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Abstract

Toll-like receptors (TLRs) play a key role regulating gene expression following the 

detection of a pathogen by cells to bring about an inflammatory response. I investigated 

whether or not activation of TLRs in dendritic cells could alter the expression patterns 

of microRNAs (miRNA). Analysing a panel of 150 miRNA probes, I found that 

stimulation of TLR2, TLR3 and TLR4 indeed up-regulated the expression of several 

miRNA. Up-regulation of miR-146, miR-155 and miR-21 was induced by all three 

TLRs. I focused my studies on the induction of miR-21 by TLRs. miR-21 was induced 

in dendritic cells, macrophages and importantly, human periphereal blood mononuclear 

cells (PBMCs). No induction of miR-21 was detected in cells deficient in MyD88 or the 

NFkB subunit p65.

Examination of potential candidate mRNAs regulated by miR-21 in TLR signalling 

revealed that programmed cell death 4 (PDCD4), a protein known to function as a 

tumour suppressor and with a known pro-inllammatory role, was regulated by LPS. In 

particular, at later time points PDCD4 expression decreases dramatically, in 

macrophages, dendritic cells and human PBMCs. This decrease is dependent on miR-21 

up-regulation by LPS. Using si-RNA directed to PDCD4 to knock-down its expression 

in cells and PDCD4-deficient macrophages, 1 have demonstrated that PDCD4 functions 

as a positive regulator of LPS-induced NFkB activation and also suppresses IL-10 

production in cells following LPS treatment. Using RNA oligonucleotides to 

overexpress miR-21 or to inhibit its function, as well as a target protection of the miR- 

21 site of the PDCD4 3’UTR, I have shown that removal of PDCD4 by miR-21 serves 

to inhibit NFkB and promote IL-10 production at later times following LPS treatment. 

Importantly, mice deficient in PDCD4, are resistant to the toxic effects of LPS injection 

and display enhanced IL-10 production at earlier times post injection, consistent with 

PDCD4 having a pro-inflammatory role in LPS signalling.



I have therefore described a novel regulatory control mechanism in TLR4 signalling, 

up-regulation of miR-21 to inhibit PDCD4 expression, in an effort to promote an anti

inflammatory response and thereby lead to a resolution of inflammation.

XXV



CHAPTER 1

General Introduction



Chapter One - General Introduction

1.1 The Immune Response

1.1.1 The immune system

Vertebrates have evolved highly developed immune systems to protect against harmful 

diseases caused by invading microbes such as bacteria and viruses. The cells and organs 

of the immune system in vertebrates must not only protect against, but also recognise 

when the body has been infected by a particular pathogen, and subsequently orchestrate 

an efficient response against the pathogen with minimal damage to the host. Three 

distinguishing features of an immune response against a pathogen are specificity, 

memory and tolerance. Two types of immune response occur in vertebrates - innate and 

adaptive immune responses. The adaptive immune response recognises particular 

pathogens through the use of antigen-specific receptors, of which billions exist in an 

individual. Adaptive immune responses, such as antibody and T-cell responses, are 

highly specific for the particular pathogen and result in immune memory. The innate 

immune response refers to all forms of pathogen recognition other than that mediated by 

antigen-specific receptors. It is brought about through the use of pattern recognition 

receptors (PRRs) which distinguish non-self microbial components from self and result 

in inflammatory responses such as activation of complement, phagocytosis and cytokine 

production. This provides the first line of defence against invading pathogens and sets 

the way for the development of an appropriate and specific adaptive response.

1.1.2 The innate immune response

The innate immune system recognises pathogen-associated molecular patterns 

(PAMPs), which are conserved molecular components unique to pathogens. They are 

slowly evolving components, usually essential for the survival of the pathogen. Because 

of this they are usually shared by whole classes of either bacteria, fungi or viruses. An 

example of a PAMP is lipopolysaccharide (LPS), a component of the cell wall of all
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gram negative bacteria. PAMPs are recognised by pathogen recognition receptors 

(PRRs), which are germline encoded receptors that can be found on the surface of, or in 

intracellular compartments, of cells of the innate immune system such as macrophages 

and dendritic cells, or can be secreted into the bloodstream. The presentation of a 

PAMP to a PRR is usually the first sign of an infection and thus, PRRs have a key role 

in initiating immune responses (Janeway, 1989). Many different types of PRR exist, as 

will be discussed later, with some PRRs recognising a particular type of pathogen - for 

example the PRR Toll-like receptor 4 (TLR4) recognises LPS from gram negative 

bacteria (Poltorak et ai, 1998). This gives specificity to the innate response, as 

subsequently a signalling transduction pathway will be activated, which results in the 

activation of genes or gene products, which bring about a tailored immune response 

against that particular pathogen. In innate immunity, the signalling pathways activated 

following pathogen recognition bring about an inflammatory response, in an effort to 

recruit further cells of the immune system to the site of infection and limit the spread of 

the infecting pathogen. Innate immunity will eventually lead to the activation of an 

appropriate and specific adaptive immune response through the activation, by innate 

antigen-presenting cells (APCs), of T and B-cells. The innate immune response has 

many regulatory mechanisms to avoid excessive inflammatory responses, which 

become dysregulated in autoimmune pathologies such as lupus and rheumatoid arthritis 

(RA). It can thus be said that the innate immune response is also tolerant. Thus far it has 

not been demonstrated that features of the innate immune response have memory.

1.1.3 PRRs

As stated previously, many different PRRs exist, which recognise common groups of 

pathogens such as gram negative bacteria or single-stranded RNA (ssRNA) viruses. 

PRRs can be divided into two types - those which once activated alter the gene 

expression profile of host cells and those which once activated, alter the activity of 

specific gene products in the host. The net result of these activities is an effective 

inflammatory response. PRRs have been divided into different groups based upon the 

type of response they induce and also based upon their subcellular location and the
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range of PAMPs they recognise. The first recognised group of PRRs were the scavenger 

receptors, such as SC-Al and SC-A2, which are expressed on macrophages and can 

bind lipopeptides from both gram positive and gram negative bacteria and trigger 

phagocytosis and uptake of bacteria (Peiser et ai, 2002; Taylor et ai, 2005). Work over 

the last 10 years has revolutionised our understanding of PRRs and innate immunity. 

The most extensively studied group of PRR in recent years is the TLRs. These receptors 

are found on membranes (plasma or endosomal membranes) and contain a 

Toll/interleukin-1 receptor domain which bears homology to the type I interleukin-1 

receptor (IL-IRI) intracellular domain. They recognise a wide range of PAMPs, from 

the aforementioned LPS from Gram negative bacteria, to RNA from ssRNA viruses 

(O'Neill, 2006). Another group of PRR are the RIG-I-like receptors (RLRs) or RIG-I 

like helicases. These aie a group of three intracellular receptors which recognise RNA 

from viral infection. Both these types of receptor activate pro-inflammatory 

transcription factors in cells, such as nuclear factor-KB (NFkB) and interferon 

regulatory factor (IRF)-3, and alter gene expression to bring about an inflammatory 

response. Another group of intracellular PRR are the Nod-like receptors (NLRs). These 

can be divided into two subclasses, the common feature being the occurrence of a 

leucine rich repeat (LRR) domain, a nucleotidc-binding domain (NBD) and a caspase-1 

activation and recruitment domain (CARD) or PYRIN domain. The Nod-1 like group 

recognise bacterial PAMPs in the cytoplasm and activate NFkB. The Nalp3- like group 

recognise a wide range of PAMPs in the cytoplasm and result in the activation of a key 

proteolytic enzyme, caspase-1, which is responsible for the processing of IL-1 cytokine 

family members (Creagh and O'Neill, 2006). An additional group of PRR are the 

myeloid C-type lectin receptors (CLRs) which contain a CLR carbohydrate binding 

motif. The prototype member of this group is Dectin-1 which recognises zymosan from 

fungal infections. The exact outcomes of activation of these receptors remains unclear 

but they seemingly modify gene products to result in phagocytosis while also activating 

NFkB, mitogen activated protein-kinases (MAP-K) and nuclear factor activated on T- 

cells (NFAT) to alter gene expression (Robinson el ai, 2006). More recently they have 

been shown to regulate homeostasis (Huysamen and Brown, 2009). Additionally other 

groups of receptor exist whose activating ligands remains unclear, but which modify or 

amplify existing responses from the afore-mentioned PRRs. Examples of this type 

include the TREM family members (Klesney-Tait et ai, 2006).
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1.2 TLRs

1.2.1 The discovery and repertoire of TLRs

It was well established that LPS from gram negative bacteria constituted a PAMP in 

vertebrates. It was known to activate B-cells through activation of the transcription 

factor NFkB (Sen and Baltimore, 1986). It was well established that pathologies arising 

from sepsis were due to triggering of excessive inflammatory responses by LPS in the 

bloodstream. However for many years, the receptor through which LPS signalled 

remained unclear. Work on Drosophila discovered a protein termed Toll which played a 

role in dorso-ventral patterning in larval development (Anderson and Nusslein-Volhard, 

1984). In the 90’s it was discovered that the C-terminus of Toll contained extensive 

homology to the intracellular domain of IL-lRl (Gay and Keith, 1991). This conserved 

region became known as the TIR domain. Toll was subsequently shown to play a role in 

anti-fungal immunity in flies (Lemaitre et ai, 1996). Subsequently database searching 

revealed the occurrence of the TIR-domain in the intracellular domain of many proteins 

in humans. The first of these to be identified was human Toll (hToll) (Medzhitov et ai, 

1997). Later, another group found that C3H/JeJ mice, which were known to be hypo- 

responsive to LPS, carried an inactivating point mutation in a gene which was the 

murine homologue of Toll, now termed TLR4 (Poltorak el al, 1998). Therefore, not 

only was the LPS receptor identified, but a whole class of mammalian PRRs was 

discovered (Rock et ai, 1998).

The defining feature of TLRs is the intracellular TIR domain. TLRs also contain 

extracellular LRRs, which distinguishes them from members of the IL-IR family, which 

contain extracellular immunoglobulin (Ig)-domains. The LRR region seems to be 

responsible for ligand recognition while the TIR domain is responsible for intracellular 

signalling. TLRs also possess a signature transmembrane domain between the LRR and 

TIR domain (Watters et al, 2007).
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To date, ten human TLRs have been identified (Carpenter and O'Neill, 2007). TLRs 

recognise a diverse range of different pathogens and many in-vitro ligands, used for the 

activation of each TLR, have been described and are illustrated in Figure 1.1. TLR4 

recognises LPS, as stated previously. TLR3 recognises double-stranded RNA (dsRNA) 

from viral infection, TLR2 has the ability to dimerise with TLRl or TLR6, in each case 

recognising different lipopeptides from gram positive bacteria. TLRS recognises the 

protein flagellin from flagellated bacteria. TLRs 7/8 recognise ssRNA from viral 

infection. TLR9 recognises sequence-specific methylated CpG DNA common in 

bacterial and viral but not mammalian genomes. The ligand for TLRIO remains unclear. 

It is not found in mice, which makes further study difficult although it bears structural 

homology to TLRs 1 and 2 (Nyman el al, 2008). TLRs 11,12 and 13 are only found in 

mice.

1.2.2 TLR signalling

Before the discovery of TLRs, signalling from the IL-IR was well characterized and 

was found to utilize the cytoplasmic adapter protein MyD88. Activation of IL-IR 

results in activation of the pro-inflammatory transcription factor NFkB, which enters the 

nucleus following activation and alters the gene expression profile of the cell to bring 

about an inflammatory response. TLRs function in a similar manner. The cytoplasmic 

TIR domain is absolutely required for TLR signalling. Upon ligand recognition by 

LRRs, TLRs usually dimerize. This dimerization alters the conformation of the 

intracellular TIR domains which makes them accessible to cytoplasmic adapter proteins, 

such as MyD88. Following docking of MyD88, a multi-protein complex forms beneath 

the membrane which involves the interaction of many different signalling proteins 

(Dunne el al, 2003; Nunez Miguel et al, 2007; Watters et al, 2007). The net result of 

this is the activation of NFkB. In contrast to the IL-1 receptor, certain TLRs can also 

activate another family of transcription factors, the interferon response factors (IRFs), 

which play an important role in response to viral infection. Additionally, TLRs lead to 

activation of MAP kinases, such as p38 and INK, which have important roles regulating 

the activity of transcription factors c-jun and fos, as well as controlling the activity of
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many other proteins involved in the immune response. TLRs use a more diverse range 

of intracellular adapter proteins, which leads to specificity in the immune response to 

the pathogen recognised by that particular TLR. TLR signalling is a complex process 

which employs a wide range of different mechanisms for transmission of a signal, 

including protein-protein interactions, phosphorylation and ubiquitination. It ultimately 

results in the transcription of mRNA for cytokines, chemokines, anti-microbial enzymes 

and other inflammatory genes (O'Neill, 2006).

1.2.3 TIR-domain containing adapters

Specificity in the inflammatory response to a pathogen is brought about through the use 

of different adapter proteins by the cognate TLR. Five cytoplasmic TIR-domain 

containing proteins exist, the first of which to be discovered was MyD88. MyD88 

contains a TIR domain and a death domain (DD) (Medzhitov et al., 1998). MyD88 was 

found to be required for NFkB activation by all TLRs, except TLR3 (Alexopoulou et 

ai, 2001). Additonally, although activation of NFkB activation by TLR4 was found to 

be delayed in the absence of MyD88, induction of co-stimulalory molecules and 

interferon-|3 (IFN-p) was unaffected (Kawai et al, 1999) (Kawai et al., 2001). Recently, 

mutations in MyD88 have been described which predispose to recurrent pyogenic 

bacterial infections such as invasive pneumococcal disease in humans (von Bemuth et 

al., 2008). MyD88-adapter like (Mai), was the second TIR domain containing protein to 

be discovered (Fitzgerald et al., 2001), (Homg et al., 2001). It was shown to have a role 

in TLR2 signalling and the early activation of NFkB by TLR4 (Yamamoto et al., 

2002a) (Homg et al., 2002). Therefore, it remained obvious that a MyD88-independent 

pathway existed, which was responsible for later NFkB activation by TLR4 and TLR3 

as well as initiating the interferon response through these TLRs. The adapter protein 

responsible for initiating this pathway was found to be TIR-domain containing adapter 

inducing interferon-P (TRIF) (Yamamoto et al., 2002b; Oshiumi et al., 2003a). This 

protein interacted with the TIR domain of TLR3 but not TLR4 (Yamamoto et al., 

2003a) and so a fourth adapter protein was found and named Trif-related adapter 

molecule (TRAM), which functions solely in association with TRIF in TLR4 signalling
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(Yamamoto et al, 2003b), (Fitzgerald et ai, 2003) (Oshiumi et al, 2003b). It has since 

been demonstrated that both Mai and TRAM function as bridging adapters for TLR2 

and TLR4 in the case of Mai (Kagan and Medzhitov, 2006) and TLR4 in the case of 

TRAM (Rowe et al, 2006). They bind the TIR domains of these TLRs following 

activation and dimerization and recruit the signalling adapters MyD88 and TREF, 

respectively, to the activated TLR. MyD88 and TRIF then interact with specific, 

downstream signalling proteins to bring about their varied responses (Nunez Miguel et 

al, 2007), (Sheedy and O'Neill, 2007). More recently, a fifth cytoplasmic TIR-domain 

containing protein has been described, sterile alpha and armadillo homologue, SARM. 

This has been shown to have a negative role in TRIF dependant signalling from TLR3 

and TLR4 (Carty et al, 2006) and also a protective role in neuronal cell death (Kim et 

al, 2007). Expanding the repertoire of TIR-domain containing adapter proteins are 

alternative splice variants of the afore-mentioned adapters which include MyD88-s 

(Janssens et al, 2003) and the most recently described TAG (Palsson-McDermott et ai, 

2009), both of which have been shown to have inhibitory effects on TLR signalling 

pathways. The range of adapters used by TLRs is illustrated in Figure 1.1.

1.2.4 Additional signalling molecules

Following recruitment of TIR-domain containing adapter proteins to TLRs, the 

signalling adapters MyD88 and TRIF engage different downstream signalling 

molecules. MyD88 interacts via its DD with members of the IL-1 receptor associated 

kinase family (Brikos et al, 2007). Specifically, MyD88 recruits IRAK-1 to the 

complex. IRAK-1 also recruits TNF receptor-associated factor 6 (TRAF6) to the 

complex (Li et ai, 2001; Jiang et ai, 2002). IRAK-1 is phosphorylated and 

subsequently dissociates from the complex along with TRAF6. IRAK-4 is required for 

the recruitment of IRAK-1 to the complex and is involved in its activation (Suzuki et 

al., 2002). Following dissocation, IRAK-1 and TRAF6 associate with a pre-associated 

membrane bound complex of TGF-P activated protein kinase 1 (TAKl) and TAB 1/2 

(Jiang et ai, 2002). TRAF6 becomes ubiquitinated in order to activate the 

TAK1/TAB1/TAB2 complex. TABl and TAB2 become phosphorylated and



Figure 1.1 - Overview of TLR signalling from pathogen to genes activated 

in response. At the top of the diagram the different pathogens which elicit a 

response via TLRs are listed, as well as the danger signal associated with them 

and the in-vitro ligand used in laboratory studies. The specific TLR which 

detects and initiates a response is shown below each ligand and is depicted on a 

membrane - either the plasma membrane (TLR 1/2/6, TLR4, TLR5, TLR 11) or 

on an endosomal membrane (TLR3, TLR7/8/9). Below these, the specific TIR- 

domain containing adapter they interact with is shown. Below this the protein 

complex recruited and activated by the adapters is indicated. Ultimately, this 

leads to the activation of a transcription factor which enters the nucleus. In the 

nucleus it binds specific sites in the promoters of responsive genes whose 

transcription is initiated and ultimately, protein produced and released from the 

responding cell. A legend indicating the specific shapes used for some common 

protein motifs is shown, alongside the different types of arrow used to indicate 

activation or translocation.
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TRAF6/IRAK1/TAK1 subsequently dissociate from the membrane-bound complex and 

move into the cytoplasm. IRAK-1 becomes degraded and TAK-1 susbsequently, 

activated (Takaesu et al, 2001). TAK-1 activation phosphorylates downstream targets 

such as the inhibitor of kB (IkB) kinases (IKKs) (Karin and Ben-Neriah, 2000). IKKs, 

once activated, in-tum, phosphorylate IkB, leading to activation of NFkB. A role for 

IRAK-2 in this process has emerged. It was shown to be essential for sustaining 

signalling following IRAK-1 degradation (Kawagoe el al., 2008) and is thought to 

function through promotion of the ubiquitination of TRAF6 (Keating et al, 2007). The 

actions of a family of E3 ubiquitin ligases, the Pellinos 1-3 is now becoming apparent 

(Moynagh, 2009). They have been shown to cause Lys-63-linked polyubiquitination of 

IRAK-1, which is thought to result in activation and recruitment of the TRAF-6/TAK-1 

complex. Interestingly, the Pellino’s themselves become phosphorylated by IRAK-1 

and IRAK-4 and subsequently degraded following stimulation (Butler et al, 2007).

Signalling from TRIP differs however. Following recruitment to the TLR, TRIF can 

interact with different proteins. It can interact with the receptor-interacting protein 

kinase 1 (RIP-1), which ultimately results in late NFkB activation and interferon-P 

activation (Meylan et al, 2004). It can also interact with Traf family member-associated 

NFkB activator-binding protein (TBK-1), which leads to the phosphorylation and 

activation of the transcription factor IRF3 which functions to bring about the interferon 

response (Fitzgerald et al., 2003; Sato et al, 2003). A recent report has implicated 

Pellino-1 in TLR3 and TLR4 MyD88-independent signalling through 

polyubiquitination of RIP-1 and subsequent promotion of IRF3-dependent genes 

(Chang et al, 2009). TLRs have also been shown to activate other IRFs, including 

activation of IRF7 by TLRs 7/8 and 9 leading to induction of interferon a (Kawai et al, 

2004) (Uematsu et al, 2005), a process which requires activation of IKKa (Hoshino et 

al, 2006). IRFS is also activated by TLRs to induce type I interferon through MyD88- 

dependent signalling via IRAK-1, IRAK-4 and TRAF-6 which promotes K63-linked 

ubiquitination and activation of IRF5 (Balkhi et al, 2008). The tyrosine kinase 

phospho-inositide 3-kinase (PI3K) has also been implicated in TLR signalling. It 

recognises phospho-tyrosine residues in the intracellular region of TLRs via its Src 

homology 2 (SH2) domain and subsequently activates its downstream kinase Akt. This
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is thought to promote NFkB activation in TLR2 signalling (Arbibe et al., 2000) and 

activation of 1RF3 in TLR3 signalling (Sarkar et al., 2004). The signalling process is 

illustrated in Figure 1.1.

1.2.5 NFkB

The main pro-inflammatory transcription factor activated by TLRs is NFkB. The NFkB 

family of transcription factors, to date, consists of five proteins in mammalian cells - 

p65/RelA, c-Rel, RelB, p50/pl05 and p52/pl00 which each contain a conserved N- 

terminal Rel homology domain (RHD) responsible for dimerisation, DNA binding and 

interaction with cytoplasmic inhibitor proteins known as IkBs. There are many different 

types of NFkB complex which form, the most common being the p65/p50 heterodimer 

(Wietek and O'Neill, 2007). This complex is associated in the cytoplasm with the 

inhibitor protein iKBa. Following TLR activation, the signal transduction pathway 

initiated culminates in the activation of the IKKs, which phosphorylate iKBa. 

Phosphorylated iKBa is subsequently ubiquitinated and targeted for degradation by the 

26S proteasome. The NFkB dimer is liberated and free to move into the nucleus. In the 

nucleus it binds a discrete nucleotide sequence (5'-GGGACTTCC-3') found in the 

upstream regions of the promoters of genes for pro-inflammatory cytokines such as 

TNF-a, IL-ip, IL-2, and IL-6. This enhances their expression and thereby results in an 

inflammatory response (Karin and Ben-Neriah. 2000). Additionally, the transactivation 

of p65 can occur independently of IkB degradation. Phosphorylation of p65 at the serine 

536 residue, in which Bruton’s tyrosine kinase (Btk) and Mai play a role, enhances the 

transactivation of the NFkB dimer (Doyle et al., 2005). The identity of the exact kinase 

responsible for this phosphorylation event however, remains unclear. Many other genes 

apart from pro-inflammatory cytokines are NFkB regulated. These include other genes 

which enhance the immune response such as iNOS (inducible nitric oxide synthase).

1.2.6 IRFs
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The IRFs consititute another group of pro-inflammatory transcription factors, certain 

members of which, are activated by TLRs. They both respond to and activate the 

production of interferons which are critical for effective anti-viral responses. The anti

viral TLRs, TLR3, TLR7/8, TLR9 and additionally, TLR4 which may respond to the F- 

protein of respiratory syntial virus, activate different members of the IRF family to 

induce different interferons and chemokines such as RANTES (regulated on activation, 

normal T-expressed and secreted) (Honda and Taniguchi, 2006). TLR3 and TLR4 both 

activate IRF3 via the TRIF pathway. TRIF engages TBKl which leads to 

phosphorylation of IRF3. Phosphorylated IRF3 then forms homodimers and enters the 

nucleus. There it binds a discrete nucleotide sequence, known as the interferon sensitive 

response element (ISRE - GAAANNGAAG/CT/C), in the upstream region of the 

promoters of interferon response genes. Typically, IFNP and RANTES are induced by 

1RF3 (Fitzgerald et al, 2003). TLRs 7/8 and 9 engage with IRAK-1 and also TRAF6 to 

activate IRFS and IRF7. This leads to the production of IFNa (Uematsu et al., 2005) 

(Kawai et al., 2004). There are many other members of the IRF family, such as IRFl, 

1RF4 and IRFS which, although not directly activated by TLRs, play diverse roles in 

immunity including the induction of other genes required for an inflammatory response 

such as caspase-1 and NOS2 (IRFl), correct T-cell, B-cell and dendritic cell 

development (IRF4), and control of hematopoesis and appropriate T helper cell 

responses (IRFS) (Honda and Taniguchi, 2006). Although not activated directly by 

TLRs, these IRFs are activated by interferons which are produced in response to TLR 

activation and during viral infection. Additionally, the RIG-I helicases can activate IRFs 

through the activation of RIP-1 kinase (Yoneyama et al., 2004), (Kawai et al., 2005) 

(Meylan et al., 2005). Interestingly, in TLR4 signalling, IRF3 instead of homo

dimerising, forms dimers with the p65 subunit of NFkB, which enters the nucleus and 

activates a distinct subset of genes compared to those activated by IRF3 dimers 

downstream of TLR3 activation (Wietek et al., 2003) (Ogawa et al., 2005).

1.2.7 MAP kinases
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A large family of serine/threonine kinases termed the mitogen activated protein kinases 

(MAPKs) have also been implicated in TLR signalling. Three major groups of MAPK 

are activated in response to TLR ligands - namely the extracellular signal regulated 

kinases, the c-jun N-terminal kinase (JNK) and p38 MAPK. MAPKs require 

phosphorylation on threonine and tyrosine residues to become activated. This is 

performed by MAPK kinases (MAPKK) which in turn are activated by serine/threonine 

phosphorylation (Kyriakis and Avruch, 2001). The association of the adapter proteins 

MyD88 and TRIP with TRAF2 is required for TLR signalling to MAPK (Baud et ai, 

1999). LPS is thought to activate ERKl/2 protein via the Raf-l/MEK pathway (van der 

Bruggen et al, 1999). LPS is thought to activate JNK via the MEKK1/MEK4 pathway 

(Delgado and Ganea, 2000) and activates p38 MAPK through the activation of MEK3 

(Prickett and Brautigan, 2007). The effects of MAPK activation are wide-ranging and 

diverse. p38 MAPK stabilises the expression of various cytokine mRNA transcripts 

which contain AU-rich elements in the the 3’UTR, leading to enhanced expression 

(Winzen et al., 1999) and is also required for the activation of the pro-inflammatory 

transcription factor nuclear factor activated on T-cells (NEAT) (Rao et ai, 1997). JNK 

activates the transcription factor c-jun and c-fos which can form the activation protein 

(AP)-l transcription factor complex (Karin et ai, 1997). The role of ERKs p42 and p44 

seems to be activation of c-fos which along with activated c-jun forms active AP-1 

complexes (Karin et ai, 1997).

1.2.8 Negative regulation of TLR signalling

To avoid excessive inflammatory responses TLR signalling must be tightly regulated. It 

is not surprising then that many negative regulatory mechanisms are in place to control 

TLR signalling. These can occur at the level of ligand-binding, TLR dimerisation, 

adapter binding and functioning, as well as negative regulation of additional signalling 

molecules on the TLR pathway (Liew et al, 2005). Examples include soluble TLR2 

(sTLR2) which may bind and compete for extracellular TLR2 ligands or solube CD 14 

co-receptor (LeBouder et ai, 2003). Membrane bound proteins may also bind and 

sequester TLRs preventing signalling. SIGGR exemplifies this by binding the TIR
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domain of TLR4 (Wald et al., 2003) as does ST2, which binds to and sequesters the TIR 

domains of adapter molecules MyD88 and Mai (Brint et al., 2004). Intracellular 

proteins also bind and sequester key signalling proteins. Examples include SARM and 

TAG which bind to and negatively regulate TRIE signalling (Carty et al., 2006) 

(Palsson-McDermott et al., 2009) and IRAK-M which negatively regulates IRAK-1 

activity (Kobayashi et al., 2002). Many other components work by modifying the 

activity of key signalling proteins to limit TLR signalling. Examples of this include the 

phosphorylation of Mai by Btk which is required for subsequent degradation of Mai 

(Mansell et al., 2006). The activity of the pro-inflammatory transcription factors 

themselves are also regulated by different mechanisms, the primary example being the 

NFKB-dependent resynthesis of its own inhibitor protein IkB following activation (Scott 

et al., 1993) (Sun et al., 1993). IRF3 itself is targeted for degradation by the action of 

the ubiquitin ligase Ro52 to negatively regulate IFN-P production (Higgs et al., 2008). 

Additionally, following TLR activation of cytokine production other components are 

activated which negatively regulate cytokine production - examples include the 

suppressors of cytokine signalling (SOCS)-family members (Nakagawa et al., 2002). 

Importantly, anti-inflammatory cytokines are also induced by TLRs which play an 

important role limiting the inflammatory response, the main example being IL-10 which 

negatively regulates NFkB activation and the production of the pro-inflammatory 

cytokines TNF-a and IL-6 (Murray, 2006). Many bacteria and viruses produce 

virulence factors which inhibit TLR signalling in the host which help the pathogen 

evade immune responses. Examples include the production of A46R by vaccinia virus, 

a protein which targets TRIE (Stack et al., 2005). The various mechanisms known to 

negatively regulate TLR4 signalling are illustrated in Figure 1.2
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1.3 micro RN A

This project concerns an analysis of the role played by microRNA (miRNA) in TLR 

signalling. Since miRNA in general are inhibitory towards gene expression it is possible 

that they will play a role in regulating the effects of TLRs.

1.3.1 Non-coding RNA

RNA plays a crucial role in the transmission of genetic information from DNA to 

protein. Messsenger RNA (mRNA) is generated from the coding sequence of each gene 

by the action of RNA polymerases. In eukaryotes mRNAs are exported to the cytoplasm 

for the process of translation, in which the mRNA is read by the ribosome, and a 

resulting polypeptide is generated. Apart from mRNA, other RNAs which do not code 

for proteins (non-coding RNA), play a role in regulating gene expression. The ribosome 

itself is a complex of protein and ribosomal RNA (rRNA). The process of decoding the 

genetic information in mRNA is brought about through the action of transfer RNAs 

(tRNAs), which provide the link between a specific three-nucleotide codon and the 

amino-acid specified by that codon. More recently additional non-coding RNA species 

have been described. Small nucleolar RNAs (snRNAs) form complexes with proteins to 

generate small nucleolar riboprotein complexes (snRPs) which regulate the process of 

splicing, in which primary mRNA transcripts are cleaved to generate mature mRNAs 

(Kishore and Stamm. 2006). These non-coding RNA species, which are required at all 

times by the cell, are produced by the action of alternative RNA polymerases such as 

RNA polymerase I and III (White, 2005). The regulation of these polymerases activity 

is much less complex than that of mRNA coding RNA polymerase II (RNA pol II) 

(Komberg, 2007). In the last 20 years it has been demonstrated that RNA can control 

gene expression through the phenomenon known as RNA interference (RNAi) (Hannon, 

2002). In this case, antisense RNA to target mRNA is introduced to cells. This forms a 

complex with the mRNA and prevents its translation. This was found to be due to the 

processing of the antisense RNA species to small RNA molecules which direct a
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multiprotein complex, known as the RNAi silencing complex (Sampath et ai), to the 

target mRNA, resulting in degradation of the mRNA. This small interfering RNA 

(siRNA) has provided scientists with an easy tool for the elucidation of gene function. 

Recently, it has emerged that small RNA molecules exist in eukaryotic cells which 

function in a similar way to exogenous siRNA. These have become known as miRNA 

and add a hitherto unforeseen level of control to the regulation of gene expression in 

metazoans (Bartel, 2004) (Novina and Sharp, 2004).

1.3.2 Discovery and repertoire of miRNA

The first miRNA to be described was the lin-4 miRNA in C. elegans. It was discovered 

during a forward genetic screen studying larval development. Loss of function of the 

lin-4 locus resulted in a block in progession of larval development from the first larval 

stage to the second. Unusually, a protein-coding open reading frame was not found at 

this mutated locus. However, the region did encode 2 small RNA species, one 61 

nucleotide (nt) species and one shorter 22 nt species derived from the longer 61 nt 

precursor. Expression of this small RNA species was monitored during larval 

progression. Interestingly, an increase in the lin-4 RNA expression correlated with a 

decrease in the expression of the LIN-14 protein. Analysis of the 3’UTR of the LIN-14 

gene found many complementary sites to the mature lin-4 RNA sequence. It was 

concluded then that the lin-4 small temporal RNA (stRNA) controlled developmental 

timing by negatively regulating the expression of LIN-14 protein (Lee et ai, 1993), 

(Wightman et ai, 1993). However, it was thought at this stage that this phenomenon 

was restricted to this occurrence in C.elegans.

It was not until much later that it was recognised that this RNA species was 

representative of a larger class of genetically encoded small RNAs which control gene 

expression, not just in development but in a wide-range of biological processes. A few 

years later, a second stRNA was discovered in C.elegans, the let-7 RNA which again 

controlled developmental timing, from the larval to the adult stage, by decreasing the
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expression of the LIN-41 transcription factor (Reinhart et al., 2000) (Slack et al, 2000). 

Soon after it was found that the let-7 gene was conserved not only across nematode 

species, but also across metazoan kingdoms, with mammals possessing a large family of 

let-7-like miRNA (Pasquinelli et al, 2000). Large scale cloning projects isolated and 

identified hundreds of small RNA in cells from mice, C. elegans, humans and 

Drosophila (Lagos-Quintana et al., 2002) (Lau et al., 2001) (Lagos-Quintana et al., 

2001; Lee and Ambros, 2001). These projects defined a new class of small RNA, 

microRNA, which consisted of 18-22nt RNA species processed from larger 60-70nt 

precursor RNA sequences which contain a hairpin secondary structure termed the pre- 

miRNA.

MiRNA have since been isolated from all metazoan species. The mature miRNA 

sequences are remarkably highly conserved across species. Surprisingly, microRNA 

have also been found in plants, although they are not homologous to and function 

slightly differently to animal miRNA. miRNA seem to target sites in the 3'UTR of 

mRNA and repress protein expression from that mRNA. The existence of 400 miRNA 

in humans has been confirmed (Landgraf et al., 2007), while some bioinformatic 

programs predict the exact number of small non-coding RNA genes to be over one 

thousand with one paper claiming that they are more widespread than protein coding 

genes (Bimey et al., 2007). I will now describe how miRNA is derived from genomic 

DNA. how it functions to negatively regulate gene expression, how target niRNAs for 

miRNA can be determined as well as discuss the biological processes in which roles for 

miRNA have been described, focusing in particular on their role in the immune system.

1.3.3 miRNA processing

1.3.3.1 Transcription of miRNA genes

Genomic DNA sequences encoding miRNA can be found as distinct genetic elements 

with their own regulatory promoter sequences or they are derived from host mRNA 

from which they are co-expressed (either derived from introns of pri-mRNA or
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generated as products of splicing). Alternatively, sequences encoding miRNA can be 

found within host genes but expressed as a different RNA species. Genes which code 

specifically for miRNA can code a single miRNA (for example the bic gene encodes 

miR-155) or multiple different miRNA hairpins on one transcript, examples being the 

miR-25-95-100b cluster (Rodriguez et al., 2004). miRNA are usually transcribed as 

primary miRNA (pri-miRNA) transcripts which are 5’ capped and contain a 3’ polyA 

tail similar to mRNA (Cai et al., 2004). These long RNA molecules contain the stem- 

loop sequences for all the miRNA on that transcript. Pri-miRNA is generally generated 

by RNA pol II (Lee et al., 2004). This means that the expression of many miRNA can 

be dynamically regulated by the action of transcription factors and other stimuli in a 

fashion similar to protein-coding genes. Some cases exist however where miRNA are 

transcribed alongside other genetic elements by RNA pol III - for example the miR-!9 

cluster alongside Alu repeats (Borchert et al., 2006).

1.3.3.2 Processing of the primary miRNA transcript

The next step in miRNA biogenesis occurs in the nucleus co-transcriptionally, alongside 

the generation of the pri-miRNA transcript but before splicing of the transcript can 

occur (Morlando et al., 2008) and involves the cleavage of the long pri-miRNA 

transcript to release a stem-loop structure, which contains what will become the active 

mature miRNA, called the precursor miRNA (pre-miR). This action is brought about by 

a protein complex in the nucleus known as the Microprocessor (Denli et al., 2004; 

Gregory et al., 2004). The RNase enzyme is known as Drosha (Lee et al., 2003) and 

works in partner with another RNA-binding protein, DGCR8 (DiGeorge syndrome 

critical region-8) also known as Pasha (partner of Drosha) in Drosophila (Denli et al., 

2004; Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004). Within the pri- 

miRNA transcript, stem-loop structures occur which contain the pre-miR sequence. 

DGCR8 acts as a “molecular ruler”, recognising the hairpin sequence and its 5’ and 3’ 

flanking sequences, determining the exact site of cleavage for Drosha. The exact base- 

pair sequence is not recognised by these enzymes, rather the structure and size features 

which arise from these sequences, including a 33 bp helix. Cleavage occurs -11 bp from 

the single/double strand (SD) junction of the pri-miR (Han et al., 2006).
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1.3.3.3 Nuclear export of the premature miRNA

The resulting pre-miR is then exported from the nucleus through the nuclear membrane 

by the action of the Ran-GTPase exportin-5 (Yi el al, 2003; Bohnsack et al, 2004). It 

has been shown that the length of the double-stranded stem in the pre-miR hairpin is 

critical for transport as is the existence of a 3’ overhang, which may ensure that only 

correctly processed pre-miR molecules are exported to the cytoplasm (Lund et al, 

2004; Zeng and Cullen, 2004). Interestingly, knock-down of exportin-5, whilst blocking 

production of mature miRNA (Lund et al, 2004), does not lead to accumulation of pre- 

miRs in the nucleus, implying that exportin-5 may protect pre-miRs from degradation in 

the nucleus as well as exporting them to the cytoplasm (Yi et al., 2003; Zeng and 

Cullen, 2004).

1.3.3.4 Processing of the premature miRNA

Once in the cytoplasm, the pre-miRNA stem-loop is processed further before it becomes 

an active mature miRNA which can function in silencing of gene expression. Crucially, 

it is acted on by another RNase - Dicer (Bernstein et al., 2001) (Hutvagner et al., 2001). 

This is the same enzyme which generates siRNA from longer RNA molecules in RNAi. 

Dicer acts in association with other proteins, forming a complex known as the RLC 

(RISC loading complex) which comprises the proteins TRBP (TAR RNA binding 

protein) (Haase et al., 2005), PACT (protein activator of PKR) (Lee et al., 2006), and 

the RNA silencing protein, Argonaute-2 (Ago-2) (Chendrimada et al,, 2005) (MacRae 

et al,, 2008). Following formation of this complex in an ATP-indepedent manner , the 

pre-miR associates with the RLC and Dicer-mediated cleavage occurs (Maniataki and 

Mourelatos, 2005). Dicer recognises the boundary of the mature miRNA usually from 

its position in the stem-loop structure and cleaves the stem-loop, releasing a small RNA 

duplex, which consists of the mature miRNA molecule and its complementary sequence 

from the opposite side of the stem-loop. This is known as the miRNA* sequence. 

Commonly it is 2nt shorter than the mature miRNA on the 5’ side and 2nt longer 3’ 

(Schwarz et al,, 2003). Unwinding of this duplex occurs through the action of an, as yet
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unknown, RNA helicase. Because of the decreased stability of the RNA duplex at the 5’ 

end of the mature miRNA sequence, it is thought to be preferentially loaded into the 

RISC - the ribonucleoprotein complex in which the miRNA targets and silences 

specific genes (Khvorova el ai, 2003) (Schwarz et al, 2003). At this stage. Dicer, 

TRBP and PACT dissociate from the RLC leaving Ago-2 and the mature miRNA 

sequence which are the main constituents of the RISC (MacRae et ai, 2008).

It has been demonstrated that in certain cases, Ago-2, as a constituent of the RLC, 

possesses an endonucleolytic activity, referred to as the “sheer” activity of Ago-2. It can 

cleave the 3’ arm of the pre-miR hairpin, the strand which becomes the miRNA* 

sequence, generating a nicked hairpin. This is thought to facilitate unwinding of the 

duplex, which occurs later and also promote degradation of the miRNA* sequence, 

preferentially favouring incorporation of the correct miRNA sequence into the silencing 

RISC complex (Miyoshi et ai, 2005; Diederichs and Haber, 2007). However, the main 

function of Ago-2 remains its role in RNA silencing as part of the RISC and this will be 

discussed in more detail in the next section.

1.3.4 Regulation of miRNA biogenesis

All the stages of microRNA biogenesis discussed so far, which result in the formation 

of a ~20nt single-stranded mature miRNA molecule from a longer transcript, through 

the activity of multiple proteins is subject to regulation. Of course, because they are 

transcribed like protein-coding genes, pri-miR transcripts are subject to transcriptional 

regulation, one of the earliest examples being the induction of miR-17-92 by c-myc, 

overexpression of which occurs in cancer (O'Donnell et ai, 2005). Whilst, the activity 

of the RNA-processing enzymes Drosha and Dicer was initially thought to be non

specific and constitutive, it is now emerging that the maturation of specific miRNAs can 

be affected by regulation of these proteins. It has been demonstrated that the processing 

of a specific set of pri-miRNA transcripts by Drosha requires the action of the DEAD- 

box RNA helicases, p68 or p72 (Fukuda et ai, 2007). More specifically, processing of 

pri-miR-18a has been shown to require the RNA-binding protein heterogeneous nuclear 

ribonucleoprotein Al (hnRNP Al) (Guil and Caceres, 2007). In terms of extracellular 

signals regulating miRNA maturation it has been shown that stimulation of vascular
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smooth muscle cells with (tumour-growth factor) TGF-P or bone morphogenic proteins 

(BMPs), which result in a contractile phenotype in these cells, increases levels of 

mature miR-21, not through induction of transcription, but through promotion of 

processing of the pri-miR-21 transcript in a process which requires signalling through 

the SMAD proteins as well as the action of the p68 RNA helicase (Davis et ai, 2008). 

The conversion of the pri-miR transcript of let-7a to the pre-miR can be negatively 

regulated by LIN-28 which is removed during embryonic progression to promote let-7 

expression in Drosophila (Viswanathan el ai, 2008) (Newman et ai, 2008).

Additionally, the processing of mature miRNA from pre-miRs by Dicer can be subject 

to specific regulation through poorly defined mechanisms. For example, pre-miR-138 is 

expressed ubiquitously across many tissues but the expression of the mature miR-138 is 

restricted to embryonic tissue and the adult brain, indicating both spatio- and temporal 

control of Dicer activity (Obemosterer et ai, 2006). More recently the generation of 

mature miR-155 from pre-miR-155 was shown to be enhanced following LPS 

stimulation in a process which requires the RNA-binding protein KH-type regulatory 

protein (KSRP) and occurs specifically in macrophages (Ruggiero et ai, 2009).

An alternative pathway for the generation of miRNA has recently been described in 

Drosphila and C. elegans, with these miRNA becoming termed ‘mirtrons’. This refers 

to miRNAs which are derived from alternative splicing of mRNAs and are not 

generated through the action of Drosha but by the splicing machinery (Okamura et ai, 

2007; Ruby et ai, 2007). In this case the sequence containing the pre-miR stem-loop is 

contained within introns of a primary mRNA transcript. Following “splicing out” of the 

pre-miR by the spliceosome, processing of the pri-mRNA occurs as normal. The 

occurrence of mirtrons has also been described in mammalian species (Berezikov et ai, 

2007).

Unusually, a mature miRNA has been described, miR-29b, which is expressed in the 

nucleus. It is thought that the mature form of this miRNA is re-exported inside the 

nucleus via the occurrence of a hexanucleotide terminal repeat sequence (Hwang et ai, 

2007) and may occur through the action of Argonaute proteins (Guang et ai, 2008).
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The ‘linear’ canonical pathway of miRNA biogenesis is illustrated in Figure 1.3 and is 

also well described in (Winter el ai, 2009).

1.3.5 Silencing of gene expression by miRNA

The RISC is a multicomponent ribonucleoprotein complex (Hutvagner and Zamore, 

2002), which consists of members of the Argonaute (Ago) family of proteins, four of 

which occur in mammals, the most well studied in terms of RNAi being Ago-2 

(Hammond el al, 2001). The Argonautes are RNA binding proteins that are highly 

conserved across species and of which many members exist (Cerutti et ai, 2000) 

(Carmell et al., 2002). Mature miRNA forms the RISC with these and other RNA- 

binding proteins including Fragile-X related protein (FXRP), VIG and a nuclease 

Tudor-SN (Caudy et al., 2002) (Ishizuka et al., 2002) (Caudy et al., 2003). In siRNA- 

directed gene silencing, the siRNA sequences are usually complementary to sequences 

in the coding sequence of the mRNA. This then guides the RISC to this part of the 

mRNA sequence and usually results in cleavage of the target mRNA transcript. The 

cleaving enzyme in siRNA-directed silencing has been shown to be Ago-2 (Liu et al., 

2004). miRNA-directed gene silencing differs however. miRNA target sites are found in 

the 3’UTR of target mRNA. miRNA sequences are not always fully complementary to 

sequences in the mRNA. Instead partial complementarity usually occurs, with most 

complementarity occurring in the first 7 nucleotides, usually nucleotides 2-7 from the 5’ 

end of the miRNA. This has become known as the seed sequence of a miRNA. When 

complete complementarity of miRNA to target occurs, degradation of the target mRNA 

is seen. When incomplete complementarity occurs, repression of translation of that 

mRNA is seen (Zeng et al., 2003) (Hutvagner and Zamore, 2002) (Lai, 2002).

The exact mechanism whereby translational inhibition in miRNA-directed silencing 

occurs remains unknown although multiple models have been suggested. One theory is 

that miRNA activity interferes with the initiation of translation (Pillai et ai, 2005). The 

process of translation is subject to multiple levels of regulation, with one important 

group of proteins for cap-dependent translation being the eukaryotic initiation factor-4 

proteins which recognise the 5’UTR of mRNA, facilitate binding to and initiate
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ribosome formation and tRNA entry to the correct reading frame of the mRNA 

(Sonenberg, 2008). The activity of the crucial cap binding protein eIF4E has been 

shown to be inhibited by Ago-2 activity in miRNA-directed silencing, which also 

impacts on poly(A) tail function (Humphreys et ai, 2005). This has been shown to be 

due to Ago-2 competing with eIF4E for binding to the 5’cap structure and thereby 

prevent translation (Kiriakidou et ai, 2007). Recently, Chendrimada et al, demonstrated 

that eIE6 is a component of the Ago-2 RISC complex and is required for silencing, 

possibly through preventing correct ribosome assembly (Chendrimada et al., 2007). 

How the RISC, which is directed to the 3’UTR, can inhibit processes at the 5’UTR 

remains unclear, however, it has been suggested that it may be due to circurlarization of 

mRNAs through the action of eIF4G (Wells et ai, 1998), which may make translational 

initiation sensitive to miRNA silencing.

Alternatively, some reports suggest an initial round of translation is required before 

miRNA-mediated silencing can occur. It may be that the miRNA-mRNA duplex blocks 

dissociation of the ribosome from the mRNA (Olsen and Ambros, 1999; Maroney et ai. 

2006; Nottrott et al., 2(K)6). An alternative idea is that protein synthesis by the ribosome 

may not be blocked at all, but the nascent polypeptide is very rapidly degraded (Nottrott 

et al.. 2006).

Additional reports maintain that miRNA-directed silencing can in fact lead to mRNA 

decay and degradation. This is thought to occur through the promotion of deadenylation 

of the target mRNA, which is facilitated by the action of the CCR4-NOT deadenylase 

complex and the decapping enzymes DCPl and DCP2, which remove the poly(A) tail 

of the mRNA. This leads to decreased stability and therefore decay and silencing of the 

mRNA (Bagga et ai, 2005; Behm-Ansmant et al., 2006; Giraldez et ai, 2006; Wu et 

al., 2006).

Microscopic occlusions can be seen in cells in which microRNA and silenced mRNAs 

complex. These are known as processing-bodies (P-bodies) (Behm-Ansmant et al., 

2006). Some reports suggest that miRNA targeting via Ago-2, is critical for the 

formation of these P-bodies. P-bodies exclude the translation apparatus, thereby 

negatively regulating the expression of mRNA contained within. Additionally, 

decapping enzymes are also active at P-bodies and degradation of mRNA by
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Figure 1.3 - Biogenesis of mature miRNA. The multi-step process controlling 

miRNA biogenesis is illustrated. Transcription of miRNA transcripts is thought to 

occur through the action of RNA polymerase II, although some cases of RNA 

polymerase III directed transcription exist. In some cases miRNA are encoded by 

their own distinct gene but cases exist where miRNA are derived from host genes 

of host mRNA (intronic miRNA). In each case the resulting transcript is termed the 

primary miRNA (pri-miRNA) and it is then cleaved by a nuclear riboendonuclease 

complex termed the microprocessor which contains the enzyme Drosha and its 

partner protein Pasha. This recognizes a hair-pin structure in the pri-miRNA which 

contains the mature miRNA sequence and cleaves before and after this hair-pin 

sequence. This results in the generation of the premature miRNA (pre-miRNA) 

which is then exported to the cytoplasm through the Ran-GTP coupled exporter 

protein exportin-5. In the cytoplasm the pre-miRNA is cleaved by the 

riboendonuclease Dicer, as part of a larger complex - the RLC - RISC Loading 

Complex. This cleavage event releases the mature miRNA plus its complementary 

antisense sequence, called the miRNA* sequence, as a miRNA dimer. This 

unwinds and the mature miRNA sequence enters a pre-exisiting ribonucleoprotein 

complex with Argonuate protein which is termed the RNA interference silencing 

complex. The miRNA* sequence is thought to be rapidly degraded. The mature 

miRNA directs the RISC to complementary sites in the 3’UTR of target mRNA 

where it prevents translation of the target protein.
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exonucleases has been shown to occur here (Chan and Slack, 2006). Interestingly, it has 

been reported that mRNAs which enter P-bodies and are therefore silenced in a 

miRNA-dependent manner can relocate from P-bodies and become actively translated 

mRNAs once again. This requires specific signals within the cell (Bhattacharyya et ai, 

2006; Schratt et al, 2006). Additionally, it has also been demonstrated that under 

conditions of cellular stress the RISC can in fact promote translation of miRNA- 

regulated mRNAs (Vasudevan and Steitz, 2007).

More recently, additional reports have emerged in which miRNA has been postulated 

to enhance expression of target genes (Janowski et al., 2007) and this is thought to 

occur through action of miRNAs at promoter sequences in the nucleus of genes, 

promoting transcription of mRNAs . If this is a common occurrence undoubtedly, more 

cases will be reported in the future.

1.3.6 miRNA targets

The importance of base-pairing between nucleotides 2-7 of a miRNA to a target mRNA 

has been outlined by many studies (Lai, 2002). However, the prediction of miRNA 

targets has not been easy. Current in-vitro techniques to uncover targets remain 

cumbersome (Lewis et ai, 2003) (Kertesz et al., 2007) (Crimson et ai, 2007) and much 

effort has been put into the creation of bioinformatic programs which scan 3’UTR 

sequences in the database for target sites. Many of these programs exist including 

PicTar, TargetScan, miRANDA and miRBase. However care must be taken when 

interpreting data from these programs as they do not consider the expression patterns of 

target mRNA, the context in which the miRNA is expressed or other rules such as 

proximity to other predicted miRNA target sites. Not surprisingly, exceptions which 

deviate from these commonly held rules have been reported (Didiano and Hobert, 

2008).

Initially target mRNAs were identified experimentally by examining the expression of 

candidate proteins and their cognate mRNA alongside expression of a particular 

miRNA. This is still a requisite for target verification. Microarray studies of cells in
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which a particular miRNA is inhibited may also generate useful data, although the 

expression of target mRNA is not always affected by miRNA activity and additionally 

secondary effects of inhibition of the miRNA may show up. Despite this, a picture of 

miRNA control of gene expression is now emerging. It is becoming apparent that one 

miRNA may target the expression of many different mRNAs - the extent by which it 

differentiates between targets will depend upon expression of different target mRNA 

and miRNA (Lee ei al., 1993) (Wightman et al., 1993). On the other hand, many 

miRNA may target the same mRNA, thereby enhancing its repression (Reinhart et al, 

2000) (Abrahante et al, 2003) (Lin et al, 2003). Additionally the effect of miRNA on 

expression of a target gene may be mild and may fine-tune protein expression to a 

required level or it may completely reduce protein production to an inconsequential 

level. These type of effects will be dependant again on the concentration of both 

miRNA and target mRNAs. Therefore, study of any process which alters gene 

expression in mammals will require a detailed analysis of transcriptome and miRNA 

expression in cells.

A landmark study which utilised mass spectrometry analysis of the proteome of miR- 

223-deficient cells compared to wild-type cells to determine the effect of one particular 

miRNA on the protein output of the cell (Baek et al, 2008). The expression of hundreds 

of proteins which were predicted to be direct targets of miR-223 were identified as 

silenced translationally without changes in the mRNA levels. In most cases however, 

this silencing was moderate. However, of those proteins silenced to a dramatic extent, 

destabilization of the mRNA was also seen. These results indicate that miRNAs act as 

fine-tuners of protein expression in cells.

1.3.7 Biological functions of miRNA

Although initially described in larval progression in nematode development it has since 

emerged that miRNA play roles in a wide range of diverse cellular processes. Initially, 

forward genetic screens revealed additional miRNA which regulated development 

including bantam in Drosophila and lys6 in C. elegans (Brennecke et al, 2003) 

(Johnston and Hobert, 2003). miR-14 in flies was found to regulate lipid metabolism
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and apoptosis, demonstrating a role outside of embryological development for miRNA 

(Xu et al, 2003).

Cloning and profiling of miRNA in mammals revealed that unlike those previously 

discovered whose expression was temporally regulated, the expression of particular 

miRNA was limited to particular cell types - for example miR-1 was found to be the 

most abundant miRNA in mouse heart tissue but detectable only at low levels in the 

liver or the mid-brain. This, alongside other profiling results, implied miRNA play a 

role in controlling cell differentiation and cell type identity (Lagos-Quintana et al., 

2002). Profiling of miRNA in different blood cells at different stages revealed that 

miRNA play a crucial role in the control of hematopoesis. Early expression profiling 

found the expression of certain miRNA, miR-181, miR-223 and miR-142s was 

restricted to cells of the bone marrow, spleen and thymus. Of these miR-181 was 

limited to B-cells of the bone marrow and overexpression of miR-181 in hematopoietic 

progenitor cells led to an increase in B-lineage cells. miR-223 expression was isolated 

to myeloid cells (Chen el al., 2004). This implies miRNA play a vital role in 

determining immune responses.

MicroRNA profiling revealed that cancerous cells display dysregulated miRNA 

expression patterns in comparison to cells from healthy tissue (Calin and Croce, 2006a). 

Additionally, break-points and mutations found in tumours commonly occur at sites in 

chromosomes which encode miRNA, for example miR-15 and miR-16 found at the 

13ql4 chromosomal region commonly lost in chronic lymphocytic leukaemia (CLL) 

(Zhang et al., 2006) (Calin and Croce, 2006b) (Calin et al., 2002) . This implied 

miRNA plays a role in the regulation of growth. Many studies have implicated 

particular miRNA overexpressed in many different tumours and have demonstrated that 

these miRNA target tumour suppressor genes mRNA. Examples include miR-155 and 

the miR-17-92 cluster, both of which have been found to be overexpressed in diffuse B- 

cell lymphoma (Kluiver et al., 2005) (He et al., 2005b). Thus these miRNA are said to 

be oncogenic and referred to as oncomiRs (Cho, 2007). Additionally miRNA can act as 

tumour supressors. Examples include miR-15 and miR-16, which are normally
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expressed at high levels. These are lost in CLL and expression of the anti-apoptotic Bcl- 

2 occurs instead (Cimmino et al. 2005).

Other roles for miRNA include control of neuronal development by miR-1 (Lewis et al, 

2003). miR-7 plays a role in this process also by targeting components of Notch 

signalling (Lai, 2002) (Stark et al, 2003). Additionally, certain miRNA have been 

shown to be apoptotic, for example Drosophila miR-14 which targets antagonists of 

caspase-inhibitors in flies (Xu et al, 2003). miRNA has also been implicated in the 

regulation of insulin secretion (Poy et al, 2004). In plants, miRNA have also been 

shown to play a role in the response to a wide range of stimuli (Reinhart et al, 2002).

1.3.8 miRNA and immunity

1.3.8.1 miRNA control of hematopoiesis

As early studies indicated miRNA play a role in determining cell fate and 

hematopoiesis, further studies began to analyse expression of miRNA in various cells of 

the immune system. One study profiled hematopoietic progenitor cells at different 

stages and found in the differentiation of common myeloid progenitors to mast cells 

miR-26a, miR-24 and miR-27a are down-regulated, while expression of miR-223 is 

increased. Additionally, in the maturation of thymocytes to naive T-cells, miR-150 is 

decreased. Subsequently in the differentiation to Thl cells, miR-146 is decreased while 

miR-150 is again increased. Both these miRNA are increased in the differentiation to 

Th2 cells. Many miRNA (miR-24, miR-142-3p, miR-142-5p) are up-regulated in the 

maturation of pro-B-cells to spleenic B-cells (Monticelli et al., 2005).

Subsequent studies outlined roles for miR-221 and miR-222 in erythropoiesis (Felli et

al, 2005). They have been shown to target the c-kit mRNA. miR-223 was found to

control granulopoiesis by targeting the transcription factor NFl-A (Fazi et al, 2005).

The miR-17-5p-20a-92 cluster has also been shown to control monocytopoiesis
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(Fontana et al., 2007). Another landmark study analysed the expression of miRNA in 

hematapoietic progenitor stem cells (HSPCs) and combined their data with mRNA 

expression data and miRNArmRNA target predictions to build a picture of how 

miRNAs control hematopoietic differentiation. Notably, they found miRs 17, 24, 146, 

155, 128 and 181 are highly expressed in and thus prevent differentiation of early 

progenitor cells. The expression of miR-146 is decreased in the differentiation to the 

lymphoid state, while the expression of miRs 155, 24a and 17 decreases in the 

differentiation to the myeloid state. miR-128 and miR-181a are decreased in both cell 

types. In the subsequent differentiation of a common myeloid progenitor to granulocyte- 

macrophage progenitors expression of miRs 16, 103 and 107 is decreased. In the 

differentiation of the megakaryocyte erythroid progenitor to erythrocytes miRs 221, 222 

and 223 are decreased. The authors speculate these miRNA all function to block 

differentiation at different points by targeting specific mRNAs, thereby holding the cell 

in an undifferentiated state (Georgantas et al, 2007).

To assess the role of miRNA in T-cell development. Dicer deficient T-cells were 

examined. Dicer deficiency resulted in aberrant Th cell differentiation and cytokine 

production. T-cells could not be differentiated to CD8-I- T-cells in the absence of Dicer 

and although low in numbers, CD4-I- T-cells were generated which proliferated poorly 

upon stimulation and underwent increased apoptosis (Muljo et al., 2005) (Cobb et al, 

2005). A further study found that complementation of these cells with a miR-150 

expression cassette restored correct T cell differentiation but interestingly, blocked B- 

cell development (Zhou et ai, 2007).

The results of various profiling and functional studies outlining the role of miRNA in 

hematopoeisis are illustrated in Figure 1.4

1.3.8.2 miRNA and viruses

The RNAi pathway is thought to have evolved for the destruction of foreign, for

example viral, RNA during infection. This is a common occurrence in plants and
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debatably, plays a similar role in animals (Cullen, 2006). It has also been found then, 

unsurprisingly, that viral genomes encode miRNA. To date, miRNA have been detected 

by bioinformatic prediction and expression profiling of cloned miRNA. They have 

mainly been found in the genomes of dsDNA viruses, for example Herpesviruses. 

Epstein-Barr virus, Kaposi’s sarcoma herpesvirus (KSHV), murid herpesvirus (MHV)- 

68 and herpes simplex virus (HSV)-l and HSV-2 contain predicted miRNA (Pfeffer et 

al, 2004; Pfeffer et al, 2005) (Grundhoff et al, 2006). One of the predicted EBV 

miRNA, mir-BART2, is complementary to a lytic viral mRNA (Pfeffer et al., 2004) . 

How this affects the viral life-cycle remains unclear. KSHV contains 12 predicted 

miRNA in the intron of a latent mRNA. Bioinformatic analysis predicts these miRNA 

may target cellular mRNAs (Pfeffer et al, 2004) (Cai et al, 2005) (Samols et al., 2005). 

Interestingly, one of the KSHV miRNA, has been shown to be homologous to 

mammalian miR-155 (Schafer et al, 2007). Additionally, another viral miR-155 

homolog has been described in Marek’s disease virus (Zhao et al, 2009). SV40, a 

polyomavirus with a small DNA genome, contains a putative miRNA derived from a 

viral late pre-mRNA. It is complementary to an early viral transcript and may function 

in timing of gene expression in the viral lifecycle (Sullivan et al, 2005).

Many groups have analysed the genomes of RNA viruses for miRNA (Pfeffer et al,

2004) , and although some debate remains over whether or not HIV-1 encodes miRNA 

(Omoto and Fujii, 2006) (Bennasser et al. 2005) (Lin and Cullen, 2007), it is believed 

RNA viruses who replicate in the cytoplasm, do not contain miRNA sequences, which 

require nuclear processing. It is also possible that viral transcripts are targeted by host 

miRNA. This may occur for efficient host silencing of viral RNA and subsequent 

clearance of the virus, or it may occur for the virus to subdue the host immune response. 

One interesting finding has been that the liver-specific miR-122 targets sites in the 5’ 

and 3’ end of the ssRNA virus, hepatitis-C virus (HCV). Intriguingly this serves to 

enhance viral replication, instead of degrading and silencing viral RNA (Jopling et al,

2005) . Most recently it has been demonstrated that stimulation of hepatic cells with the 

anti-viral cytokine IFN-p induces the expression of a set of miRNA which target sites in 

the HCV genome, thereby silencing viral gene expression and replication (Pedersen et 

al, 2007).
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Figure 1.4 - miRNA control of hematopoetic development. Various profiling 

studies have measured the levels of miRNA in different immune cells at different 

stages of development. Immuno-relevant cells at different haematopoietic stages 

are shown. In each transition miRNA which increase are indicated by green text 

(|). miRNA which decrease are indicated by blue text (|).
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Viral infection has more recently been shown to induce the expression of miRNA in 

host cells. EBV has been demonstrated to induce miR-146a, via its signalling protein 

latent membrane protein (LMP)-l (Motsch et ai, 2007; Cameron et al., 2008b). 

Additionally, EBV infection has also been shown to induce, to a smaller extent, miR- 

155 and miR-21 (Motsch et al, 2007).

Therefore, as miRNA play such a crucial role in the development of an appropriate 

immune system and in the immune response to viruses and given that miRNA can be 

induced by a wide range of stimuli, including the induction of both miR-21 and miR- 

155 by phorbol 12-myristate 13-acetate (PMA) during maturation of HL-60 monocytes 

to macrophages (Kasashima et ai, 2004), it is likely that miRNA play a key role in the 

immune response to infection. At the time I began work on this project there was no 

published data on the induction of miRNA by PRRs during the immune response. It was 

felt likely that activation of TLRs would result not only in the activation of key 

transcription factors and the production of cytokines but also induced miRNA. It was 

probable then that these miRNA many function to negatively regulate TER signalling 

but also to regulate gene networks for the development of an appropriate immune 

response. As TER signalling plays a key role in the maturation of cells of the immune 

system such as dendritic cells, T-cells and B-cells, it was likely that miRNA induced by 

TLRs would play a key role in orchestrating the appropriate development of the 

immune system.
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1.4 Aims and objectives

This project set out to investigate if activation of TLRs could alter miRNA expression. 

The aims are as follows:

1. Analysis of global miRNA expression in cells following activation of TLRs

2. If successful, analysis of the signalling pathways which induce specific 

miRNA

3. Identification of target genes for candidate miRNA

4. Determine significance of miRNA targeting candidate gene(s) to TLR 

action.

Overall, the regulatory role miRNA were playing in TLR signalling and innate 

immunity, if any, was examined.
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2.1 Reagents

2.1.1 Stimulants
Lipopolysaccharide (LPS) from Salmonella minnesotta was purchased from Sigma 

(Poole, Dorset, UK) and was used for initial microarray and PCR screening of miRNA 

expression. Ultrapure LPS from E.coli strain EH 100 (Ra) was purchased from Alexis 

(Poole, Dorset, UK) and used in all subsequent experiments. Pam3CysSerLys4 

(pam3CSK4) was obtained from Calbiochem (San Diego, CA, USA). 

Polyinosinic:polycytidilic acid (p(I:C)) was purchased from Amersham (GE Healthcare 

LTD, Giles, Bucks, UK).

2.1.2 Antibodies

The p-actin antibody was purchased from Sigma (Poole, Dorset, UK). The rabbit 

polyclonal PDCD4 antibody was from Rockland Immunochemicals (Gilbertsville, PA, 

USA). The tropomyosin antibody (TM-311) was obtained from Abeam (Cambridge, 

UK). IkBu antibody was a kind gift from Prof. Ron Hay (University of St. Andrews, 

Fife, UK). Anti-mouse IgG (whole molecule) horse-radish peroxidase conjugate and 

anti-rabbit IgG (whole molecule) horse-radish peroxidase conjugate were obtained from 

Jackson ImmunoResearch Inc (Westgrove, PA, USA).

2,1.3 Cell culture media

RPMI 1640, DMEM and Opti-MEM were purchased from Gibco, (Biosciences, Dun 

Laoghaire, Ireland). Foetal calf serum (ECS) was obtained from Biosera (East Sussex, 

UK). Penicillin, streptomycin, genlamycin, blasticidin, trypsin, L-Glutamine and 

DMSO was obtained from Sigma (Poole, Dorset, UK). HygroGold was obtained from 

Invivogen (San Diego, CA, USA). Cell culture flasks and plates were purchased from 

Starsted (Numbrecht. Germany).
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2.1.4 Cell lines

The DC2.4 cell line was a gift from Dr. Kenneth Rock, University of Massachusetts, 

Boston, USA. RAW264.7 murine macrophage cell line and the human monocyte THPl 

cell line were obtained from the European Collection of Animal Cell Cultures (ECACC) 

(Salisbury, UK). A172 and L929 cell lines were a gift from Dr. Kate Fitzgerald, 

University of Massachusetts, Boston, USA. Retrovirally immortalised bone marrow 

derived macrophages (I-BMDM) - wild-type, MyD88-deficent and TRIF-deficient were 

a gift from Prof. Douglas Golenback, University of Massachusets, Boston, USA. p65- 

deficient and matched wild-type control mouse embryonic fibroblasts (MEFS) were a 

gift from Prof. Ron Hay, University of St. Andrews, Fife, UK. The human embryonic 

kidney cell line stably transfected with the EPS receptors TLR4, CD 14 and MD2 

(HEK293TLR4) was obtained from Invivogen (San Diego, CA, USA).

2.1.5 PCR reagents
All reverse transcription kits, PCR mastermixes, gene expression assays and miRNA 

assays for real-time PCR were purchased from Applied Biosystems, (Huntington, UK). 

Briefly, for miRNA PCR screen the Early Access Human miRNA Panel was used. For 

subsequent PCR, individual miRNA TaqMan assays were used for hsa-miR-21, hsa- 

miR-146a, hsa-miR-155 and RNU6B as an endogenous control.

2.1.6 RNA oligonucleotides

SMART-pool siRNA specific to both human and murine PDCD4 as well as non

targeting negative control siRNA pools for each species were obtained from 

Dharmacon/Thermo-Scientific (Medical Supply Company, Mulhuddart, Dublin). Anti- 

miR Inhibitors and Pro-miR Precursor miRNA molecules for miR-21 were obtained 

from Ambion (Huntington, UK) as well as non-targeting negative control molecules for 

each. A morpholino oligonucleotide targeted to the miR-21 site in murine PDCD4 (m- 

21) was obtained from GeneTools EEC (Philomath, OR, USA) alongside a control 

morpholino oligonucleotide targeted to a non-functional site in the murine PDCD4
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3’IJTR (m-cntrl). The sequences, where available of all small RNA oligonucleotides 

used, is given in Table 2.1.

2.1.7 DNA plasmids

The NFKB-linked luciferase reporter plasmid was a gift from Dr. Ralf Hoffmeister, 

Universitat Regensburg, Germany. It consists of the pGL3-Basic vector (Promega, 

Madison, WI, USA) with 5x NFkB sites cloned upstream of the luciferase gene. phRL- 

TK (TK-Renilla) was obtained from Promega (Madison, WI. USA). An AP-1-linked 

luciferase construct was obtained from Dr. Pasquale Verde, Institute of Genetics and 

Biophysics Adriano Buzzati Traverso, Naples, Italy. It is derived from the pAPl-luc 

vector available from Stratagene (La Jolla, CA, USA). The human IL-10 promoter- 

luciferase construct was a gift of Dr. Andrew Bowie, Trinity College, Dublin. It 

consisted of the pGL3-Basic vector with the -890 to -1-120 sequence of hIL-10 cloned 

upstream of the luciferase gene. The miR-21-linked reporter plasmid was a gift of Dr. 

Angie M Cheng, Ambion Inc., Austin, TX, USA. It consists of the pMIR-REPORT 

vector (Ambion) with a sequence exactly complementary to miR-21 cloned downstream 

of the luciferase gene.

2.1.8 Miscellaneous materials
General laboratory chemicals were purchased from Sigma (Poole, Dorset, UK) with the 

following exceptions. TRI reagent (Trizol) was purchased from Invitrogen (Dun 

Laoghaire, Ireland). RNase-free water was derived from the Milli-Q Advantage AlO 

water system (Millipore, Watford, UK) or purchased from Qiagen (Crawley, UK). 

ELISA duoset kits were all purchased from R&D Biosytems (Abingdon, UK). Pre

stained broad range protein molecular weight marker and 100 bp DNA ladder was from 

New England Biolabs (Ipswitch, MA, USA). 2X denaturing RNA loading dye was from 

Ambion (Huntington, UK). Enhanced chemoluminescent substrate reagent used was 

20X LumiGlo and 20X peroxidase from Cell Signalling Technologies Inc. (Danvers, 

MA, USA). GeneJuice was obtained from Novagen (Merck, Darmstadt, Germany). 

Lipofectamine 2000 and Lipofectamine RNAiMAX was obtained from Invitrogen (Dun
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Laoighaire, Ireland). Coelentrazine was from Argus Fine Chemicals (Vernio, France). 

5X Passive Lysis Buffer was from Promega (Madison, WI, USA). Endoloxin-free 

plasmid purification maxi-kits and RNA extraction mini-kit was purchased from Qiagen 

(Crawley, UK). J558 supernatant, containing GM-CSF for differentiation of bone 

marrow derived dendritic cells (BMDCs) was a gift of Dr. Ed Lavelle, Trinity College, 

Dublin. Materials for miRNA microarray analysis were kindly provided by Doctor Eric 

Miska. University of Cambridge, UK, where the experiments were carried out.

2.1.9 Animals

Wild type C57/BL6 mice were obtained from the Bioresources unit at Trinity College, 

Dublin. PDCD4-dericient bone marrow was provided by Dr. Youhai Chen, University 

of Pennsylvania, Philadelphia, USA. PDCD4 deficient mice were housed and 

maintained at the University of Pennsylvania. All of the animal protocols used in this 

study were in accordance with the Animal Research Committee, University of 

Pennsylvania, PA, USA or to the regulations of the European Union and the Irish 

Department of Health.

2.2 Cell culture

2.2.1 Maintenance of DC2.4 and THPl cell lines

DC2.4 and THPl cell lines were both maintained in RPMI media supplemented with 10 

% PCS and the antibiotics penicillin 100 U/ml and streptomycin 100 pg/ml. When the 

cells reached confluency, cells were removed from tissue culture flask and placed in a 

centrifuge tube. DC2.4 cells were lifted using a cell scraper gently. The mixture was 

centrifuged at 1000 rpm for 5 min to pellet cells. Supernatant was discarded, the cell 

pellet resuspended in fresh media, counted and transferred to fresh media in a fresh 

flask. Cells were grown at 37 °C in a humidified atmosphere of 5 % C02. Cells were

set-up at between 1-2x10^ cell/ml for experiments.
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2.2.2 Maintenance of RAW264.7, I-BMDM, HEK293TLR4 and A172 cell lines 

and MEFs
RAW264.7, I-BMDM and A172 cell lines were maintained in DMEM media 

supplemented with 10% PCS and the antibiotics penicillin 100 U/ml and streptomycin 

100 pg/ml. In addition, HEK293TLR4 was supplemented with blasticidin at 10 pg/ml 

and HygroGold at 50 pg/ml. When the cells reached confluency, cells were lifted using 

IX trypsin-EDTA. Briefly, the media was discarded from the flask. Cells were then 

washed in PBS. 1-2 ml IX trypsin-EDTA was added to the cell monolayer in the tissue 

culture flask and returned to 37 “C for 10-15 min. Pollowing this fresh media with ECS 

was added to inhibit trypsin-EDTA. Cell mixture was transferred to a centrifuge tube 

and cells pelleted at 1000 rpm for 5 min. Supernatant was removed, the cell pellet 

resuspended in fresh media, counted and transferred to fresh media in a fresh flask. 

Cells were grown at 37 °C in a humidified atmosphere of 5 % C02. Cells were set-up at 

1x10'^ cell/ml for experiments.

2.2.3 Maintenance of L929 cell line

L929 cell line was maintained in RPMl media supplemented with 10% PCS and the 

antibiotics penicillin 100 U/ml and streptomycin 100 pg/ml. Cells were left in flasks for 

seven days after which they had reached over-confluency. Cells were lifted by scraping 

gently. The cell-media mixture was transferred to 50 ml falcon tubes and centrifuged at 

1000 rpm for 5 min. The supernatant, containing the M-CSP, was transferred to another 

falcon tube and the cell pellet was resuspended in fresh media and new flasks set-up. 

The M-CSF-containing media was filter sterilised, aliqouted and stored frozen at - 20 

°C. Cells were grown at 37 °C in a humidified atmosphere of 5 % C02.

2.2.4 Isolation and generation of bone-marrow derived macrophages
Mice were euthanised in a CO2 chamber. The skin was cut at the abdomen, pulled apart 

and cut down to the ankle exposing both femurs, and tissue was cut away from the 

bones. The bones were cut high up in the hip joint and down at the ankle. Bones were

36



Chapter Two - Materials and Methods

placed in a 10 cm sterile dish, and were cut above and below the knee to expose the 

femur and tibia shaft. The marrow was flushed out using supplemented serum free 

DMEM in a 10 ml syringe with a 25 mm gauge needle. The needle was inserted into the 

bone marrow cavity of the femur or the tibia, and the cavity was flushed until the bone 

appeared white. Marrow was resuspended using a 10 ml pipette and kept on ice. The 

medium containing the bone marrow cells was then centrifuged at 1800 rpm for 5 min 

at room temperature. The supernatant was discarded, and the cell pellet was 

resuspended in 2 ml of Red Blood Lysis Buffer (Sigma) for 2 min. Following this 

incubation, 20 ml DMEM was added. This was then centrifuged at 1800 rpm for 5 min. 

This step was repeated two to three times until there was no red colour remaining. The 

cells were then washed twice in DMEM to remove any red blood cell lysis buffer. The 

ceils were resuspended in DMEM + 10 % ECS alongside the antibiotics penicillin 100 

U/ml and streptomycin 100 pg/ml + 10 - 15 % of the M-CSF containing medium (L929 

supernatant) and seeded at a final concentration of 5x10^ cell/ml. Cells were incubated 

at 37 °C in a humidified atmosphere of 5 % CO2. 24h later non-adherent cells were 

removed to a fresh plate and fresh M-CSF medium was added to the adherent cells. 

Every 3 days fresh M-CSF containing medium was added to both plates. Bone marrow 

derived macrophages were then counted and set up for experiments on days 8-10 post 

isolation. For 6 well plate cells were seeded at 2x10^ cell/ml, 3 ml/well, for 24 well 

plate cells were seeded at 2x10^ cell/ml, 500 pL/well and for 96 well plates cells were 

seeded at at 2x10^ cell/ml, 100 pL/well.

2.2.5 Isolation and generation of bone-marrow derived dendritic cells
Bone marrow was extracted from mice as above (Section 2.2.4) except using 

supplemented RPMI media instead of DMEM. Following lysis of red-blood cells, cells 

were resuspended in RPMI -1- 10 % ECS -1- the antibiotics penicillin 100 U/ml and 

streptomycin 100 pg/ml -1- 22 % of GM-CSF containing medium (J558 supernatant) and 

seeded at a final concentration of 5x10® cell/ml. Cells were incubated at 37 °C in a 

humidified atmosphere of 5 % CO2. 24 h later fresh GM-CSF medium was added to 

cells. On day 5 post-extraction semi-adherent cells were selected for by washing with 

PBS and 0.1 % EDTA. Cells were set-up in new flasks at 5x10® cell/ml. Further GM- 

CSF containing medium was added on day 8. Bone marrow derived dendritic cells were
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then counted and set up for experiments on day 10 post isolation and at this stage 11 % 

GM-CSF was used. For 6 well plate cells were seeded at 2x10* cell/ml, 3 ml/well, for 

24 well plate cells were seeded at 2x10* cell/ml, 500 pL/well and for 96 well plates cells 

were seeded at at 2x10* cell/ml, 100 pL/well.

2.2.6 Isolation and generation of peripheral blood mononuclear cells
20 ml of blood was taken from an anonymous healthy donor (Irish Blood Transfusion 

Board - IBTB). Blood was transferred into a 50 ml falcon tube and diluted 1:2 with 

PBS. Ficoll pague plus (Sigma) was used to separate the blood into red blood cells, 

PBMCs and serum. Diluted blood was slowly added to 20 ml of ficoll pague plus. The 

tubes were centrifuged at 2000 rpm for 30 min. The white blood cell ring was 

transferred into a new 50 ml tube using a Pasteur pipette. The volume was adjusted to 

50 ml and the samples were centrifuged again at 200 rpm for 10 min. The supernatant 

was removed. This step was repeated again and the pellet was then resuspended in 10 

ml of PBS. The cells were then counted and set up in as required at a concentration of 

2x10* cells/ml in RPMI.

2.2.7 Cryogenic preservation of cells lines
Cells were grown to a state of sub-confluency and were harvested and counted, as 

previously described. The cells were centrifuged and the pellet was resuspended in the 

correct volume of FCS and dimethyl sulphoxide (DMSO) (9:1) such that aliquots of 

2x10* cells in 1 ml FCS/DMSO are placed in 1.5 ml cryotubes. These aliquots are 

placed at -20 °C for 2 hours and then at -80 °C for 3 h before being stored in a liquid 

nitrogen vessel.
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Table 2.1 Sequences of RNA oligonucleotides used in functional studies (where 

available).

Company Oligonucleotide Name RNA sequence

Dharmacon Human PDCD4 
SMARTpool siRNA

Oligo #1 GUU GAAGAU C UAC C U GAA

Oligo #2 AAGGGAAGGUUGCUGGAUA

Oligo #3 GAAGCUGAACAUUGCCUUA

Oligo #4 CUACCGUGCUUCUGAGUAU

Dharmacon Murine PDCD4 
SMARTpool siRNA

Oligo #1 CCUGACAAUUUAAGCGACU

Oligo #2 CAAAUGAAGUUGCGGAGAU

Oligo #3 CAAAAGACGACUGCGGAAA

Oligo #4 GGAGAUGGAGGCCGUCUUA

Gene Tools m-21 morpholino AAGTAGCTTATCCAGAAGACCCACAC

m-cntrl morpholino GATCAGGTCCTAAACATGGCACTTA

Ambion Anti-21 miRNA
Inhibitor P.I.

Pro-21 miRNA
Precursor P.I.

P.I. - proprietary information, activity was tested using luciferase reporter.
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2.3 Transient transfection

2.3.1 Transient transfection using small RNA

Upon receipt of lyophilized RNA, oligonucleotides were resuspended in the appropriate 

volumes of RNase-free water to obtain a 50 pM stock for miRNA oligonucleotides and 

siRNAs and a 100 mM stock for morpholinos. RNA was aliqouted and stored frozen at 

- 20 °C. For transient transfections with RNA oligonucleotides, cells were plated 1 - 2 

days before transfection. Cells were transfected with small RNA when they had reached 

60 -80 % confluency. For every RNA transfection, equal total concentrations of RNA 

were transfected per reaction, consisting of two RNA species - a non-targeting negative 

control and the “target” RNA e.g. - miR-21 or PDCD4 siRNA. For transfection with 

siRNA, LIPOFECTAMINE RNAiMAX was used as the transfection reagent. For 

transfection with miRNA precursors and antisense and for morpholino oligonucleotide 

transfection. LIPOFECTAMINE 2000 was used as the transfection reagent. Firstly, a 

mixture of 2 % transfection reagent in OpliMEM media (serum-free) was made up and 

incubated at room temperature for 5 min. The appropriate volume of RNA for each 

transfection reaction was pipette into an RNase-free eppendorf or empty well of a 96- 

well plate, as appropriate. The total volume of RNA used in each transfection reaction 

was also kept constant. Dilutions to RNA stocks were made up in pre-warmed 

OptiMEM media. To the RNA, a volume of the 2 % transfection reagent-OptiMEM 

mixture was added, 1/10* the volume of the cell/media mixture to which it would be 

added. For 100 pL cells in a 96-well plate, 10 pL of transfection reagent-OptiMEM was 

added to the appropriate volume of RNA. For 500 pL cells in a 24-well plate, 50 pL of 

transfection reagent-OptiMEM was added to the appropriate volume of RNA. This 

RNA-transfection reagent-media mixture was incubated at room temperature for 20 min 

before being added on top of the cells. Following addition to plates, the cells were 

gently rotated by hand for a few seconds before being returned to the incubator. For 

most RNA transfection experiments, cells were left 24 h to recover before stimulation 

with TLR ligands for the appropriate times.
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2.3.2 Transient transfection using DNA plasmids

HEK293TLR4 and RAW264.7 cell lines were transfected with large DNA plasmids 

using GeneJuice. Briefly, cells were plated 1 -2 days before transfection. When the 

HEK293TLR4 cell line had reached 80 % confluency it was transfected with DNA. 

When the RAW264.7 cell line reached 60 % confluency, transfection proceeded. A 

mixture of 6 % GeneJuice in serum-free DMEM was prepared and incubated at room 

temperature for 10 min. Endotoxin-free plasmid DNA, prepared as outlined in 2.10.1, 

was plated into empty wells of a 96-well plate or into an eppendorf tube. Eor 

experiments examing the effects of overexpression on miRNA induction, each sample 

was transfected with a total concentration of 250 ng DNA, made up to equal 

concentrations with empty pCDNA-3 vector. For luciferase assays, all samples were 

transfected with the same amounts of control phRL-TK and luciferase-reporter vector, 

in triplicate, to a total of 140 ng DNA per point. Regarding the 6 % GeneJuice-DMEM 

mixture, 1/10* the volume of the cell/media mixture was added on top of the DNA. For 

100 pL cells in a 96-well plate, 10 pL of transfection reagent-OptiMEM was added to 

the appropriate volume of DNA. For 500 pL cells in a 24-well plate, 50 pL of 

transfection reagent-OptiMEM was added to the appropriate volume of DNA. 

Complexes were incubated for 15 min at room temperature. Following this, DNA- 

GeneJuice-DMEM mixture was added on top of the cells and the plates were gently 

rotated by hand for a few seconds before being returned to the incubator. For most DNA 

transfection experiments, cells were left between 24 - 48 h to recover before stimulation 

with TLR ligands for the appropriate times.

2.4 RNA preparation

2.4.1 Trizol method for purification of total RNA
1x10** cells were pelleted and subsequently washed and resuspended in IX Endotoxin- 

free PBS. lOX volume of Trizol reagent (Invitrogen) was added to the mixture, mixed 

by homogenization using a Dounce Homogenizer (8 strokes). The homogenate was let 

sit at room temperature for 5 min, followed by addition of 1/5 total volume of
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Chloroform (Sigma). The mixture was then inverted and let sit for 5 min. The mixture 

was then centrigued at 4000 rpm for 30 min at 4 °C. The top layer was carefully 

removed and placed into a clean tube. The RNA was subsequently precipitated from 

this mixture by ethanol precipitation. Briefly, 1.5 volume isopropanol was added to the 

extract and left for 5 min at room temperature. This was centrifuged at 13000 rpm for 

15 min. Supernatant was removed and excess isopropanol removed carefully without 

disturbing the pellet. The pellet was subsequently washed with 70 % EtOH. It was 

centrifuged at 8000 rpm for 10 min. The resulting RNA pellet was briefly air-dried and 

resuspended in RNase-free water. This method was used for initial microarray and PCR 

miRNA screening experiments. The method outlined below was used for all subsequent 

experiments.

2.4.2 Modified method using Qiagen RNeasy kit to extract total (including small) 
RNA

All steps were carried out in RNase-free conditions and on ice. Media was removed 

from the cells and they were washed briefly in IX PBS. Cells were lysed in an 

appropriate volume of Qiagen Buffer RLT, supplemented with 10 % p-mercaptoethanol 

(p-ME), (<1x10^ cells - 350pL, >1x10^ cells - 500pL). 1.5 volumes of 100 % Ethanol 

was added to the lysate and the mixture was vortexed gently. The mixture was applied, 

700 pL at a time, to a Qiagen RNeasy Column, and passed through by centrifugation at 

8000 rpm for 15 sec. Eollowing application of the lysate, the column was washed twice 

using 500 pL Qiagen Buffer RWl. Following this the column was placed in a clean, 

RNase-free eppendorf. 30 pL of RNase-free water was applied to the column which was 

subsequently centrifuged at 13000 rpm for 1 min to elute the RNA.

2.4.3 Assessment of RNA Quality

2.4.3.1 Agarose gel electrophoresis of RNA
5 pL of eluted RNA was placed in an eppendorf with 5 pL 2X denaturing RNA loading 

dye and loaded alongside a 100 bp DNA ladder on a 2 % agarose-TAE gel.

42



Chapter Two - Materials and Methods

Electrophoresis was carried out to separate the nucleic acids which was visualized using 

Ethidium bromide staining and UV-illumination. A photograph was printed off and kept 

for every extraction which displays the 18s, 23s and small RNA fractions of each 

sample. The image was also used to normalise RNA samples by comparing staining 

intensity if each lane.

2.4.3.2 Optica] density spectrophotometer analysis of RNA
2 pL of each RNA sample was mixed with 98 pL RNase-free water and the resulting 

mixture analysed using a UV spectrophotometer. The A280, A260, A230 and A320 for each 

sample were recorded. The quantity of RNA was calculated using the following 

conversion factor; At A260 1 -00 = 40 pg RNA. Also the A260/A280 ratio was recorded and 

used to determine quality of the RNA.

2.5 miRNA microarray analysis of RNA

2.5.1 Isolation of small RNA
5 pg of total RNA, spiked with 2 pL of pre-control mix (which included defined 

amounts of 3 small RNA controls), was pre-heated to 80 °C for 5 min, prior to 

separation on a 15 % denaturing polyacrylamide gel by electrophoresis. Using a 

molecular weight marker RNA 18-26 nt in size was excised from the gel and purified 

from the gel slice. Briefly, 500 pL 0.3 M NaCl was added to the slice in a 1.5 ml 

eppendorf and the mixture was let to rotate at 4 °C overnight. 400 pL of the resulting 

liquid was removed to which 1 pL of 20 pg/L glycogen and 1 ml 100 % EtOH was 

added and precipitated at -80 °C for 30 min. Following this the sample was centrifuged 

at 13000 rpm for 30 min at 4 “C.

2.5.2 Labelling of small RNA
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The resulting pellet was washed in 80 % EtOH, air-dried and resuspended in ligation 

mix (3X ligation buffer (NEB), 200 pM 3’pCU-Cy3, 100 mM DTT, 10 mM ATP and 

T4 RNA ligase (NEB)) for labelling in a 15 pL reaction carried out at 30 “C with 

shaking for 2 h.

2.5.3 Hybridisation of small RNA with slides
Microarrays were prepared by blocking in pre-warmed (48 °C) Blocking Solution (50 

mM ethanolamine, 0.1 M Tris pH 8.8, 0.1 % SDS) for 20 min. Slides were then rinsed 

in pre-warmed Millipore H2O twice, washed in 4X SSC, 0.1 % SDS for 30 min and 

again rinsed twice in Millipore H2O. Slides were centrifuged to dry at 800 rpm for 3 

min. Slides were placed on a transparency and a coverslip was placed over each 

slide/array. Hybridisation Buffer was prepared (5X SSC, 0.1 % SDS) to which pre

heated salmon sperm DNA was added (10 pL per ml Hyb Buffer) and 60 pL of the final 

mixture was applied to each RNA sample. Each sample was then heated to 80 °C for 5 

min. RNA samples were briefly spun at 5000 rpm and subsequently 35 pL of each was 

applied to 1 array respectively by pipetting gently underneath the edge of one coverslip. 

Slides were sealed in clamps and transferred to 48 °C waterbath overnight.

2.5.4 Washing of arrays
Slides were then washed with 4X SSC to remove the coverslips. They were then washed 

twice with pre-warmed (48 °C) 2X SSC, 0.1 % SDS for 5 min each, and then with 

room-temperature 0.2X SSC for 1 min and 0. IX SSC for a further minute.

2.5.5 Development of array and analysis of data
Slides were centrifuged to dry at 800 rpm for 1 min and scanned at wavelength 532 nm 

using microarray scanner (Applied Biosystems). Data was then analyzed using 

Microsoft Excel. Briefly, hybridization data for each miRNA probe for each array was 

normalized using the hybridization signal for a set of pre-defmed spiked internal control 

molecules.

44



Chapter Two - Materials and Methods

2.6 TaqMan miRNA PCR analysis

2.6.1 Normalisation and dilution of RNA

For Taq-Man miRNA analysis of RNA, each RNA sample must first be diluted to 2 

ng/pL. This dilution is performed in a total volume of 500 pL using RNase-free water.

2.6.2 miRNA specific reverse-transcription

A unique reverse-transcription step specific for each microRNA was performed on each 

RNA sample using the Applied Biosystems TaqMan miRNA reverse transcription kit 

and a stem-loop primer specific to each microRNA. The 15 pL reaction consisted of 1.5 

pL lOX reverse transcription buffer, 0.15 pL 100 mM dNTP mix, 0.19 pL RNase 

inhibitor, 1.0 pL MultiScribe reverse transcriptase, 3.0 pL miRNA-specific stem-loop 

RT primer, 4.16 pL RF-H20 and 5 pL 2 ng/pL RNA sample (10 ng total). Following 

assembly of reactions in a 96-well plate, plates were sealed and centrifuged at 1000 rpm 

for 20 sec. Plates were placed in a 96-well Thermal-Cycler (Mastercycler gradient, 

Eppendorf), and the following program ran: 16 °C - 30 min, 42 °C - 30 min, 85 °C - 5 

min, 4 °C HOLD. The RT reaction and subsequent PCR process is illustrated in Figure 

2.1.

2.6.3 miRNA specific real-time PCR amplification

TaqMan miRNA specific probes were used to quantify miRNA expression in real-time 

(Applied Biosystems). For PCR screen of miRNA expression reactions were performed 

on an Applied Biosystems 7900HT platform 384-well format. For subsequent PCR, an 

Applied Biosystems 7500FAST machine was used in 96-well FAST format. Reactions 

were performed in quadruplicate in the case of the 150 miRNA screen and subsequently 

in triplicate. Reactions were set up as follows: For the 7900HT: 10.0 pL 2X TaqMan 

Universal Mastermix (No Amp Erase UNG), 6.67 pL RF-H20, 2.0 pL lOX miRNA 

specific primer/probe mix, and 1.33 pL miRNA-specific RT product. Cycling was 

performed as follows: 40 cycles of 95 °C - 15 sec, 60 °C - 1 min. Eor the 7500EAST:
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10 |jL reactions were prepared as follows: 5.0 pL 2X TaqMan FASTmix, 3.5 pL RF- 

FI20, 0.5 pL 20X miRNA specific primer/probe mix and 1.0 pL miRNA-specific RT 

product. Alternatively, 5 pL reactions were performed in which the volumes of all 

components used were halved. For the 7500FAST cycling was performed as follows: 40 

cycles of 95 °C - 5 sec, 60 °C - 30 sec. Reactions were prepared in appropriate optical- 

well plates (384-well or FAST format 96-well). Plates were sealed following addition of 

RT product and centrifuged at 1000 rpm for 30 sec. Plates were loaded into the 

appropriate machine. Applied Biosystems SDS software was used to program the 

appropriate cycle. All probes used for miRNA-PCR were FAM-labelled.

2.6.4 Data analysis

Amplification plots for each PCR reaction were generated using the SDS software from 

which Cycle Threshold (Ct) values could be derived. Relative quantification was 

performed and the AACt method was used to calculate fold changes of each miRNA 

relative to miRNA from unstimulated samples. Briefly summarised, the Ct values for 

each reaction - endogenous control and test probe for calibrator and test samples, were 

calculated using the SDS software. For each detector/probe, the effect of loading and 

RNA normalisation was corrected by subtraction of the Ct value for the endogenous 

control for each reaction/sample. This gives the ACt value. Then, the ACt value of the 

calibrator sample is subtracted from the ACt of each test sample. The resulting AACt 

value is normalised using the formula The resulting value is the fold-change in

expression for a test sample relative to the calibrator sample for that particular 

detector/probe normalised using an endogenous control reference. An illustrative 

amplification plot is shown in Figure 2.2.

2.7 TaqMan RT-PCR analysis of gene expression

2.7.1 Reverse transcription
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Figure 2.1 - Stem-loop TaqMan PCR for miRNA expression. A schematic 

illustrating the stem-loop RT-PCR process is shown. In the reverse transcription 

(RT) step, a miRNA specific stem-loop primer which contains a stem-loop 

structure at the 5’ end and a miRNA-specific 3’ end binds the target miRNA. 

Extension occurs from this 3’end by a reverse transciptase resulting in a long 

DNA molecule which contains the universal stem-loop structure and a miRNA 

specific antisense region. This complementary (c)DNA (or RT product) is then 

quantified by real-time PCR during which stage it is amplified up via a specific 

Forward primer which binds the unique miRNA complementary site and a 

universal Reverse primer which hinds the stem-loop sequence. The extreme heat 

of the PCR cycling conditions denatures the stem-loop secondary structure. 

Quantification of the PCR process is carried out by the use of a specific TaqMan 

probe which binds the RT product. The TaqMan probe contains a Fluorophore 

and a Quencher, (FAM-labelled). With each amplification step, the 3’->5’ 

exonuclease activity of the Taq polymerase enzyme degrades the TaqMan probe, 

releasing tluorescence which can be monitored at the wavelength specified for 

FAM. In this way the amount of starting cDNA/RNA can be quantified.



Figure 2.2 - Real-time PCR amplification plot. To illustrate how data on RNA 

expression is derived from real-time PCR an amplification plot is shown. In 

amplification plots, the relative tluoresence generated from a labelled probe or dye in 

the PCR reaction is plotted on the Y-axis against the cycle number on the X-axis. 

Typically, each amplification plot follows the following pattern: Lag phase, exponential 

phase and stationary phase. The more starting cDNA/RNA present the earlier the plot 

enters exponential phase. Cycle threshold (Ct) values are derived from amplication 

plots by identifying a fluorescence value at which all the plots for that probe have 

entered the exponential phase. For each plot the resulting cycle number is determined. 

This becomes the Ct value. Ct values are derived for every reaction in a PCR 

experiment. To determine fold changes the following formula is used,

1 relative to untreated ^ target endogenous control target untreated endogenous
control untreated'*' Diagram adapted from http://www.biochem.arizona.edu/.



Chapter Two - Materials and Methods

For generation of cDNA libraries from RNA samples the High Capacity cDNA Archive 

Kit II (Applied Biosystems) was used. 20 pL reactions were prepared, containing 2 pg 

of each RNA sample in a volume of 10 pL. To this was added 2.0 pL lOX Reverse 

Transcription buffer, 0.8 pL 100 mM dNTP mix, 2.0 pL lOX Random Primer mix, 1.0 

pL MultiScribe Reverse Transcriptase and 4.2 pL RF-H20. Reverse transcription was 

performed in a 96-well plate. When the plate was sealed it was centrifuged at 1000 rpm 

for 30 sec. It was then placed in a Thermalcycler (Mastercycler gradient, EppendorO 

and the following cycle was performed: 25 “C - 10 min, 37 °C - 2 h, 4 °C - HOLD.

2.7.2 Gene specific real-time PCR amplification

Gene-specific FAM labelled probes and primers were designed by Applied Biosystems 

(TaqMan gene expression assays). The endogenous control probe, murine GAPDH, was 

VIC labelled. PCR reactions were carried out on an AB7500FAST machine in 96-well 

FAST format. Briefly the reactions were prepared as follows: 5.0 pL 2X TaqMan 

FASTmix, 3.5 pL RF-H20, 0.5 pL 20X gene specific primer/probe mix and 1.0 pL 

cDNA. Cycling was performed as follows: 40 cycles of 95 “C - 5sec, 60 “C - 30sec. 

Amplification plots for each PCR reaction were generated using the SDS software from 

which Cycle Threshold (Ct) values could be derived. Relative quantification was 

performed and the AACt method was used to calculate fold changes in mRNA 

expression relative to mRNA from unstimulated samples, as described in 2.6.4.

2.8 Western blot analysis of protein expression

2.8.1 Preparation of cell lysates for protein analysis
After appropriate stimulation, cells were removed from tissue culture flask/plate, 

adherent cells were lifted using a cell scraper, suspension cells removed using a pipette, 

and placed into appropriate centrifuge tubes. Cells were subsequently washed with cold 

phosphate buffered saline (PBS) and lysed in 50-100 pi of low stringency lysis buffer
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(LSLB) (50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, 10 % glycerol, 0.5 % 

Nonidet P40, supplemented with protease inhibitors - 10 pg/ml PMSE, 30 pg/ml 

aprotinin, 1 pg/ml sodium orthovanadate and 1 pg/ml leupeptin). The cells were then 

incubated on ice for 30 min. Eollowing this incubation period samples were centrifuged 

at 13,000 g for 20 min at 4 °C. The supernatants were assayed for protein (see section 

2.8.2) and aliquots containing equal amounts of protein were mixed with 5 X SDS 

sample buffer (5 ml glycerol, 10 ml 10 % SDS, 10 mg bromophenol blue, 6.25 ml 1 M 

Tris pH 6.25, 28.75 ml H2O). 50 pi of p-ME was added per ml of sample buffer 

immediately prior to use. Samples were then boiled at 100 °C for 5 min and centrifuged 

gently prior to loading on SDS-PAGE gels.

2.8.2 Bradford method for determination of protein concentration in cell lysates

Samples were diluted 1:5 with Tris-HCl to give a final volume of 5 pi and 250 pi 

Bradford Reagent (0.01 % (w/v) Coomassie Brilliant Blue G250, 4.7 % (v/v) ethanol, 

8.5 % (v/v) orthophosphoric acid) was added to each. The reaction was allowed to 

develop for 5min after which time the plates were read at OD570 using a Dynatech 

MR5000 plate reader. Protein concentrations were determined using a standard curve 

constructed using BSA concentrations in the range 0-20 pg / 5 pi.

2.8.3 SDS polyacrylamide gel electrophoresis
Samples were resolved on a Sodium dodecylsulphate (SDS) polyacrylamide gel using a 

constant current of 25 mA per gel. Samples were first run through a stacking gel (1 ml 

30% bisacrylamide mix, 0.75 ml 1 M Tris pH 6.8, 60 pi 10 % (w/v) ammonium 

persulphate and 6 pi TEMED made up to 6 ml with H2O) to condense protein and then 

resolved according to size using 12 % polyacrylamide gels (4.9 ml of 30 % 

bisacrylamide mix, 3.75 ml 1.5 M Tris pH 8.8, 150 pi 10 % (w/v) ammonium 

persulphate, 6 pi TEMED made up to 15 ml with HiO). Samples were run with pre

stained protein markers (New England Biolabs) as molecular weight standards.

2.8.4 Transfer of proteins to membrane
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The resolved proteins were transferred to nitrocellulose membrane using a wet transfer 

system, with all components soaked beforehand in transfer buffer (25 mM Tris-HCl pH 

8.0, 0.2 M glycine, 20 % (v/v) methanol). The gel was placed on a layer of filter paper 

and sponge overlaid with the membrane. A second piece of filter paper was placed on 

top followed by a second sponge. The entire assembly was placed in a cassette, the 

chamber filled with transfer buffer and a constant current of 150 mA was applied for 2 

h or 30 mA overnight.

2.8.5 Immunodetection of proteins on membrane
Membranes were blocked for non-specific binding by incubation in blocking buffer 

made of 5 % (w/v) non-fat dried milk in 1 % (v/v) Tris Buffered Saline (TBS)-Tween at 

4 °C overnight or at room temperature for 1 h. The membrane was washed for 5 min in 

1 % (v/v) TBS-Tween three times. The membrane was then incubated for 2 h at room 

temperature or at 4 °C overnight with the primary antibody of interest at 1:1000 to 

1:5000 dilutions depending on the particular antibody. Optimal conditions for the 

tropomyosin antibody were found to be a 2 h incubation at room temperature at a 1:200 

dilution. Optimal conditions for the PDCD4 antibody were found to be a 2 h incubation 

at room temperature at a 1:3000 dilution. Optimal conditions for the P-actin antibody 

were found to be a 1 h incubation at room temperature at a 1:5000 dilution. Next, the 

membrane was washed for 5 min three times in 1 % (v/v) TBS-Tween and incubated 

with the appropriate secondary horseradish peroxidase linked enzyme for 2 h at room 

temperature. Again the blots were washed for 5 min three times in 1 % (v/v) TBS- 

Tween. Blots were developed by enhanced chemiluminescence (ECL) according to 

manufacturers instructions (Cell Signalling Technologies Inc.).

2.9 ELISA analysis of cytokine expression

In all cases, ELISA kits from R&D Biosystems were used.
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2.9.1 Coating plate with capture antibody

Nunc F96 Maxisorp immuno-plates or Coming 96 well EIA/RIA plates were used for 

ELISA analysis. The capture antibody, an antibody specific to a particular epitope on 

the protein-of-interest, was diluted to the appropriate concentration (usually 1/180) in 

sterile IX PBS. 100 pL of capture antibody solution was pipetted onto each well and 

left overnight at room temperature. The next day each well was washed in triplicate 

with 0.05 % Tween in PBS. Following this, each well was blocked with 300 pL 0.5 % 

BSA in PBS for 2 h at room temperature. Following this each well was washed in 

triplicate with 0.05 % Tween in PBS.

2.9.2 Application of standards and samples

Supernatants were collected from each experiment and either applied directly to an 

ELISA plate or stored frozen at -80 °C until ready to analyse. Standards for each 

molecule were prepared on the day. These consisted of defined amounts of recombinant 

protein-of-interest. A top standard, usually of 2000 pg/ml was prepared in 0.5 % BSA in 

PBS. Enough was prepared to allow Vi dilutions of 6 further samples and to allow for 

the use of 3X100pL of each concentration. When the standards and plates were 

prepared standards were applied in triplicate along the left-hand side of each plate. A 

blank was also applied containing no recombinant protein-of-interest, just 100 pL 0.5% 

BSA in PBS. Samples were also applied in triplicate and their positions on the plate 

noted. Samples and standards were incubated either overnight at 4 °C or for 2 h at room 

temperature.

2.9,3 Detection and determination of cytokine content of samples

Following incubation of the appropriate standards and the samples, each well was

washed in triplicate using 0.05 % Tween in PBS. Detection antibody, a biotin-labelled

antibody specific to another epitope on the protein-of-interest, was diluted to the

appropriate concentration (usually 1/180) in 0.5 % BSA in PBS. 100 pL of the detection

antibody solution was applied to each well and left at room temperature for two hours.

Following this each well was washed in triplicate using 0.05 % Tween in PBS.
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Streptavidin-horseradish peroxidise conjugate was then applied. This is diluted 1/200 in 

0.5 % BSA in PBS and 100 pL of the solution applied to each well. This is left covered 

for 30 min at room temperature. Following this each well is washed in triplicate using 

0.05 % Tween in PBS. TMB substrate reagent (BD OptEIA) was used as the substrate 

for the horseradish peroxidise. Equal volumes of substrate A and B were mixed together 

and 100 pL of the mixture applied to each well. The plate was subsequently covered 

and left in the dark briefly. When the bottom standards turned a light blue colour 50 pL 

1 M H2SO4 was applied to each well. This terminated the hRP/TMB reaction and also 

turned the colour in each well yellow. The plate was then read using a Dynatech 

MR5000 microplate reader. Microsoft Excel was used to generate a standard curve for 

the protein-of-interest, from which the concentration of protein-of-interest in each 

sample was determined.

2.10 Luciferase reporter assays

2.10.1 Preparation of plasmid DNA

All plasmids were purified from E.coli DH5a host cells using growth in ampicillin (50 

pg/ml) as a selection agent. 100 pi of a pre-culture was added to 100 ml of Luria Bertani 

(LB) broth containing ampicillin. The cultures were grown overnight at 37 °C with 

gentle agitation. The cultures were transferred to 50 ml tubes and centrifuged at 6000 x 

g for 15 min at 4 °C. The bacterial pellets were resuspended in 10 ml of buffer PI. 10 

ml of buffer P2 was added and the tubes were mixed vigorously. They were incubated 

at room temperature for 5 min. 10 ml of chilled Buffer P3 was added to the lysate, and 

mixed thoroughly. The lysate was poured into the barrel of a QIAfilter cartridge and 

incubated for 10 min. The cap was removed from the cartridge, the plunger was inserted 

and the cell lysate was placed into a clean 50 ml tube. 2.5 ml of buffer ER was added to 

the lysate and mixed and inverted 10 times. This was then incubated on ice for 30 min. 

A QIAGEN tip was equilibrated by applying 10 ml of Buffer QBT. The column was left 

to empty by gravity flow. The filtered lysate was added to the QIAGEN tip and left to
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empty by gravity flow. The tip was washed with 2 x 30 ml of Buffer QC. The DNA was 

eluted with 15 ml of Buffer QN. The DNA was precipitated by the addition of 10.5 ml 

of isopropanol. This was centrifuged at 6,000 x g for 60 min. The DNA pellet was 

washed with 5 ml of endotoxin free 70 % ethanol and centrifuged at 6,000 x g for 30 

min. The supernatant was removed and the pellet was left to air dry for 10 min and 

subsequently resuspended in between 200-500 pi of endotoxin free Buffer TE.

2.10.2 Transient transfections and stimulations

For luciferase assays, cells were set-up in 96-welI plates at 2x10'^ cell/ml, 100 pL/well. 

When cells had reached 80 % confluency they were transfected with DNA plasmids as 

described in 2.3.2. Cells were left 24 h to recover before a subsequent RNA 

transfection, as described in 2.2.1. Cells were left 18 - 24 h to recover and subsequently 

stimulated with EPS. PMA or vehicle control ovemieht.

2.10.3 Assay procedure

Cells were washed with PBS then were then lysed for 15 min at room temperature with 

50 pi of IX Passive Lysis Buffer with shaking at 300 rpm. 20 pi of the lysed cell mix 

was taken and tested for firefly luciferase activity and 20 pi of the lysed cell mix was 

tested for Renilla luciferase activity. Firefly luciferase activity was assayed by the 

addition of 40 pi of luciferase assay mix (20 mM tricine, 1.07 mM

(MgC03)4Mg(0H)2.5H20, 2.67 mM MgS04, 0.1 M EDTA, 33.3 mM DTT, 270 mM 

coenzyme A, 470 mM luciferin, 530 mM ATP) to the sample and Renilla luciferase was 

read by the addition of 40 pi of a 1:1000 dilution of Coelentrazine in PBS. Luminesence 

was read using a Mediators PHL luminometer. Firefly luminescence readings were 

corrected for Renilla activity and expressed as fold stimulation over unstimulated 

negative control.
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2.11 Statistical analysis

All statisitical tests were carried out on the mean results of at least three independent 

experiments unless otherwise indicated. Paired two-tailed students t-tests were carried 

out to determine if samples were significantly different. Levels of significance are 

indicated using stars - commonly *: P < 0.05, **: P < 0.01, ***: P < 0.001. Microsoft 

Excel was used to carry out statisitical analysis.
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3.1 Introduction

Over the last four years, since this project began, the number of estimated miRNA 

genes has more than doubled, with one report indicating the human genome may 

contain more genes for small RNA than protein-coding genes (Bimey et ai, 2007). 

Despite this, the roles these miRNAs play in cellular processes is only recently being 

fully realized. Their expression patterns in many different organisms and cell types, 

including disease states, such as cancer has been well documented (Lagos-Quintana et 

ai, 2002), (Calin and Croce, 2006a), (Cho, 2007), but functional data about what they 

are actually doing was initially absent. It was known however, that miRNA molecules 

direct embryological development (Wienholds and Plasterk, 2005) and differentiation of 

heamatopoeitic cell types (Chen et ai, 2004; Georgantas et ai, 2007), both of which are 

key processes in the immune system. It therefore seemed likely at the time I began this 

work that certain miRNA played key roles in both development and proper functioning 

of immunity. However the role of miRNA in the generation of immune responses was 

not well studied. One particular study, published before this work began, documented 

via microarray profiling and northern blots the changes which occur in the HL-60 cell 

line when differentiated into a macrophage-like phenotype by treatment with the 

phorbol ester TPA (Kasashima et ai, 2004). Additionally, murine T-cells deficient in 

the key miRNA processing enzyme Dicer, could not function to the same extent as 

normal Dicer-containing T-cells (Muljo et ai, 2005), (Cobb et al, 2005). Finally, it is 

well documented that following activation of dendritic cells by TLR ligands, translation 

of new proteins, whilst initially promoted by TLR stimulation, is, at later time points, 

negatively regulated in cells resulting in the accumulation of defective ribosomal 

products (DRIPs) and dendritic cell aggresome-like structures (DALIS) which are 

aggregates of misfolded protein (Pierre, 2005) (Lelouard et ai, 2007). These processes 

may be indicative of miRNA activity induced by TLR stimulation. It seemed likely then 

that miRNAs play a key role in both innate and adaptive immunity and since TLRs have 

a central role in initiating innate and priming adaptive responses by altering the 

expression profiles of many genes it was decided to examine whether or not TLRs could 

affect the expression of miRNA in cells of the immune system.
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Preliminary microarray studies, carried out in the laboratory prior to my arrival, 

attempted to analyse the expression of miRNA following treatment with 3 different 

TLR ligands in the murine dendritic cell line DC2.4. DCs were initially chosen because 

TLRs induce their differentiation and maturation. The link between miRNA and 

differentiation is clear. For example, one study which analysed the expression of 

miRNA in many different cancer cells by bead-based microarray profiling concluded 

that miRNA expression in general is down-regulated in cancer cells which are de

differentiated. The author speculated that up-regulation of miRNA serves as a marker of 

the differentiation status of a particular cell type (Lu et al, 2005). The DC2.4 cell line 

has been shown to serve as a good model of dendritic cell maturation (Shen et al, 

1997). The results of the preliminary microarray analysis gave some promising results. 

Therefore, I focused on investigating the effects of TLRs on global miRNA expression 

using a range of different techniques.
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3.2 Results

3.2.1 Microarray analysis of miRNA expression in DC2.4 stimulated with TLR 

ligands

First of all I examined global miRNA expression in DC2.4 cells following TLR 

stimulation using microarray technology. DC2.4 cells were stimulated with ligands for 

TLR2 (pam3CSK4), TLR3 (p(I:C)) and TLR4 (LPS) or left untreated for 24 h. RNA 

was extracted and subsequently analysed using microarray chips with probes specific 

for mature miRNA. Hybridization was performed in duplicate using independently 

prepared DC2.4 samples (sets A and B). A heat-map representing those miRNA with 

the greatest changes in hybridisation signals across each set is presented in Figure 3.1. 

In all cases, hybridisation signal of miRNA to each probe was normalised to that 

obtained from a set of internal control small RNA molecules, spiked into each RNA 

sample before labelling. In each set A and B, there is one sample which shows massive 

up-regulation in all miRNA, shown in yellow (p(I:C) sample in set A and pam3CSK4 

sample in set B). All in all, there is no consistent pattern of expression across each set 

and quite a lot of variation can be seen in miRNA expression between sets A and set B. 

As problems with microarray platforms for analysis of miRNA expression had been 

previously reported (Lu et al, 2005), it was decided that alternative techniques would 

be employed to monitor miRNA expression.

3.2.2 Verification of stem-loop TaqMan miRNA PCR as a valid technique to 

profile miRNA expression

As an alternative to microarray profiling a modified type of quantitative real-time PCR 

(qRT-PCR) was developed during the course of my studies which was adapted to 

specifically detect miRNA expression - stem-loop RT-PCR (Chen et al, 2005). Firstly, 

a candidate endogenous control miRNA or small RNA for my analysis had to be 

established. New DC2.4 samples were prepared and the expression of suggested 

endogenous controls, miR-16 and let-7a, was monitored using stem-loop RT-PCR 

assays. The Ct values measured for each miRNA are presented on a chart in Figure 3.2.
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Very little variation across each sample in both miR-16 and let-7a was observed. Both 

are highly expressed in DC2.4 cell lines as they show relatively “early” Ct values 

(between 22.82 and 22.96 for miR-16 and between 25.45 and 26.1 for let-7a). 

Additionally, the samples were analysed for expression of a proposed negative control 

miRNA, cel-lin-4, to verify quality of the RNA. No amplification of this miRNA was 

detected and is plotted with Ct values of 0. To ensure the DC2.4 cell line samples 

responded effectively to TLR stimulation, the production of pro-inflammatory cytokines 

in the supernatants of these samples was measured, as shown in Figure 3.3. Stimulation 

with the TLR2 ligand, pam3CSK4 and the TLR4 ligand, LPS, resulted in equivalent IL- 

6 and TNF-a production. Minimal IL-6 was produced following stimulation with the 

TLR3 ligand. p(I:C), and no TNF-a was detected. However, enhanced production of the 

chemokine RANTES was detected in the p(I:C) treated sample, as was detected in the 

LPS treated sample. I proceeded to measure the expression of 150 miRNA in these 

DC2.4 samples by stem-loop RT-PCR.

3.2.3 Stem-loop PCR screen of miRNA expression in DC2.4 stimulated with TLR 

ligands

Figure 3.4 illustrates the results of the PCR screen in a dot-plot graph. Each dot 

represents the average fold change for a particular miRNA relative to untreated samples 

and each TLR ligand is indicated by a different colour and shape “dot”. Additionally, 

the Ct values and standard deviations for four replicate PCRs, as well as calculated fold 

changes, are presented in Table SI in the Appendix. Out of the 158 miRNA accurate 

amplification data was only obtained for 96 miRNA in the murine DC2.4 cell line. The 

list of miRNA detected or not detected for various reasons is presented as Table S2 in 

the Appendix.

Of the 96 miRNA accurately detected it can be seen that patterns of miRNA expression 

following TLR stimulation are altered. Most strikingly it can be seen that many miRNA 

have lower expression levels following stimulation with TLR ligands, particularly LPS. 

Certain miRNA are also seen to have increased expression following TLR stimulation
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Figure 3.1- Heat-map representation of microarray analysis of miRNA expression in 

DC2.4 following TLR activation. 1x10’ DC2.4 were treated with pam3CSK4 (1 pg/ml) (lane 

2), p(I:C) (50 pg/ml) (lane 3), LPS (1 pg/ml) (lane 4) or left untreated (lane 1), for 24 h in two 

separate experiments (panels A and B). RNA was extracted and separated on a 15 % denaturing 

polyacrylamide gel. Small RNA (between 18-22 nt) v/as extracted and labelled with Cy3. The 

labelled RNA was then hybridized to microarray slides overnight, subsequently washed and 

scanned. For each sample, the signal from the small RNA samples were compared to that from 

a spiked reference sample, which had been generated by amplifying synthetic oligonucleotides 

using the same strategy as for the small RNA sample. Resulting data was analysed using 

GenePix Software, array scores relating to hybridisation signal for each miRNA were 

calculated and heatmaps generated depicting levels of expression of each miRNA. The 

heatmaps shown represent the 55 miRNA whose mean expression changes most across each set 

of samples. Boxes in yellow represent miRNA with high, boxes in blue represent miRNA with 

low, and boxes in black represent miRNA with average array scores. The miRNA 

corresponding to each box is shown along the right hand side.



Figure 3.2 - Evaluation of endogenous control for miRNA stem-loop TaqMan PCR 

analysis in DC2.4 following TLR activation. 1x10^ DC2.4 were treated with pam3CSK4 

(1 pg/ml), p(l:C) (50 pg/ml), LPS (1 pg/ml) or left untreated for 12 h. RNA was 

subsequently extracted and analysed by stem-loop TaqMan PCR with assays specific for 

hsa-miR-16, hsa-let-7a and cel-lin-4. The resulting Ct (Threshold cycle) value for each 

miRNA measured is plotted on an the Y-axis on a scale of 1-40 (the higher the Ct value the 

lower the expression). Data shown represents the mean Ct value ± standard deviation for 

three independent samples.



A)

B)

C)

Figure 3.3 - Production of cytokines by DC2.4 in response to TLR ligands. (A-C) 1x10^ 

DC2.4 were treated with pam3CSK4 (1 pg/ml), p(I:C) (50 pg/ml), LPS (1 pg/ml) or left 

untreated (unstim) for 12 h. Supernatants were analysed by ELISA (R&D Systems) for (A) 

murine IL-6, (B) murine TNF-a and (C) murine RANTES. Data is presented as the value 

obtained in pg/ml ± standard deviation of three independent experiments. Stars above each bar 

represent P-value obtained when cytokine concentration with TLR stimulation was compared 

to untreated DC2.4 using paired students t-tests such that * ; P < 0.05, and *** ; P < 0.001.
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Figure 3.4 - Expression profile of miRNA in [)C2.4 following treatment with TLR 

ligands. IxlO^ DC2.4 were treated with pam3CSK4 (I pg/ml), p(I:C) (50 pg/ml), LPS (1 

pg/ml) or left untreated for 12 h. RNA was analysed by miRNA TaqMan PCR using probes 

for 150 miRNA species. Fold changes in miRNA expression were calculated using the AACt 

method relative to untreated DC2.4 and miR-16 as an endogenous control. Each DC2.4 

treatment is represented by a different coloured symbol as shown and each symbol on the 

graph corresponds to mean fold-change of three PCR reactions. The range of miRNAs 

detected is presented below the graph. A seperate label for each miRNA could not be 

provided.
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Chapter Three - miRNA induction

relative to untreated DC2.4. In particular, certain miRNA are up-regulated by all three 

TLR ligands including miR-146a, miR-155 and miR-21 as well as members of the let-7 

miRNA family (let-7b, let-7d and let-7e) and other miRNA, including miR-214. It is 

worth noting that the expression of certain miRNA does not alter with TLR stimulation 

(miR-28, miR-182*, miR-328). Additionally, the expression levels of proposed 

endogenous control miRNA (miR-16 and let-7a), does not change in this screen, whilst 

negative control miRNA (cel-lin-4, ath-miR-359) are not detected in this analysis. In 

terms of miRNA up-regulated by TLRs, certain specificity for particular miRNA and 

particular TLRs is apparent - for example miR-222 is only significantly up-regulated by 

TLR3 whilst miR-148a is only up-regulated by TLR2. Additionally, miR-210 is only 

up-regulated by TLR4 and TLR2. The most strongly up-regulated miRNA in this screen 

is miR-146 which is up-regulated by all three TLRs (14-fold by TLR2, 7-fold by TLR3 

and 19-fold by LPS).

3.2.4 miR-21 and miR-146a are up-regulated in independent DC2.4 samples

Individual TaqMan assays, for particular miRNAs of interest, were carried out to verify 

results from the PCR screen in independent samples. Figure 3.5 shows the results of the 

analysis of both miR-21 and miR-146a levels across DC2.4 samples treated with ligands 

for TLR2, TLR3 and TLR4 relative to untreated. It can be seen that 12 h post

stimulation, again miR-146a is the most strongly up-regulated miRNA, with most up- 

regulation seen in the LPS treated cells and lowest induction seen in p(I:C)-treated 

DC2.4. Again, miR-21 can be seen to be 3-fold up-regulated by pam3CSK4 and LPS 

and to a lesser extent (2-fold) induced by p(I:C). Analysis of other miRNA up-regulated 

in the screen (with the exception of miR-155) did not yield consistent and reproducible 

results and were therefore omitted from further analysis.

3.2.5 Reanalysis of initial microarray data using endogenous controls

As I had established from my PCR screen that both miR-16 and let-7a were suitable 

endogenous control miRNA whose expression does not change across treatments in the 

DC2.4 cell line, I re-analysed the hybridization data from my earlier microarray
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experiments. I normalized the hybridisation data for select miRNA, whose expression 

was significantly altered in the screen, using the hybridisation data for either miR-16 or 

let-7a from the microarray. Table 3.1 presents the calculated fold changes of these 

miRNA when normalised using miR-16. Even performing this normalisation, the 

expression levels of let-7a vary across samples. However, 2-4-fold up-regulalion of 

miR-21 was detected in this analysis alongside 3-5-fold up-regulation of miR-146a. 

Strong up-regulation of miR-155 was detected in this analysis, however this miRNA 

was present at very low levels basally. Additionally, expression of miR-107, a miRNA 

found to be down-regulated by all three TLRs in my PCR screen, was found to have 

decreased expression relative to untreated in this analysis.

3.2.6 miR-21 is induced in a time-dependent manner by TLRs in DC2.4

Having observed the increase in miR-146 and miR-155 in response to TLR ligands, two 

publications appeared with identical results (Taganov et ai, 2006), (O'Connell el ai, 

2007). This confirmed that my approach was correct and miR-146 and miR-155 acted 

as positive controls. I therefore decided to focus on miR-21. Further experiments 

characterised in-depth the expression and induction of miR-21 in cells following 

activation of TLRs alongside miR-146a and miR-155 using stem-loop RT-PCR. First of 

all. the induction of each miRNA in the DC2.4 cell line over time was examined. In 

these experiments RNA was prepared as before and analysed again using miRNA 

TaqMan probes. However, in this case, a probe for the small nuclear U6 RNA (U6 

snRNA) was used as an endogenous control. TaqMan probes had previously been 

unavailable for this non-coding RNA species whose expression is regulated by RNA 

polymerase III and therefore thought to be consistent across all cell types and 

circumstances (Kunkel et ai, 1986). Again supernatants were taken from these cells and 

analysed by ELISA to confirm responsiveness of these cells and were found to produce 

TNF-a, IL-6 and RANTES in a time-dependant manner following stimulation with the 

TLR ligands pam3CSK4, p(I:C) and LPS. A representative experiment showing the 

production of cytokines following TLR stimulation in these cells is shown in Figure 3.6. 

pam3CSK4 and LPS induce TNF-a and IL-6 quite rapidly and to a strong extent. p(I:C) 

treatment does not induce TNF-a but does induce some IL-6. RANTES production is
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Figure 3.5 - Confirmation of up-regulation of miR-21 and miR-146 in 

independent DC2.4 samples. DC2.4 were treated with TLR ligands as 

before for 12 h, RNA extracted and analysed using individual TaqMan 

miRNA assays for miR-21 and miR-146a. Data was analysed using AACt 

method. Data is presented as the mean fold change with TLR stimulation 

relative to untreated DC2.4 ± standard deviation (s.d.) for 4 independent 

experiments. Stars above each bar represent P-value obtained when 

miRNA expression data for each sample was compared to untreated 

DC2.4 using paired students t-tests such that * ; P < 0.05, ** ; p < 0.01, 

and *** ; P< 0.001.



miRNA Dam3CSK4 P(I:C) LPS
let-7a .84 .4 .4

miR-21 2.1 2.6 4.6

miR-146a 5 3 4.3

miR-155 5500 1000 2328
miR-107 .55 .1 .83

Table 3.1- Fold changes of select miRNA from microarray data . Hybridisation data for 

select miRNA (let-7a, miR-21, miR-146a, miR-155, miR-107), for DC2.4 samples set B 

(Figure 3.1), was reanalysed using data for the candidate endogenous control miR-16. Fold 

changes with TLR treatment calculated relative to untreated sample are presented.
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Figure 3.6 - Time course analysis of cytokine production following TLR 

activation in DC2.4, DC2.4 were stimulated with TLR ligands as follows: 

pam3CSK4 (1 pg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated 

time points (h). Supernatants were analysed using ELISA (R&D) for A) mIL-6, 

B) mTNF-a and C) mRANTES. Data is presented as the value obtained in 

pg/ml for one representative experiment. Similar results were obtained in two 

other independent experiments.
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quite high basally but significant induction can be seen by both p(I:C) and LPS 

treatment. Next expression of particular miRNA in these same samples was examined.

As shown in Figure 3.7, miR-21 is induced by all three TLRs. This induction is slow 

initially with only 2-fold induction apparent with pam3CSK4 and LPS at early time 

points. However, between 12-18 h it increases dramatically (reaching levels of 4-fold 

induction by all three TLRs) and continues to rise by 24 h when it is found to be up- 

regulated 6-fold. miR-21 induction is slowest with p(I:C) treatment, however by 24 h it 

does reach identical levels as when stimulated with pam3CSK4 and LPS.

The induction of miR-146a in DC2.4 over time is shown in Figure 3.8. miR-146a is 

induced rapidly by pam3CSK4 and LPS. It reaches levels of 10-fold up-regulation by 8 

h. It continues to rise at 18 h post stimulation and expression levels begin to drop at 24 

h. The induction of miR-146a by p(I:C) is slower than pam3CSK4 and LPS, consistent 

with results from the screen. However, in contrast it continues to rise at 24 h post 

stimulation with p(I:C).

I also examined the induction of miR-155. As can be seen in Figure 3.9, LPS induced 

miR-155 in the DC2.4 cell line rapidly and reached 20-fold up-regulation after 24 h. 

pam3CSK4 induced miR-155 in the DC2.4 cell line in a similar manner as LPS. Again, 

induction by p(I:C) was slower than LPS and pam3CSK4, but does reach 5-fold up- 

regulation 24 h post stimulation.

3.2.7 miR-21 is induced in a dose-dependent manner by TLRs in DC2.4

Figure 3.10 shows a representative experiment which illustrates the dose dependency of

the induction of each miRNA, 24 h post stimulation with varying concentrations of each

TLR ligand in DC2.4 cells. Consistent with results from the PCR screen and time

course analysis, it can be seen that miR-146a is the most strongly up-regulated miRNA

of the three analysed. Again, consistent with earlier results, it can be seen that p(I:C) is

the poorest inducer of each miRNA out of the three TLR ligands tested in this cell line.

In the case of miR-21 and miR-155, maximal induction is seen at the highest

concentration of ligand tested. In the case of miR-146a lower concentrations of ligand
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result in similar levels of induction as higher concentrations tested. As previously 

established, miR-146a levels decrease at 24 h post stimulation and therefore dose- 

dependency of miR-146a induction may not be apparent at this time point. miR-155 and 

miR-21 were shown to be induced by the phorbyl ester PMA in monocytes (Kasashima 

et ai, 2004), therefore I examined the effect PMA had on the induction of these miRNA 

in DC2.4 cells. PMA induces both miR-155 and miR-21 and to a lesser extent miR- 

146a. As a negative control stimulus, the cytokine IL-10 was applied to cells. No 

induction of any miRNA was observed by IL-10 treatment.

3.2.8 niiR-21 is induced by TLRs in BMDC

Next, the induction of these three miRNA was confirmed in primary dendritic cells 

derived from murine bone marrow (BMDCs). Figure 3.11 illustrates the results of 

analysis of miRNA induction 24 h post stimulation with the same TLR ligands as 

before. At this point, miR-146a is induced 5-fold with pam3CSK4 and 7-fold with LPS. 

Minimal induction of miR-146a by p(I:C) was seen. Induction of miR-21 was detected 

in these cells, 4-fold with pam3CSK and LPS, and 3-fold with p(I:C). Interestingly, 4- 

fold induction of miR-155 by p(I:C) was observed in this cell type alongside 5.8 + 4- 

fold and 7 + 4-fold induction by pam3CSK4 and LPS, respectively.

3.2.9 niiR-21 is induced in a time-dependent and dose-dependent manner by 

TLRs in RAW264.7

The induction of these three miRNA, miR-21, miR-146a and miR-155, was then 

examined in other cell types which are responsive to TLR ligands. Firstly, the induction 

of these TLR-responsive miRNA was monitored in a murine macrophage cell line, 

RAW264.7. As before, RAW264.7 were treated with the same TLR ligands, 

pam3CSK4, p(I:C) and LPS, over time between 0 and 24 h. Responsiveness of these 

cells to TLR ligands was confirmed by ELISA analysis of cytokine production and each 

were found to induce the production of TNF-a in a time-dependent manner. This is 

illustrated in Figure 3.12. LPS is the strongest inducer of TNF-a production in
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Figure 3.7 - Time course analysis of miR-21 induction by TLRs in DC2.4.

DC2.4 were stimulated with TLR ligands as follows: pam3CSK4 (1 pg/ml), 

p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated time points (h). RNA 

was extracted and analysed using individual TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as an endogenous control. 

Data is presented as the mean fold change with TLR stimulation relative to 

untreated DC2.4 + s.d. for 3 independent experiments.
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Figure 3.8 - Time course analysis of miR-146a induction by TLRs in 

DC2.4. DC2.4 were stimulated with TLR ligands as follows; pam3CSK4 (1 

pg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated time points 

(h). RNA was extracted and analysed using individual TaqMan miRNA assays. 

Data was analysed using the AACt method with U6 snRNA as an endogenous 

control. Data is presented as the mean fold change with TLR stimulation 

relative to untreated DC2.4 + s.d. for 3 independent experiments.



Figure 3.9 - Time course analysis of miR-155 induction by TLRs in DC2.4.

DC2.4 were stimulated with TLR ligands as follows: pam3CSK4 (1 pg/ml), 

p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated time points (h). RNA 

was extracted and analysed using individual TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as an endogenous control. 

Data is presented as the mean fold change with TLR stimulation relative to 

untreated DC2.4 + s.d. for 3 independent experiments.
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Figure 3.10 -Induction of miRNA by TLRs in DC2.4. DC2.4 were stimulated 

with the following TLR ligands as the indicated concentrations: pam3CSK4, 

p(I:C), LPS and as controls PMA and mIL-10, for 24 h. RNA was extracted and 

analysed using individual TaqMan miRNA assays. Data was analysed using the 

AACt method with U6 snRNA as an endogenous control. Data is presented as 

the fold change with TLR stimulation relative to untreated DC2.4 for one 

representative experiment. Similar results were obtained in another 

independent experiment.
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Figure 3.11 - Induction of miRNA by TLRs in primary murine bone 

marrow derived dendritic cells (BMDC). BMDCs were prepared from 

C57/BL6 mice legs using GM-CSF containing-supematant (J558) and on 

day 10 were treated with the TLR ligands pam3CSK4 (100 ng/ml), p(I:C) 

(12.5 pg/ml) and LPS (100 ng/ml) as before for 24 h, RNA extracted and 

analysed using individual TaqMan miRNA assays. Data was analysed 

using AACt method with U6 snRNA as an endogenous control. Data is 

presented as the fold change with TLR stimulation relative to untreated 

BMDC ± s.d. for 3 independent experiments. Stars above each bar 

represent P-value obtained when miRNA expression data for each sample 

was compared to untreated BMDC using paired students t-tests such that 

* ; P < 0.05, ** ; p < 0.01, and *** ; P < O.OOL.
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Figure 3.12 - Time course analysis of TNF-a production following TLR 

activation in RAW264.7 RAW264.7 were stimulated with TLR ligands as 

follows: pam3CSK4 (1 pg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the 

indicated time points (h). Supernatants were analysed using ELISA (R&D) for 

mTNF-a. Data is presented as the value obtained in pg/ml + s.d for three 

independent experiments.
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RAW264.7. pam3CSK4 induced TNF-a to similar levels whereas p(I:C) treatment was 

the weakest inducer of TNF-a in RAW264.7, yet significant induction is apparent.

Figure 3.13 shows the induction of miR-21 in RAW264.7 over time. miR-21 is induced 

by all three TLR ligands in this cell line, more rapidly and to a higher extent than in 

DC2.4 cell line. 4 h post stimulation miR-21 is induced 4-fold with LPS and 

pam3CSK4, and 5-fold with p(I;C). It continues to increase and at 24 h is found to be 

up-regulated 6-7-fold. Figure 3.14 shows the induction of miR-146a in these cells. It is 

induced in a similar manner and to a similar, albeit slightly higher, extent when 

compared to miR-21. It is induced 4-fold with all three TLR ligands 4 h post stimulation 

and continues to increase. By 24 h post-stimulation it is up-regulated 4-fold and 6-fold 

by p(I:C) and pam3CSK4 respectively, and up-regulated 10-fold by LPS. The induction 

of miR-155 in RAW264.7 is shown in Figure 3.15. miR-155 is by far the strongest up- 

regulated miRNA of the three tested. p(I:C) and LPS induce miR-155 rapidly, it can be 

found between 15-20-fold up-regulated 8 h post-stimulation. It plateaus steadily at this 

level until 24 h post-stimulation. pam3CSK4 is a poorer inducer of miR-155 in these 

cells, although a significant 5-fold induction is detected 8 h post treatment. Figure 3.16 

shows a representative dose response experiment illustrating induction of the three 

miRNA in RAW264.7 24 h post-stimulation with varying concentrations of TLR 

ligands. The results here confirm the findings from the time-courses experiments - 

pam3CSK4 is by far the poorest inducer of miR-155, which again is strongly up- 

regulated by p(l:C) and LPS and is presented on a separate graph (Figure 3.16b) from 

miR-21 and miR-146 - which are shown in Figure 3.16a and again have a similar 

pattern of induction. p(I:C) is a stronger inducer of miR-21 than miR-146a, again more 

apparent at higher p(I;C) doses. Again, miR-21 and miR-146a are both induced by 

pam3CSK4 and LPS - miR-21 slightly more by pam3CSK4 and miR-146a slightly 

more induced by LPS. Again, PMA is used as a control stimulus and induces miR-21 in 

this cell line.

3.2.10 miR-21 is induced by TLRs in primary BMDM
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Consistent with the results obtained in RAW264.7 cell line, Figure 3.17 illustrates the 

induction of the three miRNA, 24 h post-treatment with the same TLR ligands as 

before, in primary macrophages derived from murine bone marrow (BMDMs). miR-21 

and miR-146a expression is illustrated on the top graph, (Figure 3.17a). miR-21 was 

induced 8-fold by pam3CSK4 and 6-fold by LPS and to a lesser extent by p(I:C) (5- 

fold). miR-146a was induced to a slightly smaller extent than miR-21, 6-fold with 

pam3CSK4, 3-fold with p(FC) and 5-fold with LPS. miR-155 is the miRNA most 

strongly induced by TLR ligands in BMDM 24 h post stimulation, shown in Figure 

3.17b. Again, pam3CSK4 is the poorest inducer of miR-155, however significant (5- 

fold) induction was apparent. Consistent with results in RAW264.7, LPS is the strongest 

inducer of miR-155 (120-fold) and p(I:C) induces miR-155 40-fold.

3.2.11 miR-21 is induced by TLRs in PBMCs

Importantly, induction of these three miRNA was measured in peripheral blood 

mononuclear cells (PBMCs) derived from human donors. As before, these cells were 

stimulated with pam3CSK4, p(I:C) and LPS for 24 h. As can be seen in Figure 3.18, a 

small induction of miR-21, (2-fold), was seen with pam3CSK4. However p(I:C) 

treatment resulted in 8 ± 4-fold induction of miR-21 in PBMC whilst LPS induced miR- 

21 to an average of 4-fold 24 h post-stimulation. A similar pattern was observed for 

miR-146a in these cells. However, on average in this cell type, no induction of miR-155 

with p(I:C) and LPS was detected. Some induction (3-fold) of miR-155 was detected 

with pam3CSK4 treatment.

3.2.12 miR-21 is not induced in THPl

As stated previously, induction of both miR-146a and miR-155 by LPS was reported in 

the THPl human monocytic cell line (Taganov el al., 2006). Despite this, no induction 

of miR-21 was reported. I therefore examined the induction of the three miRNA in 

THPl cell line stimulated with TLR ligands as before as shown in Figure 3.19. No 

induction was evident with p(I:C) treatment, however no cytokine production was 

evident with p(I:C) treatment when TNF-a and RANTES levels were measured by
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Figure 3.13 - Time course analysis of miR-21 induction by TLRs in 

RAW264.7 RAW264.7 were stimulated with TLR ligands as follows: 

pam3CSK4 (1 gg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated 

time points (h). RNA was extracted and analysed using individual TaqMan 

miRNA assays. Data was analysed using the AACt method with U6 snRNA as 

an endogenous control. Data is presented as the mean fold change relative to 

untreated RAW264.7 + s.d. for 3 independent experiments.
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Figure 3.14 - Time course analysis of miR-146a induction by TLRs in 

RAW264.7 RAW264.7 were stimulated with TLR ligands as follows; 

pam3CSK4 (1 pg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated 

time points (h). RNA was extracted and analysed using individual TaqMan 

miRNA assays. Data was analysed using the AACt method with U6 snRNA as 

an endogenous control. Data is presented as the mean fold change relative to 

untreated RAW264.7 ± s.d. for 3 independent experiments.
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Figure 3.15 - Time course analysis of miR-155 induction by TLRs in 

RAW264.7 RAW264.7 were stimulated with TLR ligands as follows: 

pam3CSK4 (1 pg/ml), p(I:C) (25 pg/ml) and LPS (100 ng/ml) for the indicated 

time points (h). RNA was extracted and analysed using individual TaqMan 

miRNA assays. Data was analysed using the AACt method with U6 snRNA as 

an endogenous control. Data is presented as the mean fold change relative to 

untreated RAW264.7 ± s.d. for 3 independent experiments.
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Figure 3.16 -Induction of miRNA by TLRs in RAW264.7. RAW264.7 were 

stimulated with the following TLR ligands: pam3CSK4, p(I:C) and LPS and as 

as control PM A at the indicated concentrations for 24 h. RNA was extracted 

and analysed using individual TaqMan miRNA assays for A) miR-21 and miR- 

146a and B) miR-155. Data was analysed using the AACt method with U6 

snRNA as an endogenous control. Data is presented as the fold change relative 

to untreated vehicle control (veh) for one representative experiment. Similar 

results were obtained in another independent experiment.
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Figure 3.17 - Induction of miRNA by TLRs in primary murine bone-marrow 

derived macrophages (BMDM). BMDMs were prepared from C57/BL6 mice 

legs using M-CSF containing supernatant (L929) and on day 10 were treated with 

TLR ligands as before for 24 h. RNA was extracted and analysed using individual 

TaqMan miRNA assays for A) miR-21 and miR-146a and B) miR-155. Data was 

analysed using AACt method. Data is presented as the mean fold change with TLR 

stimulation relative to untreated BMDM + s.d. for 3 independent experiments. 

Stars above each bar represent P-value obtained when miRNA expression data for 

each sample was compared to untreated BMDM using paired students t-tests such 

that * ; P < 0.05, ** ; P < 0.01, and *** . p < q.qOI .
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Figure 3.18 - Induction of miRNA by TLRs in primary human 

peripheral blood mononuclear cells (PBMC). PBMCs were prepared 

from anonymous donors as described in Methods and subsequently 

treated with TLR ligands as before for 24 h, RNA extracted and analysed 

using individual TaqMan miRNA assays. Data was analysed using AACt 

method. Data is presented as the mean fold change with TLR stimulation 

relative to untreated PBMC + s.d. for 4 independent experiments. Stars 

above each bar represent P-value obtained when miRNA expression data 

for each sample was compared to untreated PBMC using paired students 

t-tests such that * ; P < 0.05.
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Figure 3.19 - Induction of miRNA by TLRs in THPl. THPl cells were 

treated with the following TLR ligands pam3CSK4 (1 pg/ml), p(I:C) (50 

pg/ml) and LPS (100 ng/ml) for 24 h, RNA extracted and analysed using 

individual TaqMan miRNA assays. Data was analysed using AACt 

method. Data is presented as the mean fold change with TLR stimulation 

relative to untreated THPl + s.d. for 3 independent experiments. Stars 

above each bar represent P-value obtained when miRNA expression data 

for each sample was compared to untreated THPl using paired students t- 

tests such that * ; P < 0.05.
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ELISA, whereas it was evident for pam3CSK4 and to a lesser extent with LPS 

treatment, as shown in a representative experiment in Figure 3.20. Consistent with 

published reports, miR-146a is the most strongly induced miRNA in this cell line, being 

induced 8-fold and 16-fold with pam3CSK4 and LPS respectively. Some induction of 

miR-155 was evident with LPS (3-fold), consistent with published reports. However, no 

induction of miR-21 was detected in this cell line.

3.2.13 iTiiR-21 induction by TLRs is MyD88-dependent

To confirm that miR-21 and the other miRNA discovered were TLR-responsive genes 

and also to elucidate which signalling pathways initiated by each TLR culminate in 

induction of each miRNA, the induction of these three miRNA was examined in 

immortalised-BMDM (I-BMDM) derived from mice deficient in the TIR-domain 

containing adapter proteins MyD88 and TRIE, alongside wild-type controls (Santos- 

Sierra et ai, 2009). As before, each cell line was treated with the three TLR ligands, 

pam3CSK4, p(I:C) and LPS, in this case for 18 h. and the responsiveness of each cell 

line to each ligand was determined by ELISA analysis of IL-6 production in 

supernatants. As can be seen in Figure 3.21, IL-6 production is induced by pam3CSK4, 

p(I:C) and LPS in wild-type cells. This is impaired in MyD88-deficient cells for 

pam3CSK4 and LPS, yet enhanced relative to wild-type with p(I:C) treatment, 

consistent with a recent report (Kenny el al., 2009). Pam3CSK4-induced IL-6 was also 

enhanced in TRIF-deficient macrophages. Induction of IL-6 by p(I:C) is impaired in 

TRIF-deficient I-BMDM and LPS-induced IL-6 only slightly reduced relative to wild- 

type. RNA was extracted and miRNA expression was measured.

3.2.13.1 iniR-21 induction by TLRs in TlR-adapter deficient macrophages

Figure 3.22 shows the mean induction of miR-21 across the three cell lines (WT, 

MyD88-deficient and TRIF-deficient) after 18 h treatment with the three TLR ligands. 

Consistent with data from the RAW264.7 macrophage cell line and primary BMDM 

analysis, miR-21 is induced 8-fold by pam3CSK4 and ~ 10-fold by LPS. Less, but still 

significant, 5-fold induction is seen after 18 h treatment with p(I:C). These results
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confirm the I-BMDM cell line acts similar to other macrophage cell lines and primary 

macrophages tested. The induction by pam3CSK4 is abolished in MyD88-deficient 

macrophages. In TRIF-deficient cells miR-21 is induced by pam3CSK4 to a similar 

extent as wild-type cells (~7-fold). The LPS-induced miR-21 response is impaired but 

not abolished in MyD88-deficient cells. A small, but significant induction is seen, just 

over 2-fold. The LPS-induced miR-21 response is reduced to (6-fold) in TRIF-deficient 

cells. There is very little difference in p(I:C)-mediated induction of miR-21 in wild-type 

and MyD88-deficient cells (both 5-fold). However, no induction of miR-21 by p(I:C) is 

seen in TRIF-deficient cells.

3.2.13.2 miR-146a induction by TLRs in TIR-adapter deficient macrophages

Induction of miR-146a in all three I-BMDM cell lines after 18 h treatment is shown in 

Figure 3.23. miR-146a is also induced to a similar extent in wild-type 1-BMDM as 

RAW264.7 and primary BMDM - here it is induced 15-fold by pam3CSK4, 12-fold by 

LPS and to a lower extent by p(I:C) - ~6-fold. The induction of miR-146a by 

pam3CSK4 is abolished in MyD88-deficienl cells but is not significantly different in 

TRIF-deficient macrophages. The induction of miR-146a by LPS is impaired in 

MyD88-deficient cells, however, a small 2-fold induction is apparent. In TRIF-deficient 

cells, miR-146a is induced 3-fold, significantly different from wild-type (~ 12-fold). 

Curiously, p(I:C) mediated miR-146a induction, which is abolished in TRIF-deficient 

cells, as expected, is also impaired in MyD88-deficient cells from 6-fold in wild-type to 

3-fold in MyD88-deficient cells.

3.2.13.3 miR-155 induction by TLRs in TIR-adapter deficient macrophages

The induction of miR-155 in all three I-BMDM cell lines is shown in Figure 3.24. 

Again, 18 h treatment with p(I:C) and LPS results in strong induction of miR-155 in 

wild-type cells (~40-fold and 100-fold respectively). Consistent with primary BMDM, 

pam3CSK4 treatment results in a smaller induction of miR-155 (~5-fold). This 

pam3CSK4 mediated induction of miR-155 is abolished in MyD88-deficient I-BMDM 

but is actually enhanced in TRIF-deficient cells (--40-fold). The p(I:C) mediated
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Figure 3.20 - Induction of cytokines by TLRs in THPl. THPl cells 

were treated with TLR ligands as in Figure 19 for 24 h. Supernatants 

were analysed using ELISA (R&D) for A) hTNF-a and B) hRANTES. 

Data is presented as the value obtained in pg/ml for one representative 

experiment. Similar results were obtained in two other independent 

experiments .
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Figure 3.21 - Induction of IL-6 in immortalised BMDM from mice 

deficient in TIR-domain containing adapter proteins. Immortalised bone- 

marrow derived macrophages (I-BMDM) derived from wild-type control, 

MyD88 deficient and TRIP deficient mice were treated with the following 

TLR ligands; pam3CSK4 (1 pg/ml), p(I:C) (50 pg/ml) and LPS (100 ng/ml) 

for 18 h. Supernatants were analysed using ELISA (R&D) for mIL-6. Data is 

presented as the value obtained in pg/ml ± s.d. for 3 independent experiments. 

Stars above each bar represent P-value obtained when cytokine concentration 

following TLR stimulation for MyD88 -/- or TRIE -/- sample was compared to 

respective data in wild-type I-BMDM using paired students t-tests such that * 

; P < 0.05 and ** ; P < 0.01.
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Figure 3.22 - Effect of TIR-adapter proteins on induction of niiR-21 by 

TLRs. Immortalised bone-marrow derived macrophages (I-BMDM) derived 

from wild-type control, MyD88 deficient and TRIP deficient mice were 

treated with TLR ligands as in Figure 3.21 for 18 h. RNA was extracted and 

analysed using TaqMan miRNA assays. Data was analysed using the AACt 

method with U6 snRNA as endogenous control. Data is presented as the mean 

fold change relative to untreated I-BMDM for each cell line ± s.d. for 3 

independent experiments. Stars above each bar represent P-value obtained 

when miRNA expression data for MyD88 -/- or TRIP -/- sample was 

compared to respective data in wild-type I-BMDM using paired students t- 

tests such that * ; P < 0.05 and ** ; p < 0.01.
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Figure 3.23 - Effect of TIR-adapter proteins on induction of miR-146a by 

TLRs. Immortalised bone-marrow derived macrophages (I-BMDM) derived 

from wild-type control, MyD88 deficient and TRIP deficient mice were 

treated with TLR ligands as in Figure 3.21 for 18 h. RNA was extracted and 

analysed using TaqMan miRNA assays. Data was analysed using the AACt 

method with U6 snRNA as endogenous control. Data is presented as the mean 

fold change relative to untreated 1-BMDM for each cell line ± s.d. for 3 

independent experiments. Stars above each bar represent P-value obtained 

when miRNA expression data for MyD88 -/- or TRIP -/- sample was 

compared to respective data in wild-type I-BMDM using paired students t- 

tests such that ** ; p < 0.01 and *** ; p < 0.001.
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Figure 3.24 - Effect of TIR-adapter proteins on induction of miR-155 by 

TLRs. Immortalised bone-marrow derived macrophages (I-BMDM) derived 

from wild-type control, MyD88 deficient and TRIP deficient mice were 

treated with TLR ligands as in Figure 3.21 for 18 h. RNA was extracted and 

analysed using TaqMan miRNA assays. Data was analysed using the AACt 

method with U6 snRNA as endogenous control. Data is presented as the mean 

fold change relative to untreated I-BMDM for each cell line + s.d. for 3 

independent experiments. Stars above each bar represent P-value obtained 

when miRNA expression data for MyD88 -/- or TRIP -/- sample was 

compared to respective data in wild-type I-BMDM using paired students t- 

tests such that * ; P< 0.05 and *** ; P< 0.001.
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induction of miR-155 is not significantly different in MyD88-deficient macrophages 

(~60-fold) but is completely impaired in TRIF-deficient cells. LPS mediated miR-155 

induction is again impaired, but not completely abolished in MyD88-deficient cells (10- 

fold) and is also impaired to a lesser extent in TRIF-deficient cells. Statistically, the 

LPS mediated induction of miR-155 in wild-type and TRIF-deficient cells are not 

significantly different.

3.2.14 Modulation of miRNA induction by TLRs using small molecule inhibitors 

of signalling

To help elucidate the mechanisms and signalling pathways controlling the induction of 

miR-21, the effect of small molecule inhibitors on the expression of miR-21 in the 

DC2.4 cell line was analysed, with miR-146a as a control. In all experiments with 

inhibitors, early time-points (6-8 h) were chosen to analyse miRNA induction as after 

this time the inhibitors begin to have non-specific effects and can be lethal to the cell. 

Smaller, but statistically significant induction had previously been seen of both miR-21 

and miR-146a at 8 h when treated with pam3CSK4 and LPS.

3.2.14.1 Induction of miR-21 by TLRs requires protein synthesis

First of all, the effect of a protein synthesis inhibitor on miRNA induction by TLRs was 

examined using cyclohexamide, which blocks translation of new proteins. Cells were 

either pre-treated with this inhibitor or vehicle, for 1 h and subsequently stimulated with 

pam3CSK4 or LPS for 8 h. To ensure cyclohexamide was effective, supernatants were 

analysed for IL-6 and TNF-a production by ELISA, as is shown in Figure 3.25. Both 

pam3CSK4 and LPS induce TNF-a production (Figure 3.25a) and IL-6 production 

(Figure 3.25b) in vehicle treated DC2.4. However, pre-treatment with cyclohexamide 

inhibits this induction. The effect of cyclohexamide on miR-21 and miR-146a induction 

by pam3CSK4 and LPS is shown in Figure 3.26. In the case of both miR-21 and miR- 

146a induction is seen in vehicle control by both pam3CSK4 and LPS. This is reduced 

in cells pre-treated with cyclohexamide, although not completely abolished. pam3CSK4 

induced miR-21 ~8-fold. Pre-treatment with cyclohexamide reduced this to 2-fold. LPS
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induced miR-21 ~6-fold at 8 h. Pre-treatment with cyclohexamide reduced this to ~4- 

fold. A similar trend was seen for miR-146a.

3.2.14.2 Induction of miR-21 by LPS does not require AP-1

As the induction of miR-21 by PM A in monocytes was reported to require AP-1 (Fujita 

et ai, 2008), I used the compound PD98059 which inhibits Erk-kinase, a key enzyme 

required for maximal activation of AP-1. To confirm its effectiveness PMA-induced 

miR-21 was examined in DC2.4 with or without PD98059 and was found to be 

inhibited by Erk-kinase inhibition as is shown in Figure 3.27a. However, as shown in 

Figure 3.27b, no significant reduction on LPS mediated induction of miR-21 was 

detected in the DC2.4 cell line after 6 h. In the case of control, at 6 h time-point a small 

but measurable induction of miR-21 was seen (over 2-fold), alongside a larger induction 

of miR-146a (--4-fold). Pre-treatment with PD98059 did not affect this induction.

3.2.14.3 Induction of miR-21 by TLRs requires correct proteasome function

Next, the effect of the inhibitor MG 132 on miRNA induction by TLRs was examined. 

This compound inhibits the proteasome and therefore blocks ubiquitin-mediated 

degradation of proteins in cells. Cells were either pre-treated with MG 132 or vehicle, in 

this case DMSO, for 1 h, and subsequently stimulated with pam3CSK4 or LPS for 8 h. 

To ensure MG132 was effective, supernatants were analysed for IL-6 and TNF-a 

production by ELISA. As can be seen in Figure 3.28. pam3CSK4 and LPS treatment 

results in TNF-a (Figure 3.28a) and IL-6 (Figure 3.28b) production in DMSO-treated 

DC2.4. Pre-treatment with MG 132 abolishes this effect. The effect of MG 132 on miR- 

21 and miR-146a induction by pam3CSK4 and LPS is shown in Figure 3.29. 

pam3CSK4 induced miR-21 ~7-fold in DMSO treated cells whilst miR-146a is induced 

9-fold. Pre-treatment with MG 132 abolished the pam3CSK4 mediated induction of 

miR-21, whilst reducing the induction of miR-146a to ~3-fold. LPS induced both miR- 

21 and miR-146a ~4-fold in DMSO treated cells. Pre-treatment with MG 132 again 

abolished the induction of miR-21 completely, whilst reducing the LPS mediated miR- 

146a induction to 2-fold.
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Figure 3.25 - Effect of protein synthesis on cytokine production following 

TLR stimulation in DC2.4. DC2.4 cells were pre-treated with the protein 

synthesis inhibitor cyclohexamide at 10 pg/ml for 1 h and subsequently 

treated with the TLR ligands pam3CSK4 (1 pg/ml) and LPS (100 ng/ml) for 8 

h. Supernatants were analysed by ELISA (R&D) for A) mTNF-a and B) mlL- 

6. Data is presented as the value obtained in pg/ml for one separate 

experiment. Similar results were obtained in two other independent 

experiments.
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Figure 3.26 - Effect of protein synthesis on induction of miRNA by TLRs.

DC2.4 cells were pre-treated with the protein synthesis inhibitor 

cyclohexamide at 10 pg/ml (CH) or vehicle control (control) for 1 h and 

subsequently treated with the TLR ligands pam3CSK4 (1 pg/ml) and LPS 

(100 ng/ml) for 8 h. RNA was extracted and analysed using TaqMan miRNA 

assays. Data was analysed using the AACt method with U6 snRNA as 

endogenous control. Data is presented as the mean fold change relative to 

unstimulated DC2.4 + s.d. for 3 independent experiments. Stars above each 

bar represent P-value obtained when miRNA expression data for 

cyclohexamide treated sample was compared to respective data in vehicle 

control treated DC2.4 using paired students t-tests such that * ; P < 0.05.
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Figure 3.27 - Effect of Erk (Extracellular regulated kinase) on induction 

of miRNA by TLRs. DC2.4 cells were pre-treated with the Erk kinase 

inhibitor PD8085 at 10 pg/ml (PD) or with vehicle control (control) for 1 h 

and subsequently treated with A) PMA (100 ng/ml) or B) LPS (100 ng/ml) for 

6 h. RNA was extracted and analysed using TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as endogenous control. Data 

is presented as the fold change with stimulation relative to unstimulated 

DC2.4 for one representative experiment. Similar results were obtained in 

another independent experiment.
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Figure 3.28 - Effect of proteasomal degradation on cytokine production 

following TLR stimulation in DC2.4. DC2.4 cells were pre-treated with the 

MG 132 at 5 pM or control vehicle DMSO (control) for 1 h and subsequently 

treated with the TLR ligands pam3CSK4 (1 pg/ml) and LPS (100 ng/ml) for 8 

h. Supernatants were analysed by ELISA (R&D) for A) mTNF-a and B) mlL- 

6. Data is presented as the value obtained in pg/ml for one representative 

experiment. Similar results were obtained in two other independent 

experiment.
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Figure 3.29 - Effect of proteasomal degradation on induction of miRNA 

by TLRs. DC2.4 cells were pre-treated with the MG 132 at 5 pM or control 

vehicle DMSO (control) for 1 h and subsequently treated with the TLR 

ligands pam3CSK4 (1 pg/ml) and LPS (100 ng/ml) for 8 h. RNA was 

extracted and analysed using TaqMan miRNA assays. Data was analysed 

using the AACt method with U6 snRNA as endogenous control. Data is 

presented as the mean fold change with TLR stimulation relative to 

unstimulated DC2.4 ± s.d. for 3 independent experiments. Stars above each 

bar represent P-value obtained when miRNA expression data for MG 132 

treated sample was compared to respective data in vehicle control treated 

DC2.4 using paired students t-tests such that * ; P < 0.05.
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3.2.15 miR-21 is induced by TLRs in an NFKB-dependent manner

3.2.15.1 The putative miR-21 promoter region contains a highly conserved 

NFkB binding site

As all the stimuli examined which induce miR-21 thus far are potent activators of NFkB 

and as a dramatic abolishion of miR-21 induction is seen in cells pre-treated with 

MG 132, which is known to inhibit NFkB activation, I next investigated the possibility 

that induction of miR-21 by TLRs was mediated by NFkB. The promoter region of the 

primary miR-21 transcript was recently characterised in the context of PMA-mediated 

induction and found to contain many classical promoter elements including a TATA 

box and AP-1 and signal transducer and activation of transcription (STAT)-3 sites, 

consistent with other reports (Loffler et ai, 2007; Fujita et al, 2008) . Bioinformatic 

analysis of this region using the TransMap Inspector tool and ECR Browser identified a 

potential NFkB binding site in this promoter region -110 bp from the proposed 

transcription start site. This site was identified as a GC-box in the original publication. 

However, my analysis has found it is highly conserved across animal species and could 

serve as an NFkB site. The putative promoter region is illustrated in Figure 3.30.

3.2.15.2 Induction of miR-21 by TLRs is impaired in p65-deficient MEFs

To confirm this finding the induction of miR-21 and other miRNA in murine embryonic 

fibroblasts (MEFs) derived from mice deficient in the key NFkB subunit, p65, was 

examined. Following 8 hr stimulation, induction of miR-21 was seen in wild-type MEFs 

- 3-fold with pam3CSK4, 4-fold with p(I:C) and 3-fold with LPS. Consistent with the 

MG 132 experiments, this induction, in all three cases, was significantly abolished in 

p65-deficient MEFs. miR-21 is actually found below basal unstimulated in p65- 

deficient MEFs following stimulation. This is illustrated in Figure 3.31. To confirm the 

p65-deficient MEFs were responding otherwise, the production of the IRF3-dependent 

chemokine RANTES by p(I:C) was examined and found to be comparable to wild-type 

in these cells. These results are illustrated in Figure 3.32.
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Figure 3.33 illustrates the induction of miR-146a in wild-type and p65-deficient MEFs 

which has previously been reported to be NFKB-dependent in TLR4 signalling 

(Taganov et ai, 2006). 5-fold induction of miR-146a is seen following 8 h pam3CSK4 

treatment, whilst p(I;C) results in ~3-fold induction and EPS in 4-fold induction. This is 

reduced in p65-deficient MEFs, but not abolished to the same extent as miR-21. p(I:C) 

induction of miR-146a is not significantly different in wild-type and p65-deficient 

MEFs.

The effect of NFkB on miR-155 induction in MEFs was also examined, as is shown in 

Figure 3.34. Induction of miR-155 in MEFs is not as dramatic as seen in other cell 

types. pam3CSK4 treatment results in a 2-fold induction of miR-155 which is not 

significantly altered in p65-deficient MEFs. EPS treatment results in a 3-fold induction 

of miR-155 which is abolished in p65-dericient cells. p(EC) treatment induce miR-155 

2-fold in wild-type MEFs. 2-fold induction of miR-155 by p(I;C) was also seen m p65- 

deficient MEFs.

3.2.15.3 Overexpression of either MyD88 and p65 induces niiR-21 expression

To confirm that NFkB and p65 could directly influence miR-21 levels, RAW264.7 

macrophages were transfected with overexpression plasmids for many of the signalling 

components found to be required for induction of miR-21. Following this cells were left 

for 48 h and subsequently analysed by stem-loop PCR for miRNA expression, as shown 

in Figure 35. Overexpression of MyD88 was found to induce miR-21 strongly. Eess 

induction was seen for miR-146a. This result is consistent with my experiments in the I- 

BMDM cell lines which show that miR-21 induction is strongly dependent on MyD88 

whilst miR-146a induction, whilst requiring MyD88, was also strongly dependent on 

TRIF. STAT3 has been shown to regulate miR-21 in IE-6 signalling in myeloma cells 

(Eoffler et ai, 2007) and 2 STAT3 sites have been reported in the pri-miR-21 transcript 

(Fujita et at, 2008). No significant induction of miR-21 or miR-146a was detected
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Figure 3.30 - Bioinformatic analysis of pri-miR-21 promoter region. The

reported pri-miR-21 transcript promoter region (Loftier et al, 2008) was 

analysed using bioinformatic programs including TransMap Inspector 

(www.genomatix.de) and ECR browser (http://ecrbrowser.dcode.org/) for 

potential NFkB binding sites. A) Alignment of human and murine sequence 

containing the predicted NFkB site to illustrate conservation across species. B) 

Schematic of the murine and human promoter region with conserved predicted 

sites from bioinformatic analysis and published data indicated. The putative 

NFkB site is indicated in red.



Figure 3.31 - Effect of the NFkB subunit p65 on the induction of niiR-21 

by TLRs. Murine embryonic fibroblasts (MEFs) derived from wild-type 

control (WT) and p65 deficient mice (p65 -/-) were treated with the TLR 

ligands pam3CSK4 (1 pg/ml), p(I:C) (50 pg/ml) and EPS (100 ng/ml) for 8 h. 

RNA was extracted and analysed using TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as endogenous control. Data 

is presented as the mean fold change with TLR stimulation relative to 

untreated MEF for each cell type ± s.d. for 3 independent experiments. Stars 

above each bar represent P-value obtained when miRNA expression data for 

p65 -/- sample was compared to respective data in wild-type MEF using 

paired students t-tests such that * ; P < 0.05 and *** ; P < 0.001.
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Figure 3.32 - Effect of the NFkB subunit p65 on the production of 

cytokines following TLR stimulation in MEFs. Murine embryonic 

fibroblasts (MEFs) derived from wild-type control (p65 +/+) and p65 deficient 

mice (p65 -/-) were treated with the TLR ligands pam3CSK4 (1 pg/ml), p(I:C) 

(50 pg/ml) and LPS (100 ng/ml) for 8 h. Supernatants were analysed by 

ELISA (R&D) for A & B) mIL-6 and C & D) mRANTES. Data is presented as 

the value in pg/ml for one representative experiment. Similar results were 

obtained in two other independent experiment, n.d. - not detected
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Figure 3.33 - Effect of the NFkB subunit p65 on the induction of miR- 

146a by TLRs. Murine embryonic fibroblasts (MEFs) derived from wild-type 

control (WT) and p65 deficient mice (p65 -/-) were treated with the TLR 

ligands pam3CSK4 (1 pg/ml), p(I:C) (50 pg/ml) and LPS (100 ng/ml) for 8 h. 

RNA was extracted and analysed using TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as endogenous control. Data 

is presented as the mean fold change with TLR stimulation relative to 

untreated MEF for each cell type ± s.d. for 3 independent experiments. Stars 

above each bar represent P-value obtained when miRNA expression data for 

p65 -/- sample was compared to respective data in wild-type MEF using 

paired students t-tests such that * ; P < 0.05 and ; p < 0.01.
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Figure 3.34 - Effect of the NFkB subunit p65 on the induction of miR-155 

by TLRs. Murine embryonic fibroblasts (MEFs) cierived from wild-type 

control (WT) and p65 deficient mice (p65 -/-) were treated with the TLR 

ligands pam3CSK4 (1 pg/ml), p(I:C) (50 pg/ml) and LPS (100 ng/ml) for 8 h. 

RNA was extracted and analysed using TaqMan miRNA assays. Data was 

analysed using the AACt method with U6 snRNA as endogenous control. Data 

is presented as fold change relative with TLR stimulation to untreated MEF 

for each cell type for one representative experiment. Similar results were 

obtained in another independent experiment.
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Figure 3.35 - Overexpression of p65 drives miR-21 expression in 

RAW264.7. RAW264.7 were transfected with plasmids encoding MyD88, p65 

and STAT3 or empty vector control [250 ng total DNA] for 48 h. RNA was 

extracted and analysed using TaqMan miRNA assays. Data was analysed 

using the AACt method using U6 snRNA as endogenous control. Data is 

presented as fold change relative to empty vector.



Chapter Three - miRNA induction

when STAT3 is overexpressed. In constrast to this, overexpression of the p65 subunit of 

NFkB resulted in 3-fold induction of miR-21 but not miR-146a.

3.2.16 Ttneiii49 mRNA is not induced by LPS

The miR-21 coding region overlaps with the gene for transmembrane protein-49 

(TMEM49) in humans and is found just 3’ to the end of this gene in mice. Therefore, I 

examined whether or not LPS induces the expression of Tmem49 mRNA at the same 

time as miR-2] using qRT-PCR primers and probes specific for Tmem49. Wild-type I- 

BMDM were treated with LPS over time and the resulting RNA analysed for both miR- 

21 and Tmem49 expression. Results are displayed in Figure 3.36. Although, LPS 

induces miR-21 expression upto 4-fold over unstimulated cells over time, no change in 

the expression of Tmem49 mRNA was observed.

3.2.17 LPS induces functionally active miR-21 in RAW264.7

To determine if the miR-21 induced by LPS, detected by PCR. is functionally active, 

RAW264.7 cells were transfected with a miR-21-linked luciferase reporter plasmid 

alongside a control plasmid. In this assay, modulation of endogenous miR-21 levels 

should specifically affect expression of this luciferase gene as illustrated in Figure 

3.37a. Figure 3.37b shows the result of this analysis. Luciferase activity in cells treated 

with LPS for different times (h) is expressed relative to cells left unstimulated. 

Although an initial slight increase in miR-21 luciferase activity is seen following 3 h 

LPS treatment, at 6 h and 20 h post LPS, luciferase activity is more than halved relative 

to untreated (0 h). This indicates activity of the luciferase gene carrying a miR-21 site is 

inhibited, consistent with LPS inducing functionally active miR-21 in RAW264.7.
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3.3 Discussion

This project began with microarray studies which attempted to analyse the expression of 

miRNA following treatment with 3 different TLR ligands in the murine dendritic cell 

line DC2.4. As mentioned previously, DCs were initially chosen to analyse miRNA 

expression by TLRs because of the links between miRNA and differentiation (Lu et al., 

2005) and also between TLRs and differentiation of DCs (Nagai et al., 2006). At the 

time I began my experiments, technology for assaying miRNA was quite limited. In 

general, microarray data, which itself could be unreliable, had to be supported with 

independent techniques such as Northern blotting and RT-PCR. I performed microarray 

expenments with independently prepared RNA samples in an attempt to build an 

accurate picture of the global changes in miRNA expression following TLR stimulation. 

However, none of the data sets obtained agreed with each other or with previous 

experiments and therefore these results were deemed inaccurate. At the same time, it 

emerged that traditional microarray technology may not be the best method for 

analysing miRNA expression. Many technical difficulties have been reported based on 

the physical differences in miRNA molecules to traditional cDNAs, such as their 

different chemistries and size, which explain why this platform may not be optimal for 

global analysis of small RNA. I later reanalysed the data from the microarray 

experiments using information on candidate endogenous controls gained from 

subsequent experiments and the results, although revealing up-regulation of some TLR- 

responsive miRNA, are not fully reliable.

Alternative techniques to accurately measure miRNA were sought. Shortly after 

beginning my work a new type of reverse-transcription (RT) PCR was developed by 

Applied Biosystems which uses miRNA-specific stem-loop primers (Chen et al., 2005). 

This technique was much easier, simpler and quicker than microarray analysis. 

Therefore it was decided to use this technique to monitor the expression of many target 

miRNA in dendritic cells following TLR activation. Stem-loop PCR had been used in 

other studies to quantify global miRNA expression, particularly in cancerous tissue 

(Jiang et al., 2005; Bandres et al., 2006); (Martin et al., 2007). It has been shown to be
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Figure 3.36 - Tmein49 is not induced by LPS in macrophages

Immortalised-BMDM (I-BMDM) were stimulated with LPS at 100 ng/ml for 

the indicated time points (h). RNA was extracted and analysed using individual 

TaqMan miRNA assays and primers/probes for murine Tmem49 mRNA. Data 

was analysed using the AACt method with U6 snRNA (for miR-21 analysis) or 

GAPDH (for Tmem49 analysis) as endogenous controls. Data is presented as 

the fold change with LPS treatment relative to untreated I-BMDM type + s.d. 

for 3 independent experiments. Stars above points represent P-value obtained 

when miRNA/gene expression data for each time point was compared to 

respective data in untreated I-BMDM, using paired students t-tests such that * ; 

P < 0.05. n.s. = not statistically significant.
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Figure 3.37 - LPS affects miR-21 luciferase activity in RAW264.7. A) Schematic of 

pMIR-REPORT-21 plasmid and the control of firefly luciferase expression by miR-21. 

The firefly luciferase gene is linked to a miR-21 site in its 3’UTR which when expressed 

as mRNA is senstive to miR-21 levels in the cell. Therefore, high miR-21 expression 

levels lead to decreased firefly luciferase activity and vice versa. B) RAW264.7 cells were 

tranfected with a miR-21 dependent luciferase reporter plasmid and control renilla 

plasmid. Cells were subsequently treated with LPS at 100 ng/ml for the indicated time (h). 

Following this, cells were lysed and luciferase activity measured for each plasmid. Data 

for miR-21 luciferase was normalised to renilla and is shown relative to unstimulated 

RAW264.7. Data shown is the mean fold change in luciferase activity relative to 

unstimulated + standard deviation of three transfections. A similar result was obtained in 

another independent experiment. Stars above bars epresent P-value obtained when 

luciferase activity for each time point was compared to respective data in untreated 

RAW264.7, using paired students t-tests such that ** ; p < 0.01.
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much more sensitive to smaller changes in gene expression than microarray technology. 

Differences arising due to unequal RNA quantities across different samples are more 

easily corrected for by the use of endogenous controls.

A kit which contained probes for 158 miRNA was available from Applied Biosystems 

and contained enough reagents for the profiling of four different samples. It was 

decided to monitor the expression of these 158 miRNA in dendritic cells following 

treatment with pam3CSK4, p(I:C) and LPS compared to unstimulated control cells. 

These three ligands were chosen because the responsiveness of the DC2.4 cell-line to 

these ligands was well-established by my earlier experiments and also because they 

signal through 3 of the more well characterised TLRs, using different combinations of 4 

TIR-domain containing adapter proteins to promote signalling (O’Neill and Bowie, 

2007). At this stage more information was available on the induction of miRNAs. It was 

decided that cells would be treated with TLR ligands for 12 hours as opposed to 24 

hours, as had been performed previously, so that miRNA which may be induced earlier 

could be monitored. Analysis using real-time PCR requires appropriate endogenous 

control genes whose expression does not alter across all samples being assayed. For this 

purpose miR-16 and let-7a were found to be suitable candidates.

In total the expression levels of 96 miRNA in the DC2.4 cell line were accurately 

measured. This fell-short of the expected 158 miRNA for which probes were available. 

This is mainly because the kit used contained probes designed to assay human miRNAs. 

In most cases these probes are suitable for measuring murine homologues, due to the 

strong conservation of miRNA sequences across all mammals. However, in some cases 

minor changes in RNA sequence have arisen and this can make human probes 

unsuitable for detection of mouse homologues. Those murine miRNAs that are 

homologous in humans, but for which no amplification was detected, are excluded from 

this 98 short-list, presumably because they are not expressed in this cell-line. 

Additionally, 6 other miRNA were detected in TLR-treated cells but not in unstimulated 

cells. This may be due to induction of these miRNA which are normally found at low, 

undetectable levels in resting cells, or it may be because the RT or PCR amplification
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Step failed in the unstimulated sample for that miRNA. This makes further analysis 

difficult. Additionally some miRNA which are expressed at low levels amplify quite 

poorly. This results in high Ct values. These must be treated with caution. For this 

reason any miRNA which amplify to Ct values of 35 and above were excluded from 

further analysis.

Ideally, a screen such as this would be carried out at a minimum in duplicate. However 

as the panel of miRNA probes was an early-access product, by the time its future use 

could be justified, it was no longer available to purchase. TaqMan assays for individual 

miRNA were made available. However, I am confident that the data from my screen 

represents an accurate picture of miRNA expression levels in dendritic cells following 

TLR activation. Two miRNA were found to be strongly induced by treatment with all 3 

TLR ligands -- miR-146 and miiR-155. The induction of these miRNA by TLRs was 

published on over the course of my experiments (Taganov et ai, 2006), (O'Connell et 

al., 2007). By the time I was ready to analyse my results from the PCR screen I was 

aware of these two miRNA and they served as positive controls. However due to the 

high sensitivity associated with real-time PCR, as opposed to the robust microarray 

technology used by other groups and possibly due to the differences in time points 

analysed, the induction of many other TLR-responsive miRNA was detected in my 

screen. In particular, miR-21 was shown to be induced by all 3 stimuli. Other miRNA, 

including miR-210, miR-214 and members of the let-7 family, were shown to be 

induced by the TLR ligands examined. It was also found that stimulation with distinct 

TLR ligands leads to induction of miRNA unique to each ligand. Stimulation with 

p(I:C) alone leads to an induction of miR-222. Stimulation with pam3CSK4 leads to a 

specific set of three miRNA being induced. These are miR-17-3p, miR-130a and miR- 

148a.

Additionally, many miRNA were shown to be down-regulated by TLR activation. 

Mechanistically this is consistent with the activating role of TLRs. Previous 

experiments have shown that following TLR activation the expression of many proteins 

is induced. As miRNA negatively regulate protein synthesis it would make sense for
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TLR activation to lead to a decrease in miRNA activity. In essence this serves to relieve 

the brakes on protein expression. However, this data must be treated with caution. It 

may be that these miRNA did not amplify well and this may have led to high Ct values 

and lower expression levels. However, the fact that they amplify well in untreated cells 

and not to the same extent in 3 treated samples indicates this may not be the problem. 

Therefore it is likely that some of these down-regulated miRNA represent real targets 

for TLR activation. This seems likely as recent reports indicate that in cancer miRNA 

activity is both up- and down-regulated compared to normal tissue (Calin and Croce, 

2006a). Additionally a recent report has demonstrated that the expression of one 

particular miRNA, let-7i, although not detected in this screen of DCs, is decreased in 

cholangiocytes following infection with C. pan’um through LPS. Interestingly, the 

target for lct-7i is TLR4 itself. This then promotes expression of TLR4 in these infected 

cells, serving as a way to promote immune responses against the pathogen (Chen et al, 

2007). More recently, work carried out in our laboratory has verified the down- 

regulation of mi R-107 by LPS - a finding based on results obtained in this screen.

Whilst the induction of miR-155 and miR-146 was published, this is the first time both 

have been shown to be induced in dendritic cells. They had previously been shown to 

have a role in hematopoiesis with miR-146 being induced in the differentiation of 

murine thymocytes to Thl cells (Monticelli et ai, 2005). Additionally, in the study 

examining miR-146 expression in the THPl monocytic cell line, p(I:C) and other viral- 

derived stimuli did not induce miR-146 (Taganov et al., 2006). Here, it is demonstrated 

that this is not the case. p(I:C) drives miR-146 expression, although at a lower level than 

bacterial-derived stimuli. It is possible that other groups do not detect miR-146 

induction by p(I:C) because THPl is particularly unresponsive to this ligand. 

Interestingly, miR-146 was found to be the miRNA most strongly up-regulated by LPS 

in THPl whilst miR-155 is strongly up-regulated in macrophages. My results agree with 

these data. However, my results also indicate that whilst miR-155 is induced in 

dendritic cells, its induction is not as strong as seen in macrophages. This is consistent 

with a more recent report which examined miR-155 induction by LPS in human 

monocyte-derived DCs (Ceppi et al., 2009). The miRN.4 most rapidly and strongly up- 

regulated in dendritic cells seems to be miR-146 which is a novel and interesting
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finding, although it seems to be restricted to the DC2.4 cell line. miR-155 expression 

was detected in THPl in response to LPS but to a lesser extent than seen in BMDMs in 

response to p(I:C) and LPS (O'Connell et al, 2007). pam3CSK4 is a poor inducer of 

miR-155 in macrophages, however, in DCs it induces miR-155 to a similar extent as 

LPS. LPS was also shown to induce the expression of miR-132 in THPl (Taganov et 

al, 2006). However, I did not detect any significant change in miR-132 expression with 

any of the three ligands tested in dendritic cells. The induction of miR-21 by multiple 

TLR ligands has not been reported however.

One report emerged during the course of my work which revealed the up-regulation of 

miR-21 in lungs of LPS-treated mice (Moschos et al., 2007), however the kinetics, 

specificity, mechanism and functional consequences were not characterised further. I 

have studied in detail the induction of miR-146, miR-155 and miR-21, by many TLRs, 

over time in multiple cell types. I have found that in DCs both miR-146 and miR-155 

are induced to high levels at earlier times with miR-21 reaching appreciable levels later. 

The induction of miR-21 is more rapid in macrophages, reaches a higher extent than in 

DCs and in macrophages follows a similar pattern to the induction of miR-146a. The 

induction of miR-21 in THPl has yet to be demonstrated which may also explain why it 

was not detected by Taganov et al (Taganov et al., 2006). My work has demonstrated 

that p(I:C) is the weakest inducer of miR-21 in BMDM which may explain why miR-21 

induction was not reported by O’Connell et al (O'Connell et al., 2007). Interestingly, 

infection of B-cells with EBV, or overexpression of the EBV signalling protein LMP-1 

has been shown to induce the expression of all three miRNA, miR-146a (Motsch et al, 

2007), miR-155 and miR-21 (Cameron et al., 2008a; Cameron et al., 2008b), with miR- 

21 in particular being found at the lowest level of the three and associated with latency.

My screen therefore revealed a triumvirate of miRNA induced by ajl three TLR ligands. 

These are miR-146, miR-155 and miR-21. The induction and targets of these 3 miRNA 

have proven to be very interesting and provide a new facet to TLR signalling. It is 

emerging that the promoters of these 3 genes share common elements, similar to many 

of the cytokines commonly induced by all TLR ligands, such as IL-ip and TNF-a.
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However, cell type specificities and differences in induction dependencies are also 

emerging which indicates that the promoter regions of these genes require further 

analysis.

My initial screen, which detected the strongest induction of miR-146, in fact did not 

distinguish between two isoforms of mature miR-146 - miR-146a and miR-146b. Two 

separate genes exist which produce different primary miR-146 transcripts from which 

two slightly different mature miRNAs are produced. Although these miRNA are 

identical in their mRNA-targeting “seed sequence” they differ in other areas of the 22 nt 

mature molecule. All my subsequent work measured the induction of miR-146a. Other 

published work has measured the induction of miR-146b by IL-lp and found it to be 

induced to a smaller extent than the major isoform, miR-146a (Perry et al, 2008). 

Taganov el al, revealed that whilst LPS treatment of THPl induced the transcription of 

the primary miR-146a transcript, the pri-miR-146b transcript was not induced by LPS. 

However up-regulation of mature miR-146b by LPS was detected, implying additional 

processes controlled by LPS may lead to miRNA up-regulation (Taganov et al, 2006). 

The same study examined the miR-146a promoter element and demonstrated the 

activation of this promoter by LPS requires two highly conserved NFkB sites. In 

addition, an IRF3 site was found upstream of the NFkB sites, which was found to be 

dispensible for LPS-induced activation. My results in TlR-domain containing adapter 

deficient 1-BMDM and p65-deficient MEFs imply that whilst NFkB is important for 

miR-146a induction, the TRIF-IRF3 pathway may also activate miR-146a transcription, 

particularly downstream of TLR3.

Initial work on miR-155 demonstrated that inhibition of the MAP kinase INK inhibited 

p(I;C) driven induction of miR-155 in BMDM (O'Connell et al, 2007). This study also 

examined induction of miR-155 by TLRs in BMDM from mice deficient in TIR-domain 

containing adapter proteins, MyD88 and TRIF and found similar results to my analysis. 

Induction of miR-155 by TLRs requires MyD88 and TRIF. This study also outlined 

induction of miR-155 by other cytokines including IFN-P, which requires autocrine 

production of TNF-a. TLR3-mediated induction of miR-155 is direct however and does
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not require TNF-a production. Regardless, both pathways required JNK activation. 

More recent work has shown that overexpression of the EBV protein LMP-1 activates 

the miR-155 promoter through two NFkB binding sites as well as an API site (Lu et al, 

2008a). This is reflected by the requirement for NFkB and API in H. pylori mediated 

induction of miR-155 transcription in epithelial cells of the gastric lining (Xiao et al., 

2009). These results agree with the data presented here, showing a dependency for miR- 

155 on NFkB in LPS-mediated induction in MEFs. miR-155 was shown to be required 

for the development of appropriate adaptive responses through the generation of miR- 

155-deficient mice (Rodriguez et al., 2007; Thai et al., 2007). In particular, miR-155 

was shown to be required for appropriate B-cell generation (Thai et al., 2007). 

Induction of miR-155 was examined by TLRs in B-cells by northern blotting with all 

TLR stimuli used shown to induce up-regulation of miR-155 both primary and mature 

forms (Thai et al., 2007). Recently, it has been shown that miR-155 up-regulation by 

EPS in BMDM and RAW264.7 occurs through a post-transcriptional mechanism 

involving the RNA-binding protein KSRP which promotes processing of mature miR- 

155 from precursor molecules. As a contrast the induction of miR-155 by p(I:C) in 

macrophages was shown to occur through transcriptional activation of the pri-miR-155 

promoter (Ruggiero et al., 2009). Therefore, the induction of miR-155 by different 

TLRs and in different cell types uses distinct signalling pathways and mechanisms 

which may reflect differences in its functional effect which are discussed later.

Studies which have examined the induction of miR-21 in myeloma have demonstrated 

that transcription of a primary miR-21 transcript is rapidly induced following IL-6 

stimulation of myeloma in a STAT3 dependant manner (Loffler et al., 2007). The 

processing of mature miR-21 from pri-miR-21 however is quite slow and mature miR- 

21 levels rise later than pri-miR-21. This may be another reason why miR-21 is induced 

later than other miRNA in dendritic cells. It is possible that induction of miR-21 

remains a secondary effect of TLR activation. As shown by the experiments in DC2.4 

with cyclohexamide, protein synthesis is required for miR-21 induction from TLR2 and 

TLR4. It may be that TLRs are inducing the expression of IL-6 or another factor, which 

has an autocrine effect on the cells, driving further the expression of miR-21. Another 

possibility is that a protein factor which is induced by TLRs is required for miR-21
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processing. The effect of cyclohexamide however does not block the induction of miR- 

21 completely - it merely reduces it, arguing against this. Notably, overexpression of 

STAT3 in RAW264.7 cells does not induce miR-21 expression, arguing against this 

secondary effect, although I did not demonstrate that the overexpressed STAT3 was 

active.

Recently, miR-21 was shown to be induced in cardiac myocytes by TGF-p. However, 

further analysis of this induction revealed that it is the processing of premature miR-21 

from the primary transcript which is stimulated by TGF-p, not induction of the primary 

transcript. This process requires the RNA helicase p68 and is dependent on the SMAD 

proteins which function in signalling from the TGF-p receptor (Davis et al, 2008). It is 

therefore possible, that an analogous situation exists in TLR signalling. LPS and other 

TLR ligands signal through their receptors and associated adapter proteins to trigger 

enhanced processing of pri-miR-21 or pre-miR-21 to mature miR-21 in cells. Analysis 

of primary transcripts, pre-miR-21, promoter activation and interaction of the RNA 

transcript with helicase proteins are required to address this and are being undertaken 

elsewhere. It is possible that both transcription at the primary miR-21 promoter and 

activation of miR-21 processing from precursor forms is required for maximal induction 

of mature miR-21 by TLRs.

All the stimuli which have been shown to induce miR-21, lead to activation of the 

transcription factor NFkB. The dependence on NFkB of miR-21 induction has been 

demonstrated by the lack of induction in p65 deficient cells. Whether or not this is due 

to the impaired ability of these cells to produce IL-6 or some other factor has not yet 

been determined. Interestingly, miR-21 levels actually decrease in p65-deficient MEFs 

post stimulation with TLR ligands. Notably, early time-course analysis of miR-21 

induction by TLRs in DC2.4 indicated miR-21 levels drop at very early times post 

stimulation, between 1 - 2 h. It may be that NFkB activation is required to restore and 

further enhance miR-21 levels to those seen at later times. Again, the effect of p65 on 

the processing of miR-21 following TLR stimulation warrants further investigation.
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The region in the genome encoding the primary miR-21 transcript overlaps with the end 

of a neighbouring gene, TMEM49. It was therefore possible that these RNA species 

share the same transcription unit, as has been described for other miRNA (Rodriguez et 

al, 2004). The published work describing the induction of miR-21 by IL-6 (Loffler et 

al, 2007) and PMA (Fujita et al., 2008) concludes from bioinformatic analysis and 

experimental verification that miR-21 is an independent genetic element from the 

TMEM49 gene. I examined the possible promoter of TMEM49 to determine if these 

genes could be co-transcribed. A putative NFkB site in the TMEM49 promoter was 

detected by bioinformatic analysis. However, expression of murine Tmem49 mRNA 

was not altered by treatment of cells with EPS, which supports the idea that miR-21 

transcription is independent of TMEM49.

The up-regulation of miR-21 in cancer tissue has been well documented (Krichevsky 

and Gabriely, 2009); (Calin and Croce, 2006a). The first study to report increased 

expression of miR-21 in cancer cells compared to normal healthy control tissue was 

(Chan et al., 2005). In this study the up-regulation of miR-21, at the mature and primary 

transcript level, is well documented in glioblastoma - in primary cultures derived from 

glioblastoma cells as well as cell lines. Following this, the up-regulation of miR-21 in 

glioblastoma was independently reported (Ciafre el al., 2005), as well as the up- 

regulation of miR-21 in many other solid tumour cancers. One landmark study analysed 

363 tumour samples representing breast, colon, lung, pancreatic, prostate and stomach 

cancers relative to 177 healthy control tissues and found the common miRNA up- 

regulated in all the solid tumour samples was miR-21 (Volinia et al., 2006). Since then 

other groups analysed miR-21 expression in other solid cancers and solid cancer- 

derived cell lines including hepatocellular carcinoma (Kutay et al., 2006), gastric cancer 

(Zhang et al., 2008), ovarian cancer (lorio et al., 2007), cervical cancer (Lui et al., 

2007), head and neck cancer cell lines (Tran et al, 2007) and papillary thyroid 

carcinoma (Tetzlaff et al., 2007). In addition, miR-21 up-regulation has been reported in 

chronic lymphocytic leukemia (CEL) (Fulci et al., 2007), acute myeloid leukemia 

(AML) (Jongen-Lavrencic et al., 2008) and diffuse large B-cell lymphoma (DLBCL)
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(Lawrie el ai, 2007) which are lymphoproliferative disorders of cells of the 

hemalopoetic system.

Functional studies using inhibition of miR-21 in cancer or overexpression of miR-21, 

have demonstrated that miR-21 serves as an oncogene. Initial studies using antisense to 

miR-21 found it decreased tumour growth in the breast cancer cell line MCF-7 (Si et ai, 

2007). Subsequent studies using both overexpression and antisense in hepatocellular 

carcinoma (Meng et ai, 2007) and breast cancer (Zhu et ai, 2008), demonstrated miR- 

21 overexpression promotes tumour growth, invasion and even the process of 

metastatis. Interestingly, a separate study in HL-60 cells, which express miR-21 at low 

levels basally but which induce miR-21 expression following PMA treatment 

(Kasashima et ai, 2004), overexpressed miR-21 using lentiviral transfection (Fujita et 

al., 2008). Following this, HL-60 cells no longer exhibited substrate adherence and 

replicate uncontrollably following PMA treatment, implying miR-21 can be induced in 

cells to promote correct cell cycle progression, but that dysregulation of this induction 

can result in cells escaping cell cycle arrest which may lead to transformation.

Interestingly, whilst miR-21 may be one of the miRNAs most consistently reported to 

be up-regulated in cancer, particularly those derived from solid tumours, other miRNAs 

have emerged as important regulators of cell growth. These include members of the 

miR-17-96 cluster (He et ai, 2005b) (Xiao et ai, 2008), miR-15/16 (Cimmino et ai, 

2005) (Fulci et ai. 2007), miR-223 (Garzon et al, 2007) (Johnnidis et al., 2008), miR- 

155 (Eis et al., 2005; lorio et al., 2005; Kluiver et al., 2005; O'Connell et al., 2008) and 

miR-146 (He et al., 2005a; Tetzlaff et al., 2007). All of these miRNA have been 

associated with inflammatory processes or correct development of heamatopoeitic cells 

and therefore, consistent with miR-21 having an important role instructing correct cell 

cycle progression, it seems these miRNA, all of which can be influenced during the 

immune response, have important roles instructing cell fate and development, 

dysregulation of which may be an important feature of not just cancer but many other 

diseases. As some of these miRNA have been shown to be TLR-responsive and as there 

is growing evidence linking TLR activation to tumourogenesis (Pollard, 2004; Kelly et
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ai, 2006; Rakoff-Nahoum and Medzhitov, 2007), it seems likely then that miRNA 

which are induced by TLRs, may also promote transformation of cells if themselves are 

left uncontrolled.

It is now emerging that dysregulated miRNA expression may play an important role in 

pathogenesis of other diseases apart from cancer. miR-21 has also been reported to be 

up-regulated in many inflamed states, including the inflamed lung in LPS-treated mice 

(Moschos et al, 2007), allergic airway inflammation (Lu et ciL, 2009), osteoarthritis 

(Iliopoulos el ai, 2008), psoriasis and atopic eczema (Sonkoly et al, 2007), disease- 

active ulcerative colitis tissue (Wu et al, 2008), in cardiac muscle injury (Ji et ai, 2007) 

and cardiac hypertrophy (Cheng et al., 2007). miR-21 may therefore serve as an 

important indicator of inflammation. Intriguingly, the up-regulation of both miR-146a 

and miR-155 has been reported in synovial fibroblasts in rheumatoid arthritis (RA-SF) 

(Nakasa et ai, 2008) (Stanczyk et ai, 2008), which are known to have a phenotype 

similar to transformed cells (Davis, 2003). Thus far no data has emerged on miR-21 

expression in this disease state. More recently, an additional miRNA. miR-346, has 

been reported which is induced by LPS in RA-SF and controls IL-18 release from these 

cells via targeting of the key TLR4 signalling protein Bruton’s tyrosine kinase (Btk) 

(Alsaleh et al., 2009). It is reasonable to conclude from these studies, as well as other 

studies outlining the functions of these miRNA in the immune response, including the 

data presented here that particular miRNA are induced during the innate immune 

response to carry out particular functions, such as promotion of TNF-a and a Thl 

response by miR-155, or negative regulation of pro-inflammatory cytokines by miR- 

146a, which if left unchecked and uncontrolled themselves, can develop into severe 

inflammatory disease.

In conclusion, the results presented in this chapter demonstrate that activation of TLRs 

does indeed affect miRNA expression patterns in cells of the immune system. More 

specifically, I have shown that induction of miR-21 by TLRs occurs in a time- 

dependent, MyD88-dependent and NFicB-dependent manner through a process which is 

Erk-independent and requires protein synthesis. As was evident from miR-21 luciferase
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reporter transfection, this LPS-induced-miR-21 is active. The next challenge was to 

elucidate the exact functional consequences of this induction with respect to TLR 

action.
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4.1 Introduction

The effects of miRNA on any process are invariably brought about through their 

interaction with target mRNAs. It is unclear yet whether or not each miRNA 

specifically targets one mRNA or whether they target many mRNAs at once. 

Additionally, it is possible that many different miRNA target the same mRNA 

molecule. Of course the ability of a miRNA to target a particular mRNA depends upon 

the expression of the mRNA molecule. To determine whether or not a particular mRNA 

is regulated by a miRNA, the expression of the mRNA and its resulting protein can be 

analysed alongside the expression of the candidate miRNA. However, many 

bioinformatic programs are now available which analyse the nucleotide sequence of the 

3’UTR of mRNAs and search for target sites of miRNA within them. 3’UTRs may 

contain a sequence complementary to the whole mature miRNA which is sufficient to 

guide the RISC to the mRNA as occurs in the silencing of linl4 mRNA by let-4 in 

C.elegans (Lee et al, 1993). However it has recently emerged that a seed sequence 

complementary to nucleotides 2-7 of the mature miRNA is sufficient for effective 

silencing of mRNA (Lai, 2002). The range of bioinformatic programs which search for 

target mRNAs also consider conservation of candidate miRNA binding sites across 

species. These programs can predict thousands of potential targets for particular 

miRNA. Many of these sites can overlap with others and often are not highly conserved 

across species. Therefore the predicted targets for particular miRNA using these 

programs may not always reflect the situation in-vivo.

Having investigated the induction of miR-21 by TLRs, the next step was to elucidate its 

function in TLR signalling. To do this, the target mRNA regulated by miR-21 in TLR 

signalling had to be identified. As mentioned above, many bioinformatic programs are 

available which search for possible target sites of particular miRNAs in mRNA 3’UTR 

sequence databases. Table S3 in the Appendices displays the predicted conserved 

targets for miR-21 from the TargetScan database. However bioinformatic predictions 

are not always reliable and may not reflect the context in which miR-21 acts. One of 

these predicted targets, programmed cell death-4 (PDCD4), has been shown to be a true
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target for miR-21 in the context of cancer (Asangani et al, 2008; Frankel el ai, 2008; 

Lu et ai, 2008b; Zhu et ai, 2008).

PDCD4 was first described as a gene induced by apoptotic stimuli (Shibahara et ai, 

1995). Its expression has also been shown to be influenced by cytokine treatment, 

consistent with a predicted NFkB site being found in its promoter (Onishi et ai, 1998). 

Its expression is lost in many cancers (Cmarik et al., 1999) and was subsequently shown 

to function as a tumour suppressor protein. Whilst depletion of PDCD4 through RNAi 

promoted neoplasmic transformation in P- cell, forced overexpression of PDCD4 had 

the opposite effect and was shown to reverse the transformed phenotype in P+ cells 

(Yang et al., 2001; Yang et al., 2003b). PDCD4 was since shown to function as a 

tumour suppressor through its negative effect on transcription factor AP-1 activity 

(Yang et al., 2003b). API activation has been implicated as a key step in tumour 

pathogenesis (Olive et ai, 1997) and as PDCD4 was shown to negatively regulate API 

activation, loss of PDCD4 in cancer was thought to result in uncontrolled API activity 

leading to transformation. In addition to its role as a regulator of AP-1, PDCD4 was 

curiously shown to positively influence TNF-a induced NFkB activation (Yang et ai, 

2001).

It is now emerging that PDCD4 actually functions as a translational inhibitor protein. In 

this way it regulates the translation and production of proteins from mRNA. This adds a 

new level of complexity to the mechanisms of control of gene expression utilised by 

TLRs. PDCD4 is thought to achieve this through its interaction with members of the 

eIF4 family of eukaryotic translation initiation factors (Yang et al., 2003a; Yang et al., 

2004; Loh et al., 2009). Most mRNA species require cap-dependent initiation of 

translation to direct ribosomes to the start codon of the protein coding region of a 

mRNA. This requires recognition of the 5’ cap structure by the eIF4E protein subunit. 

For this to occur complex secondary structure features such as stem-loops and 

psuedoknots in the 5’UTR mRNA sequence need to be “unwound” by the action of the 

RNA helicase eIF4A. This assembly of this complex is facilitated through the presence 

of another protein subunit, eIF4G. This process is well reviewed in (Gingras et ai,
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1999). PDCD4, which was known to contain two conserved MA3 domains, also found 

in eIF4A and eIF4G, has been shown to interact with and disrupt the function of eIF4A 

and eIF4G (Goke et al., 2002; Yang et ai, 2003a; Zakowicz et al., 2005). The crystal 

structures of the interactions of the two domains of PDCD4 with eIF4A and eIF4G has 

recently been elucidated and the interactions has been shown to occur in a 1:2:1 ratio 

(Waters et al., 2007; Loh et ai, 2009). It has been shown that this type of initiation of 

translation, which requires eIF4E and accessory factors, is compounded by the presence 

of longer, more complex structures in the 5’UTR of mRNAs (Koromilas et ai, 1992). 

In this way, selectivity for translation can be achieved. mRNAs with less complex, 

relatively simple and short 5’UTR will be decoded more easily than those mRNAs with 

more complex, longer and complex 5’UTRs. The mRNAs for growth factors and 

cytokines have been shown to be more dependent on the action of eIF4E than other 

housekeeping genes as they have an increased propensity toward complex 5’UTR 

structures (Larsson et al., 2007; Mamane et ai, 2007). In this way, the action of 

PDCD4, which inhibits the activity of eIF4E and associated proteins, is thought to be 

selective. As the presence of PDCD4 will inhibit eIF4A and eIF4G, mRNAs which are 

less dependent on these factors will be preferentially translated and those with more 

complex 5’UTRs will be inhibited in the presence of PDCD4. This model explains the 

tumour suppressor role of PDCD4. It is thought to inhibit the translation of growth 

factors and oncogenes and therefore when expression of PDCD4 is lost, as occurs in 

many cancers, these pro-growth mRNAs become expressed. However, specific 

examples of mRNAs regulated in this way remain unapparent. It has been speculated 

that a factor regulated by PDCD4 in this way positively regulates API activity however 

it remains unidentified.

PDCD4-deficient animals have been generated and work on these mice demonstrated 

that whilst they develop spontaneous lymphoma, they were resistant to models of 

inflammatory disease tested such as autoimmune encephalomyelitis (EAE) and 

streptozin toxin induced type I diabetes. This was shown to be due to PDCD4s role as a 

translational inhibitor of complex mRNAs, specifically those for IL-10, IL-4 and IFN-y 

(Hilliard et ai, 2006). Therefore, it seemed likely that PDCD4 regulated the translation 

of anti-inflammatory cytokines, the increased production of which protected against
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inflammatory disease. However, at the same time, the immune system of these mice 

became compromised, allowing the spread of tumours and the development of 

lymphoma.

Therefore, as PDCD4 seemed to play a pro-inflammatory role, with a positive effect of 

TNF-a -induced NFkB and a suppressive effect on the production of IL-10 and IL-4, 

and it is a target for miR-21 in cancer, I examined whether it would be a target in TLR4 

signalling.
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4.2 Results

4.2.1 PDCD4 protein levels are modulated by LPS in DC2.4 and primary BMDC

First of all, the expression of PDCD4 was monitored in the DC2.4 cell line at the 

protein level. As before, DC2.4 samples were treated with LPS for various time points 

between 0 - 24 h. Moderate expression of PDCD4 protein was detected in unstimulated 

DC2.4 cells. However, as demonstrated in Figure 4.1, protein levels increase at early 

time points post-stimulation (1 - 2 h). However at later times PDCD4 protein levels 

decrease and at times as late as 24 h there is relatively little detectable PDCD4 in cells. 

The later times at which PDCD4 protein levels decrease correspond with the times at 

which miR-21 is induced in the DC2.4 cell line by LPS. The effect of LPS on PDCD4 

protein levels was analysed further using a dose response of LPS concentrations at both 

an early time point, 4 h, and a later time point, 18 h, as shown in Figure 4.2. A decrease 

in PDCD4 protein levels can be seen at concentrations of LPS as low as 10 ng/ml, 

following 18 h stimulation. Interestingly, the induction of PDCD4 at 4 h is only seen at 

higher concentrations of LPS, 100 ng/ml, in DC2.4. PDCD4 mRNA was also measured 

over time with LPS stimulation in DC2.4 cells using TaqMan RT-PCR assays, as shown 

in Figure 4.3 At later times post LPS treatment, from 4 h onward, PDCD4 mRNA levels 

decrease rapidly and are reduced 10-fold 18 h post LPS. The modulation of PDCD4 

protein was also apparent in primary dendritic cells derived from murine bone-marrow 

(BMDCs) stimulated with LPS, as shown in Figure 4.4. 4 h post stimulation with LPS 

an increase can be seen in PDCD4 protein. However 18 h post stimulation, PDCD4 

protein levels drop to below basal levels.

4.2.2 PDCD4 protein levels are modulated by LPS in RAW264.7 and primary 

BMDM

Next, the modulation of PDCD4 was examined in the RAW264.7 cell line which I have 

previously shown to be a strong inducer of miR-21. Figure 4.5 shows a time-course of 

PDCD4 protein levels in RAW264.7 following LPS stimulation. Again, moderate basal 

levels of PDCD4 can be seen in unstimulated cells. This rapidly increases between 0-4
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h and following this, drops dramatically from 4 h onward with virtually no detectable 

PDCD4 protein 24 h post LPS. Again, a dose response of LPS concentrations was 

carried out to confirm this effect in RAW264.7 cells, as shown in Figure 4.6. Again, the 

LPS-induced decrease of PDCD4 protein was apparent at low concentrations of LPS, 1 

ng/ml. However the early increase in PDCD4 levels was, similar to DC2.4, only seen at 

high concentrations of LPS. Figure 4.7 shows the results of RT-PCR analysis of murine 

PDCD4 mRNA carried out in RAW264.7 cells stimulated with LPS over time. In this 

case a dramatic decrease in PDCD4 mRNA was seen 4 h post stimulation (3-fold) 

which remains at these low levels up to 24 h post LPS. Once again, this modulation of 

PDCD4 protein was examined in primary BMDMs. Figure 4.8 shows PDCD4 protein 

levels in primary BMDM samples left untreated or stimulated with LPS and other TLR 

ligands, pam3CSK4 and p(I:C) for various times (4 h or 24 h). PDCD4 levels are 

slightly higher basally in primary BMDM than in cell lines. Induction of PDCD4 

protein is apparent 4 h post pam3CSK4 and p(I:C) stimulation. This induction is not 

apparent in lane 8 - (LPS 4 h). Again, a dramatic decrease in PDCD4 protein levels is 

seen 24 h post stimulation with all three ligands.

4.2.3 PDCD4 protein levels are modulated by LPS in human PBMC and A172

Importantly, this phenomenom is seen in other cell types and cell lines used. Figure 4.9 

shows PDCD4 protein levels measured in samples of human peripheral blood 

mononuclear cells stimulated with LPS for varying time points. Low basal levels of 

PDCD4 were seen in this case. This is dramatically up-regulated at 4 h post LPS. 

Similar levels are seen 8 h post stimulation. However, once again a dramatic decrease in 

PDCD4 protein levels is apparent 24 h post stimulation. Additionally, the human 

nueroblastoma cell line A172, in which miR-21 was shown to regulate PDCD4 in 

cancer (Gabriely el ai, 2008), and which is known to be LPS-responsive was analysed 

for PDCD4 protein levels. Consistent with the studies in cancer, basal levels of PDCD4 

are quite low in this cell line. This is however, influenced by LPS treatment, which 

induces PDCD4 protein levels at 4 and 8 h. Again, at a later time-point. PDCD4 levels 

drop, as shown in Figure 4.10 (lane 4).
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Figure 4.1 - PDCD4 protein levels are regulated by LPS over time in 

DC2.4. DC2.4 cells were treated with LPS at 100 ng/ml for the time points 

indicated (h). Protein lysates were prepared and analysed via SDS-PAGE 

followed by immunoblotting for PDCD4. Expression levels of p-actin are 

also presented as a loading control. The experiment shown is representative of 

at least three independent experiments.
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Figure 4.2 - PDCD4 protein levels are regulated by LPS in DC2.4, DC2.4 

cells were treated with various concentrations of LPS (indicated above each 

lane) for 4 h or 18 h or left untreated. Protein lysates were prepared and 

analysed via SDS-PAGE followed by immunoblotting for PDCD4. 

Expression levels of P-actin are also presented as a loading control. A similar 

result was obtained in another independent experiment.
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Figure 4.3 - PDCD4 mRNA is regulated by LPS over time in DC2.4.

DC2.4 cells were treated with LPS at 100 ng/ml for the time points indicated 

(h). RNA was extracted and analysed using TaqMan RT-PCR probes specific 

for murine PDCD4. Data was analysed using the AACt method relative to 

GAPDH. Data is presented as the fold change with LPS stimulation relative to 

untreated DC2.4 + s.d. for 3 independent experiments. Stars above points 

represent P-value obtained when gene expression data for each time point was 

compared to respective data in untreated DC2.4, using paired students t-tests 

such that * ; P < 0.05.
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Figure 4.4 - PDCD4 protein levels are regulated by LPS over time in 

primary BMDC. BMDCs were prepared from wild-type C57/BL6 mice and 

treated with LPS at 100 ng/ml for the time points indicated (h). Protein lysates 

were prepared and analysed via SDS-PAGE followed by immunoblotting for 

PDCD4. Expression levels of P-actin are also presented as a loading control. 

A similar result was seen in another independent experiment.
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Figure 4.5 - PDCD4 protein levels are regulated by LPS over time in 

RAW264.7 RAW264.7 cells were treated with LPS at 100 ng/ml for the time 

points indicated (h). Protein lysates were prepared and analysed via SDS- 

PAGE followed by immunoblotting for PDCD4. Expression levels of P-actin 

are also presented as a loading control. The experiment shown is 

representative of at least three independent experiments.
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Figure 4.6 - PDCD4 protein levels are regulated by LPS in a dose- 

dependent manner in RAW264.7. RAW264.7 cells were treated with various 

concentrations of LPS at 100 ng/ml for 4 h or 18 h. Protein lysates were 

prepared and analysed via SDS-PAGE followed by immunoblotting for 

PDCD4. Expression levels of P-actin are also presented as a loading control. 

A similar result was seen in another independent experiment.
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Figure 4.7 - PDCD4 mRNA is regulated by LPS over time in RAW264.7.

RAW264.7 cells were treated with LPS at 100 ng/ml for the time points 

indicated (h). RNA was extracted and analysed using TaqMan RT-PCR probes 

specific for murine PDCD4. Data was analysed using the AACt method 

relative to GAPDH. Data is presented as the mean fold change with LPS 

stimulation relative to untreated RAW264.7 ± s.d. for 3 independent 

experiments. Stars above points represent P-value obtained when gene 

expression data for each time point was compared to respective data in 

untreated RAW264.7, using paired students t-tests such that ** ; p < 0.01 and 

***;P< 0.001.
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Figure 4.8 - PDCD4 protein levels are regulated by TLRs over time in 

primary BMDM. BMDMs were prepared from wild-type C57/BL6 miee and 

treated with the following TLR ligands, pam3CSK4 (1 pg/ml), p(I:C) (25 

pg/ml) and LPS (100 ng/ml) for the time points indicated (h). Protein lysates 

were prepared and analysed via SDS-PAGE followed by immunoblotting for 

PDCD4. Expression levels of P-actin are also presented as a loading control. 

A similar result was obtained in another independent experiment.
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Figure 4.9 - PDCD4 protein levels are regulated by LPS over time in 

human PBMCs. PBMCs were prepared from anonymous whole blood and 

treated with LPS at 100 ng/ml for the time points indicated (h). Protein lysates 

were prepared and analysed via SDS-PAGE followed by immunoblotting for 

PDCD4. Expression levels of P-actin are also presented as a loading control. 

The experiment shown is representative of three independent experiments.
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Figure 4.10 - PDCD4 protein levels are regulated by LPS over time in 

A172. A172 cells were treated with LPS at 100 ng/ml for the time points 

indicated (h). Protein lysates were prepared and analysed via SDS-PAGE 

followed by immunoblotting for PDCD4. Expression levels of P-actin are 

also presented as a loading control. A similar result was obtained in a 

subsequent experiment.
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4.2.4 The LPS-induced decrease in PDCD4 is MyD88-dependent

The regulation of both the increase and importantly, the decrease in PDCD4 protein 

levels was then examined in more detail. First of all, PDCD4 protein levels were 

monitored in the I-BMDM cell lines deficient in the TIR-domain containing adapter 

proteins. As before, PDCD4 protein levels were measured in samples treated with LPS 

for 4 and 18 h from the three cell lines - wild-type control, MyD88-deficient and TRIF- 

deficient. The results are shown in Figure 4.11. In these cell lines, a higher basal level 

of PDCD4 protein was detected, notably in wild-type cells. Therefore the increase in 

PDCD4 protein levels at 4h was less obvious. However, the dramatic decrease in 

PDCD4 protein levels was apparent in the wild-type cells. This was also obvious in 

cells deficient in TRTF, This decrease was not seen to the same extent in MyD88- 

deficient cells (lane 6).

4.2.5 The LPS-induced decrease in PDCD4 is niiR-21 dependent

To determine if miR-21, which is induced to high levels at the same time as PDCD4 

protein levels drop, is MyD88-dependent and has been shown to regulate PDCD4 

niRNA in cancer cells, was regulating the LPS-induced PDCD4 protein decrease, 

RAW264.7 cells were transfected with increasing amounts of antisense RNA 

oligonucleotide to miR-21 (anti-21), which should bind to and inhibit its activity. The 

activity of this oligonucleotide in RAW264.7 cells was confirmed by RT-PCR of 

mature miR-21 levels. Figure 4.12 displays the levels of miR-21 detected in RAW264.7 

following transfection with increasing amounts of anti-21 relative to control transfected 

cells. LPS induces miR-21 --5-fold in this experiment in control cells. Basal miR-21 

levels are decreased following tranfection with anti-21. The LPS-induced increase in 

miR-21 is also prevented by anti-21 transfection. Interestingly, induction of miR-146 is 

not reduced by anti-21 transfection, and is in fact, induced to a stronger extent at higher 

concentrations of anti-21 in this experiment.

Figure 4.13 shows a decrease in PDCD4 protein following 24 h LPS stimulation when 

cells are transfected with control antisense (lane 5). However this decrease in PDCD4
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does not occur to the same extent in cells transfected with increasing amounts of 

antisense specific to miR-21. This can be particularly seen in lanelO at 25nM anti-21 in 

which 1.6 times more PDCD4 protein is seen following LPS than in control transfected 

cell. Whilst not fully restoring the PDCD4 protein levels to that seen in unstimulated 

cells, this does imply that miR-21 contributes to the LPS-mediated decrease in PDCD4.

4.2.6 The LPS-induced decrease in PDCD4 is brought about through niiR-21 

directly targeting PDCD4 mRNA

To assess if the effects of miR-21 on PDCD4 expression are direct, target protection of 

the murine PDCD4 mRNA miR-21 site was carried out via the use of a morpholino- 

modified oligonucleotide targeted specifically to PDCD4 miR-21 site and its 5’ flanking 

sequence. This should protect PDCD4 mRNA from miR-21 specifically. As a control, 

an oligonucleotide targeting a non-functional site in the PDCD4 3’UTR was used. As 

can be seen in Figure 4.14, transfection of RAW264.7 with increasing concentrations of 

the miR-21 site specific morpholino (m-21) blocked the decrease in PDCD4 protein 

levels following LPS treatment which was seen in cells transfected with control 

morpholino (m-c) (lane 5). Importantly, at 5 pM m-21, 100% more PDCD4 protein is 

seen (lane 7) relative to control LPS treated samples.

4.2.7 A tropomyosin isoform is induced by TLRs in DC2.4 and can be modulated 

by miR-21

An additional reported target for miR-21 in cancer is tropomyosin-1. It is a cytoskeletal 

protein that was identified as a target for miR-21 in the breast cancer-derived human 

cell line MCF-7 by proteomic techniques (Zhu et ai, 2007; Zhu et al, 2008). The 

expression of tropomyosin was therefore monitored in DC2.4 cells as was its 

modulation by LPS and other TLR ligands. As shown in Figure 4.15, it can be seen that 

the main tropomyosin-1 isoform recognised by the antibody used in DC2.4 is expressed 

at low levels basally. However the expression of this isoform is up-regulated by both 

LPS and pam3CSK4 stimulation, peaking at 4h. The levels of tropomyosin plateau at 

this point but begin to decrease rapidly at later time points, 18 and 24 h post-
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Figure 4.11 - PDCD4 protein levels are regulated by adapter proteins in 

response to LPS. Immortalised BMDM (I-BMDM) cells derived from 

animals deficient in TIR-domain containing adapter proteins (WT - wild-type 

control C57/BL6 mice, MyD88 -/- or TRIP -/- mice) were treated with LPS at 

100 ng/ml for the time points indicated (h). Protein lysates were prepared and 

analysed via SDS-PAGE followed by immunoblotting for PDCD4. 

Expression levels of P-actin are also presented as a loading control. Similar 

results were obtained in a susbequent experiment.
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Figure 4.12 - Antisense to miR-21 (anti-21) reduces mature miR-21 levels 

in RAW264.7 as measured by PCR RAW264.7 cells were transfected with 

antisense RNA molecules specific to miR-21 (anti-21) and made up to equal 

concentrations with control non-targeting antisense RNA to the doses 

indicated (nM) and subsequently treated with LPS at 100 ng/ml for 18 h. RNA 

was extracted and analysed using TaqMan miRNA assays. Data was analysed 

using the AACt method with U6 snRNA as endogenous control. Data is 

presented as fold change relative to non-targeting control for one 

representative experiment. Similar results were obtained in a subsequent 

experiment.
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Figure 4.13 - PDCD4 protein levels are regulated by iniR-21 in response 

to LPS. RAW264.7 cells were transfected with antisense RNA molecules 

specific to miR-21 (anti-21) and made up to equal concentrations with control 

non-targeting antisense RNA to the doses indicated (nM) and subsequently 

treated with LPS at 100 ng/ml for 18 h. Protein lysates were prepared and 

analysed via SDS-PAGE followed by immunoblotting for PDCD4. 

Expression levels of P-actin are also presented as a loading control. The 

relative amount of PDCD4 protein in anti-21 EPS-treated samples relative to 

control is indicated below the lane. Densitometry was carried out using Image 

J software. The experiment shown is representative of three independent 

experiments.
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Figure 4.14 - PDCD4 protein levels are directly regulated by niiR-21 in 

response to LPS. RAW264.7 cells were transfected with a morpholino RNA 

oligonucleotide specific to the miR-21 site of PDCD4 mRNA (m-21) and 

made up to equal concentrations with control non-functional morpholino 

oligonucleotide RNA to the doses indicated (pM) and subsequently treated 

with LPS at 100 ng/ml for 18 h. Protein lysates were prepared and analysed 

via SDS-PAGE followed by immunoblotting for PDCD4. Expression levels 

of [3-actin are also presented as a loading control. The relative amount of 

PDCD4 protein in m-21 LPS-treated samples relative to control is indicated 

below the lane. Densitometry was carried out using Image J software. The 

experiment shown is representative of three independent experiments.
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Figure 4.15 - Tropomyosin protein levels are regulated by TLRs over time 

in DC2.4. DC2.4 cells were treated with LPS at 100 ng/ml (A) or pam3CSK4 

at 1 pg/ml (B) for the time points indicated (h). Protein lysates were prepared 

and analysed via SDS-PAGE followed by immunoblotting for PDCD4. 

Expression levels of P-actin are also presented as a loading control. The 

experiment shown is representative of at least three independent experiments.
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stimulation, consistent with the increase in miR-21 at these time-points. The mRNA 

encoding tropomyosin was also examined in DC2.4 cells over time with LPS treatment, 

as is shown in Figure 4.16. It was found that the mRNA is rapidly induced at early times 

(between 2 - 4 h) and similar to the protein levels, plateaus at this constant high level at 

later time points. Therefore, whilst mRNA levels remain high following induction, 

protein levels drops at later time-points, which is indicative of translational repression 

by a miRNA. The protein levels of the tropomyosin isoform detected in DC2.4 cells 

could be influenced by miR-21. Transfection of DC2.4 cells with anti-21 and the 

precursor RNA oligonucleotide for miR-21 (pro-21) at different concentrations affected 

the basal levels of this tropomyosin isoform, as is shown in Figure 4.17. Transfection of 

increasing amounts of anti-21 resulted in increased levels of tropomyosin in DC2.4 

cells. Conversely, transfection of increasing amounts of pro-21 resulted in decreased 

basal levels of tropomyosin in DC2.4. However, due to technical difficulties associated 

with transfection of the DC2.4 cell line and cross-reactivity of the antibody with other 

isoforms, the effect of miR-21 on the LPS-mediated decrease in the tropomyosin 

isoform detected, could not accurately be determined. Interestingly, the miR-21 target 

site is only found in certain tropomyosin-1 isoforms in human cells and this site is not 

completely conserved in murine homologs. Although it is apparent that TLR stimulation 

affects the expression of this cytoskeletal protein in dendritic cells, which are known to 

undergo massive cytoskeletal reorganization following TLR activation (Watts et ai, 

2007). since the exact role of miR-21 in this process could not be accurately 

determined, the full functional consequence of this fell outside the scope of this 

particular project.

4.2.8 Knockdown of PDCD4 protein impairs LPS-induced NFkB activation

I next investigated, through the use of siRNA to ‘knock-down’ endogenous PDCD4 in 

cells, if PDCD4 played a role in LPS-induced NFkB activity. The top panel in Figure 

4.18 shows that increasing doses of siRNA specific to human PDCD4 does “knock

down” endogenous PDCD4 levels and whilst it does not completely abolish PDCD4 

protein, a knock-down of over 50% is acceptable in many siRNA experiments. The 

effect on LPS-induced NFKB-luciferase activity was determined by transfection of
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HEK293-TLR4 cells with an NFKB-linked luciferase construct alongside a control 

plasmid, followed by transfection with siRNA to PDCD4 or control non-targeting 

siRNA, as is shown in the bottom graph of Figure 4.18. In control siRNA transfected 

cells, LPS induces NFicB-luciferase activity in a dose dependent manner with maximal 

induction observed at both 10 and 100 ng/ml LPS, resulting in - 14-fold increased 

NFKB-luciferase activity over unstimulated cells. However, when cells transfected with 

different amounts of PDCD4-specific siRNA were normalized to their respective 

unstimulated controls, much less NFKB-luciferase activity was detected. In samples 

treated with LPS at 100 ng/ml. significantly less luciferase activity was detected with 

200 nM of PDCD4-specific siRNA, ~8-fold, a drop of 50% similar to the degree of 

knockdown. As PDCD4 has been shown to negatively influence API-luciferase when 

overexpressed, the effect of PDCD4-specific siRNA on PMA-induced API-luciferase 

activity in HEK293-TLR4 cells was examined, as a control for the function of the 

siRNA. In this case, knockdown of PDCD4 resulted in increased PMA-induced APl- 

activity, as shown in Figure 4.19. Cells transfected with control non-targeting siRNA 

resulted in 4-fold induction of API-luciferase when stimulated with 10 ng/ml PMA. 

This increases dramatically when PDCD4 is knocked-down. When cells are transfected 

with both 25 and 50 nM of PDCD4-specific siRNA, PMA-induced APl-luciferase 

activity almost triples to 12-fold. Despite many attempts, stimulation with LPS in 

HEK293-TLR4 cells would not drive APl-luciferase constructs in my hands. These 

results imply that PDCD4 positively regulates LPS-induced NFkB activity.

4.2.9 Knockdown of PDCD4 protein enhances LPS-induced IL-10 production

I next examined if PDCD4 controlled LPS-induced IL-10 production in macrophages. 

The top panel in Figure 4.20 shows the extent of knock-down of endogenous PDCD4 

through the use of siRNA specific to murine PDCD4 in RAW264.7 cells. Again, 

moderate basal levels of PDCD4 are seen in cells transfected with control non-targeting 

siRNA (lane 1). Stimulation with LPS for 18h decreases this dramatically (lane 2). 

Transfection of PDCD4-specific siRNA decreases basal PDCD4 levels similarly, in a 

dose-dependent manner (lanes 3 and 5). Stimulation with LPS decreases this low basal 

level even further (lanes 4 and 6). PDCD4 is virtually undetectable in cells treated with
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Figure 4.16 - TPM-1 mRNA is regulated by LPS over time in DC2.4.

DC2.4 cells were treated with LPS at 100 ng/ml for the time points indicated 

(h). RNA was extracted and analysed using TaqMan RT-PCR probes specific 

for murine tropomyosin-1 (to a region of mRNA conserved across all 

isoforms). Data was analysed using the AACt method using GAPDH as 

endogenous control. Data is presented as fold change with LPS relative to 

untreated DC2.4 + s.d. for 3 independent experiments. Stars above points 

represent P-value obtained when gene expression data for each time point was 

compared to respective data in untreated DC2.4, using paired students t-tests 

such that * ; P < 0.05 and ; p < 0.01.
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Figure 4.17 - Tropomyosin expression can be modulated by miR-21 in DC2.4. DC2.4 

cells were transfected with increasing amounts of antisense miR-21 (anti-miR-21) or 

precursor miR-21 (pro-miR-21) and normalised to equal concentrations with control 

antisense or control pro-miR for 24 h. Cells lysates were prepared, separated by SDS-PAGE, 

transferred to nitrocellulose membranes and immunoblotted for tropomyosin (bottom panel). 

As a loading control blots were stripped and re-probed for P-actin (top panel). The 

experiment shown is representative of at least three independent experiments.
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Figure 4.18 - PDCD4 positively regulates LPS-induced NFkB activity.

HEK293-TLR4-MD2-CD14 cells were transfected first with an NFkB- 

luciferase reporter vector and control Renilla plasmid and secondly with siRNA 

specific to human PDCD4 at the concentrations indicated (nM) and normalised 

with control non-targeting siRNA (Dharmacon). Cells were left 48 h to recover 

and subsequently treated with LPS at the concentrations indicated for 18 h. 

Luciferase activity was measured using the Promega Dual Luciferase assay and 

data is expressed as mean fold change with LPS relative to the untreated 

control for each transfection (cntrl) ± s.d. for triplicate transfections. The 

experiment shown is representative of at least three independent experiments. 

Knockdown of endogenous PDCD4 protein was confirmed by immunoblotting 

of lysates, a representative blot of which is shown in the top-panel. Stars above 

points represent P-value obtained when luciferase expression data for siRNA 

treated samples was compared to respective data in control siRNA treated 

samples for each LPS treatment, using paired students t-tests such that * ; P < 

0.05 and ** ; P<0.01.



14
CD
ID
2 12 
CD

O 10

'o3
6

CDI ^
QC 2 

0

PMA

AP1 luciferase
** **

cntrl cntrl 12.5 si-RNA25 si-RNA 50 si-RNA

Figure 4.19 - PDCD4 negatively regulates PMA-induced AP-1 activity.

HEK293-TLR4-MD2-CD14 cells were transfected first with an APl- 

luciferase reporter vector and control Renilla plasmid and secondly with 

siRNA specific to human PDCD4 at the concentrations indicated (nM) and 

normalised with control non-targeting siRNA (Dharmacon). Cells were left 48 

h to recover and subsequently treated with PMA at 10 ng/ml for 18 h. 

Luciferase activity was measured using the Promega Dual Luciferase assay 

and data is expressed as mean fold change with PMA relative to the untreated 

control for each transfection (cntrl) ± s.d. for triplicate transfections. The 

experiment shown is representative of at least three independent experiments.. 

Stars above points represent P-value obtained when luciferase expression data 

for siRNA treated samples was compared to respective data in control siRNA 

treated samples, using paired students t-tests such that * ; P < 0.05 and ** ; p < 

0.01.
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Figure 4.20 - PDCD4 negatively regulates LPS-induced IL-10 production.

RAW264.7 cells were transfected with siRNA specific to murine PDCD4 at 

the concentrations indicated (nM) and normalised with control non-targeting 

siRNA (Dharmacon). Cells were left 24 h to recover and subsequently treated 

with LPS at the concentrations indicated for 18 h. lL-10 in cell supernatants 

was measured by ELISA relative to a standard curve data is expressed as fold 

change with LPS relative to the non-targeting control tranfection (cntrl). LPS 

induced between 1000 - 3000 pg/ml IL-10 in control transfection over three 

experiments and data is presented as the mean fold change ± s.d. for three 

independent experiments. Knockdown of endogenous PDCD4 protein was 

confirmed by immunoblotting of lysates, a representative blot of which is 

shown in the top-panel. Stars above points represent P-value obtained when 

IL-10 expression data for siRNA treated samples was compared to respective 

data in control siRNA treated samples, using paired students t-tests such that * 

; P<0.05.
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100 nM PDCD4-specific siRNA and LPS for 18 h (lane 6). IL-10 production was then 

measured in supernatants taken from these cells by ELISA and the bottom graph on 

Figure 4.20 shows the mean IL-10 production in cells transfected with PDCD4-specific 

siRNA, expressed as fold changes relative to control siRNA transfected cells. A dose- 

dependent increase in IL-10 production can be seen as PDCD4 is “knocked-down” in 

increasing amounts. At concentrations of 100 nM siRNA two-fold more IL-10 is 

produced over control transfected cells. As a control readout, TNF-a levels were also 

measured in supernatants from these cells. No difference in TNF-a levels in siRNA- 

transfected cells relative to control cells was seen. This is illustrated in Figure 4.21. 

These results imply the presence of PDCD4 specifically limits IL-10 production.

4.2.10 miR-21 negatively regulates LPS-induced NFkB activation

4.2.10.1 Precursor miR-21 and antisense miR-21 molecules are active in a 

luciferase reporter system

Having established a role for PDCD4 in TLR4 signalling, as a positive regulator of 

NFkB and a negative regulator of IL-10, consistent with its requirement in cells at early 

times post-stimulation, I next investigated whether miR-2L which is responsible, in

part, for the removal of PDCD4 protein from cells at later times, could influence these 

processes in a similar manner. To this end, precursor miR-21 and antisense miR-21 

RNA oligonucleotides (pro-21 and anti-21) were transfected into cells to interfere with 

endogenous miR-21 levels and activity. First of all I investigated whether these 

molecules could interfere with LPS-induced NFKB-luciferase activity in HEK293-TLR4 

cells. To ensure these molecules were effective in this system, HEK293-TLR4 cells 

were transfected with a miR-21-luciferase reporter plasmid alongside a control plasmid 

and subsequently transfected with the RNA oligonucleotides or controls. Transfection 

of pro-21 decreased the amount of luciferase activity from this construct indicating the 

increased miR-21 in the system was functional and repressed luciferase translation. This 

is illustrated in Figure 4.22. Conversely, transfection of anti-21 increased the luciferase 

activity from this construct, indicating that the antisense to miR-21 was inhibiting
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endogenous iniR-21 activity. However, the activity of anti-21 was never the same as 

pro-21 at equal concentrations. This may be due to differences in the chemistries of 

these two oligonucleotides but also due to the fact that the activity of both is measured 

after LPS stimulation which increases endogenous miR-21 in cells.

4.2.10.2 miR-21 negatively regulates LPS-induced NFkB activity

The effect of these molecules on NpKB-luciferase was next examined, as shown in 

Figure 4.23. Transfection of increasing amounts of pro-21 decreased LPS-induced 

NFKB-luciferase activity similar to PDCD4 siRNA. Again, control transfected cells 

resulted in 16-fold increased NFKB-luciferase activity when stimulated with LPS for 18 

h. When cells transfected with pro-21 were normalised to their respective unstimulated 

controls, less NFKB-luciferase activity was observed. Transfection of 100 nM pro-21 

resulted in 10-fold NFKB-activity over unstimulated. Transfection of anti-21 also 

affected NFKB-luciferase activity, but only at very high doses of oligonucleotide. In this 

case, transfection of control antisense RNA resulted in 15-fold NFKB-luciferase activity 

following 18 h stimulation with LPS. At 50 nM of anti-21, this was boosted to 30-fold. 

As a control, the effect of these molecules on APl-luciferase was monitored. It has been 

reported that miR-21 controls APl-activity downstream of Ras signalling (Talotta et al, 

2009) through its interaction with PDCD4 mRNA. Here, I examined its effect on PMA- 

induced APl-luciferase in HEK293-TLR4 cells, as shown in Figure 4.24. Transfection 

of control precursor molecules and stimulation with PMA for 18 h resulted in ~5-fold 

APl-luciferase activity. This was boosted significantly to 14-fold when cells were 

transfected with 50 nM pro-21. Transfection of cells with control antisense 

oligonucleotide and stimulation with PMA resulted in a 6-fold increase in APl- 

luciferase activity over unstimulated cells. The effect of increasing amounts of anti-21 

on this was investigated yielding inconsistent results. At a low concentration of anti-21, 

12.5 nM, PMA-induced API activity was slightly boosted. However at 25 nM, PMA- 

induced API activity was decreased from 6-fold in control to 3-fold. At a higher 

concentration, 50 nM, a 4.5-fold increase over unstimulated was measured. Taken 

together, these results indicate that miR-21 can negatively regulate LPS-induced NFkB 

activity.
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Figure 4.21 - PDCD4 has no effect on LPS-induced TNF-a production.

RAW264.7 cells were transfected with siRNA specific to murine PDCD4 at 

the concentrations indicated (nM) and nonnalised with control non-targeting 

siRNA (Dharmacon). Cells were left 24 h to recover and subsequently treated 

with LPS at the concentrations indicated for 18 h. TNF-a in cell supernatants 

was measured by ELISA relative to a standard curve data is expressed as fold 

change with LPS relative to the non-targeting control tranfection (cntrl). LPS 

induced between 5000-1500 pg/ml TNF-a in control transfection over three 

experiments and data is presented as the mean fold change + s.d. for three 

independent experiments.
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Figure 4.22 - Pro-miR-21 and antisense niiR-21 molecules are active in 

HEK293 transfection system. HEK293-TLR4-MD2-CD14 cells were 

transfected first with a miR-21-luciferase reporter vector (which contains a 

synthetic miR-21 binding site in the 3’UTR of firefly luciferase gene) and 

control Renilla plasmid and secondly with either pro-miR-21 (pro-21) or 

antisense miR-21 (anti-21) at the concentrations indicated (nM) and 

normalised with control non-targeting RNA molecules (Ambion). Cells were 

left 48 h to recover. Luciferase activity was measured using the Promega Dual 

Luciferase assay and data is expressed as mean fold change relative to the 

non-targeting control transfection ± s.d. for triplicate transfections. Similar 

results were obtained in another independent experiment. Stars above points 

represent P-value obtained when luciferase expression data for pro-21 or anti- 

21 treated samples was compared to respective data in control RNA treated 

samples, using paired students t-tests such that ** ; p < 0.01 and *** ; P < 

0.001.
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Figure 4.23 - miR-21 negatively regulates LPS-induced NFkB activity.

HEK293-TLR4-IVID2-CD14 cells were transfected first with an NFKB

Iuciferase reporter vector and control Renilla plasmid and secondly with either 

pro-miR-21 (pro-21) or antisense miR-21 (anti-21) at the concentrations 

indicated (nM) and normalised with control non-targeting RNA molecules 

(Ambion). Cells were left 48 h to recover and subsequently treated with LPS 

[100 ng/ml] for 18 h. Luciferase activity was measured using the Promega 

Dual Luciferase assay and data is expressed as mean fold change with LPS 

relative to the untreated control (cntrl -) for each transfection + s.d. for 

triplicate transfections. The experiment shown is representative of at least 

three independent experiments. Stars above points represent P-value obtained 

when luciferase expression data for siRNA treated samples was compared to 

respective data in control siRNA treated samples, using paired students t-tests 

such that * ; P < 0.05.
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Figure 4.24 - miR-21 positively regulates PMA-induced AP-1 activity.

HEK293-TLR4-MD2-CD14 cells were transfected first with an APl- 

luciferase reporter vector and control Renilla plasmid and secondly with either 

pro-miR-21 (pro-21) or antisense miR-21 (anti-21) at the concentrations 

indicated (nM) and normalised with control non-targeting RNA molecules 

(Ambion). Cells were left 48 h to recover and subsequently treated with PMA 

[100 ng/ml] for 18 h. Luciferase activity was measured using the Promega 

Dual Luciferase assay and data is expressed as mean fold change with PMA 

relative to the untreated control (cntrl -) for each transfection + s.d. for 

triplicate transfections. The experiment shown is representative of at least 

three independent experiments. Stars above points represent P-value obtained 

when luciferase expression data for pro-21 or anti-21 treated samples was 

compared to respective data in control RNA treated samples, using paired 

students t-tests such that * ; P < 0.05.
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The effect of miR-21 on NFkB activation is brought about through 

specific targeting of PDCD4 mRNA

Having established that the effect of miR-21 in LPS signalling on PDCD4 protein levels 

is direct through the use of a morpholino oligonucleotide specific to the site in the 

PDCD4 3’UTR (m-21), I next examined if the effects reported above on NFkB- 

luciferase were due to this direct effect on PDCD4 mRNA. Again, HEK293TLR4 cells 

were transfected with increasing amounts of m-21 relative to control morpholino (m- 

cntrl) and subsequently transfected with the NpKB-linked luciferase reporter plasmid. 

Transfection of m-21 boosted LPS-induced NFKB-luciferase in a similar manner to anti- 

21. Figure 4.25 demonstrates that in cells treated with 10 pM m-cntrl and LPS at 100 

ng/ml, a 4-fold increase in NFKB-luciferase occurs. This however is boosted to ~6-fold 

in cells transfected with 10 pM m-21 and is statistically significant at a p-value of 0.05.

4.2.11 miR-21 promotes LPS-induced IL-10 production

The effect of miR-21 on IL-10 production in macrophages was also examined. Again, 

RAW264.7 cells were transfected with increasing amounts of pro-21, anti-21 or control 

RNA oligonucleotides and subsequently stimulated with LPS. The effectiveness of the 

RNA transfections was assessed through immunoblotting of protein lysates for PDCD4 

levels, as shown in the top panel of Figure 4.26. Again, moderate levels of PDCD4 can 

be seen in control transfected cells, left unstimulated (lane 1). Again, LPS stimulation 

for 18 h dramatically decreases the amount of detectable PDCD4 in cells (lane 2). 

Similarly, transfection of pro-21, at 50 nM and especially at 100 nM, has an appreciable 

effect on basal PDCD4 levels (lanes 3 and 5). Further stimulation with LPS in these 

samples completely abolishes background PDCD4 levels (lanes 4 and 6). Conversely, 

transfection of cells with increasing amounts of anti-21 boosts the basal levels of 

PDCD4 - compare lanes 7 (control antisense) with lanes 9 and 11 (anti-21 at 50 and 

100 nM). Importantly, the decrease in PDCD4 levels seen in control samples stimulated 

with LPS (lane 8) is less apparent when anti-21 is transfected into cells, notably at 100 

nM of anti-21 (lane 12) where PDCD4 protein levels are almost restored to that of basal
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unstimulated cells (lane 7). The effect on IL-10 production was again analysed by 

ELISA of supernatants from these samples, the results of which are plotted on a chart in 

the bottom panel of Figure 4.26, which shows the mean fold change in IL-10 production 

in cells transfected with pro-21 or anti-21 relative to control transfected cells. On the 

left hand side it can be seen that increasing amounts of pro-21 boost IL-10 production, 

over L5-fold at 50 and 100 nM pro-21. Transfection of anti-21 also limits IL-10 

production relative to control. IL-10 production is almost halved in cells treated with 

100 nM anti-21 relative to control cells. As before, the effect of these transfections on 

the production of TNF-a was also determined in a similar manner, as shown in Figure 

4.27. Again, no significant change in the production of TNF-a across treatments was 

observed. In conclusion, modulation of miR-21 levels in cells mirrored the effects of 

siRNA knock-down, consistent with miR-21 targeting PDCD4 mRNA in TLR4 

signalling, to negatively regulate NFkB activity and positively influence IL-10 

production.

4.2.12 The effect of miR-21 on IL-10 is brought about through specific targeting of 
PDCD4 mRNA

As before, I next examined whether the effects of miR-21 on LPS-induced IL-10 

production were due to the direct effect on PDCD4 mRNA. As before, RAW264.7 cells 

were transfected, this time with increasing amounts of m-21 relative to control 

morpholino (m-cntrl), allowed to recover before subsequent stimulation with LPS and 

IL-10 production measured by ELISA. Transfection of increasing amounts of m-21 

relative to control morpholino, m-cntrl, resulted in decreased IL-10 production. This is 

shown in Figure 4.28. At both 5 pM and 10 pM of m-2L relative IL-10 production is 

more than halved following stimulation with LPS at 10 ng/ml.

4.2.13 PDCD4-deficient BMDM display impaired IL-6 induction

Next. I set out to determine if the control of TLR4 signalling by PDCD4 would cause an 

effect on cytokine production in primary BMDM. To achieve this, bone marrow from 

PDCD4-deficient and wild-type control mice was obtained and differentiated, as before,
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Figure 4.25 - Protection of PDCD4 from miR-21 activity boosts LPS- 

induced NFkB luciferase. HEK293-TLR4-MD2-CD14 cells were transfected 

first with an NpKB-luciferase reporter vector and control Renilla plasmid and 

secondly with a morpholino oligonucleotide specific to the miR-21 site of 

PDCD4 (m-21) at 10 pM or with control non-functional morpholino 

oligonucleotide RNA (m-cntrl) (GeneTools). Cells were left 48 h to recover 

and subsequently treated with LPS at the concentrations indicated (ng/ml) for 

18 h. Luciferase activity was measured using the Promega Dual Luciferase 

assay and data is expressed as mean fold change with LPS relative to the 

untreated control + s.d. for triplicate transfections. A similar result was 

obtained in another independent experiment.
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Figure 4.26 - niiR-21 negatively regulates LPS-induced IL-10 production.

RAW264.7 cells were transfected with either pro-miR-21 (pro-21) or antisense 

miR-21 (anti-21) at the concentrations indicated (nM) and normalised with 

control non-targeting RNA molecules (Ambion). Cells were left 48 h to 

recover and subsequently treated with LPS (100 ng/ml) for 18 h. IL-10 in cell 

supernatants was measured by ELISA relative to a standard curve data is 

expressed as fold change with LPS relative to the non-targeting control 

tranfection (cntrl). LPS induced between 1000 - 3000 pg/ml IL-10 in control 

transfected cells across three separate experiments and data shown represent 

the mean fold change + s.d. of three independent experiments. Knockdown or 

stabilisation of endogenous PDCD4 protein was confirmed by 

immunoblotting of lysates, a representative blot of which is shown in the top- 

panel. Stars above points represent P-value obtained when IL-10 expression 

data for siRNA treated samples was compared to respective data in control 

siRNA treated samples, using paired students t-tests such that * ; P < 0.05, ** ; 

P<0.01 and*** ;P< 0.001.
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Figure 4.27 - iniR-21 has no effect on LPS-induced TNF-a production.

RAW264.7 cells were transfected with either pro-miR-21 (pro-21) or antisense 

miR-21 (anti-21) at the concentrations indicated (nM) and normalised with 

control non-targeting RNA molecules (Ambion). Cells were left 48 h to 

recover and subsequently treated with LPS [100 ng/ml] for 18 h. TNF-a in cell 

supernatants was measured by ELISA relative to a standard curve data is 

expressed as fold change with LPS relative to the non-targeting control 

tranfection (cntrl). LPS induced between 10000 - 20000 pg/ml TNF-a across 

three separate experiments and data is presented as the mean fold change + 

s.d. of three independent experiments.
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Figure 4.28 - miR-21 regulates LPS-induced IL-10 production specifically 

through regulation of PDCD4. RAW264.7 cells were transfected with the 

indicated concentrations of m-21 (pM) and normalised with control m-cntrl to 

10 pM (GeneTools). Cells were left 24 h to recover and subsequently treated 

with LPS (10 ng/ml) for 18 h. IL-10 in cell supernatants was measured by 

ELISA relative to a standard curve data is expressed as fold change with LPS 

relative to the non-targeting control morpholino tranfection (cntrl). LPS 

induced between 1000 - 3000 pg/ml IL-10 in control transfected cells across 

three separate experiments and data shown represent the mean fold change + 

s.d. of three independent experiments. Stars above points represent P-value 

obtained when IL-10 expression data for m-21 treated samples was compared 

to respective data in control morpholino treated samples, using paired students 

t-tests such that * ; P < 0.05 and ** ; p < 0.01.
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into BMDM. The effect of PDCD4 on NFkB activity was investigated by analysis of the 

production of a classical NFicB-responsive cytokine, IL-6, in these cells. Figure 4.29 

shows the results of this analysis following LPS treatment at different concentrations, 

24 h post stimulation. At this time a marked decrease in IL-6 production in PDCD4- 

deficient cells was apparent relative to wild-type. The graph shown illustrates this 

difference in the PDCD4-deficient cells relative to wild-type at both LPS concentrations 

of 10 and 100 ng/ml. In each case, IL-6 production is almost halved in PDCD4-deficient 

macrophages.

4.2.14 PDCD4-deflcient BMDM display enhanced IL-10 production

Concurrently, the production of IL-10 following LPS stimulation was also examined in 

these cells. In this case, a marked difference was seen at earlier time points post

stimulation. Figure 4.30 shows the results of an LPS dose-response at 4 h post 

stimulation. In this case, more IL-10 production was observed in PDCD4-deficient 

BMDMs. Again, the graph shown presents the fold-changes in IL-10 production in 

PDCD4-deficient cells at different LPS concentrations relative to wild-type controls. In 

the case of 100 ng/ml LPS, IL-10 production is almost doubled 4 h post-stimulation in 

PDCD4-deficient cells (L8-fold) relative to wild-type (normalised to 1.0).

Again, in both cases, at 4 h and 24 h post stimulation, the effect of PDCD4-deficiency 

on TNF-a production was also monitored, as a control readout. On the whole, no 

significant difference in TNF-a production was detected at 4 h or 24 h post-stimulation 

at either concentration of LPS examined. 10 or 100 ng/ml. Notably, there was a slight 

tendency toward increased TNF-a levels in PDCD4-deficient cells, especially at the 

later time point of 24 h post-stimulation, although this was not found to be statistically 

significant. This is illustrated for both 4 h and 24 h in Figure 4.31.

4.2.15 IL-6 mRNA production is impaired in PDCD4-deficient BMDM
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To confirm whether or not the effects on IL-6 production seen in PDCD4-deficient 

BMDM are due to a defect in transcription, levels of IL-6 mRNA was monitored 24 h 

post stimulation with LPS at 10 ng/ml. As shown in Figure 4.32, the induction of IL-6 

in PDCD4-deficient BMDM relative to wild-type was seriously impaired. On average, 

IL-6 mRNA is induced one thousand times less in PDCD4-deficient BMDM than in 

wild-type.

4.2.16 NFkB activation is unaffected in PDCD4-deficient BMDM

To determine if the effect on NFKfi-activation by LPS seen in luciferase assays with 

PDCD4 knockdown are due to a specific effect on the pathway which leads to NFkB 

activation downstream of LPS, the degradation of the NFKB-inhibilor protein, IicBa, 

following LPS stimulation, was measured in PDCD4-deficient and wild-type control 

BMDM, shown in Figure 4.33. As expected, between 5-15 min following LPS 

treatment IkB protein levels drop dramatically relative to untreated in wild-type 

BMDM. This occurs to a similar extent in PDCD4-deficient cells. As expected, at later 

times post-LPS treatment IkB protein levels start to increase again and return to basal 

levels in wild-type cells. This is due to the existence of an NFKB-dependent negative 

feedback mechanism in which resynthesis of the IkBo occurs due to promotion of its 

transcription by the action of NFkB. However, this resynthesis is not seen to the same 

extent in PDCD4-deficient cells (lanes 10-12). Importantly, 2 h post LPS. IkB has been 

restored to normal levels in wild-type BMDM (lane 6) but is still decreased in PDCD4- 

deficient cells (lane 12). This is consistent with a defect in NFKB-dependent gene 

expression in these cells. It does not however explain the mechanism whereby NFkB 

activation is impared which is likely to be indirect and secondary to other effects of 

PDCD4.

4.2.17 IL-10 mRNA is decreased in PDCD4-deficient BMDM

To investigate the mechanism whereby PDCD4-deficiency results in enhanced IL-10 

production in BMDM following LPS treatment, IL-10 mRNA was measured by RT- 

PCR in wild-type control BMDM and PDCD4-deficient cells. Unexpectedly, less IL-10
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Figure 4.29 - PDCD4 positively regulates LPS-induced IL-6 production in 

primary macrophages. BMDM from wild-type control (WT) or PDCD4- 

deficient mice (PDCD4 -/-) were prepared and treated with LPS at the 

concentrations indicated (ng/ml) for 24 h. lL-6 in cell supernatants was 

measured by ELISA relative to a standard curve and data is expressed as fold 

change with LPS relative to wild-type for each dose tested. LPS induced 

between 18000 - 26000 pg/ml IL-6 at 100 ng/ml in WT BMDM over three 

separate experiments. Data is presented as the mean fold change ± s.d. of three 

independent experiments. Stars above points represent P-value obtained when 

lL-6 expression data in PDCD4 -/- BMDM was compared to respective data in 

WT controls, using paired students t-tests such that * ; P < 0.05.
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Figure 4.30 - PDCD4 negatively regulates LPS-induced IL-10 production 

in primary macrophages. BMDM from wild-type control (WT) or PDCD4- 

deficient mice (PDCD4 -/-) were prepared and treated with LPS at the 

concentrations indicated (ng/ml) for 4 h. IL-10 in cell supernatants was 

measured by ELISA relative to a standard curve and data is expressed as fold 

change with LPS relative to wild-type for each dose tested. LPS induced 

between 60 - 233 pg/ml IL-10 at 100 ng/ml after 4 h in WT cells over three 

separate experiments. Data is presented as the mean fold change + s.d. of three 

independent experiments. Stars above points represent P-value obtained when 

IL-10 expression data in PDCD4 -/- BMDM was compared to respective data 

in WT controls, using paired students t-tests such that * ; P < 0.05.
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Figure 4,31 - PDCD4 has no effect on LPS-induced TNF-a production in 

primary macrophages. BMDM from wild-type control (WT) or PDCD4- 

deficient mice (PDCD4 -/-) were prepared and treated with LPS at the 

concentrations indicated (ng/ml) for 4 h ((A) - control for IL-10 

measurements) or 24 h ((B) - control for IL-6 measurements). TNF-a in cell 

supernatants was measured by ELISA relative to a standard curve and data is 

expressed as fold change with LPS relative to wild-type for each dose tested. 

LPS induced between 1833 - 4688 pg/ml TNF-a at 100 ng/ml LPS after 4 h 

and between 2405 - 5250 pg/ml TNF-a at 100 ng/ml LPS after 24h, over three 

separate experiments. Data is presented as the mean fold change ± s.d. for 

three independent experiments.
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Figure 4.32 - PDCD4 positively regulates LPS-induced IL-6 transcription 

in primary macrophages. BMDM from wild-type control (WT) or PDCD4- 

deficient mice (PDCD4 -/-) were prepared and treated with LPS at 10 ng/ml 

for 24 h. RNA was extracted and analysed by RT-PCR using TaqMan assays 

specific for IL-6. Data was analysed using AACt Method with GAPDH as 

endogenous control. Data is presented as fold change with LPS treatment in 

PDCD4 -/- relative to wild-type and represents the mean + s.d. of three 

independent experiments. Stars above points represent P-value obtained when 

IL-6 mRNA expression data in PDCD4 -/- BMDM was compared to 

respective data in WT controls, using paired students t-tests such that *** ; P < 

0.001.
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Figure 4.33 - IkB degradation by LPS is unaffected by PDCD4 but 

resyntbesis of IkB is impaired in PDCD4-deficient BMDM. BMDM from 

wild-type control (WT) or PDCD4-deficient mice (PDCD4 -/-) were prepared 

and treated with LPS at 100 ng/ml for the indicated times (min). Lysates were 

prepared, separated by SDS-PAGE and immunoblotted for IkBo expression. 

Blots were stripped, re-probed for P-actin as a loading control, as well as for 

PDCD4 expression. A similar result was obtained in another independent 

experiment.
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mRNA was detected in PDCD4-deficient BMDM relative to wild-type after 4 h LPS 

treatment at 10 ng/ml. On average, four times less IL-10 mRNA is detected following 

LPS treatment, as is shown in Figure 4.34.

4.2.18 IL-10 transcription is unaffected by PDCD4

Because less IL-10 mRNA was detected in PDCD4-deficient BMDM following LPS 

treatment, I investigated if PDCD4 knockdown could affect transcription of IL-10 by 

transfection of RAW264.7 with the IL-10 promoter luciferase construct. Cells were 

subsequently transfected with siRNA specific to PDCD4 or control siRNA, stimulated 

with LPS and subsequent luciferase activity measured. As shown in Figure 4.35, LPS 

treatment resulted in two-fold activation of the IL-10 promoter at 100 ng/ml. This was 

unaffected by knockdown of PDCD4, which was confirmed by immunoblotting of 

independently transfected samples.

4.2.19 IL-10 production is not affected by miR-21 in PDCD4-deficient BMDM

To demonstrate definitively that the affect of miR-21 on IL-10 production is brought 

about specifically through targeting of PDCD4. I attempted to transfect both wild-type 

and PDCD4-deficient primary BMDM with pro-21 and subsequently measured IL-10 

production. A slight, though statisitically insignificant, boost in LPS-induced IL-10 

production was observed in wild-type BMDM treated with 10 ng/ml LPS 24 h post

transfection with 100 nM pro-2], as is shown in Figure 4.36. Importantly, this was not 

seen when PDCD4-deficient cells were transfected with pro-21. This result argues that 

the effects reported previously for miR-21 on LPS-induced IL-10 production are 

brought about through its targeting of the PDCD4 mRNA. Although the effect of pro-21 

on IL-10 is slight, it is comparable to the extent of knock-down of PDCD4 protein seen 

in wild-type BMDM - which are known to be difficult to transfect.

4.2.20 PDCD4 is required for LPS lethality in-vivo
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As a supplement to these experiments which I carried out during the course of my 

investigations, the ability of PDCD4-deficient mice to respond to LPS injection was 

examined by our collaborators in the University of Pennsylvania, USA. Intraperitoneal 

injection of LPS was carried out on wild-type control mice and PDCD4-deficient mice. 

As can be seen in Figure 4.37, a survival curve is plotted of mice subjected to this 

process. Most wild-type (WT) mice in this group (n=10) die 24 h post LPS injection. 

After 2 days post-LPS injection, only 30 % of the wild-type mice survive. However, in 

the same experiment, PDCD4-deficient mice (n=10 also) were injected with the same 

concentration of LPS in the same fashion. 2 days post-injection only 3 mice have 

succumbed to LPS lethality. At 10 days post-injection, 70 % of PDCD4-dericient mice 

have survived, compared to 30 % of wild-type mice. These results imply that PDCD4 

has a strong pro-inflammatory role which is especially obvious post-infection at earlier 

time points. Removal of endogenous PDCD4, through the action of miR-21, may 

represent a crucial switch in the balance between the pro-inflammatory and anti

inflammatory response, which protects against the damaging effects of excessive LPS 

signalling. Additionally, the levels of various cytokines in serum of the mice was 

measured post LPS injection. A decrease in circulating IL-6 levels is seen in PDCD4- 

deficient mice 24 h post injection, consistent with increased survival. Importantly, 

examining earlier times post LPS injection, increased circulating IL-10 can be seen in 

PDCD4-deficient mice relative to wild-type 3 h post LPS injection. This data is 

illustrated in Figure 4.38.
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Figure 4.34 - IL-10 mRNA is found at decreased levels in PDCD4 -/- 

BMDM relative to wild-type following LPS stimulation. BMDM from 

wild-type control (WT) or PDCD4-deficient mice (PDCD4 -/-) were prepared 

and treated with LPS at the 10 ng/ml for 4 h. RNA was extracted and analysed 

by RT-PCR using TaqMan assays specific for IL-10. Data was analysed using 

the AACt method with GAPDH as endogenous control. Data is presented as 

fold change with LPS treatment in PDCD4 -/- relative to wild-type and 

represents the mean ± s.d. of three independent experiments. Stars above 

points represent P-value obtained when IL-10 mRNA expression data in 

PDCD4 -/- BMDM was compared to respective data in WT controls, using 

paired students t-tests such that ** ; p < 0.01.
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Figure 4.35 - IL-10 transcription by LPS is not affected by PDCD4.

RAW264.7 were transfected with an IL-10 promoter-linked luciferase 

construct alongside control plasmid TK-Renilla. Cells were subsequently 

transfected with siRNA specific to murine PDCD4 at 100 nM or control non

targeting siRNA. Cells were left 24 h to recover and subsequently stimulated 

with LPS at the concentrations indicated (ng/ml) for 18 hr. Luciferase activity 

was measured using the Promega Dual Luciferase assay and data is expressed 

as mean fold change with LPS relative to the untreated control ± s.d. for 

triplicate transfections. A similar result was obtained in another independent 

experiment. A representative immunoblot analysis of RAW264.7 cells 

transfected with control or PDCD4-specific siRNA is shown above the graph 

to illustrate extent of knockdown, with (3-actin presented as a loading control .
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Figure 4.36 - IL-10 production is regulated by miR-21 in a PDCD4- 

dependent manner. BMDM from wild-type control (WT) and PDCD4- 

deficient (PDCD4 -/-) mice were extracted and cultured and transfected with 

pro-miR-2I (pro-21) or control precursor miRNA (cntrl) at 100 nM. Cells 

were subsequently stimulated with LPS (10 ng/ml) for 24 h and IL-10 

production measured by ELISA. Data is presented as fold change with pro-21 

transfection relative to non-targeting control (cntrl) for each cell type. Data 

shown represents the mean fold change for two independent experiments. 

Representative immunoblot analysis of PDCD4 expression in WT and PDCD4 

-/- BMDM is shown above graph to illustrate the functionality of transfected 

pro-21.
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Figure 4.37 - PDCD4 contributes to LPS-induced lethality. Wild-type 

control (WT) or PDCD4-deficient mice (PDCD4 -/-) were injected 

intraperitoneally with LPS [30 mg/kg] and survival was monitored for a 

period of upto 10 days post injection. Data was plotted as percentage of mice 

which survived in each group. Total mice in each group at day 0, n=10.
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Figure 4.38 - PDCD4 affects cytokine production in response to LPS in- 

vivo. Wild-type control (WT) or PDCD4-deficient mice (PDCD4 -/-) were 

injected intraperitoneally with LPS [30 mg/kg] and circulating blood samples 

taken at 24 h (A & B) or 1 h and 3 h (C, D & E). ELISA analysis (R&D) was 

carried out for the indicated cytokines and results are plotted as the mean ± 

standard deviation for the following numbers of mice per group. A & B) n=10 

mice per group. C, D & E) n=5 mice per group.
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4.3 Discussion

I set out to identify functional consequences of the up-regulation of miRNA by TLRs. I 

have shown in this chapter that PDCD4 mRNA is a target for miR-21 in TLR 

signalling. Further to this my results have highlighted new functions for PDCD4 in TLR 

signalling. Specifically, PDCD4 is required to promote a pro-inflammatory response via 

a positive effect on NFkB activation whilst at the same time suppressing the production 

of the key anti-inflammatory cytokine IL-10. Removal of PDCD4, by miR-21, therefore 

promotes IL-10, and presumably, resolution of the inflammatory response, avoiding 

excessive inflammation as demonstrated by experiments in PDCD4-deficient mice 

which are protected from the toxic effects of LPS injection. This implies then that the 

late induction of miR-21 by TLRs acts as a key negative control mechanism in TLR 

signalling and this model is illustrated in Figure 4.39.

Of the miRNAs thus far implicated in TLR signalling, the function of miR-155 is by far, 

the most extensively studied. It was initially thought to have a positive role directing 

immune responses. Two groups separately generated miR-155 deficient mice. These 

mice display increased lung airway remodelling with age. They were found to have 

impaired B-cell responses and also a greater propensity to a Th2 response. This implies 

miR-155 plays a key role in the development of B-cell responses following TLR 

activation as well as the development of Thl responses. One group, which performed 

microarray analysis on miR-155 deficient cells, proposed miR-155 targets the key Th2 

cell transcription factor c-Maf (Thai et ai, 2007), while the second group found 

impaired TNF-a and lymphotoxin a responses in miR-155 deficient mice (Rodriguez et 

ai, 2007). Since then activation-induced cytidine deaminase, a key enzyme which 

regulates antibody generation in B-cells, has emerged as a key target for miR-155 

(Dorsett et ai, 2008; Teng et ai, 2008). Viral homologs of miR-155 have been 

described both in KSHV8 (the causative agent of Kaposi’s sarcoma) (Gottwein et ai, 

2007) and Marek’s disease virus (Zhao et ai, 2009). They seem to function by targeting 

proteins involved in the host immune response allowing viral replication. Targets for the 

KSHV miR-155 homolog include Src homology-2 domain-containing inositol 5-
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Figure 4.39 - Regulation of PI)CD4 is a key control mechanism between the 

pro- and the anti-inflammatory response. A diagram representing the balance 

between the pro- and anti- inflammatory responses following LPS treatment is 

shown. Immediately following pathogen detection, a pro-inflammatory response 

must be mediated. PDCD4 facilitates this and is slightly induced to promote this 

response, resulting in activation of NFkB and suppression of IL-IO (left hand side). 

However to avoid damage to the host caused by an excessive pro-inflammatory 

assault, an appropriate anti-inflammatory response must be initiated at later times. 

To achieve this, miR-21 is induced by TLRs, which results in negative regulation of 

PDCD4 levels. As PDCD4 is removed from the system, NFkB activity is dampened 

and production of IL-IO is promoted, switching the balance in favour of an anti

inflammatory response (right hand side).
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phosphatase-1 (SHIP-l) and IKKe - key signalling proteins in TLR responses. These 

targets have been verified for host miR-155 in macrophages (Ruggiero et al., 2009), 

(O'Connell et al, 2009), (Gottwein et al, 2007) and it is now emerging that whilst miR- 

155 may promote the development of adaptive immune responses it acts as a negative 

regulator of innate immune signalling (Ceppi et al, 2009). Ceppi et al demonstrated tha 

transfection of human dendritic cells with antisense to miR-155 (anti-155) promoted IL- 

1 production induced by LPS. Additionally, many pro-inflammatory mediators were up- 

regulated in macrophages when transfected with anti-155 (Ruggiero et al, 2009). In 

contrast to this however, the expression of a negative regulator of TLR4 inflammatory 

responses, SHIP-1, is found to be enhanced in miR-155 deficient cells (O'Connell et al, 

2009). It is therefore apparent that miR-155 can target many mRNAs but that this 

targeting is cell-type specific. This may explain why induction of these miRNA differs 

across different cell types and also how contrasting functions can be seen for the same 

miRNA in different contexts.

Sequence analysis revealed that mRNAs for the key TLR signalling proteins IRAK-1 

and TRAF-6 contain miR-146 binding sites (Taganov et al, 2006). The authors propose 

miR-146 is induced following TLR activation, through the activity of these proteins, 

leading to activation of NFkB. It then functions to target TRAF6 and IRAK-1 mRNA 

and thereby negatively regulate the TLR signal transduction pathway. Importantly, 

decreases in IRAK-1 or TRAF-6 protein level following TLR activation have not been 

demonstrated and there may be other targets for miR-146. More recently A549 lung 

epithelial cells, which were shown to dramatically induce miR-146a in response to IL-1 

treatment, were transfected with antisense to miR-146. This resulted in enhanced 

cytokine production in response to IL-l. The cytokines affected were IL-8, a classical 

NFKB-dependent cytokine, as well as the chemokine RANTES, thought to be regulated 

by the IRF transcription factors. This implies that the extent of miR-146 control lies 

beyond the NFkB pathway. Importantly, the authors were unable to show effects on 

IRAK-1 and TRAF-6 proteins or mRNA due to the presence of anti-146, implying 

additional targets for miR-146 exist (Perry et al, 2008). Recent reports indicate miR- 

146 can control production of interferon (Dai et al, 2008) and is also induced to 

regulate RIG-I anti-viral signalling pathways (Hou et al, 2009). As my results indicate
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that miR-146 is the miRNA most significantly up-regulated in DCs, the identification of 

DC-specific targets for this miRNA could prove interesting.

Analysis of sequence databases using the existing programs, predicts many different 

targets for miR-21. One of the most commonly predicted target mRNAs was YODl. 

The significance of this gene, which encodes a homolog of a predicted deubiquitinating 

enzyme, in the immune response remains unclear. Two programs predict miR-21 targets 

mRNA for PLAGl - a gene commonly upregulated in adenoma. The significance of 

this gene product in the immune response is also unclear. Two programs predict miR-21 

targets mRNA for NFIB, an important transcription factor which plays a role in 

development and differentiation of many cell types (Qian et ai., 1995) and which has 

been verified experimentally (Fujita et ai, 2008). Additionally, one program predicts 

miR-21 targets Pellino-1, an important protein in TLR signalling (Butler et ai, 2007). 

More recently, Pellino-1 deficient mice have been described which display protection to 

the toxic effects of LPS shock, similar to what is observed here for PDCD4-deficient 

mice (Chang et ai, 2009). Another program predicts miR-21 may target mRNA of 

chemokine ligand (CCL)-l and, interestingly, STAT3. An attractive target for miR-21, 

according to sequence databases, is IL-12 p35 mRNA. The production of this IL-12 

subunit is tightly regulated in cells and is produced selectively by macrophages and 

dendritic cells (Kastelein et ai, 2007). It seemed likely then that the late miR-21 

induction observed in DCs perhaps served to limit excessive production of this 

important cytokine, crucial for the development of adaptive immune responses. 

However, due to difficulties associated with measuring IL-12 in cell lines and 

transfection of primary DCs this link could not be established. A study investigating the 

expression of miR-21 in asthmatic lung tissue verified IL-12p35 mRNA as a potential 

miR-21 target through the use of in-vitro luciferase assays but the process has yet to be 

demonstrated in vivo (Lu et ai, 2009).

As mentioned previously. miR-21 is up-regulated in many cancers and has been 

implicated in the control of many processes associated with cancer. Therefore, many 

potential targets have been described for miR-21 in these contexts. These consist of
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both direct and indirect targets and include PTEN (Meng et al., 2007), Bcl-2 (Si et al, 

2007), NFIB (Fujita et al., 2008) and p53 (Papagiannakopoulos et al, 2008) . Many 

studies have been performed using antisense to miR-21 (anti-21) and microarray 

profiling of mRNAs. Targets which have emerged from these studies include TIMP3 

and Reckl (Gabriely et al., 2008) which regulate MMP-3 expression and also the IL6R 

and CDK6 (Frankel et al., 2008). One study in particular used proteomic techniques in 

association with anti-21 to identify true targets for miR-21 in MCF-7 cells (Zhu et al., 

2007). This technique has the advantage of identifying targets whose mRNAs are 

translationally repressed, not degraded by miRNA action. Two-dimensional differential 

in-gel electrophoresis (2D-DIGE) was carried out and three proteins stood out with 

increased expression in anti-21 treated MCF-7 cells over control. They were 

tropomyosin (TPMl), integrin-P4-binding protein (ITGB4BP) and selenium-binding 

protein-1 (SELENBPl) (Zhu et al., 2007). Integrins are known to play a role in the 

immune reponse and are involved in chemotaxis and cell migration (Hynes, 2002). 

Tropomyosin is a known tumour suppressor gene (Raval et al., 2003). Therefore 

targeting of TPMl mRNA by miR-21 may provide an explanation for the oncogenic 

potential of miR-21. Tropomyosin is an actin-binding protein (Ponti et al., 2004) and 

has been shown in epithelial cells to promote cellular migration and the formation of 

phillipodia and membrane ruffles (Gupton et al., 2005). Activation of TLRs is known to 

result in massive changes in the actin cytoskeleton in dendritic cells (Watts et al., 2007) 

and macrophages (Underhill and Ozinsky, 2002), (Underhill et al., 1999), such as 

cellular migration, formation of phillipodia and phagocytosis. I therefore investigated 

the possibility that tropomyosin may be a target for miR-21 in the context of TLR 

signalling. However, while I was able to show that tropomyosin is TLR-responsive I 

was unable to demonstrate definitively that this modulation was controlled by induction 

of miR-21.

Importantly, a highly conserved target mRNA for miR-21 has emerged through the 

investigation of miR-21 as an oncogene in a variety of cancers in studies carried out by 

multiple groups. This gene was the tumour suppressor PDCD4. It was initially 

identified as a miR-21 target through bioinformatic analysis of the 3’UTR of PDCD4, 

whose expression is lost in colorectal cancer, in an effort to explain this disappearance.
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miR-21, which is up-regulated in colorectal cancer cell lines was found to post- 

transcriptionally silence expression of PDCD4 mRNA (Asangani et ai, 2008). Soon 

after, this result was confirmed in cancers of different origins. Frankel et al, analysed 

MCF-7 cells transfected with anti-21 by microarray analysis and found putative mRNA 

targets for miR-21 which interestingly included IL-6R and SOCS-5 - but the most 

reproducible of these was PDCD4 (Frankel et al., 2008). Soon after, this finding was 

repeated by other groups using different techniques including luciferase assay screens in 

MCF-7 breast cancer cells (Lu et al., 2008b), genetic screening selection in MDA-MB- 

321 breast cancer cell line (Zhu et ai, 2008) and microarray analysis in nueroblastoma 

cells lines (Gabriely et al., 2008). This targeting process has been shown to regulate 

invasion, extravasation and metastasis (Asangani et ai, 2008), cell growth (Frankel et 

al., 2008; Lu et al., 2008b) as well as contact independence (Lu et al., 2008b) in cancer 

cells. In addition, PDCD4 has been verified as a target for miR-21 in cellular processes 

and disease states outside of cancer. Davis et al importantly demonstrated that PDCD4 

is a target for miR-21 induced by TGF-|3 in vascular homeostatis (Davis et al., 2008). A 

more recent study implicated miR-21 targeting of PDCD4 in the activation of API in 

reactive oxygen species mediated cardiac cell injury (Cheng et al., 2009). Additionally, 

the miR-21/PDCD4/APl axis has been identified as an important signalling pathway in 

transformation and tumourogenesis through activation of the Ras oncogene (Talotta et 

al., 2009).

Therefore, as PDCD4 has emerged as a key target for miR-21 in a variety of cell types 

and situations, its role in TLR signalling, with respect to miR-21 was investigated. I 

have shown that PDCD4, whilst expressed at moderate levels in dendritic cells and 

macrophages is slightly induced following TLR stimulation. Although this early 

induction at the protein level was not reflected in the mRNA, unlike what was seen for 

the tropomyosin mRNA in DCs, it is tempting to speculate that the early decrease in 

miR-21 is responsible for increased translation of PDCD4 mRNA. I have shown then 

that this translation is inhibited at later times following TLR stimulation and this is 

miR-21 dependent. Importantly, PDCD4 protein itself has been shown to be a target for 

ubiquitination and proteasomal degradation mediated by mTOR and the P-TRCP 

ubiquitin ligase in a pathway initiated by growth factor signalling (Dorrello et ai, 2006;
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Schmid et al, 2008). This pathway was shown to be inhibited by rapamycin. 

Experiments are being conducted in our laboratory to address the possible role of 

mTOR and ubiquitination of PDCD4 protein levels downstream of EPS signalling. It is 

possible that additional mechanisms to control the expression of this protein have 

evolved. Interestingly, treatment of RAW264.7 macrophages with mTOR was shown to 

have similar effects on EPS-induced IE-10 production (Baker et al., 2009) as I have 

demonstrated for anti-21, which acts through PDCD4. Regardless, my results clearly 

indicate that PDCD4 is post-transcriptionally regulated by the action of EPS-induced 

miR-21. The relatively high basal levels of PDCD4 and early induction apparently 

imply PDCD4 protein is required at early times post-infection. This is consistent with 

my results demonstrating PDCD4 is a positive regulator of NFkB whilst suppressing IL- 

10 production.

PDCD4-deficient mice have been shown to be resistant to two models of inflammatory 

disease, streptozotocin induced type I diabetes and EAE (Hilliard et al., 2006). These 

results agree with my studies demonstrating that PDCD4 has a pro-inflammatory role. 

Removal of this protein, through the action of miR-21, thereby acts as a key molecular 

switch between the pro-inflammatory and anti-inflammatory response and therefore 

represents a novel mechanism of negative regulation in TER signalling and innate 

immune signalling pathways. On the one hand, PDCD4 promotes NFkB activity, 

probably due to the regulation of an as-of-yet unidentified factor. On the other hand, 

PDCD4 suppresses the production of IE-10. Once EPS-induced miR-21, perhaps 

alongside PDCD4 turnover or proteasomal degradation, removes PDCD4 from the 

system, NFkB activity decreases and production of IE-10 increases and the anti

inflammatory response begins, in an effort to limit the damaging effects of excessive 

inflammation. It seems likely that it is the initial suppression of IE-10 by PDCD4 which 

results in increased NFkB activation, which is known to negatively regulate NFkB 

activation and IE-6 production (Eang et al., 2002; Murray, 2006). However, arguing 

against this is the fact that the luciferase assays were carried out in HEK293 systems 

which should not produce endogenous IE-10. Perhaps knock-down of PDCD4 triggers 

this in HEKs, a point which requires further investigation.
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These results regarding the role of PDCD4, and miR-21, in determining the appropriate 

balance between the pro-inflammatory and anti-inflammatory response are highlighted 

by the LPS lethality trials conducted in PDCD4-deftcient mice. These mice show 

increased survival compared to wild-type control mice when injected with LPS. Perhaps 

in this case, the initial pro-inflammatory response is down-regulated to such an extent 

(by the lack of basal or inducible PDCD4), that it avoids excessive inflammation. At the 

same time, the anti-inflammatory response will kick in earlier, as seen with IL-10 

production which is increased at 4 h in the PDCD4-deficient mice, which also 

contributes to this down-regulation of the pro-inflammatory response. Analysis of how 

these mice respond to actual infection in-vivo should give important information on the 

extent of the initial inflammatory response and the role PDCD4 plays at this time point.

PDCD4 expression is known to be lost in many cancers (Cmarik et ai, 1999) and this 

has been shown to be due to both post-transcriptional regulation by miR-21 (Asangani 

et ai, 2008), (Lu el al., 2008b), (Frankel et al, 2008), (Zhu et ai, 2008) and 

proteasomal degradation of PDCD4 initiated by growth factor stimulation (Dorrello et 

ai, 2006; Schmid et ai, 2008). However, the exact signals leading to overexpression of 

miR-21 which bring about this negative regulation, remain elusive. A recent study by 

Talotta et al, have demonstrated that miR-21 induction is elevated by overexpression of 

the Ras oncogene and that this serves to remove endogenous PDCD4 in FRTL-5- 

ER/RAS cells resulting in increased AP-1 transcription factor activity (Talotta et al., 

2009). Similarly, Fujita et al, demonstrated that PMA treatment of HL-60 cells induces 

miR-21 to promote AP-1 activity through negative regulation of another miR-21 target 

gene, NFIB (Fujita et al, 2008). PMA treatment of cells is known to result in a decrease 

in PDCD4 expression (Schmid et ai, 2008). My results have demonstrated that LPS 

induces miR-21 to negatively regulate PDCD4, although I was unable to demonstrate 

any effects on LPS-induced AP-l activity. TGF-P in addition has been shown to induce 

miR-21 expression, through a post-transcriptional mechanism, resulting in targeting of 

PDCD4 to bring about a contractile phenotype in cardiac myocytes (Davis et al., 2008). 

It is likely then that the negative regulation of PDCD4 by miR-21 serves as a central

110



Chapter Four - miRNA function

nexus for many signalling pathways in the cell to result in a variety of different 

phenotypes and that the exact functional outcomes of this targeting may be determined 

by many different features such as the activating signal as well as the cell type and 

background in which the signal is activated. With respect to PDCD4 activity this is now 

being recognised as a determining feature (Lankat-Buttgereit et al, 2008; Lankat- 

Buttgereit and Goke, 2009).

As stated above, PDCD4 is a well known regulator of AP-1 activity in tumourogenesis 

(Olive et al., 1997; Yang et al, 2003b) (Yang et al, 2001). Here, I extend the role of 

PDCD4 and demonstrate that it acts as a positive regulator of LPS-induced activity of 

NFkB. As a control for all my experiments I examined the effect on API activity. 

Although LPS did not drive API luciferase in my hands, PDCD4 always had opposing 

effects on PMA-induced API luciferase. Although both API and NFkB are both 

transcription factors known to be activated by TLRs through somewhat common 

signalling pathways, and are known to be active in transformed cancer cells (Olive et 

al, 1997), (Lu and Stark, 2004), the exact mechanism as to how PDCD4 specifically 

regulates their activities in such opposing ways remains unclear. In fact, the exact 

mechanism by which PDCD4 regulates API alone still remains ambiguous. One study 

examined the components of the API complex and limited the inhibition by PDCD4 to 

effects on the c-jun subunit (Bitomsky et al, 2004). This effect on AP-1 has been 

shown to be due to PDCD4’s role as a regulator of translation (Yang et al, 2003a) and 

therefore is likely a secondary, indirect effect on the expression of another protein.

Attempts to find such a candidate mRNA directly regulated by PDCD4, implicated in 

MAP kinase signalling, found that the expression of the MAP4K1, HPK-1 

(hematopoietic progenitor kinase-1) is regulated by PDCD4. However, this regulation 

also occurs at the transcriptional level and therefore is likely an indirect effect of 

PDCD4 action (Yang et a!., 2006), in a manner similar to what I have demonstrated 

occurs for IL-6 in LPS signalling. HPK-1 contributes to AP-1 activation (Hu et al, 

1996). Meanwhile, a study of the activity of HPK-1 in T-cells has shown that it is also 

essential for activation of NFkB and subsequent T-cell apoptosis. However, an
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alternative isoform of HPK-1 can be generated, HPK-lc, which negatively regulates 

NFtcB activity and promotes T-cell survival (Brenner el ai, 2005). Perhaps PDCD4 

activity somehow selectively inhibits the expression of this HPK-lc isoform, thereby 

promoting NFicB activity in LPS signalling. The process of switching from expression 

of the NFKB-activating isoform of HPK-1 to the inhibitory isoform has also been shown 

to promoted by caspase-3 activity during apoptosis (Arnold et al, 2001) and therefore it 

is likely to be dynamically regulated during complex signalling pathways. The exact 

molecular mechanism whereby PDCD4 affects both AP-1 and NFkB activity in LPS 

signalling and in other contexts requires further investigation and may ultimately lead to 

the development of selective inhibitors for each pathway which may be useful for 

targeting of chemotherapeutic drugs but also anti-inflammatory therapeutics.

Here, I have demonstrated that IL-10 acts as a candidate mRNA for translational 

inhibition by PDCD4. The production of IL-10 by LPS can be modified by 

manipulation of PDCD4 levels, either through the use of siRNA, pro-miRs, antisense or 

morpholinos. PDCD4 deficient BMDM display enhanced IL-10 production at earlier 

time points compared to wild-type control cells, consistent with PDCD4 being present 

at earlier time points in wild-type controls, but absent in PDCD4-deficient cells. 

Interestingly, PDCD4 knock-down was shown not to affect transcription of the IL-10 

promoter, implying the effects of PDCD4 on IL-10 production are post-transcriptional. 

However, less IL-10 mRNA is detected in PDCD4-deficient cells, although more IL-10 

protein is detected. This seems to be a feature of genes regulated by eIF4E activity - the 

type of translation inhibited by PDCD4 (Zakowicz et al, 2005). Candidates including 

ornithine decarboxylase (ODC) (Graff et al, 1997) and cyclin D1 (Rousseau et al, 

1996) display altered patterns of mRNA expression when translation is modified either 

through overexpression or depletion of eIF4E. The expression of IL-10 is known to be 

dynamically regulated at both the transcriptional and post transcriptional level (Nemeth 

et al, 2005). The 3’UTR of IL-10 mRNA contains an AU rich element (ARE) and has 

been shown to be sensitive to stabilisation by p38 MAP kinase. More recently, a 

miRNA has been described, miR-106a, which targets the 3’UTR of IL-10 mRNA 

directly, although its role in LPS signalling remains undetermined (Sharma et al, 2009). 

Analysis of the 5’UTR of IL-10 reveals a complex secondary structure, indicative of a
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dependency on eIF4A activity (Richter and Sonenberg, 2(X)5). IL-10 is known to play a 

key role in determining the response in-vivo to LPS (Berg et ai, 1995) and 

interestingly, in in-vitro studies of cells IL-10 is known to be produced at later time 

points than the earlier pro-inflammatory cytokines TNF-a and IL-6. It seems likely then 

that PDCD4 removal serves as a key control mechanism to promote IL-10 production in 

response to LPS. This, however, may have a broader immunosuppressive effect and 

may explain the susceptibility of PDCD4 deficient animals to lymphoma (Hilliard et ai, 

2006). IL-10 is known to play a key role in immunosupression especially with respect to 

tumour immunosurveillance, with IL-10 deficient mice being shown to display 

resistance to B-cell lymphoma (Czameski et ai, 2004), one of the cancers in which 

elevated expression of miR-21 has been reported (Lawrie et ah, 2007).

As I have demonstrated through the use of a morpholino-modified oligonucleotide 

specific to the miR-21 site of PDCD4 was able to stabilise PDCD4 levels during LPS 

signalling. In addition, transfection of cells with this specific morpholino resulted in 

decreased IL-10 production and enhanced NFkB activation. Therefore, given in the 

correct contexts, for example, in immunosupressed patients with a susceptibility to 

cancer, it may be useful to boost the immune response and prevent tumour formation 

and promote inflammation once again.

In this chapter I have therefore demonstrated that PDCD4 acts as a target for miR-21 in 

LPS signalling and that this targeting is required for the inhibition of NFkB and 

promotion of IL-10. This process may be required for the resolution of inflammatory 

responses which if otherwise uncontrolled would lead to excessive inflammation and 

disease. It is now emerging that the PDCD4/miR-21 interaction plays a key role in 

pathogenesis of cancer. Here, my results extend the nature of this link to inflammation 

and whilst more work is needed to pin down the exact molecular targets for PDCD4 in 

LPS signalling, my work has demonstrated the existence of new regulatory control 

mechanisms important to inflammation, infection and disease.
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This study demonstrates that TLRs induce the expression of miRNA and how in 

particular, miR-21 plays an important role in the regulation of the inflammatory 

response. This finding alone has added new levels of complexity to the mechanism 

utilised by these key pathogen recognition receptors to control gene expression and 

highlights the importance of post-transcriptional regulation as a key control point in 

signalling. Additionally, my investigations into miR-21 targets uncovered novel TLR- 

responsive genes, particularly, PDCD4. The study of PDCD4 itself in the context of 

TLR signalling again adds unforeseen complexity to the regulation of TLR signalling - 

with its role as a regulator of the translation of genes and with its well established links 

to cell growth, survival and MAP kinase signalling. My results therefore revealed novel 

ways in which TLRs regulate innate immune signalling pathways and contributes to our 

understanding of pathogen recognition and the molecular responses to infection.

Specifically, my results have highlighted the oft-neglected area of translational control 

of gene expression in the immune response. Thus far, our understanding of how TLRs 

alter gene expression patterns in cells has focused on transcriptional regulation. Whilst 

it is widely known that TLRs activate and promote the transcription of many genes, 

through the activation of pro-inflammatory transcription factors such as NFkB and the 

IRFs, which bind specific DNA sequences in the promoters of target genes, how the 

expression of these genes is regulated after transcription is less well-understood. My 

results here, as well as data from other studies, has highlighted that following 

transcriptional activation, the synthesis of protein from mRNA constitutes a key 

regulatory control step in gene expression, and more often than not, this process is 

negatively regulated in an attempt to avoid over-activation of the immune response.

The process of translation requires the co-ordinated activities of the ribonucleoprotein 

complex - the ribosome, as well as the action of amino-acylated tRNAs and of course 

the mRNA being decoded. It can be divided into three stages - initiation, elongation and 

termination. Initiation consists of the ribosome forming and being directed to the start 

codon in the mRNA where the initiating Met-tRNA binds the AUG triplet (Moore, 

2009). Elongation involves decoding the mRNA with the formation of a polypeptide
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chain. Termination results when a stop codon is encountered and the ribosome structure 

and mRNA dissociate with the relase of the new protein. At each of these stages, 

additional protein factors have been described which aid the translation process. The 

most well-studied of these are the eukaryotic initiation factors (elFs) which promote the 

first stage - translational initiation (Rhoads, 1993). As mentioned previously, eIF4E is 

an RNA binding protein that recognises the 5’ cap structure in eukaryotic mRNAs. It is 

aided by the action of eIF4A - an RNA helicase that unwinds complex secondary 

structures in 5’UTRs and eIF4G, a scaffold protein that permits complex formation 

(Rhoads et al, 1993). Another elF important for translation is eIF2a. It aids the 

recruitment of the 40s ribosome and the initiator methionyl-tRNA to allow translation 

start site scanning. Regulation of protein translation can be global, in which case the 

activity of more important elements in this process can be targeted, for example - 

targeting of the transferase activity in the ribosome during elongation by 

cyclohexamide, which blocks global protein synthesis (Baliga et al, 1969). 

Alternatively, regulation of the translation of specific mRNAs can occur. In this way, 

factors required for effective translation of a subset of mRNAs or one particular RNA 

can be targeted. It is now emerging that the elF proteins constitute such targets. I shall 

now discuss how specific targeting of translation can be brought about and how this can 

impact inflammatory responses.

The mechanisms described so far which regulate translation have generally been 

inhibitory towards it. although interfering with these inhibitory mechanisms can have 

positive consequences on the production of protein from a target mRNA. As mentioned 

above the activity of proteins required for translation can be targeted to regulate the 

translation process. There are many ways in which this can be brought about. One way 

is through the use of inhibitor proteins. PDCD4 is an example of such an inhibitory 

protein, which binds to and inhibits the function of eIF4A and eIF4G - thereby 

inhibiting the translation of genes which require eIF4E activity. Regulation of 

translation can also be brought about through the action of trans-acting RNA species in 

association with a protein inhibitory complex. As illustrated here, miRNA can be 

induced to direct the RISC to specific target mRNAs thereby resulting in translational 

inhibition. And finally, the presence of cis-acting RNA sequences in the target mRNA
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can also be a defining feature of translational regulation. In this way, specificity for 

translation targeting is achieved. An example of this again is of course the miRNA- 

binding site in the 3’UTR of target mRNAs. I shall now discuss the occurrence of these 

regulatory features in the expression of inflammatory genes to pul into perspective the 

importance of translational control in the immune response, two new types of which I 

have described in this thesis. Some of these examples are also illustrated in the 

proceeding figures. Figure 5.1 and Figure 5.2.

The best characterised TLR-responsive gene subject to translational regulation is TNF- 

a. TNF-a mRNA contains cis-acting adenine-uridine rich elements (Taylor et al.) which 

affect the stability of the TNF-a mRNA transcript (Jacob and Tashman, 1993). These 

elements promote decay of the mRNA (Chen and Shyu, 1995; Zhang el al., 2002). They 

are also found in the mRNA for other pro-inflammatory genes such as IL-2 and GM- 

CSF and IL-10 (Chen el al., 1995; Garcia-Sanz and Lenig, 1996). Interestingly, knock- 

in mice in which the ARE of TNF-a is mutated, overexpress TNF-a protein which 

results in chronic inflammatory polyathrilis (Jacob and Tashman, 1993; Kontoyiannis el 

al., 1999). It was studies of this model of disease which highlighted the importance of 

targeting TNF-a for the treatment of RA in humans (Kollias and Kontoyiannis, 2002; 

Kollias et al., 2002). The effect of AREs on the stability of RNA is also affected by the 

presence of ARE-binding proteins. The best described of these is tristetraprolin (TTP). 

TTP is a Zinc-finger protein which binds to AREs and negatively regulates TNF-a 

production (Lai et al., 1999). It seems to promote mRNA decay. Its expression is 

induced by EPS during TLR4 signalling and this serves as a negative regulatory 

mechanism for control of TNE-a production (Carballo et al., 1998). Similar to the 

knock-in mice described above, TTP-deficient mice display enhanced TNE-a 

production and develop an autoimmune syndrome with arthritis (Carballo et al., 1997). 

The arthritis in these mice is prevented by the use of a blocking antibody to TNE-a 

(Carballo and Blackshear, 2001). It is well established that EPS stimulation also 

activates p38 MAP-kinase and that this has a positive effect on TNF-a production 

(Winzen et al., 1999). It is thought that p38 MAP-kinase phosphorylates 14-3-3 which 

then negatively affects the ability of TTP to bind ARE and this step therefore stabilizes 

newly produced TNF-a mRNA and promotes its translation (Carballo et al., 2001;
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Mahtani et ai, 2001). Perhaps at later times, newly synthesized TTP overcomes this and 

inhibits TNF-a production.

Another ARE-binding protein is T-cell intracellular antigen-1 (TIA-1) (Piecyk et ai, 

2000). Whilst TIA-1 deficiency also results in enhanced TNF-a production there is no 

difference in TNF-a mRNA levels between wild-type and TIA-1 deficient mice. This 

implies that TIA-1, in constrast to TTP, regulates the translation of the TNF-a mRNA, 

not the stability of the transcript. This is supported by the finding that in TIA-1 deficient 

macrophages, TNF-a mRNA is found in polysomes, implying enhanced translation. The 

TIA-1-deficient C57/BL6 strain of mouse develops a mild form of arthritis, not as 

severe as TTP-deficient mice (Saito el al, 2001). Curiously, double TTP/TIA-1 knock

out mice, develop severe arthritis with more mRNA for TNF-a apparent, yet decreased 

TNF-a protein levels when compared to TTP-deficient mice alone (Phillips et al., 

2004). Interestingly, whilst I observed PDCD4-dericient macrophages produce more IL- 

10 protein than wild-type cells, less lL-10 mRNA was observed in PDCD4-deficient 

cells.

Another form of negative regulation of mRNAs determined by the action of cis-acting 

mRNA sequences and trans-acting inhibitory proteins is the interferon-y activated 

inhibitor of translation (GAIT) complex in macrophages. In this case, IFN-y, whilst 

promoting the transcription of interferon-responsive genes, also negatively regulates the 

translation of a subset of these genes. Candidates genes for this type of regulation 

included the mRNA for ceruloplasmin (Cp) (Mazumder and Fox, 1999). Sampath et al, 

2003 described a secondary structure in the Cp 3’UTR which mediated this translational 

inhibition at later times post IFN-y treatment (Sampath et ai, 2003). It was later shown 

that this structure, the GAIT element, was bound by an RNA/protein complex which 

inhibited the translation of the mRNA. This complex consisted of the glutamyl-prolyl- 

tRNA synthethase (EPRS), the protein NSAPl, the ribosomal protein L13a and the 

enzyme GAPDH, together referred to as the GAIT complex (Sampath et ai, 2004). The 

silencing activity of the GAIT complex involves a L13a-mediated inhibition of the 

eIF4G scaffold protein (Jia et al., 2008; Arif et al., 2009). Other genes regulated by this
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mechanism include the protein kinases death associated protein kinase (DAPK) and 

ZIPK, both of which have roles promoting the phosphorylation of LI3a, releasing it 

from the ribosome to direct GAIT complex formation (Mukhopadhyay et al., 2008). In 

this way, the GAIT complex fulfils a negative feedback loop in interferon signalling.

As demonstrated by the example of the GAIT-complex, many mechanisms for 

controlling translation converge upon the rate-limiting step of translational inhibition 

and target the components of the eIF4F complex. Unexpectedly, my studies have 

revealed a role for regulation of translational initiation in TLR signalling. I have 

demonstrated that LPS dramatically modulates the expression of a protein known to 

function as an inhibitor of translation, PDCD4. PDCD4 functions by interfering with the 

action of elFs (Yang et al.. 2003a). PDCD4 however, is only one of many proteins 

which have been shown to interfere with and inhibit the action of the eIF4F complex , 

the most well defined being the eIF4E-binding proteins (eIF4E-BPs) (Richter and 

Sonenberg, 2005). Recently, mice deficient in these proteins have been described, 

which display resistance to infection by RNA viruses (Colina et al., 2008). This was 

shown to be due to enhanced interferon-a production following activation of TLRs 7 

and 8. Interestingly, this was found to be due to enhanced translation of IRF7 in cells 

deficient in both eIF4E-BPl and eIF4E-BP2. In these cells, eIF4E-directed translation 

of IRE7 occurs uninhibited and therefore these cells display a stronger interferon 

response against viruses. This situation is analogous to the role I have outlined here for 

PDCD4. PDCD4 inhibits the activity of eIE4E through binding with eIf4G and eIE4A. I 

have shown in PDCD4-deficient cells enhanced translation of IL-10 occurs and this 

promotes an anti-inflammatory response. I have shown this likely constitutes a key 

control switch between the pro-inflammatory and anti-inflammatory response in wild- 

type cells through regulation of PDCD4 expression. If other proteins which inhibit 

translation, such as the eIF4E-BPs, are regulated during TLR signalling remains unclear 

and warrants further investigation.

Interestingly, the translation of mRNAs by elFs has been shown to be important for 

appropriate dendritic cell maturation following LPS treatment (Lelouard et al., 2007).
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Using cyclohexamide, Lelourd et al demonstrated that in the first few hours post LPS 

treatment translation of new proteins is promoted in DC. However at later times the 

activity of elFs is inhibited and cap-dependent translation of mRNAs is stopped. This is 

due to cleavage of eIF4G and phosphorylation of eIF2a. This process is necessary for 

DC maturation, efficient processing of antigen and survival. Interestingly, whilst 

translation of mRNAs with a 5’ cap structure was inhibited in this way (cap-dependent 

translation), translation of alternative mRNAs was promoted. The presence of internal 

ribosome entry sites overcomes the need for a 5’cap and the action of elFs in 

translation. By promoting this type of translation alternative gene products can be 

generated adding a new level to the diversity of control mechanism utilised by cells 

during complex signalling pathways.

Scheu et al, 2006 demonstrated the occurrence of a similar phenomenon in the 

development of Th2 cells. Naive Th2 cells enter a stress response by blocking 

translation of cap-dependent mRNAs which is re-stimulated following activation of the 

T-cell receptor (Scheu et al., 2006). In this state of translational attenuation, the naive 

Th2 cells display a collapsed polysome profile, indicative of translational arrest, eIF2a 

phosphorylation, and the appearance of cytoplasmic stress granules which contain RNA 

binding proteins. At the same time, the mRNA for Th2-associated cytokines such as IL- 

4 was produced but no cytokine released was evident. This state of translational 

attenuation is known as the integrated stress response (ISR) and many cellular stresses 

are known to induce this state (Scorsone et al., 1987; Schroder and Kaufman, 2005). 

Interestingly, the ISR was shown to promote NFkB activation (Deng et al, 2004). In 

this study, phosphorylation of eIF2a was associated with increased NFkB DNA-binding 

activity, increased production of an NFicB-linked reporter but decreased levels of IkBu, 

due to translational repression. I have shown here, that PDCD4, which functions as a 

translational inhibitor promotes NFkB activation and consequently IkBu protein levels.

One point for consideration however is the specificity in eIF4E regulated genes which 

so far, remains ill-defined. Some studies have profiled cancer cells through poly- 

ribosomal gradients and subsequent microarray profiling (Mamane et al, 2007).
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Although it is known that a longer 5’UTR is more dependent on eIF4E activity 

(Koromilas el ai, 1992) other features which may enhance this dependency remain 

undefined. Obviously, the longer the 5’UTR sequence the greater the chance for more 

complex secondary structure in the RNA such as pseudoknots or stem-loops. Whether 

any particular structural or in fact sequence motifs are required for regulation by 

specific elFs or for targeting by inhibitory proteins such as eIF4E-BPs or PDCD4 

remains unclear. As the specificity for target mRNAs can switch the balance between 

pro- and anti-inflammatory responses in TLR signalling, or between growth and cell 

cycle arrest in cancer, an examination of specific genes regulated by PDCD4 in both 

cancer and TLR signalling is therefore imminent.

Finally, I shall discuss the significance and context of my findings regarding activation 

of TLRs and the induction of novel trans-acting RNA regulators of translation - 

miRNA. This area is receiving more and more attention and although the exact 

mechanism of how miRNAs function in translational silencing remains unclear, and 

may in fact differ with the context of silencing, the intricacies regarding the induction of 

these miRNA and the target mRNAs they silence have greatly increased our 

understanding of TLR signalling and innate immunity and may finally bring the area of 

translation regulation to the fore.

In addition to the three TLR-responsive miRNA which I have previously described - 

miR-2L miR-146 and miR-155, more recently, additional, novel miRNA have been 

described which are regulated by TLRs. These include miR-9. It plays a role in 

regulating neutrophil responses to LPS and has been shown to target translation of p65 

itself, emerging as a negative regulator of NFkB (Bazzoni et ai, 2009), similar to miR- 

21. Induction of miR-147 has been reported in macrophages following activation of 

TLR2/3/4. miR-147 was demonstrated to negatively regulate pro-inflammatory cytokine 

production (Liu et ai, 2009). Let-7i has been shown to be down-regulated by LPS to 

promote expression of its target TLR4 in cholangiocytes (Chen et ai, 2007), whilst 

miR-125b is also down-regulated by LPS and let-7e up-regulated by LPS in peritoneal 

macrophages (Till et ai, 2007; Androulidaki et al., 2009).
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The picture that is emerging from the literature and from my data regarding induction of 

miRNA by TLRs, points to cell type specificity in the patterns of induction which 

ultimately may relate to the function of these molecules. Take for example the down- 

regulation of let-7i by LPS in cholangiocytes. This serves to promote the expression of 

the let-7i target TLR4, thereby promoting an inflammatory response in these cells, 

required as these cells are the site of infection, particularly for the pathogen tested C. 

parvum, which was also shown to downregulate let-7i (Chen et ai, 2007). However, in 

peritoneal macrophages, the let-7i isoform let-7e was up-regulated by LPS to result in 

down-regulation of TLR4 (Androulidaki et ciL, 2009). Macrophages are the primary 

response cell to infection and at this stage overactivation of TLR4 can result in 

inflammatory damage to the host. Therefore, it makes sense for the host to begin to 

negatively regulate its response to the pathogen at this stage. Another example of how 

cell type specific induction of a miRNA can bring about distinct functions is of course, 

the induction of miR-155 in multiple cell types. Cell-type specific targets for miR-155 

are now emerging, for example the AID enzyme in B-cells (Dorsett et ai, 2008; Teng et 

al., 2008), SHIP-1 in macrophages (O'Connell et ai, 2009) and c-maf in T-cells 

(Rodriguez et al., 2007) which each in their own context, help miR-155 bring about its 

variety of functions in the inflammatory response.

Another interesting point regarding cell-type specificity in miRNA regulation is of 

course the mechanisms used by cells to regulate miRNA expression. Again, miR-155 

serves as a good example of this. It has been demonstrated that in macrophages p(I:C) 

induces miR-155 expression in a JNK-dependent manner, implying transcriptional 

control at the bic RNA transcript level (O'Connell et ai, 2007). However, LPS-induced 

miR-155 expression, although resulting in massive up-regulation of miR-155, actually 

occurs at the post-transcriptional level, and in this case LPS actually promotes 

processing of the pre-miR-155 transcript (Ruggiero et ai, 2009). Again, in B-cells, 

induction by all TLR ligands has been shown to induce pri-miR-155, implying 

transcriptional control (Thai et ai, 2007). Why multiple mechanism are utilised in the 

same cell type by different ligands and why in other cells different ligands can utilise
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the same mechanism remains unclear and highlights the fact, that whilst a clearer 

picture of which miRNAs are induced by TLRs in different cells, the mechanism 

utilised to bring this about and what this might mean for the functional consequences of 

this induction require, thankfully, further study. A summary of all the studies, including 

results obtained here, regarding induction of miRNA by TLRs, including the differences 

and specificities in each induction regarding cell type, mechanism of induction, mRNA 

targeting and immune function, is included in Table 5.1.

With respect to miR-21 and my results outlined in this thesis, there is much room for 

further study. Of particular importance is the investigation of the MyD88-dependent, 

NF)-:£-dependent mechanism which leads to up-regulation of miR-21. Particularly, the 

possibility of a role for post-transcriptional processing in this up-regulation, as has been 

shown for TGF-P mediated induction of miR-21, warrants examination. As stated 

previously, the exact molecular mechanisms whereby PDCD4 controls NFkB activity in 

cells requires further study as does the effect of miR-21 on this process. The results of 

my profiling screen in DC2.4 revealed that miR-146 is of paramount importance in this 

cell type, whereas miR-155 played a more important role in macrophages. The exact 

functional outcomes of this remain undetermined and may relate to the reported effects 

of miR-146 on the intracellular anti-viral RIG-I pathways and its reported effects on 

interferon production (Hou el a!., 2009) (Dai et ai, 2008). This is also an interesting 

area for future study.

The potential for translational control of many genes involved in TLR signalling is now 

only being realised. My findings regarding induction of miR-21 by TLRs, alongside 

recently published data on miR-146 and miR-155 and other miRNA, have highlighted 

the importance of post-transcriptional gene regulation to innate immunity. Taken 

together with such discoveries as the responsiveness of the translational inhibitor 

protein PDCD4 to LPS and its role controlling the anti-inflammatory cytokine IL-10, it 

is evident then that multiple mechanisms exist to counteract the strong effect of 

transcriptional activation of TLR-responsive genes to bring about a measured and 

balanced immune response. These control mechanisms rely on the interaction of
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genetically encoded sequences within RNA, such as miRNA-binding sites or complex 

5’UTRs, with specific inhibitory proteins or small targeting RNA molecules, which 

themselves are regulated by complex signalling pathways like TLR signalling, to result 

in fine-tuning of protein expression. It can be said then, that not all genetic information 

in TLR signalling, gets lost in translation.
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Figure 5.1 - Regulation of inflammatory mRNAs at the 5’UTR A) The role 

of eIF4 proteins in the process of translational initiation is illustrated. eIF4E 

binds the 5’cap of the mRNA. To facilitate this, eIF4A must unwind RNA 

secondary structure in the 5’UTR. eIF4G acts as a key scaffold protein to allow 

the concerted action of both these proteins. Subsequently, ribosomal 

recruitment and assembly occurs and translation of the mRNA begins. B) 

PDCD4 interferes with the process of translational initiation of the IL-10 

mRNA by binding both eIF4A and eIF4G. It has shown to inhibit eLF4A 

helicase activity. This blocks translational initiation and therefore IL-10 

produciton. C) The eIF4-BPs bind eIF4E and block its ineraction with eIE4G. 

This has been shown to block translational initiation of IRE7 mRNA.
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Figure 5.2 - Regulation of inflammatory mRNAs at the 3’UTR. A) Following 

translational initiation, the mRNA is decoded by the action of the ribosome and 

aminoacylated-tRNAs leading to the production of a genetically encoded 

polypeptide. In PDCD4 mRNA, a miR-21 site lies within the 3’UTR. This is 

targeted by mature miR-21 which recruits the RISC complex resulting in 

silencing of translation. The RISC has been shown to inhibit elF activity, block 

elongation of the protein and promote deadenylation of the mRNA. B) Cp mRNA 

contains a secondary structure motif in its 3’UTR known as a GAIT element. The 

GAIT complex is activated following IFN-y treatment and binds to this structure. 

Through the action of LI 3a, eIF4G is inhibited and translational initiation of Cpl 

mRNA is arrested. C) TNF-a 3’UTR contains an ARE which is bound by TTR 

This destabilizes mRNA. Following LPS treatment, the action of p38 MAP kinase 

inhibits the ARE-binding activity of TTP, thereby stabilizing TNE-a mRNA and 

promoting expression of TNF-a protein.
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Table 5.1 - Summary of TLR-responsive miRNA from various studies
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Supplementary Table 1 (SI) - Ct values and fold changes for each microRNA 
detected in miRNA PCR screen of DC2.4 stimulated with TLR ligands.

Mean Ct value (± s.d.) Mean fuld change compared to unstimulated (± s.d. )

SAMPLE:

microRNA unstim. oamCvs DolviiC LPS namCvs DOlvllC LPS

miR-9 35.59 ±.15 35.16±.10 35.97 ±.27 35.71 ±.21 0.82(0.61 - 1.63) 0.76 ( - ) 0.49(0.30-0.81)

miR-lOa 32.82 + .11 32.47 ± .29 33.05 ±.01 33.00 ±.11 0.94 ( - ) 0.84 (0.46-0.93) 0.47 (0.35 - 0.64)

miR-15a 29.64 ±.14 30.30 ±.10 29.53 ±.11 29.81 ± .09 0.39 (0.29 - 0.52) 0.90 (0.64 - 1.26) 0.47 (0.36-0.62)

miR-15b 27.91 ±.12 27.55 ±.14 28.14±.10 28.17±.12 0.78 (0.53- 1.14) 0.71 (0.52-0.97) 0.45 (0.32-0.62)

rTiiR-16 22.92 ± .90 22.46 ± .08 22.73 ±.14 22.62 ±.11 - - -

miR-17-3p 35.96 ±.18 34.24+.06 36.11 ±.17 35.42 ±.23 2.01 (1.57-2.58) 0.75(0.49- 1.17) 0.78 (0.45 - 1.33)

miR-17-5p 26.09 ±.10 26.04 ± .09 26.06 ± .09 25.76 ±.25 0.63 (0.47 - 0.84) 0.85 (0.63-1.14) 0.81 ( - )

miR-19a 25.75 ± .38 25.26 ±.12 26.95 ± .02 26.33 ± .30 1.05 ( - ) 0.43 ( - ) 0.43 ( - )

miR-20 27.74 ±.15 26.67 ±.12 27.41 ±.13 26.71 ± .10 1.27 (0.92- 1.76) 1.04 (0.72- 1.51) 1.09(0.81 - 1.45)

niiR-21 25.76 ± .04 23.64 ± .07 24.96 ± .04 23.71 ± .13 3.23 ( - ) 1.72 ( - ) 2.70 ( - )

miR-23a 27.84 ± .07 27.20 ± .08 27.74 ±.10 28.36 ± .04 0.95 (0.72- 1.24) 0.89 (0.65 -1.23) 0.37 (0.30 - 0.46)

miR-23b 28.32 ±.15 27.99 ±. 11 28.58 ±.10 28.18 ± .07 0.76 (0.56 - 1.05) 0.69(0.50-0.95) 0.59(0.46-0.75)

miR-25 27.44 ±.17 27.32 ±.02 27.49 ± .07 27.14 ±.07 0.66(0.53-0.81) 0.80(0.61 - 1.05) 0.66(0.51 -0.84)

miR-26a 28.72 ±.16 28.93 ±.14 29.55 ± .23 28.96 ± .28 0.53 (0.36-0.76) 0.47 (0.27-0.81) 0.58 ( - )

miR-26b 25.63 ± 26.04 ± 26.15 ± 26.07 ± 0.67 ( - ) 0.72 ( - ) .45 ( - )

miR-27a 28.89 ±.04 28.21 ±.04 28.14±.12 28.48 ±.16 0.98(0.74-1.29) 1.40 (0.98-1.98) 0.71 (0.47- 1.06)

miR-27b 28.40 ± .27 28.40 ± .13 28.55 ±.10 29.15 ±.25 0.61 (0.43-0.86) 0.75 (0.55 - 1.02) 0.32 (0.18-0.57)

miR-28 33.27 ±.15 32.51 ±.15 32.99 ±.10 32.96 ± .48 1.03 (0.70-1.51) 1.01 (0.73-1.40) 1.01 ( - )

miR-29a 27.69 ± .06 26.14 ± .22 27.63 ±.14 26.51 ±.16 1.78(1.06-2.99) 0.87 (0.59- 1.27) 1.21 (0.81 - 1.79)

miR-29b 29.85 ± .07 29.56 ± .25 29.44 ±.16 29.30 ± .08 0.74 (0.42- 1.33) 1.11 (0.73 - 1.68) 0.78(0.60- 1.03)

miR-29c 27.86 ± .07 26.75 ±.10 27.53 ±.19 26.79 ±.14 1.31 (0.98- 1.76) 1.04 (0.65-1.67) 1.13(0.78-1.62)

miR-30a-3p 32.00 ±.06 31.77 ±.14 32.08 ±.12 31.74 ±.09 0.72 (0.50 - 1.03) 0.79 (0.56-1.12) 0.64 (0.49 - 0.84)

miR-30b 27.10±.ll 26.82 ± .06 27.02 ±.11 26.76 ±.15 0.74 (0.58 - 0.94) 0.88 (0.64- 1.22) 0.68(0.46- 1.00)

miR-30c 27.76 ± .08 27.50 ± .07 27.76 ± .06 27.17 ±.07 0.88 ( - ) 0.83 (0.64- 1.08) 0.80(0.62- 1.04)
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miR-30d 27.79 ±.11 27.05 ± .07 27.72 ± .06 27.56 ± .04 1.01 (0.78-1.31) 0.87 (0.67- 1.13) 0.62 (0.50 - 0.77)

miR-30e 32.15 + .14 31.35±.15 32.72 ±.34 31.91 + .61 1.06 (0.72 - 1.56) .59( - ) 0.77 ( - )

miR-34a 31.93 + .04 31.73±.10 32.26 ±.10 32.30 ±.13 0.70 (0.52 - 0.94) 0.66 (0.48 - 0.91) 0.41 (0.29-0.58)

miR-92 26.83 + .12 26.11 ±.18 26.65 ± .08 26.57 ±.11 1.00(0.64-1.57) 0.94 (0.70 - 1.26) 0.64(0.47 -0.87)

miR-96 30.99 ±.10 31.11 ± .22 31.71 ±.16 31.15 ±.09 0.56 (0.34 - 0.94) 0.50 (0.33-0.77) 0.48(0.36-0.63)

miR-98 30.55 ±.12 30.32 ±.10 30.92 ± .06 30.12 ±.13 0.71 (0.53-0.97) 0.64(0.49-0.83) 0.72(0.51 - 1.03)

miR-99a 28.72 ±.16 28.37 ±.15 28.82 ± .27 28.23 ±.13 0.77 (0.53- 1.14) 0.61 ( - ) 0.75 (0.53- 1.05)

miR-lOO 28.35 ± .06 27.77 ± .08 27.78 ±.13 28.00 ± .08 1.11 ( - ) 1.46( ) 0.83 ( - )

miR-103 28.78 ±.08 28.83 ± .21 28.59 ±.14 28.71 ±.25 0.59(0.36-0.97) 0.95 (0.65-1.39) 0.68 ( - )

miR-106a 26.91 ±.03 25.88 ± .04 26.77 ±.18 25.98 ± .07 1.52 ( - ) 0.92(0.58- 1.46) 1.01 (0.79- 1.30)

miR-107 31.81 ±.14 36.59 ± .19 32.75 ±.17 32.53 ± .06 0.02 (0.01 -0.04) 0.44 (0.28 - 0.68) 0.32 (0.25-0.41)

miR-124b 31.88±.ll 33.93 ± .39 - 30.64 0.18( - ) - 1.26 (0.97- 1.63)

miR-125a 25.38 ± 25.27 ± 26.04 ± 24.75 ±

miR-125b 28.98 ± .05 28.80± .11 28.38 ±.11 28.16 ±.08 0.69 (0.50 - 0.94) 1.26 (0.91 - 1.74) 0.94(0.72- 1.23)

miR-126 32.77 ± .07 32.67 ± .06 33.37 ±. 11 33.00 ± .23 0.65 (0.51 -0.83) 0.55 (0.39-0.76) 0.45(0.27-0.78)

miR-128a 34.89 ±.13 34.58 ± .09 34.81 ±.21 34.75 ± .09 0.76 (0.56- 1.01) 0.88 (0.52-1.47) 0.59(0.45 -0.77)

miR-128b 35.81 ±.45 35.01 ±.32 36.15 ±.30 35.79 ±.21 1.29 ( - ) 0.78 ( - ) 0.66 (0.33 -0.89)

miR-129 33.35 ±.10 34.50 ± .20 34.75 ± .25 34.60 ± .22 0.27 (0.17-0.45) 0.32 (0.18-0.57) 0.22(0.13 -0.38)

miR-130a 35.91 ±.24 32.68 ± .23 35.37 ±.25 36.05 ± .20 5.71 (3.32-9.81) 1.20(0.66-2.19) 0.61 (0.37-0.99)

miR-130b 27.99 ±.10 28.16±.16 28.36 ±.15 27.91 ±.83 0.54 (0.43 - 0.96) 0.64 (0.43 - 0.96) 0.56(0.40-0.78)

miR-132 29.39 ± .04 29.34 ± .24 29.79 ± .08 29.42 ±.10 0.77 ( - ) 0.75 ( - ) 0.64 ( - )

miR-139 35.34 ±.11 33.97 ±.12 34.90 ± .08 34.72 ±.11 1.92 ( - ) 1.34( - ) 0.82(0.60 - 1.13)

miR-140 29.62 ±.12 29.69 ± .12 29.51 ±.13 29.32 ±.12 0.58(0.42-0.81) 0.90 (0.63-1.29) 0.66 (0.47 - 0.92)

miR-141 35.97 ±.11 35.79 ±.17 36.35 ±.29 35.18 ±.03 0.69 (0.45-1.05) 0.93 ( - ) 0.92 (0.74- 1.14)

miR-142-3p 25.53 ± .06 25.37 ±.13 25.78 ±.13 24.94 ±.13 0.68 (0.47 - 0.98) 0.70 (0.48 - 1.02) 0.81 (0.57-1.14)

miR-142-5p 29.12 ±.09 28.91 ±.22 29.33 ±.26 29.06 ± .08 0.70 (0.68- 1.47) 0.88 ( - ) 0.56(0.43-0.72)

miR-146 30.70 ±.15 26.49 ± .04 27.70 ±.19 26.18 ±.17 13.45 ( - ) 7.01 ( - ) 18.63 ( - )

miR-148a 35.37 ± .06 32.78 ±.17 35.32 ± .07 35.08 ± .25 3.68 (2.42-5.59) 0.87 (0.65- 1.16) 0.65(0.37 - 1.16)
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miR-149 33.58 + .14 34.04 ± .09 34.82 ±.12 34.30 ±.14 0.44 (0.33 - 0.59) 0.35 (0.25-0.50) 0.32(0.22-0.47)

miR-150 35.39 ±.21 35.39 ± .24 35.73 ±.25 35.65 ±.15 0.61 (0.34-1.09) 0.66(0.36-1.18) 0.45 (0.30 - 0.66)

miR-151 32.76 + .05 35.35 ± .09 33.43 ± .22 33.35 ±.10 0.10(0.08-0.13) 0.52 (0.30-0.90) 0.35 (0.26 - 0.47)

miR-152 33.27 ±
.25

34.14 ±.30 34.76 ±.12 33.79 ±.12 0.40 ( - ) 0.30 (0.21 -0.42) 0.37 (0.27-0.51)

miR-155 35.93 + .19 33.96 ± .21 34.00 ±.17 34.92 ± .20 3.59(2.22-5.78) 3.74 (2.18-6.40) 2.59(1.56-4.33)

miR-181a 30.73 ± .25 30.20 ±.19 29.69 ±.15 36.15 ±.41 1.00 (0.64 - 1.55) 1.52(0.91 -2.54) 0.02 ( - )

miR-18lb 29.14 ±.32 30.37 ±.16 29.71 ±.05 29.95 ± .04 0.39 (0.26-0.58) 0.66(0.44-1.00) 1.09 ( - )

miR-l81c 34.99 ± .09 35.18±.18 34.79 ±.16 35.75 ±.12 0.81 (0.53-1.22) 1.13(0.67-1.91) 0.76 (0.53- 1.11)

miR-182 30.04 ±.16 30.40 ±.11 29.82 ±.14 30.59 ±.14 0.71 (0.54-0.95) 1.15 (0.70-1.89) 0.88(0.58- 1.33)

miR-182* 34.61 ± .23 34.34 ± .14 34.41 ± .08 34.64 ±.15 1.11 (0.78- 1.57) 1.14(0.74- 1.74) 1.27 (0.82- 1.95)

miR-183 32.21 ±.09 32.73 ±.12 32.23 ± .27 32.68 ± .24 0.64 (0.47 - 0.88) 0.76 ( - ) 0.93(0.51 - 1.7!)

miR-185 33.88 ±.08 35.23 ±.18 34.11 ±.03 35.60 ±.18 0.36 (0.23 - 0.56) 0.69 ( - ) 0.39(0.24 -0.63)

miR-186 29.68 ±.14 29.83 ± .06 29.51 ±.04 34.39 ± .40 0.83 (0.68- 1.01) 1.11 (0.74-1.65) 0.04 ( - )

miR-189 36.64 ± .06 36.39 ± .22 35.12±.15 35.72 ± .24 1.09(0.66- 1.82) 2.84 (1.71 -4.70) 2.45(1.35-4.46)

miR-190 36.13±.I8 36.14 ± .47 35.94 + .25 .36.15 ±.14 0.69 ( - ) 1.12(0.57-2.20) 1.27 (0.85- 1.92)

miR-191 28.71 ±.04 28.10 ±.08 27.95 ± .05 28.06 ±.21 1.40(1.11 - 1.76) 1.37 ( - ) 2.03(1.19-3.48)

miR-193 26.95 ±.15 27.44 ± .18 27.15±.17 " 0.65 (0.43- 1.00) 0.86 (0.50-1.48) -

miR-194 32.47 ±.19 32.68 ±.18 36.39 ± .25 36.10 ±.28 0.79 (0.51 - 1.23) 0.07 (0.03-0.13) 0.06 ( - )

miR-195 31.12±.09 31.71 ±.33 31.39 ±.34 31.54±.21 0.96 ( - ) 1.45 ( - ) 1.21 ( - )

miR-199a 35.86 ± .07 35.50 ±.18 35.08 ± .25 35.34 ± .03 0.94( - ) 1.70 (0.87-3.32) l.I7( - )

miR-199a* 34.57 ±. 16 34.53 ±.21 33.94 ± .08 34.30 ±.18 0.95(0.59- 1.53) 1.53(1.00-2.34) 1.56(0.96-2.53)

miR-199s 35.41 ±.07 35.40 ± .23 35.14 ±.02 35.05 ± .03 0.93 (0.55-1.56) 1.06( - ) 1.04 ( - )

miR-200a 36.07 ± .22 35.33 ±.18 35.25 ±.12 35.84 ± .42 1.53 (1.00-2.36) 1.74(1.09-2.77) 1.I6( - )

miR-200c 35.42 ±.15 34.44 ± .08 34.74 ± .20 34.94 ± .09 1.81 (1.44-2.28) 1.58 (0.87-2.85) 1.80(1.28-2.53)

miR-210 30.50 ±.11 29.53 ± .03 30.97 ± .05 29.67 ±.12 1.80(1.52-2.13) 0.71 (0.48-1.07) 2.31 (1.57 -3.38)

miR-213 32.56 ± .29 33.16±.13 ' - 0.60 (0.44 - 0.84) ■ -

miR-214 35.44 ±.27 33.97 ± .05 34.20 ± .24 33.94 ± .06 2.55 (2.10-3.10) 2.33 (1.21 -4.48) 3.68(2.71 -5.00)

miR-215 34.77 ±.18 36.07 ± .35 35.78 ±.18 36.09 ±.12 0.27 ( - ) 0.49 (0.28-0.85) 0.52 (0.35-0.77)
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miR-219 35.18+ .29 36.18 ±.32 35.19 ±.27 35.64 ±.13 0.35 ( - ) 0.78 ( - ) 0.94 (0.64-1.39)

miR-221 28.50 ±. 10 27.62 ±.16 28.08 ±.14 - 1.69(1.16-2.47) 1.33 (0.81 -2.17) -

miR-222 28.25 + .17 27.44 ±.15 27.15 ±.05 28.52 ± .09 1.60(1.12-2.29) 2.10(1.40-3.16) 1.07 (0.77- 1.49)

miR-223 33.06 ±.17 33.40 ± .22 33.77 + 15 34.50 ± .30 0.73 (0.44- 1.20) 0.60(0.37- 1.00) 0.30 ( - )

miR-301 29.16 ±.15 30.86 ± .41 29.27 ± .08 - 0.21 ( - ) 0.91 (0.60-1.40) -

rTiiR-320 29.51 ±.10 29.46 ± .20 31.76±.17 29.67 ± .04 0.95 (0.60- 1.51) 0.21 (0.12-0.35) 1.16(0.87-1.55)

miR-326 31.69 ±.08 31.56 ±.32 - 32.90 ± .20 0.79 ( - ) - 0.56 ( - )

miR-328 32.47 ± .22 32.32 ±.13 32.02 ±.10 32.56 ± .06 1.02 (0.74 - 1.42) 1.35 (0.87-2.12) 1.22 (0.90-1.65)

ni)R-331 30.45 ± .09 30.32 ±.15 30.57 ±.11 30.85 ±.18 1.00 (0.70- 1.43) 0.91 (0.57- 1.43) 0.98 (0.61 - 1.57)

miR-338 34.43 ± .20 33.43 ± .15 34.06 ± .05 34.16 ±.09 0.46 (0.29 - 0.74) 0.64 (0.43 - 0.96) 0.78(0.56- 1.10)

miR-340 33.17 ±.07 32.93 ±.13 32.94 ±.12 33.19±.ll 1.09(0.79- 1.50) 1.16(0.73-1.84) 1.27 (0.88 - 1.84)

miR-373 35.91 ±.14 34.93 ±.18 35.82 ± .25 36.12 ±.01 1.81 (1.17-2.80) 1.05 (0.52 - 2.11) 1.42 ( - )

let-7a 26.76 ±.21 26.53 ±.12 26.80 ±.14 26.85 ± .05 1.07(0.89-1.29) 1.03 (0.79-1.35) 0.98 (0.81 -1.18)

let-7b 28.76 ±.11 27.76 ± .05 26.98 ± .05 27.93 ±.13 1.84(1.52-2.24) 3.01 ( - ) 2.30(1.55-3.43)

let-7d 27.27 ± .05 26.42 ± .25 26.09 ±. 10 26.39 ±.15 1.66 (0.94-2.91) 2.24(1.44-3.49) 2.40(1.56-3.68)

let-7e 33.80 ± .06 32.29 ±.15 32.65 ±.11 32.41 ±.18 2.62 (1.81 -3.80) 2.20(1.39-3.47) 3.40(2.09-5.55)

let-7g 28.43 ± .07 28.76 ± .09 28.83 ±.07 29.97 ±. 11 0.73 (0.80 - 1.25) 0.75 (0.49-1.13) 0.45 (0.31 -0.65)

let-7i 28.54 ± .23 28.56 ± .09 28.44 ±.18 28.37 ±.10 0.91 (0.71 - 1.16) 1.06 (0.61 - 1.86) 1.46(1.03-2.08)
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Supplementary Table 2 (S2) - List of miRNAs detected/not by TaqMan PCR
screen of DC2.4

miRNAs DETECTED AND
INCLUDED IN THE ANALYSIS

miRNAs NOT INCLUDED IN
ANALYSIS

miRNAs detected (96) miRNAs not detected (20)

miR-9 miR-9*

miR-lOa miR-34c

miRlSa miR-122a

miR-15b miR-133b

miR-16 miR-135a

miR-17-3p miR-135b

miR-17-5p miR-144

miR-19a miR-145

miR-20 miR-154

miR-21 miR-200b

miR-23a miR-205

miR-23b miR-216

miR-25 miR-218

miR-26a miR-296

miR-26b miR-302a

miR-27a miR-302d

miR-27b miR-323

miR-28 miR-335

miR-29a

miR-29b miRNAs not detected by human probes (34)

miR-29c miR-34b

miR-30a-3p miR-95
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miR-30b miR-104

miR-30c miR-105

miR-30d miR-124a

miR-30e miR-127

miR-34a miR-134

miR-92 miR-137

niiR-96 miR-147

miR-98 miR-154*

miR-99a miR-187

miR-100 miR-197

miR-103 miR-198

miR-106a miR-199b

miR-107 miR-203

miR-124b miR-204

miR-125a miR-211

miR-125b miR-220

miR-126 miR-224

miR-128a miR-302b

miR-128b miR-302b*

miR-129 miR-302c

miR-130a miR-302c*

miR-130b miR-325

miR-132 miR-330

miR-133b miR-337

miR-139 miR-367

tniR-140 miR-368

miR-141 miR-370
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miR-142-3p miR-371

miR-142-5p niiR-372

miR-146 miR-373*

niiR-148a miR-374

miR-149

miR-150 miRNAs used as negative controls 
(Georgantas et al.)

miR-151 cel-lin-4

miR-152 cel-lin-2

miR-155 ath-miR-2

miR-181a

miR-181b miRNAs not detected in unstimulated (5)

miR-183 miR-31

miR-186 miR-138

miR-189 miR-184

miR-190 miR-339

miR-191 miR-342

miR-193

miR-194

miR-195

miR-199a

miR-199a*

miR-199-s

miR-200a

miR-200c

miR-210

miR-213
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miR-214

miR-215

miR-219

miR-221

miR-222

niiR-223

miR-301

miR-320

miR-324-5p

miR-326

miR-328

miR-331

iniR-338

miR-340

miR-373

let-7a

lel-7b

let-7d

let-7e

let-7g

let-7i
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Supplementary Table 3 (S3) - Predicted murine miR-21 targets from TargetScan 
Version 5.2

Human ortholog 
of target gene

Gene name Conserved
sites
Total

GATAD2B GATA zinc finger domain containing 2B 2
GPR64 G protein-coupled receptor 64 2
ZNF704 zinc finger protein 704 2
SCML2 sex comb on midleg-like 2 (Drosophila) 1
YODl YODl OTU deubiquinating enzyme 1 homolog (S. 

cerevisiae)
2

PLAGl pleiomorphic adenoma gene 1 2
PJA2 praja 2, RING-H2 motif containing 1
SRL S areal u men in 1
DUSP8 dual specificity phosphatase 8 1
THRB thyroid hormone receptor, beta (erythrobla.stic leukemia 

viral (v-erb-a) oncogene homolog 2, avian)
2

PBRMl polybromo 1 1
GRAMD3 GRAM domain containing 3 1
SKI v-ski sarcoma viral oncogene homolog (avian) 1
SPRYl sprouty homolog 1. antagonist of EGF signaling 

(Drosophila)
1

KLF3 Kruppel-like factor 3 (basic) 1
RECK reversion-inducing-cysteine-rich protein with kazal 

motifs
1

AIMIL absent in melanoma 1-like 1
TRIM33 tripartite motif-containing 33 1
NFIB nuclear factor 1/B 1
FAM46A family with sequence similarity 46, member A 1
VCL Vinculin 1
UBE2D3 ubiquitin-conjugating enzyme E2D 3 (UBC4/5 

homolog. yeast)
1

PELIl pellino homolog 1 (Drosophila) 1
CCL22 chemokine (C-C motif) ligand 22 1
CHICI cysteine-rich hydrophobic domain 1 1
JHDMID jumonji C domain containing histone demethylase 1 

homolog D (S. cerevisiae)
1

SLC30A10 .solute carrier family 30, member 10 1
KBTBD6 kelch repeat and BTB (POZ) domain containing 6 1
SMAD7 SMAD family member 7 1
RABllA RABl lA. member RAS oncogene family 1
STAG2 stromal antigen 2 1
SPAG16 sperm associated antigen 16 1
PCSK6 proprotein convertase subtilisin/kexin type 6 1
GLIS2 GDIS family zinc finger 2 1
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C17orf39 chromosome 17 open reading frame 39 1
ACVRIC activin A receptor, type 1C 1
TNPOl transportin 1 1
FNIPI folliculin interacting protein 1 1
CPEB3 cytoplasmic polyadenylation element binding protein 3 1
TNRC6B trinucleotide repeat containing 6B 2
MAP3K1 mitogen-activated protein kinase kinase kinase 1 1
SOX5 SRY (sex determining region Y)-box 5 1
ELF2 E74-like factor 2 (ets domain transcription factor) 1
TGFBI transforming growth factor, beta-induced, 68kDa 1
CCLl chemokine (C-C motif) ligand 1 1
BCL7A B-cell CLL/lymphoma 7A 1
ASPN Aspirin 1
KIAA1012 K1AA1012 1
HMGN2 high-mobility group nucleosomal binding domain 2 1
PURB purine-rich element binding protein B 1
1L12A interleukin 12A (natural killer cell stimulatory factor 1, 

cytotoxic lymphocyte maturation factor 1, p35)
1

CASKINl CASK interacting protein 1 1
TlAMl T-cell lymphoma invasion and metastasis 1 1
JPHl junctophilin 1 1
NTF3 neurotrophin 3 1
PPP1R3B protein phosphatase 1. regulatory (inhibitor) subunit 3B 1
TNSl tensin 1 1
PLEKHAl pleckstrin homology domain containing, family A 

(phosphoinositide binding specific) member 1
1

C4orfl6 chromosome 4 open reading frame 16 1
ARHGAP24 Rho GTPase activating protein 24 1
UNKL unkempt homolog (Drosophila)-like 1
EPHA4 EPH receptor A4 1
PCBPl poly(rC) binding protein 1 1
ARHGEF12 Rho guanine nucleotide exchange factor (GEF) 12 1
KLHDC5 kelch domain containing 5 1
SATBl SATB homeobox 1 1
TBX2 T-box 2 1
SPG20 spastic paraplegia 20 (Troyer syndrome) 1
PITX2 paired-like homeodomain 2 1
SNX29 sorting nexin 29 1
PAN3 PAN3 polyA specific ribonuclease subunit homolog (S. 

cerevisiae)
1

LEMD3 LEM domain containing 3 1
MPRIP myosin phosphatase Rho interacting protein 1
CHD7 chromodomain helicase DNA binding protein 7 1
PAIP2B poly(A) binding protein interacting protein 2B 1
PCBP2 poly(rC) binding protein 2 1
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RASGRPl RAS guanyl releasing protein 1 (calcium and DAG- 
regulated)

1

FCH02 FCH domain only 2 1
SNTB2 syntrophin, beta 2 (dystrophin-associated protein Al, 

59kDa, basic component 2)
1

ZNF367 zinc finger protein 367 1
K1AA1486 KIAA1486 protein 1
PDCD4 programmed cell death 4 (neoplastic transformation 

inhibitor)
1

ACVR2A activin A receptor, type IIA 1
PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1 (alpha) 2
JAGl jagged 1 (Alagille syndrome) 1
RHOB ras homolog gene family, member B 1
BMPR2 bone morphogenetic protein receptor, type II 

(serine/threonine kinase)
1

FASLG Fas ligand (TNF superfamily, member 6) 1
RMND5A required for meiotic nuclear division 5 homolog A (S. 

cerevisiae)
1

NOTCH2 Notch homolog 2 (Drosophila) 1
PPARA peroxisome proliferator-activated receptor alpha 1
SPRY2 sprouty homolog 2 (Drosophila) 1
RFFL ring finger and FYVE-like domain containing 1 1
INKS tankyrase, TRFl-interacting ankyrin-related ADP-ribose 

polymerase
1

BOLL bol, boule-like (Drosophila) 1
RBMS3 RNA binding motif, single stranded interacting protein 1
MAP2K3 mitogen-activated protein kinase kinase 3 1
MRPL49 mitochondrial ribosomal protein L49 1
CBX4 chromobox homolog 4 (Pc class homolog. Drosophila) 1
LOCI 53364 similar to metallo-beta-lactamase superfamily protein 1
TIMP3 TIMP metallopeptidase inhibitor 3 (Sorsby fundus 

dystrophy, pseudoinflammatory)
1

CNTFR ciliary neurotrophic factor receptor 1
PAGl phosphoprotein associated with glycosphingolipid 

microdomains 1
1

POM121C POM121 membrane glycoprotein C 1
POM121 POM121 membrane glycoprotein (rat) 1
RSP02 R-spondin 2 homolog (Xenopus laevis) 1
EFIDl EH-domain containing 1 1
SOX2 SRY (sex determining region Y)-box 2 1
FBXOll F-box protein 11 1
CD44 CD44 molecule (Indian blood group) 1
YAPl Yes-associated protein 1, 65kDa 1
KRITl KRITl, ankyrin repeat containing 1
FAM63B family with sequence similarity 63. member B 1
WWPl WW domain containing E3 ubiquitin protein ligase 1 1
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SFRS3 splicing factor, arginine/serine-rich 3 1
RBPJ recombination signal binding protein for 

immunoglobulin kappa J region
1

ATPAFl ATP synthase mitochondrial El complex assembly 
factor 1

1

BTG2 BTG family, member 2 1
ZFP36L2 zinc finger protein 36, C3H type-like 2 1
MBNLl muscleblind-like (Drosophila) 1
RELLl RELT-like 1 1
EGR3 early growth response 3 1
LRRC57 leucine rich repeat containing 57 1
MSL-1 male-specific lethal-1 homolog 1
BAHDl bromo adjacent homology domain containing 1 1
E1F4EBP2 eukaryotic translation initiation factor 4E binding 

protein 2
1

N-PAC cytokine-like nuclear factor n-pac 1
OLRl oxidized low density lipoprotein (lectin-like) receptor 1 1
TAGAP T-cell activation RhoGTPase activating protein 1
PPP3CA protein phosphatase 3 (formerly 2B), catalytic subunit, 

alpha isoform
1

MATN2 matrilin 2 1
STK40 serine/threonine kinase 40 1
ASFIA ASEl anti-silencing function 1 homolog A (S. 

cerevisiae)
1

THBD Thrombomodulin 1
BCLllB B-cell CLL/lymphoma 1 IB (zinc finger protein) 1
CDC25A cell division cycle 25 homolog A (S. pombe) 1
RAB6A RAB6A, member RAS oncogene family 1
NBEA Neurobeachin 1
PHF14 PHD finger protein 14 1
FAM107B family with sequence similarity 107, member B 1
ALXl ALX homeobox 1 1
OSRI odd-skipped related 1 (Drosophila) 1
PDZD2 PDZ domain containing 2 1
BCL2 B-cell CLL/lymphoma 2 1
1TGB8 integrin, beta 8 1
ZCCHC3 zinc finger, CCHC domain containing 3 1
SOX7 SRY (sex determining region Y)-box 7 1
KCNAl potassium voltage-gated channel, shaker-related 

subfamily, member 1 (episodic ataxia with myokymia)
1

ABCD2 ATP-binding cassette, sub-family D (ALD), member 2 1
AP3M1 adaptor-related protein complex 3, mu 1 subunit 1
HNRNPU heterogeneous nuclear ribonucleoprotein U (scaffold 

attachment factor A)
1

CCDC34 coiled-coil domain containing 34 1
TERP2 telomeric repeat binding factor 2 1
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CREBL2 cAMP responsive element binding protein-like 2 1
GATA2 GATA binding protein 2 1
PRPF4B PRP4 pre-mRNA processing factor 4 homolog B (yeast) 1
TGFBR2 transforming growth factor, beta receptor 11 (70/80kDa) 1
DNAJC16 DnaJ (Hsp40) homolog, subfamily C, member 16 1
RPS6KA3 ribosomal protein S6 kinase, 90kDa, polypeptide 3 1
DNAJA2 DnaJ (Hsp40) homolog, subfamily A, member 2 1
MSXl msh homeobox 1 1
NFAT5 nuclear factor of activated T-cells 5, tonicity-responsive 1
SMARCDI SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily d. member 1
1

CXCLIO chemokine (C-X-C motif) ligand 10 1
ZADH2 zinc binding alcohol dehydrogenase domain containing

2
1

DCUN1D3 DCNl, defective in cullin neddylation 1, domain 
containing 3 (S. cerevisiae)

1

BNC2 basonuclin 2 1
CDK6 cyclin-dependent kinase 6 1
BRWDl bromodomain and WD repeat domain containing 1 1
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Modulation of microRNA by Toll-like receptors

Frederick J. Sheedv. Luke AJ O'Neill, School of Biochemistry & Immunology, Trinity College Dublin, Dublin 
2, Ireland

MicroRNAs (miRNA) have recently emerged as a novel class of negative regulators of gene expression. 
They have been shown to have roles in cellular development, growth and differentiation. More recently 
microRNAs have emerged as key regulators of the immune response. More specifically, activation of the 
key pathogen recognition receptors. Toll-like receptors (TLRs) has been shown to induce the expression of 
two miRNA, miR-146 and miR-155. miR-146 functions to negatively regulate the expression of two key 
TLR-signalling proteins, IRAK-1 and TRAF-6. miR-155 expression is required for appropriate B-cell and 
Thi responses and may also stabilise TNF-a expression and negatively target the key transcription factor 
c-Maf.

We have examined the expression of 150 microRNA in murine dendritic cells following treatment with 
ligands for Toll-like receptors (TLRs) by TaqMan PGR. As well as confirming the induction of miR-146 and 
miR-155 we have demonstrated that miR-21 is strongly up-regulated in dendritic cells following TLR 
activation. The induction of miR-21 is later than miR-146 or miR-155 and is NFkB dependant. The 
induction of miR-21 by TLR ligands also occurs in murine macrophages as well as primary human cells 
and a human glioblastoma cell line.

miR-21 has been shown to be up-regulated in many human cancers and targets the tumour suppressor 
genes tropomyosin, PDCD4 and PTEN. We have examined the expression of both the cytoskeletal protein 
tropomyosin and the tumour suppressor protein PDCD4 in dendritic cells following TLR activation and 
found both are induced. However at later time points levels of both tropomyosin and PDCD4 protein 
decrease. This decrease is miR-21 dependant. miR-21 has been implicated in the control of cell migration 
in cancer through its control of the above proteins. We demonstrate here that TLR activation induces 
migration in dendritic cells and this process can be affected by miR-21. Profiling of the actin cytoskeleton 
by phalloidin staining reveals the occurrence of many lamellapodia and microspikes following TLR 
stimulation which are not as obvious at later time points and the influence of miR-21 on this process is 
being investigated.

We propose that following TLR activation the actin-binding protein tropomyosin and PDCD4 are induced to 
promote cellular migration and rearrangement of the actin cytoskeleton as seen in other cell types. miR-21 
is also induced at later timepoints and this functions to negatively regulate expression of tropomyosin and 
PDCD4. The resulting decrease in both tropomyosin and PDCD4 protein levels leads to a decrease in cell 
migration and a stability of the actin cytoskeleton.

We have not only identified new components of TLR signalling but also novel processes which regulate 
key events downstream of TLR activation.
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Frederick J. Sheedv. Luke AJ O’Neill, School of Biochemistry & Immunology, Trinity College 
Dublin, Dublin 2, Ireland

MicroRNAs (miRNA) have recently emerged as a novel class of negative regulators of gene 
expression. They have been shov\/n to have roles in cellular development, growth and 
differentiation. More recently microRNAs have emerged as key regulators of the immune 
response. More specifically, activation of the key pathogen recognition receptors. Toll-like 
receptors (TLRs) has been shown to induce the expression of two miRNA, miR-146 and miR- 
155. miR-146 functions to negatively regulate the expression of two key TLR-signalling proteins, 
IRAK-1 and TRAF-6. miR-155 expression is required for appropriate B-cell and Thi responses 
and may also stabilise TNF-a expression and negatively target the key transcription factor c- 
Maf.

We have examined the expression of 150 microRNA in murine dendritic cells following 
treatment with ligands for Toll-like receptors (TLRs) by TaqMan PGR. As well as confirming the 
induction of miR-146 and miR-155 we have demonstrated that miR-21 is strongly up-regulated 
in dendritic cells following TLR activation. The induction of miR-21 is later than miR-146 or miR- 
155 and is NFkB dependant. It occurs in murine macrophages as well as primary human cells 
and a human glioblastoma cell line.

miR-21 has been shown to be up-regulated in many human cancers and targets the tumour 
suppressor genes tropomyosin and PTEN. We have examined the expression of tropomyosin in 
dendritic cells following TLR activation and found it is rapidly induced. However at later time 
points tropomyosin protein levels decrease. This decrease may be miR-21 dependant. Profiling 
of the actin cytoskeleton by phalloidin staining reveals the occurrence of many lameilapodia and 
microspikes following TLR stimulation which are not as obvious at later time points.

Our current hypothesis is that following TLR activation the actin-binding protein tropomyosin is 
regulated by miR-21 leading to a decrease in cell migration and in the stability of the actin 
cytoskeleton.
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