



117

Figure 5.3 Knockdown of Aha1, Cdc37 or FKBP52 does not impair silencing of a
GFP reporter when hAgo2 is artificially tethered to the mRNA. A. HeLa cells
were transiently transfected with plasmids expressing NHA-hAgo2, NHA-LacZ,
HA-hAgo2 along with the GFP-BoxB reporter. Also included were shRNAs to
silence the expression of Aha1, Cdc37, FKBP52 or vector only control (pLKO.1).
24 hours following transfection, cells containing shRNA plasmids were positively
selected by growth in media containing 2.5 µg/mL of puromycin. Cells knocked
down for Cdc37 were harvested 48 hours post-transfection while all other
samples were harvested 72 hours post-transfection. Level of GFP expression was
determined by quantitative western blot analysis using a polyclonal antibody
specific for GFP. B. The fold-repression of expression observed, relative to the
NHA-LacZ non-silencing control, is shown for each co-chaperone knockdown.
Error bars indicate standard error of the mean, p values are displayed.
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5.2.4 The levels of hAgo2 and GW182 proteins are unaffected by knockdown of
Aha1, Cdc37 or FKBP52

The GFP-let7a reporter construct is transcribed to generate a mRNA that

is targeted for cleavage by hAgo2-containing RISC by virtue of containing a

miRNA-binding site with perfect complementarity to the let-7a miRNA. In the

case of the GFP-KRAS reporter construct, the expression of GFP is limited by

miRNA-mediated repression of translation, via a mechanism that is independent

of mRNA cleavage by hAgo2. Decreased hAgo2 protein levels could, in theory,

account for the reduced efficiency of both cleavage-dependent and cleavage-

independent silencing described in Section 5.2.1. Moreover, GW182 interacts

with Argonautes and is necessary for cleavage-independent miRNA-mediated

silencing (Jakymiw et al., 2005; Liu et al., 2005a; Meister et al., 2005). Therefore,

an alternative explanation for the reduced efficiency of silencing, which is not

mutually exclusive with a reduction in hAgo2 levels, is reduced accumulation of

GW182.

To determine if the levels of either hAgo2 or GW182 were affected by the

knockdown of Aha1, Cdc37 or FKBP52, whole cell lysates were analyzed by

quantitative western blot. Immunoblotting for Aha1, Cdc37 and FKBP52 showed

efficient knockdown of each co-chaperone (Figure 5.4A and B). Surprisingly,

reduction of Aha1 and FKBP52 resulted in increased steady-state levels of hAgo2

and GW182 (Figure 5.4A and B). While unexpected, these data show that the

observed impairment of post-transcriptional gene silencing is not the result of

decreased steady-state levels of hAgo2 or GW182.
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Figure 5.4 Knockdown of Aha1, Cdc37 or FKBP52 does not reduce the steady-
state levels of hAgo2 or GW182. A. HeLa cells were transiently transfected with
plasmids expressing shRNAs to silence the expression of Aha1, Cdc37, FKBP52 or
vector only control (pLKO.1). 24 hours following transfection, cells containing
shRNA plasmids were positively selected by growth in media containing 2.5
µg/mL of puromycin. Cells knocked down for Cdc37 were harvested 48 hours
post-transfection while all other samples were harvested 72 hours post-
transfection. The levels of co-chaperones, hAgo2 (Ago) and GW182 expression
were determined by quantitative western blot analyses. The level of
heterogeneous nuclear ribonucleoprotein U (hnRNP U) is shown as a loading
control. B. Quantitation of the levels of hAgo2, GW182 and co-chaperones,
normalized to hnRNP U and relative to pLKO.1-transfected control, are shown for
Aha1, Cdc37 and FKBP52 knockdowns.
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5.2.5 Knockdown of Aha1, Cdc37 or FKBP52 does not affect steady-state levels

of the let-7 miRNA family

Hsp90 activity mediates the loading of small RNA duplexes onto

Argonaute proteins (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010).  As

critical modulators of Hsp90, I speculated that certain co-chaperones are

required for this step in the activation of hAgo2. I also predicted that inhibiting

the loading of miRNA duplexes onto Argonaute proteins by knocking down these

required co-chaperones would result in decreased miRNA stability and

accumulation. As the reporters for RNAi-mediated silencing used in this study

were targets of the let-7 family of miRNAs, my analysis of miRNA levels focused

on this group of 14 miRNAs.

Following shRNA-mediated knockdown of Hsp90 co-chaperones, the level

of miRNAs was monitored by microarray profiling. Pure RNA of high integrity (i.e.

no detectable degradation), isolated from cells in which Aha1, Cdc37 or FKBP52

levels were reduced, was submitted to the Alberta Transplant Applied Genomics

Centre for analysis. Microarray profiling of microRNA expression showed no

changes outside the threshold of greater than two-fold in the relative levels of

let-7 family members, as compared to the pLKO.1 control (Figure 5.5).
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Figure 5.5 Knockdown of Aha1, Cdc37 or FKBP52 does not reduce the steady-
state levels of the let-7 miRNA family. HeLa cells were transiently transfected
with plasmids expressing shRNAs to silence the expression Aha1, Cdc37, FKBP52
or vector only control (pLKO.1). 24 hours following transfection, cells containing
shRNA plasmids were positively selected by growth in media containing 2.5
µg/mL of puromycin. Cells knocked down for Cdc37 were harvested 48 hours
post-transfection while all other samples were harvested 72 hours post-
transfection. miRNA expression profiles were determined by microarray analysis.
Levels of let-7 family miRNAs are shown relative to the pLKO.1 control.
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5.2.6 Knockdown of Aha1, Cdc37 or FKBP52 does not affect pre-miRNA levels of

the let-7 family

In Drosophila, miRNA biogenesis requires the Dcr-1 co-factor Loquacious

(Loqs) (Forstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005). Northern

blot analysis of Loqs knockout Drosophila revealed an accumulation of pre-

miRNAs; however, mature miRNA levels were differentially affected with some

miRNAs decreasing and others showing no change relative to wildtype

Drosophila (Liu et al., 2007). These findings suggest that perturbations of the

RISC loading machinery may not cause a global, predictable decrease in the level

of mature miRNA level. As an alternative to my prediction in section 5.2.5, it is

possible that knockdown of Hsp90 co-chaperones required for loading miRNA

duplexes onto Argonaute proteins would result in pre-miRNA accumulation with

no detectable change in mature miRNA level.

To address whether pre-miRNAs were accumulating in the absence of a

detectable effect on mature miRNAs, the level of pre-miRNAs following shRNA-

mediated knockdown of Hsp90 co-chaperones was determined. Total RNA,

isolated from cells in which Aha1, Cdc37 or FKBP52 levels were reduced, was

submitted to the Alberta Transplant Applied Genomics Centre for analysis.

Microarray profiling of pre-miRNA showed no changes outside the threshold of

greater than two-fold in the relative levels of pre-miRNA of the let-7 family, as

compared to the pLKO.1 control (Figure 5.6).
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Figure 5.6 Knockdown of Aha1, Cdc37 or FKBP52 does not affect the pre-miRNA
levels of the let-7 family. HeLa cells were transiently transfected with plasmids
expressing shRNAs to silence the expression Aha1, Cdc37, FKBP52 or vector only
control (pLKO.1). 24 hours following transfection, cells containing shRNA
plasmids were positively selected by growth in media containing 2.5 µg/mL of
puromycin. Cells knocked down for Cdc37 were harvested 48 hours post-
transfection while all other samples were harvested 72 hours post-transfection.
Pre-miRNA expression profiles were determined by microarray analysis. Levels of
pre-miRNAs of the let-7 family are shown relative to the pLKO.1 control.
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5.3 Summary

In this chapter, a role for the Hsp90 co-chaperones Aha1 and Cdc37 in

mediating efficient post-transcriptional gene silencing by small RNAs was

demonstrated. Knocking down the expression of these Hsp90 co-chaperones

caused a significant increase in expression from reporters designed to assay the

efficiency of miRNA- and siRNA-mediated gene silencing. This evidence strongly

suggests that these co-chaperones participate in the activation of hAgo2 and

potentially other Argonautes. Furthermore, the effect on RNAi efficiency was

observed without a decrease in the levels of effectors such as hAgo2 or GW182

and miRNAs. Evidence from Loqs knockout Drosophila indicates that defects in

miRNA biogenesis do not lead to a predictable decrease in mature miRNA levels

but do result in a global accumulation of pre-miRNAs (Liu et al., 2007). To

address the possibility of a defect in miRNA biogenesis caused by co-chaperones

knockdown, I examined the level of pre-miRNAs of the let-7 family and found no

increase. These data suggest that miRNAs are efficiently processed into mature

miRNAs in the absence of these Hsp90 co-chaperones. Taken together, the

results presented in this chapter are consistent with Hsp90 activity being

required for loading the miRNA duplex onto Argonaute and/or RISC stably

associating with a target mRNA.
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CHAPTER 6

Discussion
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6.1 Overview

The focus of this thesis was to understand the role of Hsp90 in the

activation of hAgo2 within the small RNA-mediated gene silencing pathway. This

pathway requires that small RNAs associate with an Argonaute protein and, once

loaded and unwound, they guide RISC to mRNAs in a sequence-specific manner.

Once bound to a targeted mRNA, translational repression requires stable

association of Argonaute with the targeted mRNA. I hypothesized that the above

protein-RNA interactions are mediated by Hsp90. Consistent with this prediction,

crystallographic studies of Thermus thermophilus Argonaute (TtAgo) showed

considerable structural rearrangement of the protein is required in order to bind

a 21-base guide strand (Wang et al., 2008). Moreover, the interaction of loaded

TtAgo with a 20-base target RNA required additional transitioning of its structure

(Wang et al., 2008). Consistent with my earlier findings (Pare et al., 2009),

recent studies from other laboratories have demonstrated Hsp90 activity is

required for miRNA loading (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al.,

2010); however, the full extent of Hsp90 involvement in hAgo2 maturation

remains unclear.

6.2 A role for Hsp90 in the RNAi-mediated silencing pathway

6.2.1 Localization of silencing machinery

There are many examples where compartmentalization is used to

increase efficiency of cellular processes and, within eukaryotic cells, membrane-

bound organelles are a common example. However, there are also structures

that are devoid of membranes which function to concentrate macromolecules

involved in related pathways. Ribonucleoprotein structures (RNPs) are an

example of this style of compartmentalization and the machinery of the miRNA-
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mediated post transcriptional gene silencing pathway localizes to at least two of

these different RNPs (Leung et al., 2006; Liu et al., 2005b; Sen and Blau, 2005).

6.2.1.1 Processing bodies

Originally identified as concentrations of the exonuclease Xrn1 (Bashkirov

et al., 1997), P bodies contain a number of proteins involved in mRNA decay and

degradation (Andrei et al., 2005; Cougot et al., 2004; Sheth and Parker, 2003;

Stoecklin et al., 2006; Wilczynska et al., 2005). My data show that inhibition of

Hsp90 activity both disrupts P body integrity and prevents the association of

nascent GFP-tagged hAgo2 with existing P bodies. Previous work has shown that

inhibition of small RNA-mediated silencing prevents P body formation, leading to

speculation that the formation of P bodies is a consequence of active RNA-

mediated silencing (Eulalio et al., 2007b). Therefore, I propose that the loss of P

bodies in geldanamycin-treated cells is a reflection of a decrease in the activity of

Argonaute proteins.

6.2.1.2 Stress granules

Formed in response to various cellular stresses, stress granules are

believed to store and repress the translation of mRNAs encoding non-essential

proteins as a means of conserving energy (Buchan and Parker, 2009). The

mechanism for regulating the association of Argonaute proteins with stress

granules remains poorly understood; however, the presence of small RNAs

(Leung et al., 2006) and the ability of hAgo2 to bind to miRNAs [our unpublished

data, Appendix] are required. Based on these observations, recruitment of

hAgo2 to stress granules likely requires that it be actively engaged in RNA-

mediated silencing. Therefore, consistent with my investigations of P body

stability, I conclude that impaired association of GFP-hAgo2 with stress granules

is a consequence of a decrease in small RNA-mediated post-transcriptional gene

silencing.
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6.2.2 RNAi-mediated silencing of endogenous miRNA targets

Many lines of evidence indicate that the localization of Argonaute

proteins to cytoplasmic RNA granules depends on their activity within the RNA-

mediated silencing pathway (Chu and Rana, 2006; Eulalio et al., 2007a; Eulalio et

al., 2007b; Franks and Lykke-Andersen, 2008). Moreover, I have shown that

inhibition of Hsp90 activity by geldanamycin disrupts this localization of hAgo2,

and concluded that Hsp90 activity is required for the RNAi function of hAgo2.

Consistent with this conclusion, treatment with geldanamycin increases the level

of endogenous Ras, a target of the let-7 family (Johnson et al., 2005), and

cytochrome c, a high confidence target of miR-29b. The observations that

geldanamycin leads to an increase in the level of protein expressed from mRNAs

targeted by miRNAs; decreased P body biogenesis and/or stability; and inhibited

recruitment of hAgo2 to stress granules, together strongly support a model in

which Hsp90 activates the RNAi-mediated silencing pathway.

6.2.3 Loading Argonaute proteins with small RNAs

There are a number of steps within the RNAi pathway that could be

expected to require chaperone activity. Intriguingly, localization of Argonautes to

both stress granules and P bodies is dependent on their ability to bind small

RNAs, suggesting that Hsp90 activity may mediate the association of Argonaute

with small RNAs. Indeed, the inhibition of Hsp90 impairs the loading of small

RNA duplexes onto Argonaute proteins in vitro (Iki et al., 2010; Iwasaki et al.,

2010; Miyoshi et al., 2010). While I was unable to demonstrate an effect of

geldanamycin on the loading of GFP-tagged Argonaute, it is plausible that the

Hsp90 chaperone machinery functions to increase the efficiency of small RNA

loading in vivo.
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6.2.3.1 The existing model for Hsp90 involvement in loading small RNAs onto

Argonaute proteins

The current model for Hsp90-mediated loading of an Argonaute protein

posits that the structure of nascent Argonaute proteins is unable to

accommodate a bulky RNA duplex (Czech et al., 2008; Iki et al., 2010; Miyoshi et

al., 2010). In an ATP-dependent manner, the Hsp90 machinery is predicted to

alter the tertiary structure of the Argonaute protein, presenting the RISC loading

complex with a conformation which is able to accommodate the small RNA

duplex (Figure 6.1). Given that addition of geldanamycin after RISC loading does

not inhibit the subsequent unwinding of the miRNA duplex, it was proposed that

the removal of the passenger strand occurs in an Hsp90-independent manner

(Iwasaki et al., 2010). Iwasaki et al. also showed that cleavage of a target RNA

was not inhibited by geldanamycin after loading hAgo2 with an siRNA (Iwasaki et

al., 2010); therefore, the authors concluded that Hsp90 functions exclusively at

the level of loading. However, it is important to note that geldanamycin

functions by inhibiting the initial association of ATP with Hsp90. Once bound to

ATP, the nucleotide-binding pocket will remain occupied until after ATP

hydrolysis and the completion of the chaperone cycle. An alternative hypothesis

to the one proposed in Iwasaki et al. is that the Hsp90-dependent steps of RISC

maturation (e.g. loading, miRNA unwinding, target binding) occur within a single

chaperone cycle. Regardless of which model is ultimately proven correct, further

investigation is required in order to determine the extent of the involvement of

Hsp90 in the maturation of Argonaute proteins and the activation of RNA-

mediated silencing.
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Figure 6.1 Preliminary model for Hsp90-mediated activation of Argonaute
proteins. Nascent Argonaute with low affinity for a small RNA duplex binds
Hsp90. An Hsp90-mediated, ATP-dependent conformational change in
Argonaute increases its affinity for small RNA duplexes. ATP hydrolysis releases
the Hsp90 machinery from Argonaute loaded with a duplex. Following release
from Hsp90, the loaded duplex is unwound and mature Argonaute targets
mRNAs for translational silencing.
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6.2.4 Target-binding by hAgo2

Unlike siRNA-mediated gene silencing, the cleavage-independent miRNA

pathway requires stbale association of an Argonaute protein with a targeted

mRNA. Initial target recognition relies on sequence complementarity between

the mRNA and a stretch of 7-8 bases at the 5’ end of the miRNA known as the

seed region (Lewis et al., 2003), but changes in the sequence of the 3’ end of the

miRNA can affect silencing (Brennecke et al., 2005; Doench and Sharp, 2004;

Grimson et al., 2007). Moreover, miRNAs can direct cleavage of mRNAs with

complete complementarity to the miRNA sequence, and this cleavage takes

place outside of the seed region between bases 10 and 11 (Martinez et al.,

2002). Taken together, these observations suggest that base-pairing between

the guide strand and the target RNA is propagated throughout the length of the

miRNA. The proposition that Argonaute proteins cannot accommodate a miRNA

duplex without the activity of Hsp90, but can accommodate a guide-target

duplex independent of chaperone activity, is paradoxical. I have shown that

inhibition of Hsp90 activity causes a modest decrease in the amount of RISC

captured by a pulldown using 2’-O-methylated oligonucleotides. These data are

consistent with Hsp90 facilitating the incorporation of RNA duplexes within the

bilobal structure of hAgo2, and suggest an expanded role for Hsp90 in the RNAi

pathway. The nature of this expanded role for Hsp90 activity in mediating target-

binding will be discussed further in section 6.4.

6.3 Roles for Hsp90 co-chaperones in the RNAi pathway

Hsp90 activity is regulated by no less than 12 co-chaperones (Pearl and

Prodromou, 2006), which modulate the chaperone cycle by guiding client protein

recognition and either stimulating or inhibiting ATP hydrolysis. Co-localization of

a subset of Hsp90 co-chaperones with hAgo2 at stress granules provided

preliminary evidence that the RNAi pathway may be regulated by a cohort of
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these proteins. In support of this theory, I confirmed that shRNA-mediated

knockdown of Cdc37 and Aha1 significantly reduced the efficiency of both

cleavage-dependent and cleavage-independent small RNA-mediated silencing.

6.3.1 Aha1 and Cdc37 are required prior to the binding of hAgo2 to mRNA

Following miRNA-mediated binding of Argonaute to the 3’ UTR of an

mRNA, additional proteins are recruited which function to repress its translation

(Fabian et al., 2010). Artificially tethering hAgo2 to the 3’ UTR of a reporter

mRNA circumvents the requirement for hAgo2 to be loaded with a small RNA

(Pillai et al., 2004), the step of the RNAi pathway predicted by the current model

to require Hsp90. Following knockdown of Aha1, Cdc37 or FKBP52, efficient

repression of a reporter mRNA by tethered hAgo2 confirmed that the effectors

of the RNAi pathway are capable of silencing translation in the absence of these

co-chaperones. These data suggest that the requirement for Aha1 or Cdc37 in

the small RNA-mediated silencing pathway is upstream of hAgo2 interaction with

the targeted mRNA, which is consistent with the existing model for Hsp90

involvement.

6.3.2 Depleting Aha1 and Cdc37 does not affect steady-state levels of hAgo2 or

GW182

Inhibition of Hsp90 results in the destabilization of many of its clients

(Annamalai et al., 2009; Bagatell et al., 2001; Blagosklonny et al., 1995; Jung et

al., 2011; Wang et al., 2007), and it has been proposed that Hsp90 serves to

stabilize unloaded Argonaute proteins (Johnston et al., 2010). Co-chaperones are

required for Hsp90 function and, therefore, lower levels of these proteins may

result in decreased stability of client proteins (Smith et al., 2009). Furthermore, a

decrease in hAgo2 level is associated with both decreased cleavage-dependent
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and cleavage-independent silencing (Mescalchin et al., 2010). However, shRNA-

mediated knockdown of Aha1, Cdc37 or FKBP52 did not result in decreased

hAgo2 or GW182 levels, strongly suggesting that the defect in RNAi is due to

impaired function of hAgo2 rather than loss of protein.

6.3.3 Recognition of hAgo2 by the Hsp90 machinery

A sub-group of Hsp90 co-chaperones are responsible for client

recognition and function as molecular bridges between client proteins and the

chaperone. For example, Cdc37 participates in the maturation of kinases by

facilitating the interaction between Hsp90 and kinase clients. Similar to its role in

recruiting kinases, Cdc37 may mediate the interaction between Hsp90 and

nascent hAgo2. If so, decreased expression of Cdc37 would lead to a reduced

interaction between hAgo2 and Hsp90, resulting in less activated hAgo2. It is also

possible that Cdc37 is not specifically required for recruiting hAgo2 to the Hsp90

complex and instead, functions in some other capacity during the chaperone-

mediated activation of hAgo2. Regardless of whether it is Cdc37 that is shown to

be required, it is likely that the interaction between Hsp90 and hAgo2 is

mediated by the action of at least one co-chaperone.

6.3.4 ATPase activity and the Hsp90 chaperone cycle

Knockdown of Hsp90 co-chaperone expression is an alternative

experimental approach to pharmacologically inhibiting ATP-binding by Hsp90

that leads to differential defects in the progression of the chaperone cycle. A

small number of co-chaperones, including Aha1, activate the ATPase activity of

Hsp90 (McLaughlin et al., 2002; Panaretou et al., 2002). The association of these

co-chaperones with an Hsp90-client complex likely drives the chaperone cycle

forward and promotes the release of the mature, activated client. Meanwhile,
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Cdc37 and other co-chaperones can inhibit the ATPase activity of Hsp90

(Hernandez et al., 2002; Panaretou et al., 2002; Prodromou et al., 1999).

Specifically, the interaction of Cdc37 with the amino-terminal domain of Hsp90

blocks ATPase activation by inhibiting the interaction of the catalytic arginine

residue from the middle domain with the ATP-binding site (Pearl and

Prodromou, 2006). By inhibiting the ATPase activity of Hsp90, these co-

chaperones stabilize the ATP-bound form and may prolong the step at which the

client is held in a conformation with a high affinity for its ligand (i.e. small duplex

RNAs). Accordingly, precise regulation of ATP hydrolysis by Hsp90 is a critical

determinant of client maturation. shRNA-mediated knockdown of Cdc37, Aha1

and other co-chaperones will arrest the chaperone cycle at discreet stages,

leading to an enrichment of Hsp90-client complexes ‘locked’ at a particular stage

of client maturation. Comprehensive biochemical analysis of hAgo2 associated

with these complexes will provide valuable information regarding the role for

these co-chaperones in the activation of the RNAi machinery.

6.4 A revised model for Hsp90 involvement in Argonaute2 activation and

function

Despite widespread efforts, the understanding of Hsp90-mediated

maturation of client proteins is limited. Perhaps the best described example of

Hsp90 action is the maturation of the glucocorticoid receptor. Hsp90 stabilizes

an intermediate conformation of the receptor, which is energetically unfavorable

but has greatly increased affinity for the glucocorticoid steroid (Grad and Picard,

2007). ATP is hydrolyzed by Hsp90 following the binding of the hormone to the

receptor, leading to the dissociation of the complex. Once released from Hsp90,

the mature, active and hormone-bound receptor is able to promote transcription

of its target genes. From this relatively well-characterized model of Hsp90

action, parallels can be drawn with the activation of Argonaute proteins. I
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propose that nascent Argonaute protein, initially in a complex with Hsp70, is

recruited to Hsp90 by the concerted action of one or more Hsp90 co-chaperones

(e.g. HOP, Cdc37) (Figure 6.2A). Given our data showing that geldanamycin does

not reduce the association between Hsp90 and hAgo2, and consistent with

knowledge regarding the initial interaction between Hsp90 and other clients, this

step is predicted to occur while Hsp90 is in its ADP-bound state (Figure 6.2A).

Subsequent to binding, ADP is exchanged for ATP and additional co-chaperones

are recruited. ATP-binding provides the energy required for Hsp90 to stabilize a

conformation of the bound Argonaute with an increased affinity for an RNA

duplex (Figure 6.2A). The initial steps in this model are similar to the preliminary

model (Figure 6.1) and are consistent with geldanamycin inhibiting small RNA

loading.

Distinct from the preliminary model, my model proposes that the

Argonaute protein remains bound to the chaperone machinery following the

loading step. That is to say, the passenger strand is removed while the

Argonaute is still in complex with Hsp90. The inability of geldanamycin to inhibit

unwinding (Iwasaki et al., 2010) can be explained by Hsp90 maintaining the

complex, without ATP hydrolysis, through the unwinding step of RISC

maturation. Following the removal of the passenger strand, the guide-target

interaction requires the reformation of a duplex. The guide-target duplex is likely

incorporated within the structure of the Argonaute; hence, this model predicts

that Hsp90 is bound to the mature RISC complex until the Argonaute binds to a

target (Figure 6.2B). The ATP-bound conformation of Hsp90 is predicted to be

stabilized via the association of one or more co-chaperones which inhibit the

ATPase activity of Hsp90 (e.g. Cdc37, p23) (Figure 6.2A, B). Considering that the

ability of RISC to bind a target mRNA is modestly impaired by the addition of

geldanamycin, a small amount of RISC may be released from the Hsp90

machinery prior to target binding. However, it is predicted that this ‘free’ RISC

would require a second round of the chaperone cycle, complete with a second
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round of ATP binding, to stably associate with a target mRNA (Figure 6.2C). The

association of Argonaute proteins with a targeted mRNA is followed by an

exchange of co-chaperones, leading to the activation of the ATPase activity of

Hsp90 and hydrolysis of ATP. ATP hydrolysis facilitates the dissociation of the

complex and leads to the release of the mature, target-bound RISC (Figure 6.2B).

A number of unanswered questions remain regarding the specifics of

Hsp90 involvement in the maturation of Argonaute proteins and RISC. Given the

significance of the miRNA pathway in regulating gene expression, a more

detailed understanding of the involvement of Hsp90 is warranted. Historically,

studying the role of Hsp90 in the maturation of its client proteins has proved

difficult, but considerable progress is being made in understanding aspects of the

Hsp90 chaperone cycle. The role for co-chaperones in modulating the

biochemical activity of Hsp90 puts these accessory proteins at the forefront of

investigations into the mechanism and dynamics of Hsp90 activity.
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Figure 6.2 Revised model for Hsp90 involvement in Argonaute activation and
function. A. The complex of Argonaute-Hsp70-Cdc37 binds to Hsp90, potentially
via Hop.  ATP binding leads to stabilization of the open conformation of the
Argonaute which has increased affinity for the small RNA duplex. ATP-bound
conformation is stabilized by the association of one or more early co-chaperones
(X, Cdc37). Following duplex loading, the passenger strand is unwound and
removed. B. The primary pathway predicts that an Argonaute binds to a target
mRNA subsequent to removal of the passenger strand. Recruitment of Aha1
activates the ATPase activity of Hsp90 leading to ATP hydrolysis and dissociation
of the complex. C. The secondary pathway predicts that some Argonaute
proteins may be released from the Hsp90 complex following passenger strand
removal. These Argonaute proteins are competent to target mRNA based on the
seed region, but require a second round of the Hsp90 chaperone cycle and ATP-
binding in order to stably associate with the mRNA.
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6.5 Future directions & perspective

Various approaches for studying the function of Hsp90 exist and they

have different effects on the progression of the chaperone cycle. For example,

pharmacological inhibition of ATP-binding leads to the accumulation of Hsp90-

client complexes unique from complexes formed in a background of Aha1

depletion. Additionally, Hsp90 mutants that are unable to bind to specific co-

chaperones are available. Using complementary approaches, it should be

possible to ‘trap’ Argonaute at discreet stages of maturation, and future

investigations will rely on co-immunoprecipitation of Hsp90-associated hAgo2

under these conditions. Identification of co-immunoprecipitated proteins (by

mass spectrometry analysis) and characterization of hAgo2-bound small RNAs

(by Northern blotting and qPCR) will be required to model hAgo2 maturation.

Moreover, these techniques could be used to study the role of Hsp90 in the

maturation of other human Argonaute isoforms, as well as Argonaute proteins in

other model systems. Understanding the nature of the Argonaute-RNA

complexes associated with all stages of the Hsp90 chaperone cycle will

unquestionably add to our knowledge surrounding the mechanism of Hsp90-

mediated activation of RISC.

From the model of hAgo2 maturation proposed in this thesis, several

predictions can be made regarding the nature of hAgo2 that is associated with

Hsp90 at the different stages of the chaperone cycle. First, my model predicts

that initial recognition of hAgo2 by the Hsp90 machinery is mediated by Cdc37.

Demonstrating direct interactions between hAgo2 and Cdc37 will support this

hypothesis, and mutations blocking the interaction of Cdc37 with Hsp90 would

be predicted to have dominant negative effects on Argonaute maturation and,

therefore, impair efficient RNAi. Moreover, my model predicts that inhibition of

ATP-binding will not prevent interaction between Hsp90 and hAgo2, and this is

supported by observations described in chapter 3 of this thesis. Rather, I suggest
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that blocking ATP-binding by the chaperone prevents the conformational change

in hAgo2 required for accommodating the small RNA duplex; therefore, Hsp90-

associated hAgo2 isolated in the presence of geldanamycin is predicted to be

unloaded. Understanding the factors that guide the initial recognition of

Argonaute proteins by the chaperone machinery and the consequence of ATP-

binding will be critical for establishing any model attempting to detail the Hsp90-

mediated maturation of RISC.

Considering that several co-chaperones function to inhibit the ATPase

activity of Hsp90 (Hernandez et al., 2002; Panaretou et al., 2002; Prodromou et

al., 1999), it may be that one or more of these co-chaperones cause Hsp90 to

hold the bound Argonaute in an ‘open’ conformation. It is tempting to speculate

that, by holding the Argonaute protein in this conformation, co-chaperones

indirectly promote the subsequent steps of activation. Knockdown of these co-

chaperones should result in the premature hydrolysis of ATP, negatively affecting

the efficiency of loading, unwinding or target-binding and stimulating the release

of an inactive Argonaute. Following target-binding, the successive recruitment of

co-chaperones leads to Aha1 binding, which functions to promote the closed

conformation of the chaperone (Meyer et al., 2004), stimulate ATPase activity

(Panaretou et al., 2002) and ultimately leads to the dissociation of the complex.

Accordingly, experiments using either Hsp90 mutants unable to bind to Aha1 or

RNAi-mediated knockdown of Aha1 expression should show increased

association between Hsp90 and Argonautes loaded with guide miRNAs. Provided

that ATP hydrolysis is necessary to promote the dissociation of the Hsp90-client

complex, the Argonaute proteins ‘locked’ in complex with Hsp90 may closely

resemble mature RISC in composition even though they are functionally inactive.

That is, Argonaute proteins at this late stage of maturation may be able to

interact with a target mRNA, but their ability to silence the translation of that

mRNA likely requires their release from the Hsp90 chaperone complex.
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Hsp90 is required for efficient loading of a small RNA duplex onto

Argonaute proteins in vitro (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al.,

2010). In Chapter 4, I presented preliminary evidence suggesting an additional

role for Hsp90 in target-binding by hAgo2. It is tempting to speculate that target-

binding by RISC occurs as part of a continuous process with miRNA loading and

unwinding, and that all facets of this pathway are mediated by a spectrum of

Hsp90 chaperone activity.  Using fluorescently-labeled guide and target RNAs in

conjunction with fluorescent resonant energy transfer (FRET) techniques, it may

be possible to further dissect the consequences of treatment with geldanamycin

or co-chaperone knockdown on the kinetics of target binding in vivo. Future

studies of this nature may help reveal an expanded role of Hsp90 mediating the

interaction between hAgo2 and the target mRNA.

Many questions remain to be answered regarding the mechanism and

extent of Hsp90 involvement in the RNAi pathway. The model proposed in this

thesis presents many testable hypotheses regarding the nature of Argonaute

proteins associated with various stages of the chaperone cycle. A considerable

obstacle in developing this model is the extent to which details of the Hsp90

chaperone cycle are generally unknown. Ultimately, validating or disproving this

model will rely on the biochemical characterization of the Hsp90-Argonaute

complexes under different conditions, including co-chaperone knockdown, over-

expression of mutant Hsp90 and inhibition of ATP binding. My work may serve as

a foundation for future experiments designed to elucidate the role of the Hsp90

machinery in not only the RNAi pathway, but also more broadly in the

maturation of its other clients.
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APPENDIX
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Synopsis

Proteins of the Argonaute family are the core components of the RNA-induced

silencing complex, the central effector of mammalian RNA interference. Argonaute

proteins are known to associate with at least two types of cytoplasmic RNA granules

known as processing bodies and stress granules. In addition to Argonautes, these

granules contain proteins that function in mRNA degradataion and translational

repression. The role of Argonaute proteins in siRNA-directed mRNA cleavage and

miRNA-mediated translational repression has prompted speculation that the association

of Argonautes with P bodies and stress granules may be a result of their activity within

the RNAi pathway. Here we report that targeting of human Argonaute2 to stress

granules is dependent upon its ability to bind to small RNAs. These results suggest that

hAgo2 is recruited to stress granules as a consequence of its interaction with mRNAs

that are targeted by the RNAi pathway.
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Figures and Legends

Figure 1. Wildtype myc-hAgo2 localizes to P bodies and stress granules. HeLa cells

transiently expressing myc-hAgo2 were treated with DMSO or 50 µM arsenite (+ARS) for

60 minutes prior to fixation and processing for indirect immunofluorescence. GW182-

positive P bodies (arrowheads) and TIA-1-positive stress granules (arrows) are indicated.

Bar, 15 µm.
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Figure 2. Mutations of the PAZ domain of hAgo2 disrupting small RNA binding impair

Ago2 localization to P bodies and stress granules. HeLa cells transiently expressing myc-

hAgo2-PAZ-9 (PAZ9) or  myc-hAgo2-PAZ-10 (PAZ10) were treated with DMSO or 50 µM

arsenite (+ARS) for 60 minutes prior to fixation and processing for indirect

immunofluorescence. GW182-positive P bodies (arrowheads) and TIA-1-positive stress

granules (arrows) are indicated. Bar, 15 µm.
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Figure 3. Mutations of the PIWI domain of hAgo2 that disrupt its endonuclease activity

do not affect its localization to P bodies or stress granules. HeLa cells transiently

expressing catalytically dead myc-hAgo2-Q633R (Q633R), myc-hAgo2-H634A (H634A) or

myc-hAgo2-H634P (H634P) were treated with DMSO or 50 µM arsenite (+ARS) for 60

minutes prior to fixation and processing for indirect immunofluorescence. GW182-

positive P bodies (arrowheads) and TIA-1-positive stress granules (arrows) are indicated.

Bar, 15 µm.
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Figure 4. Mutations of the MID domain of hAgo2 disrupting small RNA binding impair

Ago2 localization to P bodies and stress granules. HeLa cells transiently expressing myc-

hAgo2-Y529E (Y529E) or myc-hAgo2-Y529F (Y529F) were treated with DMSO or 50 µM

arsenite (+ARS) for 60 minutes prior to fixation and processing for indirect

immunofluorescence. GW182-positive P bodies (arrowheads) and TIA-1-positive stress

granules (arrows) are indicated. Bar, 15 µm.
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Figure 5. Mutants of Ago2 are expressed to equivalent levels and size, relative to

wildtype myc-hAgo2. Total cell lysates were generated from HeLa cells transiently

transfected with myc-tagged hAgo2 constructs. Membrane stained with Ponceau S and

immunoblotted with an antibody against hnRNP U are shown as loading controls. Level

of myc-tagged Argonaute proteins was determined using an anti-myc antibody.


