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RNA Pol RNA polym erase
SARM SAM and ARM-containing pro tein
SDS Sodium Dodecyl Sulphate
SEM Standard e r ro r  of the  m ean
SHIP-1 Src homology-2 dom ain-conta ining inositol 5- 

phosphatase  1
SiRNA small interfering RNA
snoRNA small nucleolar RNA
SOCS Suppressor of Cytokine Signalling
STAT-3 signal tran sducer  and activator of transcr ip tions
TAB TAKl binding protein
TAK TGFp-activated kinase
TBK-1 Tank binding kinase -1
TBS Tris buffered saline
TBST Tris buffered saline/TWEEN
TEMED N, N, N', N’, - T etram ethy le thy lened iam ine
TF transcrip tion  factor
TCR T cell receptor
TGF-p tum o u r  grow th factor-(B
Th T helper
TIR Toll-IL-1 recep tor
TLR Toll like receptor
TNF Tum our necrosis factor
TRAF TNF-receptor associated factor
Treg T regula tory  cell
TRIF TIR dom ain-containing adap to r  inducing lFN-(3
Tris Tris(hydroxym ethy!)am inom ethane
tRNA transfer  RNA
TRAM TRIF-related ad ap to r  pro tein
UTR untransla ted  region
v /v Volume per volum e
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Abstract

MicroRNA-155 (miR-155) is highly expressed in m any  cancers such as B cell 

lym phom as and myeloid leukaemia, and inflam m atory d isorders  such as 

rheum ato id  arthritis , atopic derm atitis  and multiple sclerosis. The role of 

miR-155 as both a p rom oter  of inflammation and an oncogenic agent 

provides a clear need for miR-155 itself to be s tringently  regulated. We 

therefore investigated the transcrip tional regulation of miR-155 in response  

to the respective pro- and anti-inflam m atory m ediato rs  LPS and IL-10. 

Bioinformatic analysis revealed Ets binding sites on the  miR-155 prom oter, 

and we found th a t  Ets2 is critical for miR-155 induction by LPS. Truncation 

and mutational analysis of the  miR-155 p rom oter  confirm ed the role of the 

Ets2 binding site proximal to the transcrip tion  s ta r t  site for LPS 

responsiveness. We observed increased binding of Ets2 to the miR-155 

p rom oter  and Ets2 deficient mice displayed decreased  induction of miR-155 

in response  to LPS. lL-10 is an inhibitor of the induction of miR-155 by LPS. 

We found th a t  the mechanism  of inhibition involves a decrease  in the 

induction of Ets2 mRNA and pro tein  by LPS, the reby  decreasing Ets2 function 

on the pri-155 prom oter. We have thus identified Ets2 as a key novel 

regula tor in both  the positive and negative control of miR-155 in the 

inflamm atory response.
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Chapter 1 - Introduction

1.1 Immunity

1.1.1 The Immune System

The body is pro tec ted  from infectious agents and o the r  harmful substances 

and the dam age they  can cause by a reperto ire  of effector cells, molecules and 

defence m echanisms, which together  constitu te the  highly developed and 

efficient im m une system. This system has evolved in v er teb ra tes  to not only 

defend against infection, bu t also recognise w hen an infection has occurred, 

distinguishing self from non-self to recognise w h a t necessita tes  an im m une 

response  to be initiated.

For this system  to be effective it m ust fulfil a n um ber  of criteria  including 

immunological recognition, effector function, regulation and memory. 

V ertebrates  possess tw o com ponents  of the ir  im m une system, the  innate and 

the adaptive im m une response. The innate im m une system  is essential for 

initial encoun te r  and recognition, and the adaptive im m une system  will be 

initiated by the  innate response  if the infection cannot be cleared. Adaptive 

im m unity  is extrem ely specific, relying on antigen-specific receptors, and will 

resu lt in immunological m em ory  to allow a m ore rapid response  in the  event 

of re-infection. Innate im m unity is therefore the frontline of defence.

1.1.2 Innate Immunity

Principal cells of the innate  im m une system are  m acrophages  and dendritic  

cells which have the ability to assess the na tu re  of the  pathogen  infecting the 

body and m oun t an app rop ria te  im m une response, a feat of which the 

adaptive is incapable, its pow er lying in its enorm ous variability of antigen 

recognition (Janeway and Medzhitov, 2002). Innate im m une recognition 

relies on a limited num ber  of germ line-encoded receptors . Pattern 

Recognition Receptors (PRRs), which have evolved to recognise conserved 

products  of microbial m etabolism  produced by microbes bu t  no t by the host
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(Janeway and Medzhitov, 2002). This enables the  im m une system  to 

d ifferentiate infectious non-self from non-infectious self, a vital distinction. 

Cells of the innate  im m une system  will subsequen tly  m igrate  to lymphoid 

organs and  p resen t antigens of microbial organisms, via antigen presenting 

cells (APCs), to cells of the adaptive im m une system, thus informing and 

instructing the ir  response  against the invading pathogen. The adaptive 

system  then  has the capacity to respond, resulting in clearance of infection 

and immunological memory; speeding up responses  in the even t of a repea t 

encounter.

1.1.3 Pathogen Associated Molecular Patterns (PAMPs)

Pathogens are  crucially recognised based on recep to rs  for the ir  conserved 

pathogen associated molecular pa tte rns  (PAMPs). These PAMPs are  highly 

conserved molecular com ponents, widely expressed  by classes of misrobes, 

and often essential for its survival. Prototypical PAMPs include 

lipopolysaccharide (LPS), a cell wall com ponent shared  by all classes of gram- 

negative bacteria, bacterial flagellin, and double -s tranded  RNA (dsRNA), a 

nucleic acid varian t normally  associated with viruses. PAMPs are  sensed by 

evolutionarily conserved, germline-encoded host sensors  know n as pathogen 

recognition recep tors  (PRRs) (Janeway, 1989b).

1.1.4 Pattern Recognition Receptors

The Pattern  Recognition receptors  (PRRs) are  the frontline of innate  im m une 

defence, highly specific receptors  at the forefront of an  im m une system  tha t 

w as once believed to be largely non-specific. Recognition of a PAMP by a PRR 

is usually the first indicator tha t there  is an infection in the host, and  signals 

the requ irem en t for initiation and orchestra tion  of an  efficient im m une 

response (Janeway, 1989b). PRRs can also respond to Damage Associated
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Molecular Patterns  (DAMPs), endogenous molecules released  from dam aged 

cells (Janeway, 1989a), and thus m ount the ap p rop ria te  action.

PRRs can be expressed on cell surfaces, in intracellular com partm ents , or as 

secre ted  recep to rs  released into the tissue fluids and  the  blood s tream  

(Medzhitov and |anew ay, 1997]. Their functions are  d iverse and include 

opsonisation, com plem ent and coagulation activation, phagocytosis, 

apoptosis  induction, and crucially the activation of proinflam m atory  

signalling cascades. This well researched  group of recep to rs  exists as a family 

of four; Toll-like receptors  (TLRs), Nod-like recep to rs  (NLRs), Rig-I-like 

recep tors  (RLRs), and C-type lectin receptors  (CLRs) (Palsson-M cDermott 

and O'Neill, 2007, Kawai and Akira, 2010).

Nuclear Localisation and binding domain (NOD)-like recep to rs  (NLRs) are  a 

family of intracellular receptors  with key roles in recognising both 

in tracellu lar microbial motifs and also danger motifs in the  forms of'DAMPs'. 

Their m ajor structura l com ponents  include a ligand-binding C-terminal 

leucine rich repeat, a central NBS (nucleotide-binding site), and an N- 

term inal effector domain, com posed of a CARD (caspase rec ru i tm en t domain) 

or a PYD (pyrin domain) (Fritz e t al., 2006). In addition  to recognising the 

degrada tion  products  of bacterial cell-wall com ponents , ano th e r  key role for 

the NLRs is m ediated  though the functional subclass w hich can form the 

inflammasome, resulting in the activation of Caspase-1 and cleavage of IL-1|3 

and IL-18 into the ir  activated forms. Recent studies also reveal th a t  NLRs can 

have negative effects on immunity, such as NLRC3, w hich inhibits STING 

(Stim ulator of in terferon  genes) (Zhang etal., 2014).

RIG-I-like recep to rs  are  ano ther  class of intracellular PRRs, which recognise 

viral RNA. There  are  th ree  RLRs, RIG-1 and MDA-5 which sense  ds-RNA, and 

LGP-2, which lacks the CARD domain necessary  to induce a cellular response, 

bu t is necessary  for effective RIG-I and MDA5-mediated antiviral responses  

(Schlee, 2013, Satoh e t al., 2010).
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A nother family of PRRs are the C-type lectin recep tors  (CLRs), which bind to 

carbohydra te  in a calcium -dependent m anner. Prototypical m em bers  include 

D ectinl, Dectin2 and DC-sign (dendritic cell-specific ICAM3-grabbing non- 

integrin). The CLRs exist as both m em brane  bound and soluble forms, and 

are  im portan t for sensing of fungal infections, with Dectin-1 the  key recep tor 

for (3-glucan (Dennehy and Brown, 2007, Saijo e t a!., 2007). Signalling via 

CLRs induces production of cytokines and  chemokines, and  consequently  

shapes  the  adaptive im m une responses. Studies have also d em onstra ted  tha t 

CLRs play an im portan t role in the developm ent of anti-inflam m atory 

responses  and the m ain tenance of host im m une-hom eostas is  (Yan et al., 

2013).

Toll like recep to rs  are  the key im m une signalling m ediato rs  investigated in 

this study, and thus will be discussed in further detail in the subsequen t 

section.

1.2 Toll Like Receptors (TLRs)

1.2.1 Discovery and Diversity of TLRs

Despite the  clear knowledge tha t LPS could trigger an im m une response  in 

the host, the recep tor  requ ired  for recognition of this conserved  microbial 

p roduc t rem ained  elusive for m any years, until the  discovery of Toll-Like 

recep to rs  revolutionised our unders tand ing  of im m une recognition.

These essential and conserved innate im m une recep tors  orig inated with the 

d iscovery  of Toll '  in the fruit fly Drosophila, nam ed by Nusslein-Volhard in 

1985 (A nderson et al., 1985) first established as a pro te in  th a t  established 

polarity  during  the developm ent function of the fruit fly. It was subsequently  

d iscovered to play a role in fungal sensing in Drosophila, resulting in 

synthesis  of microbial peptides, the first h in t th a t  it m ay act as a recep to r  for 

pathogen  sensing (Lemaitre et al., 1996). The first hum an  hom ologue (hToll) 

was revea led  in 1997, a hum an form of Drosophila Toll protein , which
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signalled activation of adaptive immunity. It was uncovered to be a 

transm em brane protein with an extracellular leucine rich domain, and 

homologous cytoplasmic domain similar to that of the ILl receptor 

(Medzhitov et al., 1997), and termed the Toll-ILl receptor (TIR) domain. Up 

to this point, the innate response was thought to be largely non-specific, and 

mechanisms of action were poorly understood. Toll functions in the fly to 

sense fungal infections, and the homologous human Toll was exposed, now 

termed Toll-like-receptor 4, to be the elusive central receptor for bacterial 

LPS. TLR4 signals the presence of bacterial LPS by associating with CD14, the 

macrophage receptor for LPS and MD-2. Sequencing studies subsequently 

revealed mice resistant to LPS had a mutated TLR4 gene, a breakthrough in 

this field (Poltorak et al., 1998].

Twelve TLRs have been described to date in humans and mice, differing in 

ligand specificities, expression patterns, and induction of target genes. Figure 

1.1 shows some of the TLR family and their ligands.
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Diacyl Triacyl
L ip o p e p t id e s  L ip o p e p t id e s  LPS

Tl R l / 2 TLR2/6 TLR4

Flagellin
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Profi lin

TLRIO T L R l l

M e t h y l a t e d  
CpG DNA dsRNA

ssRNA

TLR3TLR9
TLR4 TLR7 o r  8

Figure 1.1 TLRs and their ligands

TLRs bind a repertoire of individual PAMPs, both on the cell surface 
[T L R l/2 /6 /4 /5 /1 0 /1 1 )  and in endosomes (T L R 3/4 /7 /8 /9 ) . The TLRs have 
evolved to sense a wide variety of conserved products of microbial 
metabolism. Pathogen Associated Molecular Patterns (PAMPs) bind to the 
TLRs as illustrated, and initiate immune responses.
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1.2.2 TLR signalling

The TLRs a re  tran s-m em brane  receptors  th a t  function as the initiation point 

for signal transduction  following pathogenic attack. TLRs im pact on all the 

major aspects  of host defence including; antigen processing and presenta tion, 

co-stimulation of T cells (T hl,  Th2 and T-regs), T and B and NK cell 

activation, and inflammation. They genera te  p roduction  of a m ultitude of 

gene products  functioning in host defence, along with effector molecules 

directly capable of destroying pathogens, such as anti-microbial peptides and 

inducible nitric oxide synthase  (Thoma-Uszynski e t al., 2001).

The TLRs function through a num ber of ad ap to r  molecules capable of 

transducing  the  signal to the nucleus to activate NFkB and  hence the vast 

a rray  of genes which will resu lt in pathogen clearance. TLRs such as TLR4 

will hom odim erise  at the cell surface by their TIR dom ains following LPS 

binding. Cytosolic adap to rs  also containing this TIR dom ain have the ability 

to dock and in teract with TLRs. This family of cytosolic receptors  is 

com prised of; Myeloid Differentiation factor 88 (MyD88), the first m em ber to 

be discovered (Wesche et al., 1997), MyD88 adap to r  like (MAL), TIR domain 

containing adap to r  inducing IFN-p (TRIP), TRIP related a d ap to r  molecule 

[TRAM), Sterile a  and HEAT-Armadillo motifs (SARM), a negative regula tor of 

TRIP (O'Neill e t al., 2003) and the m ore recently discovered B-cell adap te r  for 

PI3K (BCAP) (Troutm an et al., 2012). MyD88 w as the  first adap to r  

discovered and  is required  by all TLRs bar TLRS and TLR4. MyD88 knock out 

mice w ere  found to be completely res is tan t to endotoxic shock, how ever cells 

s tim ulated w ith  LPS and Poly I:C still induced residual activation of NPkB, 

JNK and p38, leading to discovery of a MyD88 ind ep en d en t pathw ay 

(Shimada e t al., 1999). The M yD88-dependant signal transduc tion  pathw ay  

briefly occurs as follows. MyD88 TIR dom ains dock to TIR dom ains of TLRs 

tha t have dim erised, or in the case of TLR2 and 4, the  TIR dom ain of MAL. 

ILIR associated  kinase (IRAK) is activated th rough  in teraction  of its death 

domain (DD) with the DD of MyD88, and IRAK can then  phosphoryla te  

IRAKI, w hich has also been recruited  through its DD. MyD88 forms a protein
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complex w ith  kinases of the IRAK family called the m yddosom e (M otshwene 

e t  al., 2009) which will initiate a cascade of signalling events resulting in 

p roduction  of pro inflam m atory  cytokines and chemokines. IRAKI recruits  

and activates Tum our necrosis factor recep tor  associated factor 6 (TRAF6), 

which subsequen tly  recruits  TGPp activated kinase 1 (TAKl). Both form a 

complex w ith  ubiquitylating factors leading to ups tream  kinases such as the 

MAP Kinases and MEK becoming activated, in tu rn  activating p38 and JUN N- 

te rm inal kinase (JNK), resulting in transcrip tional activation. The 

ubiquitina tion  o fT A K l leads to the inhibitor of NFkB kinase (IKK) complex 

becom ing active, ta rge ted  for polyubiquitination and degradation, allowing 

release of NFkB into the  nucleus. NFkB is a vital partic ipan t in regulating the 

transcrip tion  of genes involved in im m unity  and in particu la r  inflam.mation 

(O'Neill e t al., 2003).

It w as originally thought th a t  Mai w as not requ ired  for signalling from 

endosom al com partm en ts  (Yamamoto et al., 2002), and  w as exclusively a 

p lasm a m em brane  signalling adaptor. It was unclear thus  how  MyDB8- 

d e p en d a n t  responses  are  initiated by endosom al TLRs, and how  the 

m yddosom e can assem ble from multiple locations. This question  has recently 

been investigated, and the au thors  found tha t Mai is in fact an adap to r  

playing a role a t  both the plasma m em brane  and a t endosom es (Bonham et 

al., 2014), and it is the ability of Mai to bind m any lipids species which directs 

in to d ifferen t organelles, allowing it to function from m ultiple com partm en ts  

of the cell.

TLRS has the  capacity to signal th rough  the  a forem entioned  MyDSB- 

in d ep en d en t pa thw ay  m ediated by TRIP, and TLR4 also has the  capacity to 

use th is route. This pathw ay  takes a distinct route  to NPkB activation, instead 

culm inating in the transcrip tion  of IFN-fB by IPN-sensitive response  elem ents 

(ISREs) (Honda and Taniguchi, 2006, O'Neill and Bowie, 2007). This occurs 

w hen  TRIP recruits  RIP-1. TRIP contains a receptor-inducing  pro tein  (RIP) 

w ithin its C-terminus, which recruits  RIP-1 which is capable of activating IKK 

(O'Neill and  Bowie, 2007). TRIP will bind to TRAP, along w ith  NAK associated
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pro te in  (NAPl) and TANK binding k in a se l  (TBKl). In terferon  regula tory  

factors (IRFs) a re  of vital im portance in TLR signalling. TBKl will 

phosphory la te  the transcrip tion  factor IRFS, which hom odim erises  and 

activates the aforem entioned  ISREs, concluding in the p roduction  of type 1 

IFNs and IFN-inducible genes. Studies on MyD88‘/ ‘ mice reveal critical 

inform ation th a t  adjuvants, vital in the m ajority of vaccines, m ay exert  their 

effects th rough  TLR stim ulation (Schnare et al., 2001), how ever m ore  recent 

s tudies have show n this is largely adjuvant d ep en d an t (Gavin et al., 2006). 

The TLR signalling pathw ays are  illustrated briefly in Figure 1.2.
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MyD88
j  MyD88MyD88

TRAM

My088

TRAF6
TRAF6

NFkB NFk B

■> lnf1ammatot7 Cytokines •--------► IFN-lnducible genes

Figure 1.2 TLR signalling

Various TLR ligands bind to their receptors as illustrated, in itia ting a 
downstream signalling cascade. Membranal TLRs recognise external ligands, 
while endosomal TLRs recognise intracellular signals. Upon activation, the 
majority o f TLRs induce activation o f NF-kB and cytokine production in a 
MyD88-dependent manner; while TLR4, like TLRS, can also signal in a 
MyD88-independent manner and induce the expression of type 1 interferons 
(IFN] and IFN-inducible proteins in addition to a late phase NF-kB activation. 

Induce/translocate
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1.2.3 TLR4

The hum an  homologue of Drosophila Toll, now  te rm ed  TLR4, is a very  well 

docum ented  and  s tudied TLR. LPS is not the only ligand for this receptor, 

w ith the envelope pro tein  from mouse m am m ary  tum o u r  virus (MMTV) 

(Rassa e t al., 2002] and fusion (F) protein  from resp ira to ry  syncytial virus 

(RSV) (Kurt-jones et al., 2000) also inducing TLR4 responses. In addition, 

endogenous molecules have also been docum ented  to in te rac t both  directly 

and indirectly w ith TLR4, including heat-shock pro te ins  (Ohashi e t al., 2000) 

and hyaluronic acid (Term eer e t al., 2002). LPS is the prototypical PAMP tha t 

stim ulates  TLR4, and the best researched  to date. It is com posed of three  

main parts, the lipid A com ponent, which is the p redom inan t PAMP of LPS, a 

core oligosaccharide, and an 0  side chain (Raetz and Whitfield, 2002).

LPS can induce systemic inflammation and life th rea ten ing  sepsis if excessive 

and unregula ted  signals occur. M acrophages play a critical role in the 

response  to LPS via TLR4. Once activated by LPS, a m acrophage will release a 

series of inflam m atory m ediators  including TNF-a, IL-6, IL-1, NO, and 

reactive oxygen. This robus t  cytokine response  is beneficial for clearing 

bacterial infections a t the local level b u t  can cause severe systemic 

inflamm ation and shock at higher challenge doses. The im m une system  has 

often been  referred  to as a double-edged sword; it is essential for sufficient 

detection and response  to infection, bu t left un res tra ined  it can cause severe 

dam age to the  body, and even death.

The TLR response  is there fore  meticulously regulated a t num erous  levels 

including soluble decoy receptors, in tracellu lar negative regulators, 

tran sm em b ran e  protein  regulators, caspase m ediated  apoptosis, and 

ubiquitylation (Liew e t al., 2005). This fine immunological balance m ust be 

m ain tained  a t  all times in o rd e r  to avoid excessive or insufficient im m une 

responses.
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1.3 Transcription factors in the immune response

The inflammatory response is a complex and tightly orchestrated response 

involving multiple levels of control. A fundamental point of its regulation 

occurs at the level of gene expression. In response to ligation of TLR4 by LPS, 

hundreds of genes are switched on and off quite rapidly. This complex 

transcriptional response operates at many different levels and allov\/s for 

regulation both coordinated and independently (Medzhitov and Horng, 

2009].

Transcription factors regulate the transcription of particular genes by affinity 

binding to specific recognition motifs, vi^hich are usually located in the 

upstream (5') prom oter region of the gene. Transcription factors play a major 

role in the regulation of immune responses, and act by binding to specific 

consensus sites, and up regulating the rate of transcription of a gene, thus 

increasing messenger RNA and protein production. Key examples of v̂ êll- 

documented transcription factors in the regulation of inflammation include 

NFkB, API, glucocorticoid receptors, CREB (cyclic AMP response element 

binding proteins), Ets (E26 transformation specific), FOX (fork-head box) and 

STAT (signal transducers and activators of transcription) families of 

transcription factors, to name but a feu^ (Coffer and Burgering, 2004, Gallant 

and Gilkeson, 2006, Wen et al., 2010).

1.3.1 Ets Transcription Factors

The well-knov^n Ets family of transcription factors, which are a key focus of 

this thesis, are one of the largest groups involved in transcriptional 

regulation in the cell. These conserved Ets family members are characterised 

by a DNA-binding domain that binds to a GGAA/T core sequence, and can 

regulate expression of an abundance of viral and cellular genes (Oikawa and 

Yamada, 2003). Discovery of the Ets family of transcription factors began 

with a fusion oncogene of the avian erythroblastosis virus E26 (e-twenty-six).
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giving the family its name. V-ets initiates myeleoblastic and erythroblastic 

leukaemia in chickens, and thereafter many cellular homologues were 

discovered (Leprince et al., 1983] which appear to be uniquely in metazoans 

(Degnan et al., 1993). Within the Ets family several subfamilies exist, based 

on structural configuration, and various 'Activation', ‘Repression’ or ‘Auto- 

inhibitory’ domains can determine the function of a particular group (Figure 

1.3).

Ets factors operate by interacting with the GAA/T containing DNA elements 

on a gene, either alone or in conjunction with other transcription factors and 

co-factors, resulting in regulation of gene expression. Which Ets factor will 

bind to a specific site is determined by distinct flanking sequence 

surrounding the conserved DNA binding motif (Wang et al., 1992). Several of 

the Ets family members can operate unaided to neatly regulate transcription 

of a gene, whereas others will operate as members of a ternary  complex 

(Janknecht and Nordheim, 1993). Synergistic transcription of independent 

factors with other Ets factors, or unrelated transcription factors may also 

occur.
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Figure 1.3 Schematic of structure of Ets family proteins

Ets, DNA-binding (Ets] domain; HLH, heUx-loop-helix domain (Pointed 
domain); AD, activation domain; ID, auto-inhibitory domain; RD, repression 
domain. Originally published by Oikawa et al (Oikawa and Yamada, 2003).
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1.3.1.2 Ets factors and Immunity

Ets factors regulate an abundance of cellular processes, and of the thirty 

factors discovered to date, nine (Etsl, Ets2, GABP, Flil, Elfl, MEF, ESEl, PU.l, 

and SpiB) are knov\^n to regulate genes involved in immunity [Gallant and 

Gilkeson, 2006). Ets binding sites have been discovered in the promoter 

regions of a number of immune genes including the T cell receptor a  and p 

subunits, Interleukin 5, Interleukin 12 (Wang et al., 1992, Blumenthal et al., 

1999), and additionally many viruses such as Moloney Sarcoma virus. Ets 

factors are additionally significant for the development and differentiation of 

the immune system. Absence of E tsl leads to diminished T lymphocyte 

numbers, abnormal B lymphocyte differentiation, and impaired NK and NK T 

cell development (Gallant and Gilkeson, 2006). Ets2 knockout mice die in 

utero, due to defective development of the placenta, but aside from 

embryonic development, Ets2 has proven important for controlling many 

cytokine genes such as IL-5 in T cells, m bl in B cells, and acting as a key 

component of a complex which activates the p40 subunit of IL-12 (Ma et al., 

1997). In some cases, two Ets factors may bind to the same site, but one will 

have greater control, as in the case of E tsl and Ets2 binding to the IL-5 

promoter (Blumenthal et al., 1999), where Ets2 is twice as effective at 

activating the promoter. E tsl and Ets2 act in cooperation with GATA3 to 

control IL-5 transcription, revealing another important role for Ets factors in 

regulation of immunity. Ets2, unlike Etsl, is induced upon mitogenic 

stimulation (Bhat et al., 1990), furthering a role for it in the immune 

response. Upregulation of Ets2 has also been found in 60% of cervical 

carcinoma cell lines and in 30% of rheumatoid arthritis tissue samples 

(Dittmer and Nordheim, 1998, Dooley et al., 1996), and Ets2 has been 

indicated as a transcription factor that may play a crucial role in the 

development of RA, and thus a potential therapeutic target (Yin et al., 2013a).
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1.4 microRNA 

1.4.1 Non Coding RNA

This thesis also concerns miRNAs, specifically miR-155. RNA has long been 

know n to be a critical in term ediate  for transm ission  of inform ation from 

gene to protein, bu t  also has been revealed to have m any d iverse biological 

functions of its own. The long sequences in eukaryotes w hich do no t encode 

pro te in  had been  regarded  as simply accum ulated evolu tionary  debris  for 

m any years, bu t the  m ajority are  actually transcribed  (Mattick and Makunin, 

2006). Non Coding RNA [ncRNA) is a definition applied to an  RNA th a t  is not 

trans la ted  in to protein. Well-known ncRNAs include ribosom al RNA (rRNA) 

and transfer  RNA (tRNA), which play essential roles in mRNA translation , and 

small nucleolar RNAs (snoRNAs), which genera te  m a tu re  mRNA transcrip ts  

via splicing from prim ary  forms (Kishore and Stamm, 2006). In recen t years 

it has becom e evident tha t much larger and m ore  complex subgroups of 

ncRNAs exist, such as microRNAs (miRNA) and long non coding RNAs 

(IncRNA), controlling and  regulating through a process called "RNA 

in terference” (RNAi) (Hannon, 2002), w hereby  mRNA transla tion  is 

p reven ted  via ta rgeting by an tisense RNA which has been incorpora ted  in to 

the  m ulti-pro tein  RNA-induced silencing complex (RISC). This phenom enon  

sheds light on the complexity of eukaryotes  and in particu lar  the  hum an 

genome, which expresses an enorm ous reper to ire  of ncRNAs, com prising a 

'h idden  layer' of genetic program m es a t the post transcrip tional level 

(Mattick and Makunin, 2006).

1.4.2 Discovery and Diversity of miRNA

Discovery of the tiny non-coding negative regulators, microRNAs, which 

today  constitu te  an abundance of cu rren t  research  and literature, began in 

1993 in the form of Iin-4, an essential negative regu la to r  of the  LIN-14 

pro te in  requ ired  for developm ent in the  Caenorhabditis Elegans worm. 

Mutation of the lin-4 locus caused a blockage of larval developm ent, bu t
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investigation of the locus revealed that, strangely, it did not code for a 

protein, but did code for two small RNA species, one 61 nucleotides (nt) long, 

and a shorter form which was 22 nucleotides long and derived from the 

longer 61nt precursor. Further examination revealed it had sequences 

complementary to the 3' UTR of the LIN-14 protein and it was deduced that it 

acted to control developmental timing by negatively regulating the 

expression of the LIN-14 protein (Lee et al., 1993, Wightman et al., 1993]. 

Further probing in this field led to the landmark work of Fire and Mello, 

revealing that microRNA were carrying out an essential gene silencing 

mechanism. This novel process of negative regulation was believed to be 

unique to Caenorhabditis elegans (Fire et al., 1998). It was research on the let- 

7 miRNA that opened up a huge wealth of knowledge in this field, first 

discovered again in C. Elegans (Reinhart et al., 2000, Slack et al., 2000), and 

subsequently revealed to be highly conserved across many species, including 

a large family in mammals (Pasquinelli et al., 2000). An abundance of 

research then began in order to identify more of these small, specific, 

negative regulators. Small RNA cloning and bioinformatic studies initially 

recognised fifteen new miRNA in C. Elegans (Lee and Ambros, 2001), 

presently there are 28,645 mature miRNA listed [miRBasel9, June 2014].

1.4.3 miRNA biogenesis

1.4.3.1 MiRNA gene transcription

MiRNA coding sequences are found within the genome in a number of ways, 

they can be co-expressed with other host mRNA from which they will be 

derived from introns from these protein-coding genes, or generated through 

splicing events. Alternatively they can be transcribed from independent 

genes with their own regulatory promoter. In the case where a gene 

specifically codes for a miRNA, this can be multiple miRNA hairpins on a 

single cluster, such as the miR-17-92 cluster (Tanzer and Stadler, 2004), or a 

single gene can code for a single microRNA, such as the bic/pri-155 gene 

coding for miR-155 (Eis et al., 2005). MiRNA are transcribed as long pri-
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miRNA w hich is 5' capped and polyadenylated (Lee e t al., 2002, Cai e t al., 

2004] from which the stem-loop sequences of the  m a tu re  miRNA will be 

cleaved. The functional 22n t long m ature  miRNAs are  excised from these  long 

endogenous transcrip ts  by a pair of endonuclease  enzymes, Drosha and 

Dicer, w ork ing  sequentially  in separa te  com partm en ts  of the  cell.

1.4.3.2 pri-miRNA Processing

Drosha res ides  in the nucleus, and here  will cleave p r im ary  miRNA [pri- 

miRNA) as a 60-80 nucleotide long sequence in the  form of a hairpin  loop 

(pre-miRNA). Drosha operates  as pa r t  of the m icroprocessor complex 

(Gregory e t al., 2004), com prised of Drosha, acting as an RNase enzyme, and 

DGCR8 (DiGeorge syndrom e critical region 8) acting as the  RNA binding 

protein, w hich will recognise the hairpin sequence and de te rm ine  the exact 

site of cleavage for Drosha (Denli et al., 2004, Shiohama e t al., 2003). DGCR8 

is com posed of two double-stranded  RNA-binding dom ains  and a WW 

domain, know n to in teract with proline-rich peptides, and likely to in teract 

with the  proline-rich N term inal domain of Drosha (Gregory et al., 2004). A 

very  small n u m b er  of microRNAs are processed from very  short  in trons 

(m irtrons) as a resu lt of splicing and debranching, and  the re fo re  bypass the 

Drosha-DGCR8 processing step  (Krol et al., 2010). Drosha will cleave at 

precise  5' and 3' flanking sequences (Lee e t al., 2003). Figure 1.4 illustrates a 

schem atic  of microRNA processing.
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PRE-MIRNA

lS U I

PRE-MIRNA
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PRI-MIRNA 3'UTR TARGET MRNA 

/AGO

NUCLEUS
I^UCLEAR
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Figure 1.4 microRNA processing

Pri-miRNAs are transcribed by RNA Polymerase II before being post- 
transcriptionally cleaved by Drosha to the 65 base pre-miRNA form. 
Following exportation to the cytoplasm by Exportin-5, Dicer makes the final 
cleavage to the 21nt mature form. The mature form is loaded onto the RISC 
complex, and can now bind and degrade target mRNA. Adapted from Quinn et 
al (Quinn and O'Neill, 2014).
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1.4.3.3 miRNA nuclear Export

Exportin-5 inhabits  the cytoplasmic m em brane  and is responsible  for 

exporting  this pre-miRNA to the cytoplasm (Yi e t al., 2003). Exportin-5 

in teracts  w ith  miRNA precurso rs  in a sequence -dependen t m anner, and is 

dep en d e n t on a Ran-GDP cofactor to carry out the export (Bohnsack et al., 

2004). The depletion of Exportin-5 by RNA interference results  in reduced 

levels of m a tu re  miRNA, em phasising its im portance for miRNA production 

(Lund e t  al., 2004). Pre-miRNA m ust be longer than  16bp, and  contain a 3’ 

bu t no 5' overhang, or they will have very poor binding and  subsequen t 

export, indicating Exportin 5 plays a role in determ in ing  th a t  only correctly 

processed  pre-miRNA are exported. These studies also reveal th a t  Exportin 5, 

w hen  in a pre-microRNA/Exp5/Ran-GTP complex, will p reven t degradation 

of the  pre-miRNA in the nucleus (Zeng and Cullen, 2004).

1.4.3.4 microRNA processing

Once in the  cytoplasm. Dicer and o ther cofactors will process the pre-miRNA 

to the  m a tu re  miRNA form. Dicer operates  in conjunction w ith  an  RNA 

binding pro te in  TRBP (Transactivation-response RNA Binding Protein) and 

accum ulation  of Dicer is depen d en t on this, as a m utation  in TRBP leads to 

Dicer destabilisation and pre-miRNA processing defects (Melo et al., 2009). 

Following export of the pre-miRNA from the nucleus, it finally processed by 

Dicer to a 22bp miRNA/miRNA* duplex. Dicer recruits  the  com ponents  to 

assem ble  the  trim eric  RNA-induced silencing complex (RISC); co-factor TRBP 

and A rgonaute  pro te in  Ago2, which com prises the nucleolytic activity of the 

complex (Bushati and Cohen, 2007). One s trand  of this duplex, the m atu re  

form of miRNA (Taganov e t al., 2007) is then  loaded into the  RISC complex, 

which b inds to ta rge t mRNA. The miRNA* form, or passenger RNA, is then 

usually degraded  after splicing by Ago2 (M atranga e t al., 2005), o r  in ra re r  

cases, both  s trands  of the duplex can be viable and m a tu re  functional miRNA 

tha t ta rge t  different mRNA populations. This seem s to be m ainly tru e  in the
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case of w ell-conserved miRNA* s trand  seed sequences, w hich may offer 

opportun itie s  for contributing to gene regulation (Guo and Lu, 2010).

Many Dicer /- studies have provided fundam ental insights into the  relevance 

of miRNA effects (Ceppi et al., 2009). Knocking ou t this enzyme, w hich is 

essential for the production of m ature, functional 21-23 nucleotide miRNAs 

from long p recu rso r  transcrip ts , proves lethal in the  embryo. Interestingly, 

both  miR-103 and let-7 can ta rge t Dicer, forming a negative feedback loop 

and  thus  gaining ability to broadly influence miRNA biogenesis, both 

physiologically and in different cancers, w ith  suppress ion  via miR-103 

resu lting  in an  increase in colorectal cancer (Geng e t al., 2014, Form an e t al., 

2008).
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1.4.4 Regulation of miRNA transcripts

MiRNA control a m ultitude of ta rge t genes w ithin  the  cell and it has becom e 

evident in recen t years  tha t they them selves are  also subject to sophisticated  

control m echanism s. With the potential to ta rge t h und reds  of different 

mRNAs, th e re  is a s trong  need for tight and dynam ic regulation of miRNA 

levels and activity. Although recent studies have begun to explore this 

regulation, much rem ains  to be elucidated in the context of the ir  control. 

Regulation of miRNA genes occurs in a very  similar m anner  to tha t of norm al 

genes, as ev ident by the ir  p rom ote r  s tructures; these  contain CpG islands, 

TATA boxes, and all the  regula tory  elem ents to indicate they  are  controlled 

by transcr ip tion  factors (TFs), RNA binding proteins, chrom atin  

modifications and silencing m echanism s (Zeng and Cullen, 2004).

Transcrip tional control is a key e lem ent of miRNA regulation, w ith  m any TFs 

controlling miRNA expression in positive and negative m anners. For 

example, the  miR-17-92 cluster is positively induced by MYC and MYCN 

(O'Donnell e t al., 2005), miR-155 is induced by Ap-1 after B-cell ligation (Yin 

et al., 2008), and the miR-34 and miR-107 families are  regula ted  by p53 (He 

et al., 2007). MiRNA and TFs can also act in regula tory  loops, w ith  TFs tha t 

control miRNAs subsequently  targe ted  for dow n-regulation by tha t miRNA, 

thus m ain ta in ing  e i the r  a positive or negative feedback loop. An exam ple of a 

negative feedback loop occurs w hen the TF RUNXl positively induces the 

miRNA miR-27a, and miR-27a subsequently  ta rge ts  RUNXl for down- 

regulation, thus  controlling its ow n levels in the  cell (Ben-Ami e t al., 2009).

MicroRNA are  also regula ted  post-transcriptionally , a t the processing level. 

Inducers and rep resso rs  can act to activate or inhibit miRNA processing, 

fu r ther  contributing  to the tight regula tory  control requ ired  for miRNA 

netw orks. KSRP (KH-type splicing regula tory  protein) a key pro te in  know n to 

function in mRNA decay was m ore  recently  found to play key role in miRNA 

p recu rso r  m aturation . This im portan t s tudy  found th a t  KSRP is a com ponen t 

of both  Drosha and Dicer complexes, and binds w ith high affinity to the GGG
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sequences  in the  term inal loop of the ta rge t miRNA precu rso rs  and prom otes  

the ir  m a tu ra tion  (Trabucchi et al., 2009]. A notable  case of this being an 

im p o r tan t  m echanism  is in the generation  of m a tu re  miR-155, w hich is 

enhanced  by KSRP in response to LPS stim ulation (Ruggiero e t al., 2009).

1.4.5 miRNA targeting of mRNA

The RISC silencing complex, once formed, will be d irected  to mRNA ta rge t 

sequences  w h ere  gene silencing will occur. In the  case of siRNA-mediated 

gene silencing, siRNA will bind with full sequence com plem en tarity  to their 

ta rge t mRNAs, usually targeting them  for endonucleolytic cleavage. Ago2 is 

the key endonuclease  th a t  m ediates this cleavage (Liu e t al., 2004). This is 

also the  case with plant miRNAs, also binding prevalently  will full 

com plem entarity  to the ir  ta rge t mRNA sequence (Llave e t al., 2002, Rhoades 

e t al., 2002). Conversely, m am m alian miRNA will bind to mRNA targe ts  with 

partial com plem entarity , and binding sites a re  located in the  3'UTR of the 

ta rge t mRNA. Interestingly, a recent study has pointed to an alternative  mode 

of assem bly  of the RISC complex. The au thors  p ropose  tha t no t all microRNA 

are  bound  to Ago pro teins prior to mRNA binding, ra th e r  they  can exist in 

miRNA-mRNA duplexes to which Ago proteins can then  bind or dissociate 

(Janas e t al., 2012).

MiRNA-mediated gene silencing occurs prim arily  th rough  translational 

repression , bu t can also occur via mRNA degradation, which m ay be m ore 

com m on in the case w here  full com plem entarity  occurs (H utvagner and 

Zamore, 2002, Lai, 2002). The com plem entarity  be tw een  a miRNA and its 

ta rge t mRNA will usually occur prim arily be tw een  nucleotides 2-7 from the 

5’ end  of the  miRNA, which has now  becom e know n as the 'seed sequence’, 

and as little as a six base-pair  match has been show n to be sufficient to 

rep ress  gene expression (Doench and Sharp, 2004, Brennecke et al., 2005). 

The 'seed sequence’ is the m ost frequently  com plem en tary  to the ta rge t 

mRNA (Stark et al., 2003) and it is also the m ost evolutionarily  conserved
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region of the  miRNA [Lim et al., 2003). In som e ra re  instances miRNA have 

been show^n to pair via "centred sites", 11-12 contiguous Watson-Crick pairs 

a t the  cen tre  of the miRNA (Shin et al., 2010), and helps to explain w hy 

central regions on miRNA are often evolutionarily conserved.

1.4,5.1 Translational Repression of target mRNA

The exact m echanism  by which miRNA inhibits mRNA transla tion  has not yet 

been  elucidated fully to date. There are  th ree  com ponents  of translation, 

initiation, elongation, and term ination. One theory  p roposes  th a t  microRNA 

rep ress  the  initiation step, w hereby  eIF4E (eukaryotic initiation factor-4), 

which recognises the 5'UTR of mRNA and initiates r ibosom e formation, is 

inhibited by Ago-2 during  miRNA-mediated gene silencing (Pillai et al., 2005), 

also inhibiting poly(a) tail function (H um phreys et al., 2005), and occurring 

p redom inan tly  due to Ago-2 com peting with eIF4E for b inding to the 5’cap 

s tructure .  As miRNA im pact on the 3 ’UTR of ta rge t mRNA, how  exactly Ago2 

and the  RISC can in teract a t the 5'UTR is not clear. It has been  suggested tha t 

mRNA may circularise allowing miRNA to act and inhibit initiation (Wells et 

al., 1998). Alternative theories  suggest tha t miRNA m ediate  repress ion  of 

ta rge t  mRNA by preventing the 60s subunit of the ribosom e from joining. The 

eif6 p ro te in  binds to the 60s subunit and has a role in biogenesis of the 60s 

subun it  and accom panies it to the cytoplasm. A s tudy  in 2007 identified eIF6 

as a potentia l ta rge t of miRNA-meditated repression. The au tho rs  propose 

that, th rough  in teraction with eIF6, AGO proteins rep ress  transla tion  by 

p reven ting  the  60S ribosomal subunit joining to the 40S initiation complex 

(C hendrim ada e t al., 2007).

It has also been  argued tha t miRNA may act to inhibit transla tion  of mRNA at 

the  post-initia tion step. Studies have show n th a t  rep ressed  mRNAs are 

associated  w ith  actively transla ting  polyribosom es and a rgue  th a t  miRNAs 

block pro te in  synthesis a t steps after initiation, possibly due to dissociation 

of r ibosom es during elongation of translation (M aroney et al., 2006, Petersen 

et al., 2006).
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Additional s tudies have provided convincing evidence th a t  miRNA can induce 

degrada tion  of ta rge t mRNA, initiated by removal of the Poly (A] tail (Bagga 

et al., 2005). Shortening or removal of the PolyA tail results  in one of two 

forms of mRNA degradation; removal of the  cap followed by 5 '^ 3 '  

degradation, catalysed by the exonuclease XRNl, or continued 3 ’̂ 5 '  

degrada tion  caused by the  exosome. P bodies play a key role in the  final 

stages of mRNA degradation, and studies in Drosophila M elanogaster have 

provided m ost insight in to how  miRNA may degrade  mRNA, w hereb y  the P 

body p ro te in  GW182 in teracts  w ith Agol, and m arks it for decay [Behm- 

A nsm ant e t al., 2006). Arguments for miRNA playing a role in mRNA decay 

are  also supported  by studies in C Elegans, which su p p o r t  the role of 

decapping  and 5'->3' exonucleolytic activities in these  system s (Bagga et al., 

2005). It is likely th a t  miRNA em ploy a varie ty  of m echanism s to m ediate  

mRNA expression  levels, contributing to the ir  success as fine tune rs  of gene 

expression.

1.5 microRNA in immunity 

1.5.1 MiRNA and Haematopoiesis

M amm alian microRNAs are em erging as m ajor coord ina to rs  in the 

d eve lopm en t and function of the im m une system. They carry  out this control 

by pairing to the  3' UTR of ta rge t mRNAs involved in various im m une 

functions, and directing the ir  post-transcrip tional repression. This 

involvem ent of microRNA in m anagem ent of the im m une response  w as first 

revealed in studies which found miR-223 in the  bone m a rro w  and miR-181 

expressed  in the thymus, and deduced they w ere  centrally  involved in the 

d ifferentiation of hem atopoietic  s tem  cells into B and T cells and o the r  blood 

cell lineages (Chen e t al., 2004, Muljo et al., 2005, Cobb e t al., 2006, Cobb et 

al., 2005). H aematopoietic stem cell (HSC) differentiation can be regulated 

by TLRs, such as regulation  via MyD88 (Nagai et al., 2006). MicroRNA 

involvem ent in HSC differentiation was subsequen tly  revealed through 

significant s tudies which em erged implicating various miRNA such as miR-
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155, m iR -146a, m iR -181a, and  m iR-223 in th e  d e v e lo p m e n t  and  

d iffe ren tia t ion  of cells of th e  lym pho id  an d  m yelo id  lineage  (Lindsay, 2008). 

MiR-155 o v e r-e x p re ss io n  resu l ts  in a m y elo -p ro l ife ra t ive  d i s o rd e r  (MPD), 

e v id e n t  via excessive  m yelo id  cells and  a p ro fo u n d  re d u c t io n  in B cells. MiR- 

155 is e x p re s se d  basa lly  a t  h ig h er  levels in HSCs th a n  o th e r  bone-m arrow^ 

cells, an d  o v e r-e x p re s s io n  resu l ts  in g re a te r  r e p o p u la t io n  of the  

h a e m a to p o ie t ic  sy s tem  [O'Connell e t  al., 2010a).  M iR-223 is a lso  heavily  

involved in h a em a to p o ie s is ,  negatively  regu la ting  p ro g e n i to r  p ro life ra t ion  

and  g ran u lo cy te  d iffe ren tia tion , as m iR -223‘/- m ice  d isp lay  inc reased  

g ran u lo cy te  n u m b e rs .  T he  m iR-223 ta rg e t  Mef2c is r e s p o n s ib le  for th is  

p hen o ty p e ,  as  it p ro m o te s  p ro g e n i to r  expansion , a n d  k n o c k d o w n  of Mef2c 

re v e r s e s  th e  p h e n o ty p e  o b se rv e d  in the  m iR -223 / ‘ m ice  (Johnnid is  e t  al., 

2008). The ro le  of m iR -146a  in h aem a to p o ie s is  a p p e a r s  to  be  m ed ia te d  

p re d o m in a n t ly  th ro u g h  its regu la tion  of NFk B, w ith  loss of th is  nega tive  

regu la tion  re su l t in g  in p ro found  in f lam m ato ry  a n d  p ro life ra t ive  d iso rd e rs  

(Boldin e t  al., 201 1 )  an d  de le t ion  of the  gene  e n cod ing  NFKBpSO resu l t in g  in 

part ia l  r e s to ra t io n  of th e  p h e n o ty p e  (Zhao e ta l . ,  2011).

1.5.2 MiRNA and adaptive immunity

MiRNA also have  im p o r ta n t  ro les in regu la tion  of th e  a d a p t iv e  im m u n e  

re sp o n se .  Early s tu d ie s  exam in ing  k n o ck d o w n  of Dicer specifically  in T cells 

rev e a le d  key  ro les  for miRNA in T lym phocy te  b io logy  (Cobb e t  al., 2005, 

Muljo e t  al., 2005). F u r th e r  s tu d ie s  have  rev ea led  specific  ro les  for miRNA 

ac ting  a t  d if fe ren t  s tages  o f  T cell regula tion , an d  m ay  give in s igh t  in to  th e  T 

cell defec ts  o b se rv e d  following Dicer ablation. M iR -181a has  th e  ab ility  to 

m o d u la te  th e  efficiency of T-cell re c e p to r  (TCR) signalling, fine tu n in g  

p a th w a y s  in th e  TCR resp o n se .  Inh ib ition  of m iR -181a  in im m a tu re  T cells 

im p a irs  pos it ive  and  nega tive  se lec tion  and  can  a l te r  th e  TCR signalling 

th re sh o ld ,  th e r e b y  affecting TCR sensit iv ity  (Li e t  al., 2007) .  M iR-181a 

m e d ia te s  th e s e  effects p r e d o m in a n t ly  th ro u g h  m o d u la t io n  of m any  

p h o s p h a ta s e s  th a t  nega tively  regu la te  TCR signalling, inc lud ing  SHP2 (SRC
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homology 2-domain containing protein tyrosine phosphatase 2) and DUSP5 

(dual-specificity protein phosphatase-5) (Li et al., 2012). Its is the combined 

targeting of multiple targets that allows miR-181a to mediate its effects on 

TCR signalling, as knocking down of any one phosphatase does not replicate 

the results seen with over-expression of miR-181a, emphasising the ability of 

microRNA to act across a broad repertoire of targets to mediate their effects. 

The miR-17-92 cluster is highly expressed in many cancers and over

expression fast-tracks lymphoma development. A study investigating this 

found that mice with over-expressed miR-17-92 developed 

lymphoproliferative disease and B & T-cells from these mice had increased 

proliferation and decreased AICD (activation-induced cell death), which is 

required to help maintain peripheral immune tolerance and thus acts as a 

key negative regulator of activated T cells (Xiao et al., 2008). MiR-146a may 

also play a role in contributing to the phenotype observed in D ic e r / -  T cells, 

as it plays a role in resolution of T cell responses in mice. MiR-146a regulates 

AICD and targets FADD (Fas-associated death domain), and thus aberrant 

expression of miR-146a reduces sensitivity to Fas-mediated apoptosis. 

Targeting of TCR responses by miR-146a results in decreased production of 

IL-2, confirming miR-146a as a modulator of adaptive immune responses 

(Curtale et al., 2010).

MiRNA also play important roles in regulation of B cell responses, with Dicer 

knockout also affecting B cell differentiation, and resulting in a block in the 

pro B-cell to pre B-cell transition. This defect was primarily mediated via loss 

of the miR-17-92 cluster, which resulted in an increase of Bim, a B cell family 

m ember that promotes apoptosis (O'Connor et al., 1998), and a subsequent 

increase in programmed cell death (Koralov et al., 2008). While miR-17-92 is 

a positive regulator of B cell differentiation, miR-150 is an inhibitor, targeting 

c-myb in order to control lymphocyte development (Xiao et al., 2007). MiR- 

155 was one of the first miRNA shown to play a role in immune cell 

differentiation, regulating T helper (T h) cell differentiation and germinal 

centre responses in order to produce an optimal T cell-dependent antibody 

response (Thai et al., 2007).
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In addition to regulation of B-cell differentiation, miRNA also play Im portan t 

roles in genera tion  of antibody. MiR-155 has a key ta rge t  in the  form of AID 

(activation-induced cytidine deam inase), vi^hich is essential for B cell class 

switch recom bination (CSR) and somatic hyper-m utation  (SHR). A key study 

from Teng and colleagues revealed the finding tha t m utation  of the miR-155 

binding site on the AID 3'UTR resulted in defective CSR and affinity 

m atura tion  (Teng et al., 2008).

1.5.3 MicroRNA in the innate immune response 

1.5.3.1 miRNA and TLR signalling

Following exposure  of im m une cells to inflam m atory signals, rapid and 

dynam ic changes in gene transcrip tion occur, resulting in the  up and dow n 

regulation of h und reds  of genes in o rd e r  to coord ina te  an efficient 

inflam m atory response. MiRNA transcrip ts  are  also dynamically a ltered in 

this situation, w ith m any microRNA strongly involved in TLR signalling, 

induced by a n um ber  of TLR ligands, and feeding back to control and fine 

tune  TLR responses  and dow nstream  effectors (Quinn and O'Neill, 2011). 

MiRNA allow for a s trong  initial im m une response  th a t  is gradually 

dam pened  down, thus providing a possible advantage over o the r  TLR 

regula tory  mechanisms. Pivotal studies by the  Baltimore group (Taganov et 

al., 2006, O'Connell et al., 2007) assessed 200 miRNA for responsiveness  to 

LPS, the TLR4 activator. Many miRNA w ere  show n to be induced following 

TLR signalling. MiR-155, along with miR-146a and miR-132, are  sharp ly  up- 

regula ted  in response  to TLR4 and are also responsive to Poly I:C and  various 

cytokines such as TNFa, ILI(B and IFN(3. An in vivo s tudy  subsequently  

investigated miRNA in lungs after exposure to LPS, and  found twelve 

microRNA altered  in response  (Moschos et al., 2007). MiR-146a w as show n 

to affect TRAF6 and IRAKI (Taganov e t al., 2006), th e reb y  having a negative 

feedback effect on TLR signalling. MiR-155 was show n to have multiple 

ta rge ts  including c -m afan d  TNF. In the case of c-maf miR-155 acted to limit
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the Th2 response, however TNF mRNA was actually stabilized by miR-155. 

Both of the targets indicated a pro-inflammatory role of miR-155. MiR-155 

has subsequently been shown to target a number of inflammatory genes such 

as Src homology-2 domain-containing inositol 5-phosphatase 1 (SHIPl) 

(O'Connell et al., 2009], a negative regulator of TLR4 signalling, thus allowing 

miR-155 to fine tune and feedback on the TLR4 induced immune response. 

Figure 1.5 illustrates some of the key points at which miRNA can target the 

TLR4 response.
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Figure 1.5 MicroRNA regulation of TLR signalling

MiR-155, miR-21 and miR-146a have all been significantly implicated in the 
immune response initiated by TLRs. The Toll-Like Receptor 4 (TLR4) 
signalling pathway uses the adaptor molecules Myeloid differentiation 
primary-response protein 88 (MyD88) and MyD88 adaptor like protein 
(MAL] to propagate Nuclear factor Kappa B (NFKB)-dependent gene 
transcription, which initiates an inflammatory response. It is vital to tightly 
regulate this pathway and that mechanisms exist both to dampen down and 
switch off the inflammatory response, in order to prevent over amplification 
of the signal. MiRNAs induced by TLRs are one such mechanism of this, 
binding to the 3’Untranslated Region of target genes and post- 
transcriptionally down regulating their expression. Originally published by 
Quinn et al (Quinn and O'Neill, 2011). ~  Induces, Inhibits
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1.5.3.2 miRNA and autoimmunity

Due to the im portan t na tu re  of microRNA in the im m une system, it is 

unsurpris ing  th a t  dysregulation of miRNA is observed  in m any au to im m une 

diseases. In 2007 a key s tudy  hnked miRNA vi^ith au to im m unity  for the first 

time with the finding tha t a key regula tor of autoim m unity , ICOS (inducible T- 

cell co-stimulator), is regula ted  by miR-101. Degradation of ICOS mRNA by 

the T-cell ubiquitin  ligase Roquin is essential for m aintaining levels of T 

lymphocytes. A m utation  in the  Roquin gene leads to increased  ICOS, increase 

in T lym phocytes and a lupus-like disease. The au tho rs  discovered th a t  miR- 

101 is essential for this Roquin-m ediated degradation  of ICOS, and m utating 

the miR-101 binding sites in the 3'UTR of ICOS mRNA disrup ted  the 

repress ive  activity of Roquin, and exacerbated this lupus-like d isease (Yu et 

al., 2007]. This study uncovered a critical miRNA-mediated regula tory  

pa thw ay  tha t prevents  autoimm unity. Further  s tudies in Dicer/- mice have 

uncovered m echanism s through which miRNA regula te  regula tory  T cells (T 

reg) and preserve  stable T cell function. The D icer/ ' mice, which are  deficient 

in miRNAs, had a ltered levels of genes essential for T reg developm ent, such 

as FoxPS (forkhead box p3). This resulting lack of T reg su p p resso r  activity 

resu lted  in acute systemic au to im m une d isease in vivo (Zhou e t al., 2008].
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1.5.3.3 miRNA in autoimmune disease

MiRNA are  found in a stable form in a varie ty  of sources including blood, 

tissues, se rum  and plasma. They are  highly stable due to incorpora tion  into 

the RISC complex which is protected from endogenous RNase activity 

(Swarup and  Rajeswari, 2007). This favours them  being investigated as key 

b iom arkers  for cancer, au to im m une and inflam m atory  disease. MicroRNA 

have been  strongly implicated in a n u m b er  of au to im m une d isorders, w here  

m utations, gene amplification or epigenetic inactivation can resu lt in 

a b e r ra n t  expression of microRNA and thus highly a l te red  dow nstream  

pathways. In the chronic and systemic inflam m atory d isease Rheumatoid 

arth ritis  (RA), the excessive im m une response  leads to irreversible 

des truc tion  of the  cartilage, tendon, and bone tha t com prise synovial joints. 

MiR-155 and miR-146a have been show n to be highly over-expressed  in 

synovial fibroblasts of arthritic  joints [Stanczyk et al., 2008). An additional 

s tudy  rep o r ted  increased miR-155, miR-146a, miR-132 and miR-16 in RA 

peripheral blood m ononuclear cells [Stanczyk e t al., 2008), and  correlated 

miR-146a and miR-16 elevation with disease activity. A large study 

investigated the expression of microRNA in inflam m atory bowel disease 

(IBD), a chronic debilitating disease of the colon and small intestine, 

com prising Ulcerative colitis (UC) and Crohns, the key cause of w hich is still 

unknow n. MiR-21 was found to be highly upregula ted  in UC com pared  to 

healthy  controls, w hereas  miR-192 w as significantly decreased  in UC (Wu et 

al., 2008) illustrating fu rther  the diverse expression p a t te rn s  exhibited by 

miRNA in disease. Increased miR-155 has been  observed  in Multiple 

sclerosis, w h e re  it ta rge ts  CD47 for dow n-regulation, re leasing m acrophages 

from inhibitory  control, and resulting in phagocytosis of myelin (Junker et al., 

2009). MicroRNA have been  strongly implicated in the  differentiation and 

developm ent of the im m une system, and the initiation, o rches tra tion  and 

resolution of the  inflam m atory response. Their a ltered  expression and 

d isease correlation  in inflamm atory diseases may prove key to investigating 

and controlling these debilitating disorders.

3 3



Chapter 1 - Introduction

1.6 miR-155 

1.6.1 Bic/pri-155

A key focus of this thesis is miR-155. The primary transcript from which miR- 

155 is transcribed was assigned the name 'bic', for B-cell integration cluster, 

after being discovered as a proto-oncogene and common retroviral 

integration site following infection of chickens with avian leukosis virus 

[Clurman and Hayward, 1989). Further studies characterised the bic gene as 

non-coding, and likely to play a role in the later stages of tumour 

development, due to its associations with c-myc in B cell lymphomas (Tam et 

al., 1997). Subsequent studies by these authors further investigated the bic 

gene, and revealed that the human bic gene is composed of three exons on 

chromosome 21, lacking a long open reading frame (ORF), and displaying no 

conservation in any short open reading frame, further attesting to its role as a 

non-coding gene (Tam, 2001). Interestingly however, the authors noted a 

region of high conservation 138 nucleotides in length on exon 3 in human 

and mouse, and predicted by computer analysis that this region was likely to 

form imperfect RNA-duplex hairpin structures, leading the authors to 

hypothesise that bic likely functioned as a non-coding RNA. It was the 

following year, in 2002, that Lagos-Quintana and colleagues subsequently 

identified the mature mouse miR-155 within the highly conserved region of 

bic RNA (Lagos-Quintana et al., 2002). A schematic of the bic gene is depicted 

in Figure 1.6. The human form of miR-155 was predicted due to its homology 

to the mouse form, and experimentally verified in 2004 (Kasashima et al., 

2004). Finally, through use of a bic-deficient cell line, it was confirmed that 

m ature miR-155 was processed from the bic transcript (now designated pri- 

miR-155) (Eis et al., 2005).
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Figure 1.6 miR-155 is encoded in exon 3 of the BIC/pri-155 gene

The BIC/pri-155 gene spans 13024bp, is composed of three exons, and 
encodes a 1500bp non-coding primary miRNA, miR-155.

1.6.2 miR-155 as an ‘onco-miR’

MiR-155 was originally discovered in chicken lymphomas, and many parallel 

associations have emerged revealing its elevated expression in B cell 

lymphomas and Hodgkin's lymphomas (Eis et al., 2005). Transgenic mice 

over-expressing BIC/miR-155 have been generated; they display accelerated 

pre-B cell proliferation, which results in a B cell lymphoproliferative disorder 

by 6 months of age (Costinean et al., 2006). Through studies in E|j,-miR-155 

transgenic mice it was also demonstrated that miR-155 targets Bcl-6, a key 

transcriptional repressor and proto-oncogene, and also modulates its co

repressor partner HDAC4. This important study demonstrated how miR-155 

inhibits Bcl6 transcription, and in miR-155-induced leukaemia this results in 

up-regulation of genes such as interleukin-6 (IL6), cMyc, Cyclin Dl, and ccl3, 

which promote survival and proliferation (Sandhu et al., 2012).

1.6.3 miR-155 in immunity

As stated previously, major studies by Baltimore and colleagues were some 

of the first to identify miRNA up-regulated in the immune response [Taganov 

et al., 2006, O'Connell et al., 2007) and miR-155 was one miRNA that stood
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out as po ten tly  induced in response  to inflam m atory  stimuli including LPS, 

Poly I:C, and  IFN-p. Although they deduced th a t  the  rapid and  po ten t  miR- 

155 response  w as JNK d ependan t the re  w ere  no confirm ed ta rge ts  for miR- 

155 a t this stage. Tili et al (Tili e t al., 2007] deduce from the ir  studies tha t 

miR-155 expression  may be exerting positive and negative effects on the 

NFKB signalling proteins. They infer miR-155 positively regula ted  the  release 

of inflam m atory  m ediators  during the inna te  im m une response, as it 

increased the production of TNF-a. A fu r ther  s tudy  (Ceppi e t al., 2009) 

identified a novel pathw ay  of negative feedback by miR-155 acting on the 

TLR/ILl-R  inflam m atory pathway. Mice deficient in miR-155 w ere  the first 

immunologically significant miRNA deficient anim als generated . Two key 

studies published in Science in 2007 investigated independen tly  genera ted  

miR-155 knockout mice, and shed light on the  critical role of this miRNA in 

the im m une response [Thai et a!., 2007, Rodriguez e t al., 2007). Rodriguez 

and colleagues showed tha t bic/m iR-155-deficient mice suffer extrem ely 

s tun ted  im m une responses  including defective lym phocyte and antigen 

p resen ta tion  function, and im paired immunological memory. The mice 

display increased lung airw ay remodelling, suggesting a defect in 

m ain tenance  of im m une homeostasis, and reduced  ability to res is t oral 

challenge by Salm onella typhim urium  after im m unisation, revealing the 

im portance  of miR-155 for immunological m em ory  (Rodriguez et al., 2007). 

Thai and colleagues examined the effect of miR-155 on adaptive B-cell 

responses  in germinal centres, a hub for B-cell class switching, affinity 

m aturation , and genera tion  of m em ory  cells. Their s tudies found th a t  miR- 

155 plays a m ajor role in regulating T he lper  cell differentiation and T-cell 

d ep en d e n t an tibody  responses, mainly th rough  regulating production  of 

cytokines (Thai e t al., 2007). Unsurprising due to its highly pro-inflam m atory 

nature , miR-155 has been implicated in a m ultitude  of inflam m atory  diseases, 

including RA, EAE, a therosclerosis  and colitis (Figure 1.7).
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Figure 1.7 MiR-155 is upregulated in many inflammatory diseases

Elevated miR-155 has been reported in many inflammatory diseases 
including psoriasis, IBD, SLE, RA, MS and atherosclerosis

1.6.4 miR-155 target genes in immunity

MiR-155 deficient mice shed light on the important roles miR-155 plays in 

mediating the immune response. Further probing led to validation of many 

important target mRNAs which miR-155 is modulating in order to regulate 

the immune response. Detailed examination of the mechanism through which 

miR-155 controlled B cell responses revealed that miR-155 was targeting and 

decreasing the transcription factor Pu.l, which can down-regulate IgGl levels 

(Vigorito et al., 2007]. The role miR-155 plays in regulating T cells responses 

is evident by the deficiencies in the miR-155 knockout mice, and increased 

tendency to differentiate into Th2 over T h l cells, with coincident production 

of cytokines correlated with Th2 cells, such as IL-4, IL-5 and IL-10 (Rodriguez 

et al., 2007, Thai et al., 2007]. MiR-155 was shown to be targeting c-maf, a 

potent inducer of the Th2-skewing cytokine IL-4 (Ho et al., 1996] thus 

limiting the Th2 response in a basal setting. MiR-155 has subsequently been 

shown to target a number of inflammatory genes such as Src homology-2 

domain-containing inositol 5-phosphatase 1 (SHIPI] (O'Connell et al., 2009], 

a negative regulator of TLR4 signalling, thus allowing miR-155 to fine tune
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and feedback on the TLR4 induced im m une response. MiR-155 has num erous  

in teresting ta rge t  genes in the im m une response, an o th e r  of which is the 

im portan t im m une regula tor S uppressor of Cytokine Signalling 1 (SOCSl) 

(Wang e t al., 2010). Similar to SHIPl, SOCSl is an anti-inflam m atory  gene 

acting as a canonical negative regula tor of TLR4 responses  (Kinjyo et al., 

2002). MiR-155 acts in a different m anner  to regula te  an o th e r  of its 

inflam m atory ta rge t  genes, TNF-a. MiR-155 stabilises expression  of the 

t ranscr ip t by increasing the half-life of TNF-a mRNA (Bala e t al., 2011). MiR- 

155 is the re fore  a p redom inantly  pro-inflam m atory miRNA, acting to 

positively regulate the release of inflamm atory m edia to rs  during  the  innate 

im m une response, as ev ident by its ta rgeting of a m ultitude of an ti

inflam m atory ta rge ts  such as SHIPl and SOCSl, feeding back on the TLR4- 

driven im m une response, and stabilizing expression of the pro-inflam m atory 

TNF-a in o rd e r  to sustain  a pro-inflam m atory environm ent. In su p p o r t  of 

this, in vivo s tudies in Efx-miR-155 transgenic mice over-expressing  miR-155 

in B cells revealed the mice had excessive TNF-a following LPS challenge and 

are  hypersensitive to septic shock (Tili et al., 2007). Additionally, in 

in teresting s tudies of Experimental Autoim m une Encephalomyelitis (EAE), a 

model of brain  inflammation, miR-155 is highly overexpressed , w ith miR-155 

deficient mice being extrem ely res is tan t to disease, implicating its key role in 

propagation of the inflamm atory response observed  in EAE. The miR-155 

deficient mice also exhibited s tun ted  pro-inflam m atory  cytokine responses, 

including IL-6, IL-12 and TNF-a (O'Connell et al., 2010b). T ogether  these  data 

indicate tha t miR-155 plays a p redom inan t role as a pro-inflam m atory  

m ediator, and un res tra ined  induction of miR-155 can be highly detrim ental 

in the  cell. Table 1.1 lists some im portan t miR-155 ta rge t  genes in the 

im m une response.
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MiR-155 target gene Reference

SHIPI (O'Connell et al., 2009)

TNF-a (Bala etal., 2011)

SOCSl (Wang et al., 2010)

MYD88 (Tang et al., 2010)

TAB 2 (Ceppi et al., 2009)

IKKe (Xiao et al., 2009)

C/EBPp (Worm et al., 2009, Costinean et al., 2009)

C-maf (Ho etal., 1996)

Table 1.1 MiR-155 target genes in the immune response

1.6.5 Regulation of miR-155

As illustrated above an abundance of research to date has explored the 

targets of miR-155, and its role both as an onco-miR in numerous forms of 

cancer, and as a promoter of inflammation and inflammatory disease. MiR- 

155 deficient and transgenic mice have been generated, and revealed a 

wealth of information on key immune and oncogenic targets, shedding light 

on the role of this microRNA in inflammation and cancer. As an immune 

mediator miR-155 is evidently a potent pro-inflammatory agent, apparent 

from studies of the autoimmune disease Experimental Autoimmune 

Encephalomyelitis (EAE), to vi^hich miR-155 /- mice are completely resistant, 

highlighting the severe lack of sufficient immune response in these miR-155' 

/■ mice (O'Connell et al., 2010b). The strong induction of miR-155 in the 

immune response has also been extensively reported, and robust induction in 

response to numerous ligands has been documented. The detailed 

mechanism by which pri-155 is transcribed and processed to yield an 

abundance of the mature miR-155 form which exerts numerous important 

effects in the cell has not been investigated to an equal extent, and some 

conflicting reports exist in relation to transcriptional regulation of this 

miRNA.

39



Chapter 1 - Introduction

Early s tudies by Taganov and colleagues revealed th a t  LPS strongly  induces 

miR-155 expression, and as LPS ligation ofTLR4 leads to stim ulation of NFkB 

and API, it was hypothesised tha t activation of miR-155 m ay be th rough  one 

of these  transcrip tion  factors, although NFkB was only confirm ed as a key 

m odu la to r  of miR-146a (Taganov et al., 2006). Recent data  from our lab 

confirmed th a t  Ets2 is also strongly induced in response  to LPS in 

m acrophages, and is a candidate for induction of miR-155 via a 

bioinformatically confirmed and highly conserved Ets binding site on the 

miR-155 prom oter, which is s tudied in detail in this thesis [Quinn e t al., 2014, 

Yin et al., 2008]

The AP-1 transcrip tion  factor appears  to be im portan t for miR-155 induction 

after B cell ligation (Yin et al., 2008), or after LPS stim ulation  in hum an 

trophob las ts  (Dai et al., 2011), and although som e s tudies have pointed to a 

non-consensus NFkB binding site being of im portance  (Chen et al., 2013), 

o thers  have deduced from the ir  studies th a t  activation of NF-kB is not 

involved in regulation of miR-155 expression, w ith  iKB-mediated blocking of 

NF-kB translocation  having no effect on the up-regula tion of pri-155 

expression  (van den Berg e t al., 2003), and inhibition of this site has no effect 

on miR-155 p rom ote r  induction (Yin et al., 2008). Previous rep o r ts  have also 

suggested th a t  transcrip tional regulation of pri-155 m ay be cell depen d en t 

(Elton e t al., 2012). It is likely tha t this highly im p o rtan t  multifunctional 

miRNA is controlled in a num ber of different ways, including the 

afo rem entioned  m atura tion  factor KSRP, which con tribu tes  to production  of 

the m a tu re  form of miR-155 (Ruggiero e t al., 2009).

1.7 Negative regulation of the immune response

Control of the  im m une system is a complex and tightly regula ted  process. 

Coordinated action and reaction m ust be guaran teed  to allow an appropria te  

and w ell-tim ed im m une response  w ithou t an  overreac tion  th a t  might cause
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dam age to the host. IL-10, which is investigated in this s tudy  in the  control of 

miR-155, is a key negative regula tor of the im m une response.

The inflam m atory response  is well characterised  for microbial infections, the 

trigger being the binding of microbial products  to the  innate  im m une 

receptors, such as the TLRs (Barton, 2008). Sufficient production  of 

inflam m atory m ediators  is essential to clear pathogenic infection; however, 

un res tra ined  TLR responses  can have m ajor deleterious effects on the cell, as 

excessive inflamm ation leads to tissue dam age and inflam m atory disorders  

such as septic shock. Therefore TLR responses  are  tightly negatively 

regulated, including by the cytokine IL-10, a critical im m unom odula to ry  

cytokine th a t  v/ill be explored in the context of miR-155 regulation in this 

thesis.

1.7.1 IL-10 discovery and function

IL-10 is a po ten t  im m une-m odulatory  cytokine, show n to be an essential and 

diverse o rches tra to r  of the im m une response, bu t prim arily  operating  as an 

an ti-inflam m atory  agent in m any model system s (Asadullah et al., 2003). 

First described as cytokine synthesis inhibitory  factor; p roduced  by Th2 cells 

and limiting T h l  cell cytokine production (Fiorentino e t al., 1989), w e now 

know  tha t it perform s multiple roles. Its m echanism s of action include 

suppression  of antigen presenta tion, suppress ion  of cytokine production, and 

inhibition of inflam m atory mediators. IL-10 is secre ted  from an abundance  of 

different cell types including Th2 cells, regula tory  T cells, B cells, 

macrophages, m ast cells, eosinophils and dendrit ic  cells. It is involved in 

m any  im m une processes including an tibody  production, suppression  of 

cytokine signalling, and inhibition of T cell activation. It dow n-regula tes  a 

subse t  of TLR-induced inflam m atory genes bu t  does no t act as a general 

block on all TLR-induced gene expression. IL-10 is induced by m onocytes and 

m acrophages following stim ulation by LPS, following shortly  after the initial 

b u rs t  in pro-inflam m atory cytokines such as IL-6, IL-1 and TNF-a (de Waal
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Malefyt et al., 1991). This rapid response is a critical regulator of acute 

inflammation and early responses to pathogens.

1.7.2 IL-10 signalling

IL-10 binds to a heterodimeric receptor consisting of IL-lORl and 1L-10R2 

subunits and activates receptor associated cytoplasmic protein tyrosine 

kinases Tyk2 and JAKl, resulting in activation of STATs (Hu et al., 2008). 

Activation of JAKl initiates phosphorylation of the IL-lORa chain on two 

tyrosine residues. These then dock to the SH2 domains of STATS, and this 

recruitment initiates the anti-inflammatory cascade (Murray, 2006). A 

schematic of this process is shown in Figure 1.8.

42



Chapter 1 - Introduction

CYTOPLASM

NUCLEUS

i /I * - '*• R eg u la tio n  o f

In f la m m a to ry
R e sp o n se s

Figure 1.8 IL-10 Signalling

JAKs, w hich have tyrosine kinase activity, bind to  the  IL-10 receptors, 
triggering the ir  activation. JAKs phosphorylate  ty rosine  residues on the  IL-10 
recep to r  and crea te  sites for interaction with p ro te ins  th a t  contain 
phosphotyrosine-b inding  SH2 domains. STATs possessing SH2 dom ains 
capable of binding these  phosphotyrosine  residues a re  recru ited  to the 
receptors , and are  them selves ty rosine-phosphoryla ted  by JAKs. These 
phosphotyrosines  then  act as binding sites for SH2 dom ains  of o the r  STATs, 
resulting in dimerization. Activated STAT dim ers accum ulate  in the cell 
nucleus and  activate transcrip tion  of the ir  ta rge t genes. ^  Induces
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1.7.3 IL-10 mechanism of action

IL-10 action involves the selective reduction of pro-inflammatory gene 

transcription in macrophages. Microarray analysis was carried out by Murray 

e ta l  to determine which genes of the LPS-induced gene pool were affected by 

IL-10 (Lang et al., 2002), and they determined that 15-20% of genes 

increased by LPS were decreased by IL-10 (Figure 1.9]. It is known that 

STATS is absolutely required for IL-10 signalling to result in this subsequent 

gene expression, however the detailed mechanisms of its repression of TLR 

induced genes is largely unknown. IL-10 selectively inhibits transcription of 

certain genes, but does not block all signal transduction stemming from TLRs, 

or block the expression of all TLR-induced pro-inflammatory genes. IL-10 

does not block inflammation through acting as a general block on NFkB 

activity, as studies by Murray et al have shown that IL-10 had no effect on 

iKBa, k B controlled luciferase reporter genes, or IKK assays (Murray, 2006). 

A number of IL-10 inducible genes have been uncovered, and may act as 

mediators of repression via IL-10. Sno202 and Etv3 are both super induced 

in response to IL-10 (El Kasmi et al., 2007) and BclS is also an IL-10 inducible 

gene, which has downstream effects on TNF-a (Kuwata et al., 2003). The IL- 

10 signalling pathway is essentia! to control the immune response and no 

other factor can compensate for its loss, thus this is an area that has been 

thoroughly investigated, and merits further exploration.
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Figure 1.9 IL-10 targeting of TLR4 responses

A sub-group o f TLR4 induced inflammatory genes are specifically targeted 
for inh ib ition by the anti-inflammatory cytokine IL-10. IL-10 does not act as a 
total block on all TLR4 induced signalling. Adapted from Murray et 
al.(Murray, 2006]. Induces, Inhibits
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1.7.4 IL-10 and microRNA

Recent studies have shown an important interplay betvi^een IL-10 and 

microRNAs (Quinn and O'Neill, 2014). IL-10 can be directly post- 

transcriptionally regulated by several microRNA, including mlR-106a, miR- 

4661, miR-98, miR-27, let? and miR-1423p/5p (Sharma et al., 2009, Liu et al., 

2011, Ma et al., 2010, Jiang et al., 2012, Ding et al., 2012). Another mlRNA, 

miR-21, has been shown to indirectly regulate IL-10 via down-regulation of 

the IL-10 inhibitor PDCD4 (Sheedy et al., 2010). Reciprocally, IL-10 can also 

act to modulate a number of microRNA, upregulating those tha t can 

contribute to exerting the anti-inflammatory response, such as miR-187, and 

downregulating those that are highly pro-inflammatory, such as miR-155. IL- 

10 was shown by our lab to potently down-regulate the induction of miR-155 

by LPS (McCoy et al., 2010). The effect of IL-10 was highly specific for miR- 

155, having no effect on either miR-21 or miR-146a. IL-10 targeting miR-155 

enabled it to gain control of the miR-155 target gene SHIPl, increasing its 

expression through inhibition of miR-155. SHIPl is an important negative 

regulator of TLR signalling, and IL-10 can thus modulate the anti

inflammatory response further. Both miR-21 and miR-146a act as anti

inflammatory microRNA, through targeting of IRAK, TNF-a and PDCD4 

(Taganov et al., 2006, Sheedy et al., 2010), thus IL-10 does not reduce their 

induction in response to LPS. Furthermore, IL-10 has been recently reported 

to induce the expression of miRNA that play an anti-inflammatory role, thus 

further dampening down the pro-inflammatory response. IL-10 acts in this 

way to induce miR-187 and miR-146b (Rossato et al., 2012, Curtale et al., 

2013), resulting in further inhibition of the TLR4 pathway, and decreased 

pro-inflammatory cytokine and chemokine production. This specific 

targeting of miRNA by IL-10 uncovers a new mode of regulation via IL-10, 

and sheds light on the specific way in which IL-10 modulates the TLR4- 

driven immune response. Figure 1.10 illustrates a schematic of the interplay 

between selected miRNA and IL-10.
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LPS

TLR4

II
1

m iR -21

PRO-INFLAM MATORY
CYTOKINE

PRODUCTION

m lR -1 5 5

PDCD4 S H IP l

1 m iR -1 4 6 b

m lR -1 8 7

IL-10

Figure 1.10 IL-10 and microRNA

1) TLR4 ligation by LPS induces miR-21, w hich th rough inhibition of PDCD4 
will increase IL-10 expression. 2 ) IL-10 specifically inhibits TLR4-induced 
miR-155, thus  increasing its ta rge t gene SHIPl, resulting in increased 
negative regulation of TLR4. 3) IL-10 induces miR-146b, which directly 
inhibits TLR4. 4) In addition, IL-10 induces miR-187, which inhibits the  pro- 
inflam m atory response  via inhibition of pro-inflam m atory  cytokines such as 
IL-6 and TNF-a. In this w ay  microRNAs can act as a balance to fine tune  the 
IL-10 response to TLR4 signalling. Induces, Inhibits
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1.7.5 lL-10 in inflammatory disease

IL-10 has an irreplaceable role in negatively regulating inflammation, 

prim arily  by blocking genes which code for those  molecules central to 

propagating the inflam m atory response  (Murray, 2006), indicated by studies 

in chronic inflam m atory diseases such as inflam m atory bowel d isease (IBD) 

exhibited by IL-10 /' mice (Berg et al., 1995, Kuhn e t al., 1993, Rennick et al., 

1995). Dysregulation of IL-10 is likely to be im p o rtan t  for various 

immunological diseases, such as rheum ato id  arthritis , as thm a and infectious 

d isorders  (Asadullah e t al., 2003), there fore  it is essential th a t  IL-10 

expression is tightly regulated. Impaired IL-10 function has been  associated 

with num erous  d iseases including chronic inflam m atory  bowel disease, 

rheum ato id  arthritis , psoriasis, systemic lupus ery them atosus ,  multiple 

sclerosis, t ran sp lan t  rejection, cancer, as well as various infectious disease 

models (Iyer and Cheng, 2012). Low levels of IL-10 can resu lt in secondary 

tissue injury, bu t  excessive levels can lead to an inability to control infectious 

pathogens (Neyer et al., 1997), therefore  control of IL-10 m ust be highly 

specific and precise in o rder  to enable to carry  out its essential regula tory  

roles which control excessive inflammation thus and Inflam m atory disease.

1.7.6 IL-10 in therapeutics

The powerful an ti-inflam m atory p roperties  of IL-10, and the consequences of 

im paired IL-10 function in the developm ent a n um ber  of experim ental 

d isease models have led to Intensive efforts to de te rm ine  the the rapeu tic  

potentia l of recom binan t IL-10 against these  diseases. However, ectopic 

adm in is tra tion  of IL-10 has had limited efficacy in clinical settings. 

Adm inistration of recom binan t IL-10 has been  efficient in reducing 

Inflammation in an  abundance of m ouse inflam m atory models, although the 

data  may be conflicting.
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In colitis models, rIL-10 must be administered prior to infection to 

successfully prevent disease progression, and is ineffective after full onset of 

disease (Herfarth et al., 1996, Barbara et al., 2000). In the potent model of 

brain inflammation, EAE, rIL-10 has to be delivered by gene transfer as 

opposed to intravenous injection in order to successfully ameliorate the 

disease (Cua et al., 2001, Cannella et al., 1996). IL-lO's potential as a 

therapeutic agent has been hindered by these variations in treatment, and it 

therefore essential to understand how IL-10 exerts its inflammatory effects 

within the cell, and focusing on IL-10 target genes such as microRNA may 

provide new approaches and alternative avenues for successful regulation of 

inflammatory disease.
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Project Aims and Objectives

The inhibitory effect of IL-10 on miR-155 forms the basis for this research 

project. The overall aim is to investigate the mechanism and implications of 

this inhibition by lL-10.

The specific aims of the project are as follows:

1. Characterisation of the potent induction of miR-155 by LPS

a. To bioinformatically investigate the miR-155 prom oter gene 

BlC/pri-155, in order to establish key conserved binding sites.

b. To test w hether binding sites of interest can be implicated in 

the potent induction of miR-155 in response to LPS

c. To establish a functional outcome of this control of miR-155, 

and any effects on its target genes

2. To investigate the regulation of miR-155 by IL-10

a. To establish whether IL-10 may be acting through 

transcriptional regulators to inhibit miR-155

b. To investigate binding to the prom oter and its disruption by IL- 

10

c. To establish w hether IL-10 is acting through Ets factors and 

mIR-155 in order to exert its downstream effects.

Analysing the connection between IL-10 and microR-155 is likely to provide 

exciting new insights into the mechanistic details of the potent actions of IL- 

10 as an immune-modulatory cytokine.
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2.1 Reagents

2.1.1 General Laboratory Chemicals

All general labora to ry  chemicals w ere  purchased  from Sigma (Poole Dorset, 

UK],

2.1.2 Stimulants

Ultrapure LPS from E. Coli stra in  EHIOO, and recom binan t m ouse IL-10 w ere  

purchased  from Sigma (Poole, Dorset, UK).

2.1.3 Cell culture media

DMEM was purchased  from Gibco Biosciences (Dun Laoghaire, Ireland). 

Foetal Calf Serum (PCS) w as purchased from Biosera (East Sussex, UK). 

Penicillin, Streptomycin, blasticidin, DMSO and trypsin  w ere  purchased  from 

Sigma (Poole, Dorset, UK). Hygrogold was obta ined  from Invivogen (San 

Diego, CA, USA). Cell culture flasks and plates w ere  purchased  from Starsted 

(Numbrecht, Germany).

2.1.4 Antibodies

(3-Actin an tibody was purchased  from Sigma (Poole, Dorset, UK). Ets2 

an tibody w as purchased  from Santa Cruz Biotechnology Inc. Etv3 antibody 

w as a kind gift from Peter M urray (St. Jude Children's Research Hospital, 

University of Memphis, USA). ERF antibody was a kind gift from James Hastie 

(University of Dundee).

2.1.5 Cell Lines

Raw264.7 m urine  m acrophage cell line was obta ined  from the  European 

Collection of Animal Cell Cultures (ECACC) (Salisbury, UK). Retrovirally-
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im m o rta l ised  b o n e  m a r r o w  derived  m ac ro p h ag e s  (i-BMDM) (v\/ild-type, 

M yD 88-deficent a n d  TRIF-deficient] w e re  a gift from  Prof. Douglas 

Golenback, U n ivers i ty  o f  M assachusets ,  Boston, USA. T he  h u m a n  e m b ry o n ic  

k idney  cell line s ta b ly  t ra n s fe c te d  w ith  the  LPS re c e p to r s  TLR4, CD14 and  

MD2 (HEK293TLR4) w a s  o b ta in e d  from  Invivogen (San Diego, CA, USA).

2.1.6 ELISA Reagents

T w ee n -2 0  an d  Bovine S erum  Album in  (BSA) w e re  p u rc h a s e d  from  Sigma 

(Poole, Dorset, UK). mIL-6 and  mIL-10 ELISA d u o s e t  k its  p u rc h a s e d  from 

R&D B iosys tem s (Abingdon, UK). TMB s u b s t r a te  so lu t ion  w a s  p u rch a se d  

from  R&D B iosys tem s (A bingdon, UK).

2.1.7 PCR Reagents

RNase Zap, R nase  free  H2O and  R neasy  Plus Mini Kit w e r e  p u rc h a s e d  from 

Qiagen. PCR p lates , PCR fast p lates, lOx RT buffer, dNTPs, R nase  Inhibitor, 

R everse  T ra n sc r ip ta se ,  2x Fast PCR buffer  and  U6 snRNA a n d  m iR -155 5x RT 

s te m -lo o p  p r im e rs  a n d  20x T aqM an PCR p ro b e s  p u rc h a s e d  from  Applied 

B iosys tem s (H un ting ton , UK). SYBR g reen  PCR m a s te r  m ix w a s  p u rc h a se d  

from  Invitrogen , Biosciences (Dun Laoghaire, I re land). P r im e rs  for SYBR 

G reen  w e re  des ig n ed  an d  p u rc h a se d  from  Eurofins MWG O pero n  (E bersberg , 

Germ any).

2.1.8 DNA, Transfection and Luciferase Assay Reagents

Lipofec tam ine  T ran sfec tio n  r e a g e n t  w a s  p u rc h a s e d  from  Qiagen. Pri-155 

luc iferase  an d  M _pri-155 luc iferase  c o n s tru c ts  w e r e  a k ind  gift f rom  Eric 

F lem ington . On T a rg e t  p lus  ERF siRNA an d  sc ra m b le d  con tro l  w e re  

p u rc h a s e d  from  T h e rm o f is h e r  scientific (W altham , MA USA). Cloning 

re a g e n ts  inc lud ing  Nhe, Hind3, w e re  a kind gift f rom  Dr Claire McCoy
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(Monash Institu te  of Medical Research, Melbourne, Australia). Coelentrazine 

w as from Argus Fine Chemicals (Vernio, France). 5X Passive Lysis Buffer was 

from Prom ega (Madison, WI, USA). Endotoxin-free plasmid purification maxi

kits w ere  purchased  from Qiagen (Crawley, UK).

2.1.9 Western Blotting Reagents

APS, NNNN Tetra M ethylethylenediam ine (TEMED), 10% SDS, Tris-HCL, 

Acrylamide: Bisacrylamide w ere  all purchased  from Sigma (Poole, Dorset, 

UK).

2.1.10 Animals

Wild type C57BL/6 mice w ere  obtained from the Bioresources unit a t Trinity 

College, Dublin, m atched to IL-10 deficient mice, a kind gift from Professor 

Kingston Mills (Trinity College Dublin, Ireland). Etv3-deficient and  age 

m atched  Wild-type bone m arro w  was provided by Dr Peter M urray (St. Jude 

Children’s Research Hospital, University of Memphis, USA). Experim ents on 

Ets22 deficient mice w ere  carried out while on a nine m onth  lab placem ent in 

Monash University, Melbourne. Ets22^/'’/LysMCre^/- mice and age-m atched 

wild type C57BL/6 controls w ere  a kind gift from Professor Paul Hertzog 

(Monash Institu te  of Medical Research, Melbourne, Australia). All of the 

animal protocols used in this study w ere  in accordance w ith  the Monash 

guidelines or to the regulations of the European Union and  the  Irish 

D epartm en t of Health.

2.1.11 Inhibitors

Stat3 inh ib itor w as purchased  from Merck Millipore.
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2.2 Cell Culture 

2.2.1 Maintenance of Cell Lines

Raw 264.7 and HEK293T cell lines w ere  cultured in DMEM medium  

supp lem en ted  with 10% foetal calf serum  (FCS) and 1% penstrep  

(com prising the  antibiotics penicillin (lOO^ig/ml) and s treptom ycin  

(lOOng/ml)). Cells w ere  m aintained in T175 tissue culture flasks at 37°C in a 

humidified a tm osphere  of 5% CO2 in cell tissue culture room  incubators. For 

continuing cell culture cells w ere  grow n to confluence for a m axim um  of 72 

hours and taken  from incubation. Spent culture m edium  w as decanted  into 

Vircon, cells w ere  w ashed  twice in 5ml sterile PBS, and lifted from flasks by 

incubation in 2ml Trypsin-EDTA for Smins for HEK293T cell lines or scraping 

using a cell sc raper  for Raw264.7 cells. Trypan Blue, which is om itted  by live 

cells and taken  up by non-viable cells w as used to de te rm ine  cell viability by 

adding a 1:2 dilution to the cell sam ple to be counted. Cells w ere  

re suspended  in fresh DMEM media. Cell counts w ere  obta ined  using a 

haem ocy tom ete r  and a bright light microscope.

2.2.2 Generation of Primary bone-marrow derived macrophages

All utensils w ere  rinsed with ethanol and all p rocedures  carried  out in a 

lam inar flow hood. C57BL/6 or Ets2 /- Mice w ere  eu thanized  in a CO2 

cham ber, sp rayed  with 70% ethanol and placed in the  hood. An incision was 

m ade in the  midline of the abdom en and skin pulled dow n to expose hind 

legs. Muscle w as rem oved from fem ur and tibia. The fem ur w as cut just 

below  the  hip joint and just above the knee joint, and  the  tibia w as cut just 

below  the  knee joint and just above the ankle. Bones w ere  placed in 10cm 

dish containing phosphate  buffered saline (PBS]. The m a rro w  w as flushed 

out using supp lem en ted  serum  free DMEM in a 10 ml syringe with a 25 mm 

gauge needle. The needle w as inserted  into the  bone m a rro w  cavity of the 

fem ur or the  tibia, and the cavity w as flushed until the  bone appea red  white. 

The bone m a rro w  w as flushed through a cell s tra iner  into a 50ml falcon tube.
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The m arrow was then resuspended using a 10ml pipette to obtain a single

cell suspension and kept on ice. The medium containing the bone marrow 

was then centrifuged at 1500 rpm for 5 min and supernatants discarded. The 

cell pellet was resuspended in 5ml Red cell Lysis buffer for 5 min exactly, and 

then following this incubation, 45 ml of PBS was added. The bone marrow 

suspension was then poured through a cell s trainer to a new tube and 

centrifuged at 1500rpm for 5 min. The cells were then resuspended in 5ml 

DMEM and counted using a haemocytometer. Cell were seeded at IxlOVml 

in DMEM containing 10% PCS, 1% PBS and 20% L929 cell media, in sterile 

non tissue culture coated 10cm dishes. An additional 1ml of L929 was added 

on day 3. Bone m arrow derived macrophages were then counted and set up 

for experiments on days 8-10 post isolation. Cells were seeded at 5xl0^/m l 

and plated at 2ml/well in 6 well plates, Im l/w ell in 12 well plates, or 

0.5ml/well in 24 well plates.

2.2.3 Isolation of Peritoneal Macrophages

C57BL/6 or Ets2f’/f’/LysMCre^/' mice were euthanized in a CO2 chamber, 

sprayed with 70% ethanol and placed in a laminar flow hood. 10ml ice cold 

PBS was injected into the peritoneal cavity below the abdomen using a 10ml 

syringe and 20G needle, which was then slowly and gently removed. The 

peritoneal cavity was massaged gently for approx. 1 min to lavage the 

intraperitoneal cavity with the injected PBS. An incision was then made in the 

skin of the mouse, and the skin opened laterally. The needle was reinserted 

into the peritoneal cavity and the lavage of PBS and cells removed, ejected in 

to a 50ml tube and placed on ice. Cells were centrifuged for 5 min at 

1200rpm, supernatant discarded and cell pellet resuspended in 2ml warm 

DMEM. Cells were then counted as previously described, and plated at 

Ix lO V m l in 1ml in 6 well tissue culture plates. Plates were incubated 

overnight at 37°C and the next day DMEM was removed and fresh media was 

added to the plates.
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2.2.4 In vivo administration of LPS to peritoneal cavity

C57BL/6 or EtsZ^’/^/LysMCre'^/' mice v^ere administered an intra-peritoneal 

injection of LPS (4mg/kg) or PBS by gently inserting a 1ml syringe with 20G 

needle into the peritoneal cavity below the abdomen, and administering the 

injection. Mice were monitored for 24hours prior to sacrifice by CO2 

euthanasia. The peritoneal cavity was then washed with PBS as described 

above. Peritoneal lavage was briefly plated on tissue culture plates in order 

to select for macrophages and normalise cell counts. Cells were then lysed for 

RNA extraction and qPCR m easurement of gene expression.

2.3 RNA Preparation 

2.3.1 RNA Extraction

All steps were carried out under RNase-free conditions. Clean gloves were 

worn at all times, specific RNase-free filter tips were used for pipetting, and 

cell lysates were  kept on ice to prevent RNA degradation.

Supernatants were removed and stored at -80. Cells were washed twice in IX 

PBS, and lysed by addition of 350^1 of Qiagen Buffer RLT with 10% B- 

mercaptoethanol in tissue culture hoods. 1.5 volumes (525^1) of 100% 

ethanol were  added to cell lysates and mixed by pipetting up and down. 

650^1 of lysates + ethanol were added to a Qiagen RNeasy spin column. This 

was centrifuged at 10,000 rpm for 15s. The flow-through was discarded and 

the spin column now washed twice with 500^1 Qiagen Buffer RPE, discarding 

flow through each time, at 10,000 rpm for 15s and 2 min respectively. The 

spin column was then placed in a new 2ml collection tube, and centrifuged 

again at full speed (16,000 rpm) for 1 min. For the final spin, the spin column 

was placed in a clean RNase-free eppendorf and 30[il of RNase-free H2O was 

added to the spin column and centrifuged at 10,000 rpm for 1 min to elute 

the RNA, and immediately store on ice. RNA in labelled eppendorfs was then 

immediately converted to cDNA for RT-PCR analysis or was stored at -80 

until further use.
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2.3.2 RNA Quantification

The concentrations of extracted RNA were then measured using a Nanodrop 

NDIOOO machine and concentrations normalised in RNase-free H2 O.

The nanodrop upper and lower pedestals were cleaned carefully with dilute 

H2O and RNase-free H2 O. 1.5^1 RNase-free H2 O sample was loaded onto the 

lower pedestal of the NDIOOO and the machine blanked against this sample. 

The program for RNA m easurement was chosen, and 2^1 of each sample 

measured in ng/^il, drying the pedestals with filter paper between each 

measurement. The purity of the samples was also noted. The samples were 

then normalised to between 5-100ng/|il in RNase-free H2 O, determined by 

the lowest recorded sample measurement, and stored on ice or at -80 until 

further use required them.

2.3.3 Reverse-transcription

All steps were carried out in RNase-free conditions and on ice. The Applied 

Biosystems TaqMan Reverse Transcription Kit was used to reverse 

transcribe the RNA. For miRNA-specific Reverse transcription the IS^il 

reaction mix consisted of the following components;

Component Volume (ill) 15|il/reaction

lOX Reverse Transcription Buffer 1.5

lOOmM dNTP mix 

RNase Inhibitor

MultiScribe Reverse Transcriptase 

miRNA-specific stem-loop RT primer 

RNase-free water 

RNA sample

0.125

0.25

1

0.375 of each

8

3 (30-300ng total)
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For reverse transcription o f  total RNA a 20|il mix containing the following  

com ponents  w as  made up;

Com ponent Volume (iill 20^1/reaction

lOX reverse transcription buffer 2

lO O m M dN TPm ix 0.8

RNase Inhibitor 0.2

MultiScribe Reverse Transcriptase 1

lOX RT primer 2

RNase-free w ater 6

RNA sam ple 8 (3 0 -3 0 0 n g  total)

Mixes w ere  assem bled  in 0.2ml 8-strip tubes, capped and placed in a 96  well 

Thermal Cycler (Mastercycler gradient, Eppendorf), and the following  

parameters used for miRNA specific RT: 16°C -  30 min, 42°C -  30 min, 85°C -  

5 min, 4°C Hold. For gene expression the param eters w ere  25°C -  10 min, 

37°C -  60 min, 85°C 15 min, 4°C Hold.

2.3.4 Real-Time PGR amplification by Taqman

TaqMan m iR NA/gene specific probes w ere  used to quantify miRNA 

expression and se t  up as follows;

Com ponent Volume (t l̂l 10 |i l /react ion

2X FAST Taqman Mix 5|il

H2O 2.5^1

TaqMan probe 0.5|al

cDNA 2^1

Reaction m ixes w ere  made up in 96  well Fast Optical Plates, sealed and 

centrifuged at lOOOrpm for 20sec. Plates w ere  loaded onto the AB7500FAST  

Applied Biosystem s machine and ran on the Fast Program.
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2.3.5 Real-Time PCR amplification by Sybr Green

Prim ers to amplify each of the miR-155 ta rge t genes w ere  designed using a 

com bination of com puter  p rogram s and bioinformatics.

1. Clustal -  Align CDS of mRNA

2. BLAT -  Find regions of homology

3. PrimerS -  Design Primers overlapping exons

4. BLAST -  Nucleotide BLAST of p rim ers  to ensu re  they  do not amplify 

o the r  ta rge ts  and ensure  they’re  on correct chrom osom e

Forw ard and reverse  prim ers for each ta rge t a re  show n here

Oligonucleotide Primer Sequence

Etsl_for.l TCCAGACAGACACCTTGCAG

E tsl_ rev .l GGTGAGGCGGTCACAACTAT

Ets2_for.l AATGCAGGCACCAAACTACC

Ets2_rev.l GTCCTGGCTGATGGAACAGT

mGapdh_for TTCACCACCATGGAGAAGGC

mGapdh_Rev GGCATGGACTGTGGTCATGA

mELF3_for GCATGTCCTTCCAAGAGAGC

mELF3_rev ACATCACTTCCACCGGAGTC

mBIC-RT-FWD AAACCAGGAAGGGGAAGTGT

mBIC-RT-REV ATCCAGCAGGGTGACTCTTG

Table 2.1 Primer sequences for Real Time PCR

C om ponent Volume fuH

Invitrogen Sybr Green mix 5

Forw ard  p rim er 3|aM 1

Reverse p rim er 3|aM 1

Nuclease-free H20 0.8

Invitrogen Rox reference dye 0.1
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PCR mastermlxes were made up comprising the above ratios with mix for 

endogenous control/each target in triplicate taking pipetting error into 

consideration. 8^1 of each target PCR mastermix was added per reaction well. 

Using a multi-channel pipette, 2^1 of cDNA (10-50ng) was added per well in 

triplicate (total 10̂ x1 reaction). A standard curve was made using serial 

dilutions of cDNA from which the relative levels of each gene could be 

determined. The plate was then sealed using an applied biosystems RNase 

free adhesive strip, and centrifuged at 1200rpm for Im in to remove bubbles 

and mix well contents. The 96 Fast well plate was then analysed using Real 

time SDS 2.3 AQ assay Thermal Cycler protocol at standard speed.

2.3.6 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.
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2.4 Protein Measurement

2.4.1 Preparation of Protein Lysates

Plates were kept on ice at all times to prevent protein degradation. In the 

cold room at 4-C, supernatant was vacuumed off. Cells were washed gently in 

1ml sterile PBS and aspirated. Lysis buffer was made up and stored at 4-C.

To 5ml of Lysis Buffer the following components w ere added:

NaOrthovanadate l\iM

NaFl 50^M

Na Pyrophosphate 5^M

PMSF 0.1|iM

Apoprotein lug /m l

Leupeptin l^g /m l

DTT l^M

Table 2.2 Lysis Buffer components

100|il of Lysis Buffer were added per well. Cells were lifted using a cell 

scraper into labelled eppendorfs. Cells were immediately snap-frozen, by 

placing in liquid nitrogen for 10 seconds, and then stored at -80-C.

2.4.2 Bradford Assay

Protein was prepared for loading onto gels for W estern Blots. Samples were 

centrifuged at 13,000rpm for lOmins at 4-C, to pellet unwanted membranes 

and cell debris, leaving protein in the supernatant. Protein concentrations 

were then measured by adding l(il of sample to 4|il of H20 and 250|il 

Coomassie Protein Assay (Bradford reagent) in a 96 well plate. Samples were 

measured using a spectrophotometer at 525nm and normalised to 2mg/ml. 

5x SDS Buffer and IM DTT was then added to the samples, and samples 

boiled for 2-5mins.
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2.8.1 SDS polyacrylamide gel electrophoresis (SDS Page)

Samples w ere  resolved on a Sodium Dodecyl su lphate  (SDS) polyacrylam ide 

gel using a cons tan t cu rren t  of 25 mA per gel. Samples w ere  first run  through 

a stacking gel to condense  pro tein  and then  resolved according to size using 

10 % polyacrylam ide gels. Components of the tw o gel types are  indicated 

below

Resolving Stacking
Component

Gel Gel

Acrylamide: Bisacrylamide 37.5:1 5ml 1ml

lM Tris-H C L,pH  6.8 3.8ml

lM T ris-H C L ,pH 8 .6 - ~0.75ml

10% SDS 150^1 60|al

10% APS 150^1 60|il

NNNN T etra  M ethylethylenediam ine
6|il 6|al

(TEMED)

H2O 5.9ml 4.1ml

Table 2.3 Western blotting gel components

APS and TEMED w ere  added  last, as they cause the  gel to polym erise and set. 

Glass p la tes  and  seals w ere  assembled and clasped together. Resolving gel 

w as poured  to % the height of the plates, and sealed with ethanol to ensure  

an even top, which w as drained  off once gel had set. Stacking gel w as then 

poured  and  the combs inserted  immediately, which w ere  carefully rem oved 

once set, creating wells for pro tein  loading. Gel rig w as then  se t up; Ix  SDS 

Running Buffer w as poured  into the tank, the gels w ere  positioned and fixed 

in place, Ix  SDS Running Buffer was poured  into the inner com partm en t 

be tw een  the  tw o gels. Protein lysates tha t had been  p rep a red  and norm alised 

by the Bradford assay determ ination  was now  added to the  gels, 25|il per 

well (50[ig pro tein) using a fine-tipped pipette, and a p re-s ta ined  molecular 

w eight m ark e r  to de term ine  protein  size. Lids w ere  placed on gel rigs and 

connected to a pow er source, running gels a t 25mAmp per gel for approx.
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Ihr, until the samples reach the end of the gel without being allowed to run 

off.

2.4.4 Transfer to PVDF membranes

Sponges, filter paper and cassettes were immersed in transfer buffer to 

transfer protein from gel to PVDF membrane. Membranes were cut to the 

size of the gel, avoiding handling and placed in methanol for lOsec to 

activate, then transfer buffer to rinse. "Sandwich” transfer was set up in a 

cassette; sponge - filter paper - gel - PVDF membrane - filter paper - sponge. 

Cassettes were placed in transfer apparatus and transferred for 2 hours at 

ISOmAmp per box.

2.4.5 Immunodetection of proteins on membrane

Membranes were removed and blocked for non-specific binding by 

incubation in blocking buffer comprised of 5% non-fat dried milk (Marvel) in 

Ix TBS 0.01% Tween [TBS-T] on a rocker for 1 hour at room tem perature  or 

overnight at 4°C. The membrane was then incubated with the primary 

antibody of interest at 1:1000 to 1:5000 dilutions depending on the 

particular antibody. Optimal conditions for the Ets2 antibody were found to 

be an overnight incubation at 4°C at a 1:1000 dilution. Optimal conditions 

for the ERF antibody were found to be an overnight incubation at 4°C at a 

1:1000 dilution. Optimal conditions for the (B-actin antibody were found to 

be a 1 h incubation at room temperature at a 1:10,000 dilution. The 

m embrane was inserted and placed on a roller to ensure continuous 

circulation of the antibody on the membrane. Membranes were then washed 

8 times for 2 min in TBS-T on a rocker, then placed in secondary antibody 

(anti-goat/ anti-m ouse/ anti-rabbit) l|il in 5mls milk and rolled for 1 hour at 

room temperature. Blots were again washed 8 times for 2mins, then 

developed. Blots were developed by enhanced chemiluminescence (ECL) 

according to manufacturers instructions (Cell Signalling Technologies Inc.),
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Initially blots w ere  developed using a dark  room  and developer, and a t la ter 

stages blots w ere  developed using the GelDoc ChemiDoc System.

2.5 Binding Assays

2.5.1 Chromatin Immunoprecipitation

Cells w ere  plated in 15cm dishes a t 4xlO^/ml, 3 dishes pe r  condition and 

trea ted  with LPS (lOOng/ml) or IL-10 (20ng/m l). At the time of Lysis 

paraform aldehyde w as added  a t 2% to cross link the  DNA for 10 min max. 

Glycine was then  added to stop the reaction a t 1 /2 0  v /v  for 5 min. Media was 

rem.oved and cells w'ere w ashed  with PBS ensuring  they  w ere  no t allowed to 

dry  ou t in be tw een  washes. 6ml ChlP Lysis buffer (SDS Lysis buffer with 

Leupeptin, apro tin in  and PMSF) was then added  to the cells, combining 3 

dishes and scraping into 15ml falcon tubes, which w ere  im m ediately  snap 

frozen in liquid nitrogen.

Chip Primer Sequence

mCHIP_BIClfor; AGTTTTTCGAGCCGGAGGT

mCHIP_BIClrev; TTTTATAGCCCGCTCGTGAC

mCHIP_BICnegfor; CCCTGGGTTATAAGCAACCA

mCHIP_BlCnegrev; GGCCCTCAAGTAGCTGACAA

mCHlP_BIC2for; CGCAGCGCTGGACTTTTT

mCHIP_BlC2rev; TCGTGACTCATAACCGACCA

mCHIP_(3Actinfor TGGTGTCCGTTCTGAGTGATCC

mCHIP_(5Actinrev TCGCTCTCTCGTGGCTAGTACC

Table 2.4 ChIP Primers

The cells w ere  then  p repared  for sonication to shear  the DNA. Lysates w ere  

thaw ed on ice, centrifuged a t  1200rpm  a t  4°C for ISm ins, and resuspended  in

65



Chapter 2 -  Materials & Methods

4ml ice cold I.P. Buffer (SDS Buffer: Triton Dilution Buffer 1:0.5). Samples  

w ere  sonicated at 22% intensity, 10 x 30 sec per sample, placing on ice in 

betw een  pulses. Efficiency of sonication w as  checked by running sam ples of  

purified DNA on 1% agarose gels.

If sonication had been performed efficiently, beads w ere  prepped by washing  

an appropriate am ount 4-5 times in l.P. Buffer. Blocking w as  carried out at 

4°C for 20m ins  using TE containing 0 .2m g/m l sonicated herring sperm  DNA 

and 0 .5 m g /m l lipid-free BSA. 25^il/ml blocked Protein A beads w ere  added to 

lysates and incubated for lOmin at 4°C. Lysates w ere  then centrifuged for 30  

min at full speed to preclear the lysates. 10[il o f  this crude lysate w as  

rem.oved and stored at 4°C overnight as the 1 /1 0 0  input. Primary antibodies  

w ere  added at l -1 0 | ig /m l  and incubated at 4°C overnight with continuous  

mixing.

Samples w ere  then centrifuged at 4°C for 30m in  at full speed  and 

supernatants transferred to fresh tubes. 40^1 blocked protein A beads were  

added to the sam ples and incubated on a rotating w heel for 2-4  hours at 4°C 

and then briefly centrifuged. Beads w ere  w ashed  by resuspending and 

centrifuging for Im in  at 4°C, using cold C4°C) 1ml Mixed Micelle Wash Buffer, 

1ml Buffer 500, 1ml Li/Cl detergent solution tw ice  each respectively  and 

finally 1ml cold (4°C) TE. Beads w ere  then resuspended in in 250|il  1% SDS, 

O.IM NaHCO and incubated for 60 min at 65°C on a horizontal shaker to keep  

beads in suspension. Samples w ere  briefly centrifuged and transferred to 

fresh 1ml tubes. 1 /1 0 0  input crude lysate sam ples stored overnight were  

recovered and 240|il 1% SDS, O.IM NaHCO w as added. All sam ples  w ere  then  

incubated overnight at 65°C to reverse crosslinks.

250^1 TE w as  added to each sam ple the next morning. Samples w e r e  RNase 

treated at 1 /1 0 0  at 37°C for 1 hour, then Proteinase K treated at 0.2ng/^il at 

55°C for 2hours. Samples w ere  PCR prepared using the Promega SV Wizard 

PCR clean up kit and eluted in SO îl H2O. Samples could then be run on Real 

Time PCR and binding calculated as percentage input.
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2.5.2 Oligo Pull Down

Oligonucleotides w ere designed based on the binding site of the transcription 

factor of interest, with a Biotin tag on the 5' end of the forward oligo. Oligo’s 

were annealed at 90-95°C for 3-5 mins and then heat block allowed to cool to 

room temperature.

Oligonucleotide Sequence

OLIGO_BIC_for 5'B10-GCGCCGGCTTCCTGTACGC-3'

OLIGO_BIC_rev 5’-CGCGTACAGGAAGCCGGCG-3’

Table 2.5 Oligonucleotide sequences

A 2X stock buffer was made up as below:

2 X STOCK

TRIS IM pH7.9 50ml

EDTA0.5M pHS.O 200^1

GLYCEROL 100ml

NaFO.SM pH8.0 20ml

dH20 307|al

Table 2.6 Oligo Lysis buffer components

Raw 264.7 cells or iBMDMs cells were plated at 4xlOS/ml in 10cm dishes, 

one dish per condition and left overnight. Cells were then stimulated with 

LPS (lOOng/ml) +/- IL-10 (20ng/ml] for 6-24 hours. Fresh Oligonucleotide 

binding lysis buffers were made up (+/- NaCl) according to the table below, 

scaling according to number of conditions per experiment. 100(j.l of NaCl 

Lysis Buffer A was required per condition, and 4ml of Lysis Buffer B (no 

NaCl) per condition.
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BUFFER A

IX ISOmM (NaCl) Lysis 

Buffer 1ml

BUFFER B

IX Lysis Buffer (no  

NaCl) 10m l

2X Stock SOOfxl 5ml

NaCl 2.5M 60[xl —

NP40 10% lOOfxl 1ml

Leupeptin l[al lOfxl

Aprotinin (2.3mg/ml) 0.4|il 4.3^1

Each; DTT/Na3V04/ 

PMSF(O.IM)
10[xl 100[xl

dH20 307^1 3.7ml

Table 2.7 Oligo lysis buffers

Streptavidin-Agarose beads were prepared by taking 50fxl beads per 

condition (using a cut pipette tip), centrifuging for 2.5min at 2400 rpm to 

eliminate original buffer and washing three times in PBS.

Cells were washed and scraped in 1ml PBS, placed in eppendorf tubes and 

spun for 3min at ISOOrpm. 100|il Buffer A was added to the cell pellet to lyse 

the cells. Lysates were snap frozen in liquid nitrogen and stored at -80°C. 

Lysates w ere  thawed on ice and 900^1 Buffer B was added per tube (1ml final 

volume), spun for 5min at 14,000rpm 4°C, to eliminate cell debris. 

Supernatant was transferred to a fresh tube and lOfil was removed as the 

"Lysate” sample, to which 40|il Sample Loading Buffer was added and stored 

at-20°C.

Samples w ere then pre-cleared with 20|j,l pre-washed streptavidin-agarose 

beads, rotating at 4°C for ISmin before centrifuging at 2500 rpm for 5min at 

4°C. Supernatants were removed to a fresh tube with 30(j,l pre-washed 

streptavidin-agarose beads and 30fxg of 5’Biotinylated-Oligonucleotide. 

Binding was performed for 2 hours at 4°C, rotating. Samples were
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centrifuged for 5 min at 4°C, and supernatant removed vi îth care to avoid 

disturbing beads. 1ml of Buffer B was added, tubes inverted and centrifuged 

at 2500rpm, 4°C to wash the beads, repeating three times. 50|j,l Sample 

Loading Buffer was then added to the beads, and samples boiled for lOmin at 

95°C. Samples were loaded on a 10% Gel and Ets2 binding detected by 

Western Blotting as previously described.

2.6 Enzyme Linked Immunosorbent Assay 

2.6.1 Coating the Elisa Plates

Supernatants were analysed for TNF-a, IL-6 and IL-10 using Enzyme Linked 

Immunosorbent assay (ELISA] kits according to the manufacturer’s 

instruction (R&D Systems). Nunc F96 Maxisorp immunoplates 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 2|ig/ml) in sterile IX PBS. 50(il was added per well of 

a 96 well ELISA plate in triplicate, sealed and left overnight at A-C. Plates 

were aspirated and washed three times in 0.05% PBS-Tween, blotting in 

between washes to remove all moisture. The ELISA plate was blocked by 

addition of 150|al of Reagent Diluent per well (1%) BSA in Ix  PBS], sealed and 

incubated for 1 hour at room temperature.

2.6.1 Addition of samples and standards

During the blocking incubation time, mIL-6/ mTNFa or IL-10 standards and 

serial standard dilutions were prepared in 1%> BSA (Reagent Diluent]. 

Supernatants were collected from each experiment and either applied 

directly to an ELISA plate or stored frozen at -80 -C until ready to analyse. 

Plates were aspirated and washed three times in 0.05% PBS-Tween, blotting 

in between washes to remove all moisture. Standards and supernatant
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samples were added to the 96 well ELISA plate at 50nl/well in triplicate. A 

top standard, usually of 2000 pg/ml for murine ELISA was prepared in 0.5 % 

BSA in PBS. A blank was also applied containing no recombinant protein-of- 

interest, just Reagent Diluent. Plates were sealed using parafilm and 

incubated overnight at 4°C.

2.6.2 Detection of cytokine production

Plates were washed in 0.05% PBS-Tween and blotted dry using paper towels. 

Detection antibody antibody, a biotin-labelled antibody specific to another 

epitope on the protein-of-interest, was made up to 0.2|.ig/ml a working 

concentration in Reagent Diluent (1% BSA] and 50̂ x1 added per well of a 96 

well plate, sealed and incubated for 2 hours at room temperature. The wash 

step with PBS-Tween was then repeated. Streptavin-HRP, (horseradish- 

peroxidase] was diluted 1:200 in 1% BSA. 50^1 was added per well, and the 

plate incubated for 20 minutes at room tem perature in the dark. The wash 

step with 0.05% PBS-Tween was then repeated. TMB substrate  solution 

components were mixed in a 1:1 ratio and 50|il added per well using a multi

channel pipette, and incubated at room tem perature in the dark to develop 

for approximately twenty minutes, or until the bottom standards had tuned a 

pale blue colour. The stop solution, 25^1 of IM H2S04 was then added 

directly to the well using a multi-channel pipette to stop the development 

reaction. The wells were gently mixed and all bubbles removed and the 

optical density of each well determined immediately using a Magellan 

microplate spectrophotom eter at 450nm. 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.
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2.7 Cloning 

2.7.1 Transformation

Etsl, Ets2 and ELF constructs were received from Dr Claire McCoy. Etv3 

promoter constructs were a kind gift from Peter Murray. MiR-155 promoter 

constructs were a kind gift from Erik Flemington. Truncated MiR-155 

promoter constructs used in this study were cloned by Susan Quinn as 

described subsequently.

2.7.2 Promoter construct cloning

MiR-155 promoter PGL3 Luciferase plasmids were a kind gift from Erik 

Flemington. Truncations of the plasmid were carried out in order to 

determine the key site for induction of miR-155.

The PGL3 basic vector containing the pri-155 plasmid was digested for Shrs 

at 37°C with 25 Units of the restriction enzymes Nhe and Hindlll along with 

5[il lOX Buffer NE2.1 and 5[j.l lOX BSA in order to excise the BIC insert. The 

resulting product was then run on a 1.5% Agarose Gel (0.75g Agarose in 

50ml TE + 1.5^1 Sybr Safe). The gel band representing the PGL3 empty vector 

was excised from the gel and gel purified using the Promega SV Wizard Gel 

Purification kit according to the manufacturer's instructions. The DNA 

product concentration was measured on the nanodrop at stored at 4°C.

The truncated versions of pri-155 were now cloned prior to ligation in to the 

PGL3 vector. Primers were designed to different lengths of the pri-155 

vector. The Tm of the primers was found on finnzymes.com. The PCR reaction 

to amplify the truncated pri-155 was made up as follows: 13^1 H20, 4|il 5X 

Buffer, 0.4|il (200nM] dNTPs, l^il forward primer, l |i l  reverse primer, 0.4|il 

DNA (4ng), and 0.2^1 Phusion Enzyme. PCR was carried out as follows: Initial 

Denaturisation 98°C 1 min, then 32 cycles of the following process; Denature 

98°C 10 sec, Anneal 56-62°C (Tm of primer pair) 30 sec. Extend 72°C 45 sec,
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followed by a Final Extension at 72°C for 10 min and a 4°C hold. The PCR 

products were then run on a 1.5% agarose gel and the corresponding band to 

each truncated form of pri-155 cut out and gel purified. This product was 

then digested as follows so that it can be ligated in to the digested empty 

PGL3 vector; 28(^1 PCR product, 3^1 lOX buffer, 3[il BSA, l^il Hindlll, 2^1 Nhel 

(20 Units) and 3|il H2 O for 21H at 37°C. 40^1 of m embrane binding solution 

was added and the products purified using the Promega SV Wizard Gel 

Purification kit according to the manufacturer’s instructions. The DNA 

product concentration was measured on the nanodrop at stored at 4°C.

The digested PGL3 vector and new truncated inserts were now ligated 

together to create nevv̂  truncated versions of the pri-155 luciferase plasmid. 

This was carried out in a 10|il reaction comprising of l^ii lOX Buffer T4, 0.4|il 

T4 ligase, and a 1:3 ratio of DNA of vector: insert. The 1.5ml tube was then 

placed in a rack in a shallow filled ice box with a lid and left overnight, 

allowing the ice to melt and the T4 ligase to be exposed to a range of 

temperatures. DH5a cells were then transformed with the new plasmids; 3^1 

DNA was added to 50|il DH5a, placed on ice for 45 min, heat shocked at 42°C 

for 40 sec, placed on ice for 2 min, then 250|il SOCs Buffer was added for 90 

min on a 37°C shaker. Cells were centrifuged for 1 min at 2500rpm, 200^1 of 

supernatant was removed and the cells were resuspended and plated on 

Agar+ Ampicillin plates overnight. Resulting colonies the next morning 

indicated successful ligation. Single colonies were chosen and streaked on to 

a new Agar plate, numbering the section. The pipette tip was placed in a 

1.5ml tube containing 5 îl GoTaq, 0.5[il forward primer, 0.5^il reverse primer, 

and 4[il H2 O which was PCR at 95°C 5min, 35 repeats of (95°C 30sec, 52°C 30 

sec, 72°C 30 sec) and then 72°C for lOmin prior to a 4°C hold. The PCR 

product was run on a gel and bands indicated the plasmids had inserted 

successfully into the PGL3 vector and in the correct direction. The Agar plates 

on which the new streaks had been placed were allowed to incubate at 37°C 

for 8 hours, then colonies taken and placed in 4ml LB Broth + 0.1% 

Ampicillin, left overnight at 37°C on a shaker. The products were then 

miniprepped using the Wizard Plus SV Minipreps DNA Purification System
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according to the m anufac tu re r’s instructions. New vectors  w ere  sen t for 

sequencing and w hen  determ ined  correct could now  be used for Luciferase 

experiments.

2.7.3 Transformation

Plasmid constructs  w ere  received on filter paper  w as cut ou t and extracted 

into 50^1-100|il TE in an eppendorf. All p rocedures  w ere  carried  ou t  under 

sterile  conditions, by a Bunsen burner, using sterile equipm ent. DH5a E.CoIi 

cells which are  highly com peten t w ere  defrosted  from -80- C and  aliquoted at 

50fil in th ree  sterile eppendorfs. 5[al of each of the  plasmid DNA vectors was 

added  to the E. Coli DH5a aliquots. These w ere  placed on ice for SOmins and 

then  incubated in a w a te r  bath a t 42-C for 20 seconds to hea t shock the 

bacteria and cause plasmid uptake. They w ere  then  incubated again on ice for 

2mins. Ampicillin agar plates w ere  b rought to room  te m p era tu re  and lawned 

w ith each of the DNA E. coli samples, left to dry  fully beside a Bunsen burner. 

They w ere  then  tu rned  upside-dow n and incubated overn ight a t 37-C. The 

following day, s ta r te r  cultures w ere  p repared  by selecting th ree  bacterial 

colonies for each sam ple and inoculating into 2ml p re -w arm ed  LB broth 

[100 |ig /m l Ampicillin) using a sterile p ipe tte  tip, and incubated  at 37-C  for 

8hrs. 100ml p re -w arm ed  LB bro th  (lOO^g/ml Ampicillin] was added to 

autoclaved conical flasks. The best s ta r te r  culture for each sam ple  w as added 

to the conical flasks and incubated a t 37-C  overnight.

Purified plasmid DNA was then  extracted using a Qiagen EndoFree plasmid 

purification maxi kit as follows. DH5a E. coli plasmid DNA cultures w ere  

transfe rred  into tw o 50ml falcon tubes and centrifuged a t  4 000 rpm 's  for 

SOmin a t 4-C. Supernatan ts  w ere  d iscarded and pellets re su sp en d ed  in 5ml 

Buffer P I  per  tube  and recombined. lOml of Buffer P2 w as added  for 5mins 

a t room  te m p era tu re  and mixed by inversion, tu rn ing  the  solution blue, 

indicating bacterial lysis. During the incubation time, the  QIAfilter Maxi 

cartridge was p rep a red  by screwing on cap and placing it in a 50ml falcon
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tube. 10ml of pre-chilled Buffer P3 was added; the solution inverted once 

turning it white and immediately poured into the QIAfilter Maxi cartridge, 

which was incubated for lOmins at room temp. Outlet nozzles were removed 

and plungers inserted and filtered into 50ml tubes. 2.5ml Buffer ER was 

added to the filtrate and mixed by inversion ten times, and then incubated for 

lOmins on ice. QIAGEN-tip 500 was prepared by equilibrating with 10ml 

QBT, and allowed to drain by gravity flow. Lysate was then added to and 

allowed to drain by gravity flow. The column was washed twice with 30ml 

Buffer QC, placed above a 50ml tube and DNA then eluted by addition of 15ml 

Buffer QN. DNA was precipitated by adding 10.5ml isopropanol which was 

then centrifuged at 4000rpm ’s for Ih r  at 4°C. Supernatant was discarded 

carefully and the pellet was washed gently in 5ml endotoxin-free H20 + 70% 

ethanol and centrifuged at 4000rpms for 30mins. The pellet was allowed to 

air dry for 10-15mins before dissolving in 250|il endotoxin free Buffer TE. 

DNA yield were measured using the nanodrop NDIOOO, normalised to 

100ng/|il and stored at -20^0 for further use and DNA Luciferase Assay.

2.7.4 Transfection 

2.7.4.1 DNA Luciferase

HEK293T or Raw 264.7 cells were plated at 4 x l0 ^ 5 /m l in DMEM with 10% 

PCS and no penstrep, at 500^1 per well of a 24 well plate. DNA master mixes 

totalling 200ng per well were prepared for each plate consisting of 5ng TK 

Renilla, l lO ng  BIG Luciferase and 85ng ets2 plasm id/em pty vector plasmid, 

and added to 50|il/well Optimem serum-free media and mixed gently. 

Lipofectamine 2000 at 0.6|il/well was then separately added to 50|il/well 

Optimem serum-free media and mixed gently. After a 5 min incubation the 

Lipofectamine mix was added to the DNA complexes mix, and left for 20 

mins. 100|il of complexes were then added per well. Gells were  incubated at 

37°C in a C02 incubator for 24-48 hours. If stimulation with LPS was 

required, this was performed after 16-24 hours at lOOng/ml.
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2.1 A.2 siRNA transfection

Raw 264.7 cells were plated at 2 x l0 ' '5 /m l in a 6 well plate in antibiotic-free 

media. siRNA against ERF or a negative control (20, 50 or 100|iM) was added 

to 100^1 Optimem per well. 2|il Lipofectamine per well was added to 100(^1 

Optimem. Complexes were incubated for 5 min before being combined and 

incubated again for a further 20 min. 200|il of the mix was then added per 

well, and cells w ere incubated at 37°C in a C02 incubator for 48 hours.

2.8 Bioinformatic Analysis 

2.8.1 Investigation of the miR-155 promoter gene 'BIC'

Nucleotide sequences for Homo Sapiens and 8 orthologous sequences were 

obtained for the upstream region of the miR-155 prom oter from the ensembl 

database (assembly GRCH37.p8). Upstream regions were taken as 2500 

bases upstream and 500 downstream from the transcription s tart site. The 

identification of evolutionarily conserved transcription factor binding sites 

(TFBS) was performed using Phylogibbs; a Gibbs sampling technique which 

utilizes phylogenetic foot-printing (Siddharthan et al., 2005J. Phylogibbs 

identifies both evolutionarily conserved and over-represented binding sites 

utilizing only sequence data and without the use of binding 

profile/experimental date. Phylogibbs was used to analyse the orthologous 

upstream sequences using all possible binding sizes between 4 and 20, fixing 

all other param eters at the default settings.

Secondary identification of TFBS was performed using the Jaspar and 

Consite. Jaspar is a transcription factor binding profile database that 

performs a single sequence comparison to all high-quality transcription 

factor models (Sandelin et al., 2004a). Consite is a web-based tool, which 

performs both transcription factor model comparisons in combination with 

phylogenetic foot-printing leading to results of greater significance (Sandelin 

et al., 2004b). A default binding threshold of 0.8 was used for the both the
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Jasper and Consite analysis. The binding profile of ETS is given as an example 

in Figure 2.1.

Figure 2.1 Binding profile of Ets for Jaspar Analysis

2.9 Statistical Analysis

All statistical tests w ere carried out on the mean results of at least three 

independent experim ents unless otherw ise indicated. Paired or unpaired 

two-tailed students t-tests w ere carried out to determ ine if sam ples w ere 

significantly different. Levels of significance are indicated using stars *; P < 

0.05, **: P < 0.01, ***: P < 0.001.
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Chapters - Induction of miR-155
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3.1 Introduction

In the  s tudy  of microRNA (miRNA), the m ajority  of research  to date  focuses 

on the in teresting  ta rge t genes and pathw ays on which miRNAs impact, and 

to a lesser extent, the detailed mechanism s by which miRNAs them selves are 

controlled and induced. In the context of inflammation, miRNA have proven 

key to the developm ent, differentiation and orches tra tion  of a sm ooth  and 

timely im m une response  and subsequen t resolution. More recently, it has 

becom e clear th a t  miRNA them selves are  subject to sophisticated  control. 

Such regulation has an im portan t role in the  context-specific functions of 

miRNAs, there fo re  it is extrem ely im portan t to u nders tand  how  these  miRNA 

are  induced, inhibited and controlled in o rd e r  to m aintain  control of their 

d ow nstream  ta rge t genes.

MiR-155 is potently  induced in response  to TLR4 ligation, and is a key player 

in the TLR4-mediated im m une response. MiR-155 is strongly  up regulated in 

num erous  forms of cancer, and additionally has been  found elevated in many 

inflam m atory d iseases such as Rheumatoid a rth ri t is  and colitis fStanczyk et 

al., 2008, Wu et al., 2008). Additionally, miR-155 deficient mice are  highly 

res is tan t to a model of brain inflammation, EAE, (Murugaiyan e t al., 2011, 

O'Connell e t al., 2010c) highlighting the potential to m anipu la te  this 

microRNA as a the rapeu tic  ta rge t in inflam m atory  disease. MiR-155 has been 

suggested as a potential b iom arker in m any  d isease phenotypes including 

Rheum atoid Arthritis (Kanwal e t al., 2013). To potentially  control a 

microRNA as a therapeu tic  tool, it is essential to un d ers tan d  the exact 

m echanism  by which th a t  microRNA is controlled and induced a t a molecular 

level. These key insights will shed light on the  induction of a fine-tuning 

modulator, and  thus which o the r  pathw ays may be ta rge ted  in the 

exploitation of this axis of im m une control.

MiR-155 is transcribed  from the non-coding BIC/pri-155 gene, a gene once 

though t to have no specific function, bu t now  often te rm ed  MiR-155 host 

gene (M1R-155HG), as its sole function is to transcr ibe  the m a tu re  miR-155.
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Here w e have uncovered a key role for the Ets2 transcription factor in the 

transcription of the miR-155 gene.
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3.2 Results 

3.2.1 Induction of miR-155 in the TLR4-driven immune response

The first aim of this project was to investigate how  the  TLR4 agonist 

Lipopolysaccharide (LPS) can induce large copy num bers  of miR-155 and 

increased expression  of its host gene 'pri-155'. Pri-155 is the  non-pro tein  

coding gene, which transcribes  miR-155 from its th ird  exon. The induction of 

miR-155 and its p rim ary  transcript, pri-155, w ere  first exam ined in response  

to LPS over time. Figure 3.1 shows th a t  both pri-155 (Figure 3.1A) and miR- 

155 (Figure 3.IB) are  strongly  induced in response  to LPS in p rim ary  bone 

m a rro w  derived m acrophages (BMDM) in vitro. Pri-155 expression peaked at 

2 hours  and  then  decreased, w hereas  miR-155 show ed a substantial increase 

up to 24 hours. IL-6 cytokine production (Figure 3.1C] w as also m easured  as 

a positive control to indicate cell responsiveness  to LPS. To further 

investigate this induction beyond the in vitro  setting, an  in tra-peritoneal 

injection of LPS or PBS control w as adm inis tered  in vivo, and pri-155 and 

miR-155 expression  levels m easured  in excised peritoneal macrophages. In 

ag reem en t w ith  Figure 3.1, Figure 3.2 reveals po ten t  induction of pri-155 

(Figure 3.2A) and miR-155 (Figure 3.2B) in response  to LPS in vivo. 

M easurem en t of IL-6 as a positive control (Figure 3.2C) also indicates LPS 

responsiveness  in the peritoneal m acrophages. T ogether these  data 

em phasise  the  im portance of miR-155 in the inflam m atory response.

3.2.1.1 miR-155 is transcriptionally regulated in the LPS-driven 

immune response

The induction of miR-155 in response  to TLR ligands including LPS via TLR4, 

has been  well docum ented, bu t not well characterised  or investigated to date. 

In o rd e r  to fu r ther  unders tand  this po ten t induction seen both  in vitro  and in 

vivo, the LPS-mediated induction of m atu re  miR-155 coupled w ith  t rea tm en t 

w ith the transcrip tional inhibitor Actinomycin D w as investigated. Figure 3.3 

reveals th a t  expression of miR-155 is completely inhibited by Actinomycin D,
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indicating th a t  induction of miR-155 by LPS Hkely occurs prim arily  a t the 

transcrip tional level. This finding can be seen  both  in response  to time 

(Figure 3.3A) and  dose (Figure 3.3B) of Actinomycin D trea tm ent.

3.2.2 Investigation into regulation of the miR-155 promoter

3.2.2.1 MiR-155 promoter contains multiple highly conserved Ets 

binding sites

In o rd e r  to investigate the potential transcrip tional induction of miR-155, a 

detailed bioinformatic analysis of the miR-155 p ro m o te r  (pri-155) was 

carried  out. This investigation was done in collaboration w ith a TCD genetics 

d e p a r tm e n t  bioinformatician, Dr Brian Caffrey, as described  in detail in the 

Methods section. The identification of puta tive binding sites purely  from 

sequence data  w as perform ed using Phylogibbs. Combining the  most 

significant results  from Phylogibbs and Jaspar identified ETS-family binding 

sites as s tand -ou t candidates. F urther verification w as carried  out using 

Consite, which verified all sites in the previous tests. The Ets-family binding 

sites revealed in this analysis a re  show n in detail in Figure 3.4A, underlined 

and in red. An NFkB binding site is also p resen t  on the  p ro m o te r  in a region 

which is no t highly conserved (purple text], and although som e studies have 

pointed to this NFkB binding site being of im portance (Chen et al., 2013), 

o thers  have deduced from the ir  studies tha t activation of NF-k B is not 

involved in regulation of pri-155 expression (van den Berg e t al., 2003, Yin et 

al., 2008), and inhibition of this site has no effect on miR-155 expression. A 

schem atic depicting the highest scoring Ets family b inding sites on the  miR- 

155 p ro m o te r  is depicted in Figure 3.4B. Additionally, PFAAT alignm ent 

show ing a highly conserved region of the p rom ote r  in the  region of the  TATA 

box and  the  ad jacent consensus Ets binding site is depicted  in Figure 3.4 C.
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3.2.2.2 Ets family members drive transcription of the miR-155 

promoter

Characterisation of the induction of miR-155 next involved the use of a 

luciferase rep o r te r  plasm id into v^hich 1200bp of the  miR-155 p rom ote r  had 

been  cloned. Due to the high prevalence of Ets family binding sites on the 

prom oter, a plasmid encoding Ets family m em bers  including E tsl ,  Ets2, Elfl 

and Elf3 w ere  co-transfected vi îth the pri-155 Luciferase reporte r ,  and their 

ability to drive transcrip tion  of the p rom ote r  w as de term ined  by 

lum inescence relative to a Renilla control plasmid. As Figure 3.5 shows, Ets 

family m em bers  can induce transcrip tion  of the  miR-155 prom oter, 

indicating tha t they  m ay be im portan t transcrip tion  factors in the regulation 

of miR-155.

3.2.3 Ets factors in the immune response 

3.2.3.1 Etsl is not induced via TLR4

Due to the data  indicating the possible im portance of the  Ets family of 

transcrip tion  factors in control of the miR-155 prom oter ,  and  to further 

investigate miR-155 induction in an inflam m atory context, Ets family gene 

expression w as exam ined in response  to LPS in m acrophages. Elf3 is 

epithelial specific and  not induced in m acrophages (BioGPS). Figure 3.6 

reveals tha t E ts l  is unaltered  in response  to LPS in both  Raw264.7 cells 

(Figure 3.6A), and p rim ary  BMDM (Figure 3.6B), ruling ou t E ts l  as a 

candidate  for regulation  of miR-155 in the  TLR4-mediated im m une response.
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3.2.3.2 Ets2 is strongly induced in response to LPS stimulation

The induction of Ets2 in response  to LPS w as then  exam ined in m acrophages. 

Figure 3.7 show s a s trong  induction of Ets2 mRNA in response  to LPS, in 

Raw264.7 cells (Figure 3.7A], p rim ary  BMDM (Figure 3.7B), and peritoneal 

m acrophages (Figure 3.7C) from 30 minutes LPS trea tm en t.  Ets2 pro tein  was 

also m easured  and found to be strongly induced in response  to LPS (Figure 

3.8). These data  h in t tha t Ets2 may be a likely candidate  for induction of miR- 

155 in the inflam m atory response  to the TLR4 ligand LPS.

3.2.3.3 Induction of Ets2 is MyD88 and TRIP dependent

Further investigation into the LPS-mediated induction of Ets2 revealed the 

increased expression levels of Ets2 in response  to LPS are  MyD88 and TRIF 

dependan t (Figure 3.9A), confirming it as a dow nstream  effector of TLR4 and 

thus a potential candidate  for TLR4-mediated regulation of miR-155. 

Actinomycin D time courses also revealed Ets2 induction is transcrip tionally  

regulated, concurren t w ith miR-155 (Figure 3.9B).
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Figure 3.1 LPS induces miR-155 expression in BMDM

Primary BMDM were plated at Ix lO ^ /m l in 24 well plates and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% PCS, penicillin 
and streptomycin (100|i). The following day cells were left unstimulated or 
were stimulated w ith  lOOng/ml LPS for 2-24hours p rio r to cell lysis. 
Supernatants were harvested for ELISA measurements. RNA was normalised 
and converted to cDNA, then pri-155 (A) and miR-155 (B) mRNA was 
measured by Real-Time PCR using AACT method. IL-6 cytokine production 
was measured by ELISA. The data shown are the mean o f three independent 
experiments carried out in trip licate ± S.E.M.
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Figure 3.2 LPS induces miR-155 expression in peritoneal macrophages

C57BL/6 mice were administered an intra-peritoneal injection of LPS 
(4mg/kg) or PBS for 24 hours in vivo. Mice were then sacrificed and a 
peritoneal lavage removed by flushing the peritoneal cavity w ith  sterile PBS. 
Cells were plated for 2 hours to allow adherence of peritoneal macrophages. 
Supernatants were removed and cells lysed for RNA extraction and analysis. 
Real-Time PCR was used to measure pri-155 mRNA (A) miR-155 (B), and IL- 
6 (C). The data shown are the mean of 3-8 mice per condition ± S.E.M.
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Figure 3.3 Actinomycin D inhibits LPS-mediated miR-155 induction

Primary BMDM from C57BL/6 mice were plated at Ix lO V m l in 12 well 
plates and incubated overnight at 37°C in DMEM media supplemented with 
10% FCS, penicillin and streptomycin (lOOng/ml). The following day cells 
were pre-treated with Actinomycin D (ACT D, lug) 1 hour prior to LPS 
treatm ent (lOOng/ml) for 1-8 hours in vitro (A), or treated with increasing 
doses of Actinomycin D 1 hour prior to administration of LPS (lOOng/ml) for 
Bhours in vitro [B). Data are the mean ±SD of one experiment, representative 
of three.
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Figure 3.4 Bioinformatic Analysis of the miR-155 promoter

Bioinformatic analysis of the miR-155 promoter using Phylogibbs, Jaspar and 
Consite as described previously (Methods Section] revealed key Ets family 
binding sites (A) Five high scoring Ets binding sites are highlighted (red and 
underlined). (B) A schematic representation of these Ets sites with sequence  
location is illustrated in. (C) PFAAT alignment of upstream 'pri-155'gene  
reveals a highly conserved region containing the TATA Box and the final Ets 
binding site.
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Figure 3.5 Ets family members induce transcription of the miR-155 
promoter.

RAW264.7 cells w ere plated at 4xl0^/m l in a 24 well plate and incubated 
overnight at 37°C in DMEM media supplemented with 10% PCS, penicillin 
and streptomycin (lOOng/ml). Cells w ere transfected in triplicate using 
Lipofectamine 2000 transfection reagent in serum free media with TK Renilla 
[5ng] and BIC Luciferase reporter plasmid (llOng]. Plasmids encoding Etsl, 
Ets2, Elfl and Elf3 were also co-transfected into cells at a concentration of 
85ng. Cells were incubated at 37-C for 24 hours before m easurem ent of 
Luciferase activity. The data shown is Luciferase Activity ± SD from triplicate 
transfections of one experiment. Results are representative of three 
independent experiments.
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Figure 3.6 Etsl induction in response to LPS

Raw264.7 cells (A) were plated at 4x l05 /m l or Primary BMDM (B) were 
plated at Ix lO ^ /m l in 24 well plates and incubated overnight at 37°C in 
DMEM media supplemented w ith  10% PCS, penicillin and streptomycin 
(100|jg /m l]. The follow ing day cells were left unstimulated or were 
stimulated w ith  lOOng/ml LPS for 30min-24hours prio r to cell lysis for RNA 
extraction. RNA was normalised and converted to cDNA, then E ts l mRNA 
was measured by Real-Time PCR using AACT method. The data shown are 
the mean o f three independent experiments, each carried out in trip licate ± 
S.E.M.
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Figure 3.7 Ets2 induction in response to LPS

Raw264.7 cells (A] were plated at 4xlO ^/m l and Primary BMDM (B) or 
Peritoneal macrophages (C] were plated at Ix lO V m l 24 well plates and 
incubated overnight at 37°C in DMEM media supplemented w ith  10% FCS, 
penicillin and streptomycin (lOOng/ml). The follow ing day cells were left 
unstimulated or were stimulated w ith  lOOng/ml LPS for 30min-24hours 
p rio r to cell lysis for RNA extraction. RNA was normalised and converted to 
cDNA, then Ets2 mRNA was measured by Real-Time PCR using AACT method. 
The data shown are the mean of three independent experiments, each carried 
out in trip licate ± S.E.M.
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Figure 3.8 Ets2 induction in response to LPS

Primary BMDM were plated at IxlOVm l in 24 well plates and incubated 
overnight at 37°C in DMEM media supplemented with 10% PCS, penicillin 
and streptomycin (100|ig/ml). The following day cells were left unstimulated 
or were  stimulated with lOOng/ml LPS for 30min-24hours prior to cell lysis 
to extract all protein, which was normalised using a Bradford assay. (A) 
Lysates were analysed by Western Blotting using anti-Ets2 and anti-^-actin 
antibodies. Western blot is representative of at least 3 independent 
experiments (B) Relative expression levels as measured by densitometry 
relative to p-actin.
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Figure 3.9 Ets2 induction is MyD88 & TRIP dependent

(A] W ild type (white bars], MyD88 /- (grey bars), or TRIP /- (black bars) 
immortalised BMDM [iBMDM] were plated at 5 x l0 ^ /m l in 24 well plates and 
incubated overnight at 37°C in DMEM media supplemented w ith  10% PCS, 
penicillin and streptomycin (100|ig/m l). Cells were stimulated w ith  LPS for 0 
-24  h. (B) Primary BMDM from C57BL/6 mice were pre-treated w ith  
Actinomycin D (ACT D, lug ) 1 hour prior to LPS treatment (lOOng/m l) for 1- 
24 hours in vitro. Pollowing RNA extraction Ets2 or GAPDH control was 
measured by real-time PCR. Data shown are the mean ± S.D. of one 
experiment carried out in triplicate, representative o f three independent 
experiments.
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3.2.4 Regulation of miR-155 promoter by Ets2 

3.2.4.1 LPS and Ets2 can drive miR-155 promoter in a dose-dependent 

manner

Additional evidence that LPS is transcriptionally regulating the miR-155 

promoter is shown in Figure 3.10, in which increasing doses of LPS can drive 

transcription of miR-155 in both HEK293MTC cells, which express TLR4, 

MD2 and CD14 to allow responsiveness to LPS, (Figure 3.10A), and Raw 

264.7 cells (Figure 3.10B). The Ets2 plasmid was then co-transfected at 

increasing doses with the pri-155 luciferase reporter, and Figure 3.11 

confirms that Ets2 is sufficient to drive transcription of the miR-155 

promoter in both HEK293Ts (Figure 3.11A] and Raw264.7 cells (Figure 

3.11B].

3.2.4.2 Over-expression of Ets2 can increase expression of mature miR- 

155

The data thus far indicated that LPS induces Ets2 expression, which can drive 

transcription of the miR-155 promoter, and the next investigation focused on 

the ability of Ets2 to induce mature miR-155 expression. Over-expression of 

an Ets2 plasmid in Raw264.7 cells (Figure 3.12A) resulted in strongly 

increased expression of the mature miR-155 mRNA, as measured by Real

time PCR (Figure 3.12B). This result confirms tha t Ets2 alone is sufficient to 

induce transcription and maturation of the m ature transcript, miR-155.

3.2.4.3 Knockdown of Ets2 Repressor factor can increase expression of 

mature miR-155

Ets2 is transcriptionally inhibited by Ets2 Repressor Factor (ERF) (Sgouras et 

al., 1995) and to further examine the relationship between Ets2 and miR-155,
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siRNA against ERF was utilised in order to boost the expression of Ets2 in the 

cell, and examine subsequent miR-155 induction. Figure 3.13 reveals that 

LPS can suppress the expression of ERF, indicating it is counter-regulated 

relative to its target Ets2. Further, successful knockdown of ERF via siRNA 

(Figure 3.13A] results in increased expression of Ets2 (Figure 3.13B), and 

consequently elevated expression of mature miR-155 in response to LPS 

(Figure 3.13C]. These data provide further evidence for Ets2 as a potential 

transcription factor for miR-155 in the immune response.

3.2.5 Examination of the key Ets binding site for induction of miR-155 

3.2.5.1 Truncation of the miR-155 promoter plasmid

These data indicate both strong bioinformatic and experimental evidence for 

Ets2 playing a role in the regulation of miR-155, and due to the high number 

of Ets binding sites on the miR-155 promoter, the next focus became to 

investigate w hether one particular site may be key in the regulation of miR- 

155. Primers were designed in order to create pri-155 luciferase promoter 

constructs of decreasing lengths, resulting in removal of an additional Ets 

binding site with each subsequent truncation. The truncated promoters were 

then cloned in to a luciferase reporter to allow for investigation of any 

alteration in prom oter responses when Ets sites are deleted. Figure 3.14A 

shows a schematic of the truncated promoters; Pri-155, Tl_Pri-155, T2_Pri- 

155, T3_Pri-155 and T4_Pri-155, and Figure 3.14B shows the PCR products of 

decreasing length run on a DNA gel prior to ligation back in to the luciferase 

vector.

3.2.5.2 Truncation of Ets binding sites does not affect the ability of Ets2 

to transcribe the miR-155 promoter

Interestingly, Figure 3.15 reveals that Ets2 may still be able to drive 

transcription of the miR-155 prom oter when only one Ets site remains,
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despite sequential deletion of other consensus Ets binding sites from the 

prom oter construct in both HEK293T cells (Figure 3.15B), and Raw264.7 

cells (Figure 3.15C]. The final truncation (T4_Pri-155), which contains one 

highly conserved Ets binding site (at position 0,+9), was thus investigated 

further with increasing doses of Ets2 co-transfected with this short promoter 

and induction compared relative to the full length miR-155 prom oter (Pri- 

155]. Figure 3.16 confirmed the finding that Ets2 can still drive the truncated 

prom oter to an equal extent as the full-length promoter. This finding led to 

the hypothesis tha t the final Ets binding site remaining in Truncation T4_Pri- 

155 may be key for induction of miR-155 via Ets2.

3.2.5.3 Mutation of the miR-155 promoter

3.2.5.4 Ets2 has strongly reduced ability to transcribe miR-155 

promoter when the final Ets binding site is mutated

As the truncation of the promoter had revealed that Ets2 could drive the miR- 

155 promoter even when only one consensus Ets binding site remains, it was 

next decided to further investigate this binding site in particular. A Luciferase 

construct containing the full-length form of pri-155 with a point mutation in 

this terminal consensus Ets binding site was utilised. Ets2 plasmids were co

transfected in increasing doses with the full-length miR-155 promoter 

luciferase (Pri-155) or the Ets m utant promoter luciferase (M_Pri-155). A 

schematic of these promoters is depicted in Figure 3.17A. Figure 3.17 (B) 

reveals that Ets2 cannot initiate transcription of the miR-155 prom oter when 

this terminal Ets site on the promoter is mutated, implying that this site is 

key for Ets2 transcription factor binding to the miR-155 promoter. In Figure 

3.17 (C) the m utant promoter was also treated with increasing doses of LPS, 

which also had decreased transcription, again implicating this Ets binding 

site in the inflammatory process driving miR-155 in response to TLR4 

ligation. While the terminal Ets binding site is essential for Ets2-mediated 

transcription of the promoter, induction via LPS is reduced but not
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completely ablated, suggesting that other transcription factors are also 

playing minor roles in LPS-mediated induction of miR-155.

3.2.6 Binding of Ets2 to the miR-155 promoter 

3.2.6.1 Ets2 binds to a pri-155 Oligonucleotide

These data indicate tha t a transcription factor im portant for miR-155 

induction may have been uncovered in the form of Ets2. To further 

strengthen this investigation, promoter-binding studies were carried out. 

Initially an oligonucleotide pull down experiment was applied, whereby 

primers to the Ets binding site were designed and annealed to create an 

artificial miR-155 prom oter sequence in the region of the Ets2 binding site. 

This oligonucleotide was then coupled to a biotin tail to allow pull down with 

streptavidin beads. A schematic of the oligonucleotide and the location on the 

miR-155 prom oter is depicted in Figure 3.18 (A). Following treatm ent with 

LPS, cell lysates were incubated with this miR-155 prom oter oligonucleotide 

and streptavidin beads. Lysates and beads were then run on a western 

blotting gel, and an anti-Ets2 antibody used to investigate w hether Ets2 had 

been pulled down bound to this oligonucleotide sequence following LPS 

treatment. As evident in Figure 3.18 (B) LPS can trigger Ets2 to bind to the 

highly conserved binding site on the miR-155 promoter. These data provide 

further evidence of a potential role for Ets2 as a key transcription factor in 

the induction of miR-155 in the immune response to LPS.

3.2.6.2 Ets2 binds endogenously to the miR-155 promoter following LPS 

stimulation

In order to investigate this binding in a more endogenous context. Chromatin 

Immunoprecipitation (ChIP) assay was investigated in response to LPS. ChIP 

assays involve treating cells and then cross-linking DNA using formaldehyde.
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in order to get a 'snapshot' of transcription factors bound to DNA at the 

m oment of cross-linking and cell lysis. Primers were designed to the miR-155 

promoter, as indicated in Figure 3.18A (EBS, Ets binding site; NBS, negative 

binding site), in addition to a number of key controls including a positive 

control in the form of primers to the (3-actin promoter, and a negative control 

in the form of primers created upstream on the miR-155 prom oter to control 

for any non specific binding (NBS). Raw264.7 cells were treated with LPS for 

6-24 hours, and subsequently cross-linked in formaldehyde to anneal 

transcription factors to the DNA. The lysates were sheared by sonication in 

order to break up the Chromatin before incubation with various antibodies 

including to Ets2, a negative control HA antibody, and RNA Polymerase 

(Rpol), which binds to the p-actin promoter. DNA fragments, which had been 

pulled down bound to the antibodies, were then investigated by Real Time 

PCR and measured relative to the input level of DNA. Results revealed that 

Ets2 was bound to the miR-155 promoter in the presence of LPS (Figure 

3.19B, grey bars), and only on this key highly conserved binding site, which 

had emerged as potentially important in our promoter studies thus far. There 

was no binding evident at the negative control binding site (Figure 3.19C, 

grey bars). The positive control (5-actin promoter showed strong binding of 

R-pol (white bars), and no binding of Ets2 (grey bars) (Figure 3.19D). These 

data provide an additional line of evidence supporting Ets2 controlling miR- 

155 induction, and indicate that a novel pathway for miR-155 induction in 

macrophages may have been uncovered.
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Pri-155 Luciferase 293MTC

Pri-155 Luciferase RAW264.7

Figure 3.10 LPS drives transcription of the miR-155 promoter

(A) HEK293MTC cells or (B) RAW264.7 cells were plated at 4xl05/m l in a 24 
well plate and incubated overnight at 37°C  in DMEM media supplemented 
with 10% PCS, penicillin and streptomycin (lOOng/ml). Cells were 
transfected in triplicate using Lipofectamine 2000 transfection reagent in 
serum free media w ith TK Renilla (5ng) and pri-155 Luciferase reporter 
plasmid (llO ng) prior to treatment with increasing doses of LPS (50,100, 
ISOng). Cells were incubated at 37-C for 24 hours before measurement of 
Luciferase activity. Data shown are the mean ± S.D. of one experiment 
carried out in triplicate, representative of three independent experiments.
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(A) pri-155 Luciferase 293T

ETS2 40ng ETS2 50ng

(B) pri-155 Luciferase RAW264.7

Figure 3.11 Ets2 drives transcription of the miR-155 promoter

(A) HEK293T cells or (B] RAW264.7 cells were plated at 4xl05/m l in a 24 
well plate and incubated overnight at 37°C in DMEM media supplemented 
with 10% PCS, penicillin and streptomycin (lOO^g/ml]. Cells were 
transfected in triplicate using Lipofectamine 2000 transfection reagent in 
serum free media with TK Renilla (5ng) and BIG Luciferase reporter plasmid 
(llOng). Ets2 or Empty Vector (EV) Control were also co-transfected into 
cells at increasing concentrations (40-100ng]. Cells were incubated at 37-C 
for 24 hours before measurem ent of Luciferase activity. Data shown are the 
mean ± S.D. of one experiment carried out in triplicate, representative of 
three independent experiments.
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Ets2 expression

3-

CM —

(B)
miR-155 Expression

Figure 3.12 Ets2 induces expression of mature miR-155

RAW264.7 cells w ere  plated at 4x l0 5 /m l in a 24 well plate and incubated 
overn ight a t 37°C in DMEM media supp lem ented  with 10% FCS, penicillin 
and s trep tom ycin  (lOOng/ml). Cells w ere  transfec ted  in triplicate using 
Lipofectamine 2000 transfection reagent in serum  free media w ith  Ets2 or EV 
Control at 0.5|j,g. Cells w ere  then lysed for RNA extraction, RNA was 
norm alised and  converted  to cDNA, and (A) Ets2 or (B) miR-155 mRNA was 
m easured  by Real-Time PCR using AACT m ethod. Data show n are  the mean± 
S.D of one experim en t carried  out in triplicate rep resen ta tive  of two 
independen t experiments.
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Figure 3.13 ERF inhibition results in increased Ets2 and miR-155

RAW264.7 cells were plated at Ix lO ^ /m l in a 24 well plate and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% PCS, penicillin 
and streptomycin (100|ig/m l). siRNA to ERF (siERF) or scrambled control 
(siNC) was transfected at 50nM. Cells were lysed for RNA and ERF, Ets2 and 
miR-155 measured by Real-Time PCR. Data shown are the mean ± S.D. o f one 
experiment carried out in triplicate, representative of three independent 
experiments.
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Figure 3.14 Truncation of the miR-155 promoter

Pri-155 Luciferase Plasmids were digested with the restriction enzymes Nhe 
and Hindlll. Primers were designed to amplify truncated forms of the pri-155 
plasmid, and annealed with the digested pri-155 plasmid to form new 
truncated versions. (A) Schematic Representation of the truncated pri-155 
Luciferase constructs. (B) DNA agarose gel showing amplified PCR products 
of decreasing length prior to ligation with the Pgl3 Luciferase vector. Lane 1= 
Full Length pri-155, lane 2= Tl_pri-155, lane 3=T2_pri-155, lane 4= T3_pri- 
155, lane 5=T4_pri-155.
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Figure 3.15 Ets2 can still drive truncated miR-155 promoter constructs

(A) Schematic o f Truncated promoters. (B) HEK293T cells were plated at 
5x l0 ^ /m l or (C) RAW264.7 cells were plated at 4 x l0 ^ /m l in a 24 well plate 
and incubated overnight at 37°C in DMEM media supplemented w ith  10% 
FCS, penicillin and streptomycin (100|ig/m l). Cells were transfected in 
triplicate using Lipofectamine 2000 transfection reagent in serum free media 
w ith  TK Renilla (5ng) and pri-155 Luciferase reporter plasmid or Truncated 
Plasmid (T1-T4) ( llO ng ]. Ets2 or EV Control were also co-transfected into 
cells at 85ng. Cells were incubated at 37°C for 24 hours before measurement 
of Luciferase activity. Data shown are the mean ± S.EM. of three independent 
experiments, each carried out in triplicate.
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Figure 3.16 Ets2 can drive truncated promoter with one EBS remaining

RAW264.7 cells were plated at 4xl0^/m l in a 24 well plate and incubated 
overnight at 37°C in DMEM media supplemented with 10% PCS, penicillin 
and streptomycin (100|ig/ml). Cells were transfected in triplicate using 
Lipofectamine 2000 transfection reagent in serum free media with TK Renilla 
(5ng) and pri-155 Luciferase reporter plasmid or T4_pri-155 truncated 
Plasmid. Ets2 or EV control were transfected at increasing concentrations of 
50ng and 80ng. Cells were incubated at 37-C for 24 hours before 
m easurem ent of Luciferase activity. Data shown represents the mean ± S.D. 
of one experiment, representative of three independent experiments.
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Figure 3.17 Reduced promoter induction when the final Ets binding site 
is mutated

(A) Schematic representation of Pri-155 and M_Pri-155. (B&C) RAW264.7 
cells were plated at 4 x l0 ^ /m l in a 24 well plate and incubated overnight at 
37°C in DMEM media supplemented w ith  10% FCS, penicillin and 
streptomycin (lOO^ig/ml). Cells were transfected in trip licate using 
Lipofectamine 2000 transfection reagent in serum free media w ith  TK Renilla 
[5ng) and pri-155 Luciferase reporter plasmid or Mutant pri-155 Luciferase 
reporter plasmid [llO n g ). (A) Ets2 or Empty Vector Control were co
transfected into cells at increasing concentrations of 50ng, 80ng and lOOng.
[B) Cells were treated w ith  increasing doses o f LPS (50, lOOng]. Cells were 
incubated at 37-C for 24 hours before measurement of Luciferase activity. 
Data shown are the mean ± S.D of one experiment carried out in triplicate 
representative o f three independent experiments.
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Figure 3.18 Ets2 binds to an EBS oligonucleotide following LPS 
stimulation

Immortalised BMDM (iBMDM] were plated at 4xlO ^/m l in 10cm dishes and 
incubated overnight at 37°C in DMEM media supplemented w ith  10% PCS, 
penicillin and streptomycin (100[ig/m l). The next day cells were stimulated 
w ith  LPS (lOOng/m l) for 6 and 24 hours. Biotinylated oligonucleotides were 
designed based on the Ets Binding Site o f interest. Pre-washed Streptavidin- 
agarose beads were incubated w ith  cell lysates and 30fxg biotinylated 
oligonucleotide. (A) Western Blotting determined quantity o f Ets2 protein 
bound to oligonucleotide. (B] Data shown is representative of two 
independent experiments, w ith  densitometry relative to lysate controls.
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Figure 3.19 Ets2 binds endogenously to the miR-155 promoter 
following LPS stimulation

RAW264.7 cells were plated at 4xlO ^/m l in 15cm dishes, three dishes per 
condition and incubated overnight at 37°C in DMEM media supplemented 
w ith  10% PCS, penicillin and streptomycin (lOO^g/m l) p rio r to stimulation 
w ith  LPS (lOOng/m l) for 6-24H. For the ChIP Assay, cells were cross linked in 
formaldehyde, snap frozen in liquid nitrogen prio r to shearing o f DNA by 
sonication. Sonicated DNA was incubated w ith  blocked protein A beads prior 
to overnight incubation w ith  specific antibodies (RNA Polymerase, Ets2 or 
HA). Bound DNA was purified and measured using Real time PCR w ith 
specific primers designed for the Ets binding site of interest (EBS) (B), a non 
Ets binding site (NBS) (C) and the (3-Actin promoter (D). The data shown is 
mean ± SD of one experiment carried out in triplicate, representative o f three 
independent experiments.
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3.2.7 Investigation of TLR4 responses in Ets2*’/”/LysMCre+/'mice in vitro

Following on from these studies investigating the binding of Ets2 to the miR- 

155 promoter in the inflammatory response, Ets2f’/f’/LysMCre+/-mice were 

subsequently investigated in order to determine the true importance of Ets2 

for miR-155 induction. The mice used in this current study are myeloid cell- 

specific targeted mutants, generated by the Hertzog group at Monash 

University in Melbourne. LysM is a myeloid cell specific marker. To generate 

these myeloid cell specific knock out mice, the expression of Cre recombinase 

is placed under the control of the Lyz2 (lysozyme 2] promoter, ensuring Cre 

recombinase is only expressed in cells of the myeloid lineage, and also 

replacing the function of Lyz2. This is done by inserting a nuclear-localized 

Cre-recombinase into the first coding ATG of the Lyz2 gene. When these mice 

are crossed with a strain containing a loxP flanked Ets2 gene, Cre-mediated 

recombination results in deletion of the Ets2 gene only in cells containing a 

Lyz2 promoter, i.e. the myeloid cell lineage, including monocytes, mature 

macrophages, and granulocytes.

3.2.7.1 Ets2'/‘ mice have successful knockdown of Ets2 gene expression 

in peritoneal macrophages

The peritoneal macrophages were chosen as an ideal model system as it was 

possible to measure macrophage specific responses both in vitro and in vivo, 

w ithout the need for addition of differentiation and maturation factors such 

as are required for primary BMDMs. Firstly, successful knockdown of Ets2 

was confirmed in peritoneal macrophages, as shown in Figure 3.20. 

Peritoneal macrophages from wild type and Ets2 deficient mice [n=8) were 

extracted and treated in vitro with LPS (lOOng/ml) for 24 hours before gene 

expression was measured via Real Time PCR.
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3.2.1.2 Ets2 /‘ mice have reduced LPS-induced expression of pri-155 and 

miR-155 in vitro

The p rim ary  tran sc r ip t  of miR-155, pri-155, show n from our studies thus far 

to be potently  induced in response  to LPS, w as first m easured . As ev ident in 

Figure 3 .2 lA, pri-155 induction w as strongly dim inished in peritoneal 

m acrophages from the  Ets2 deficient mice, with approx im ate ly  20-fold less 

induction com pared  to wild type mice. This resu lt verified the  im portance of 

Ets2 as a key transcrip tional regula tor of the  pri-155 transcrip t,  and  lends an 

im p o rtan t  insight in to how  this po ten t pro-inflam m atory  microRNA is 

induced. M ature miR-155 w as next m easured  by Real Time PCR, and shown 

to also be dim inished in the Ets2 deficient mice com pared  to the wild type 

controls (Figure 3.21B). The results  show  a significant reduction  in miR-155 

in response  to LPS, again highlighting the true  im portance  of Ets2 for LPS- 

m ediated  regulation of this microRNA. The low level of induction observed in 

the Ets2 deficient mice reveals the re  is also an E ts2-independent mechanism 

of induction of the m a tu re  transcrip t, m ost likely th rough m atu ra tion  factors 

such as KH-type splicing regula tory  protein  (KHSRP), an RNA binding protein  

show n to regula te  m atura tion  of miR-155 from prim ary  transcr ip ts  (Gherzi 

e t al., 2010). The significant reduction of pri-155 and miR-155 in Ets2 

deficient mice concurs w ith  the earlier  findings th a t  Ets2 is heavily involved 

in control of miR-155 a t  the transcrip tional level, and  is one im portan t 

m echanism  for induction in response  to LPS.

3.2.7.3 Ets2‘/‘ mice have altered levels of miR-155 target genes in vitro

3.2.7.4 SHIPl expression is increased in Ets2 /‘ mice

The tru e  pow er of miR-155 as a pro-inflam m atory  agent lies in its ability to 

control a m ultitude of ta rge t genes in o rder  to m aintain  and  fine-tune a pro- 

inflam m atory environm ent. A well-defined and highly im p o rtan t  ta rge t of
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miR-155 in the immune response is SHIPl (O'Connell et al., 2009). SHIPl 

negatively regulates TLR4, and thus its down-regulation by miR-155 ensures 

a pro-inflammatory response is induced and maintained in a positive 

feedback loop vi^hen miR-155 is potently induced by TLR4. To firmly 

implicate Ets2 as a key regulator of miR-155 in the immune response, the 

next step was to show it could have an impact downstream, and mediate the 

effect of miR-155 on its target genes, thus altering the inflammatory 

response. SHIPl was therefore measured in Ets2-deficient and wild type 

mice. The wild type mice (n=8, Figure 3.22A, white circles) show SHIPl 

downregulation in response to LPS, as anticipated. The reduction in SHIPl 

expression in response to LPS treatm ent is due to the strong induction of its 

repressor miR-155 (O'Connell et al., 2009). The Ets2 deficient mice have been 

shown from our data to exhibit low expression of miR-155. These mice show 

an exciting result in relation to SHIPl expression, whereby SHIPl is no 

longer significantly reduced in response to LPS (n=8. Figure 3.22A, black 

circles). This increased expression of SHIPl is likely due to the absence of 

miR-155, thus alleviating its repression. These data implicate Ets2 further 

within the inflammatory response for the first time, and additionally 

implicate it as a true miR-155 mediator, with downstream effects on miR-155 

immune target genes.

3.2.7.5 SOCSl expression is increased in Ets2 /- mice

MiR-155 has many interesting immune target genes, another of which is the 

important immune regulator Suppressor of Cytokine Signalling 1 (SOCSl) 

(Wang et al., 2010). Similar to SHIPl, SOCSl is an anti-inflammatory gene 

acting as a canonical negative regulator of TLR4 responses (Kinjyo et al., 

2002). Unlike SHIPl, SOCSl is inducible in response to LPS in wild type mice, 

likely as an important feedback control on the TLR4 inflammatory response, 

(Figure 3.22B, white circles). In the case of Ets2 deficient mice, w here miR- 

155 expression is reduced, the results show an increased induction of SOCSl 

in response to LPS (n=4. Figure 3.22B, black bars), implying miR-155 had
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been acting as a break on SOCSl expression in wild type mice. This result 

mirrors that which is seen in miR-155 deficient mice (Lu et al., 2009) and 

further confirms Ets2 as a modulator of the miR-155-mediated immune 

response.

3.2.7.6 TNF-a expression is decreased in Ets2-/- mice

MiR-155 acts in an alternative manner to regulate another of its targets, TNF- 

a, whereby through increasing the half-life of TNF-a mRNA it stabilises 

expression of the transcript (Bala et al., 2011). TNF- a is strongly induced in 

response to LPS, and part of this induction is due to miR-155. Robust TNF-a 

expression is evident in Figure 3.22C, white circles. However, in the Ets2 

deficient mice, which have decreased miR-155, there is a reduction in TNF-a 

expression (n=8. Figure 3.22C, black circles), likely due to the reduction in 

the TNF-a regulator miR-155, which is observed in the Ets2 deficient mice.

3.2.7.7 Ets2'/- mice display a more anti-inflammatory phenotype in 

response to LPS stimulation

The literature detailing the importance of Ets2 in the immune response to 

date is not vast, and these results are adding strongly to the case for it being 

an important immune modulator, with the ability to regulate an essential 

player in the immune response, miR-155. To further investigate the immune 

response in the Ets2 deficient mice, a number of important cytokines were 

measured in response to LPS in these mice. Figure 3.23 shows a strong 

decrease in IL-6 (Figure 3.23A) and IL-12 (Figure 3.23B) in Ets2 deficient 

mice, reflecting the response observed in a miR-155 deficient animal 

(O'Connell et al., 2010c), and also implying Ets2 may have direct effects on 

these important cytokines. The potent immune-modulatory cytokine IL-10 

was also measured (Figure 3.23C), and increased expression was noted in the 

Ets2 deficient mice, implying a more anti-inflammatory phenotype is
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occurring in these  mice, potentially due to the dim inished expression  of miR- 

155.

3.2.8 Investigation of TLR4 responses in Ets2‘’/‘’/LysMCre*/'mice in vivo

3.2.8.1 Ets2 /- mice have reduced LPS-induced expression of pri-155 and 

miR-155 in vivo

To further  p robe  the im portance of Ets2 as a key transcrip tion  factor in this 

pathvi^ay, LPS-mediated responses  w ere  m easured  in Ets2 deficient and  wild 

type mice in vivo. The mice w ere  adm inis te red  an in tra-peritoneal (I.P.) 

injection of LPS (4m g/kg) or PBS control for 24 hours, before culling and 

harvesting  of the  peritoneal m acrophages by lavage. Figure 3.24A show s all 

Ets2 deficient mice (n=8] displayed a profound reduction  in pri-155 

expression  in response  to LPS in vivo, confirming the heavy reliance of this 

tran sc r ip t  on Ets2 for its induction in response  to LPS. F urther  investigation 

of m a tu re  miR-155 transcr ip t revealed the  sam e trend, w ith  reduced 

induction although not as po ten t as tha t of the p rim ary  transcrip t,  again 

revealing the im portance of Ets2 for miR-155 induction, bu t also the  ability of 

this microRNA to be m a tu red  from the p rim ary  transcr ip t  in fu rther  Ets2- 

independen t pathways. These data m easure  the fold induction of pri-155 or 

miR-155 relative to the non-trea ted  control, and while th e re  is little new 

induction of the  pri-155 transcr ip t  in response  to LPS, the CT values a re  quite 

robus t  for the non  trea ted  samples, indicating the  pri-155 transcr ip t is 

basally p resen t  in the absence of Ets2, bu t new  transcrip tion  by LPS is 

severely  impeded. This fu rther  indicates the  im portance  of Ets2 as a 

transcrip tional regula tor in the TLR4-mediated inflam m atory  response.
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3.2.8.2 Ets2'/' mice have a reduction in pro-inflammatory cytokine 

production in vivo

The in vivo inflammatory responses of these mice were additionally 

measured in response to LPS, and the data again showed a more anti

inflammatory environment evident in the absence of Ets2 when miR-155 

expression is diminished. Figure 3.25 shows potently decreased expression 

levels of the miR-155 target gene TNF-a in vivo (Figure 3.25A), along with 

decreased IL-6 (Figure 3.25B), and increased lL-10 expression via ex-viva 

ELISA (Figure 3.25C).

These novel results reveal a more anti-inflammatory environment is evident 

in Ets2 deficient mice, confirming it as both an important governor of the 

TLR-4 driven immune response, and a direct regulator of the highly pro- 

inflammatory miRNA, miR-155.
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Figure 3.20 Expression of Ets2 in Ets2 / mice

C57BL/6 Mice or Ets2 /- mice were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity with sterile PBS. Cells were plated 
at IxlO^/ml in 6-well tissue culture plates and incubated overnight at 37°C in 
DMEM media supplemented with 10% PCS, penicillin and streptomycin 
(lOOpg/ml). Cells were then stimulated with LPS (lOOng/ml) in vitro for 24 
hours prior to cell lysis for RNA extraction and analysis, and Real-Time PCR 
was used to m easure Ets2 or 18s control mRNA. The data shown are the 
mean of 4 mice per condition ± S.E.M.
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Figure 3.21 Reduced Expression of pri-155 and miR-155 in Ets2'/- mice

C57BL/6 Mice or Ets2 / ‘ mice were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity w ith  sterile PBS. Cells were plated 
at lx l0 6 /m l in 6-well tissue culture plates and incubated overnight at 37°C 
in DMEM media supplemented w ith  10% PCS, penicillin and streptomycin 
(100 ng/m l]. Cells were then stimulated w ith  LPS (100 ng/m l) in v itro  for 24 
hours p rio r to cell lysis for RNA extraction and analysis, and Real-Time PCR 
was used to measure pri-155 and miR-155 mRNA. Data are the mean o f n =6- 
8 mice, w ith  each data point representing an individual mouse, and w ith  
error bars representing S.E.M. Statistical analysis was carried out using 
Student's t test. **, p < 0.001, NT, non-treated.
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Figure 3.22 Altered expression of miR-155 target genes in Ets2 /- mice

C57BL/6 Mice or Ets2 / ‘ mice were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity w ith  sterile PBS. Cells were plated 
at Ix lO ^ /m l in 6-well tissue culture plates and incubated overnight at 37°C in 
DMEM media supplemented w ith  10% PCS, penicillin and streptomycin [100 
Hg/ml). Cells were then simulated w ith  LPS (100 ng/m l) in v itro  for 24 hours. 
Supernatants were removed and stored for ELISA prio r to cell lysis for RNA 
extraction and analysis, and Real-Time PCR was used to measure (A) SHIPl 
and (B) SOCSl. (C] TNF-a was measured by ELISA. Data are the mean of two 
independent experiments, n=4 per experiment, w ith  each data point 
representing an individual mouse, and w ith  error bars representing S.E.M. 
Statistical analysis was carried out using Student’s t  test. *, p < 0.05; **, p < 
0.001; ***, p < 0.0001. NT, non-treated.
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Figure 3.23 Altered Expression of Inflammatory cytokines in Ets2 /' 
mice

C57BL/6 Mice or Ets2 /' mice were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity w ith  sterile PBS. Cells were plated 
at Ix lO ^ /m l in 6-well tissue culture plates and incubated overnight at 37°C in 
DMEM media supplemented w ith  10% PCS, penicillin and streptomycin (100 
|ig /m l). Cells were then simulated w ith  LPS (100 ng/m l) in v itro  for 24 hours. 
Supernatants were removed and stored for ELISA p rio r to cell lysis for RNA 
extraction and analysis. (A] IL-6, (B) IL-12 and (C) IL-10 were measured by 
ELISA. Data are representative of two independent experiments, n=4 per 
experiment, w ith  each data point representing an individual mouse, and w ith 
error bars representing S.E.M. Statistical analysis was carried out using 
Student’s t test. *, p < 0.05; **, p < 0.001, NT, non-treated.
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Figure 3.24 Reduced Induction of pri-155 and miR-155 in Ets2 / ‘ mice

C57BL/6 Mice or Ets2 /' mice administered an intra-peritoneal injection of 
LPS (4 mg/kg) or PBS for 24 hours in vivo. Mice were then sacrificed and a 
peritoneal lavage removed by flushing the peritoneal cavity w ith  sterile PBS. 
Cells were plated for 2 hours to allow adherence o f peritoneal macrophages 
p rio r to cell lysis for RNA extraction and analysis, and Real-Time PCR was 
used to measure pri-155 and miR-155 mRNA. Data are the mean of two 
independent experiments, n=4 per experiment, w ith  each data point 
representing an individual mouse, and w ith  error bars representing S.E.M. 
Statistical analysis was carried out using Student's ttest. **, p < 0.001, NT, 
non-treated.
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Figure 3.25 Altered Expression of inflammatory cytokines in Ets2 /' mice 
in vivo

C57BL/6 Mice or Ets2 /' mice were administered an intra-peritoneal injection 
of LPS (4 mg/kg) or PBS for 24 hours in vivo. Mice were then sacrificed and a 
peritoneal lavage removed by flushing the peritoneal cavity w ith  sterile PBS. 
Cells were plated for 2 hours to allow adherence o f peritoneal macrophages 
and supernatants from this plating were harvested p rio r to cell lysis for RNA 
extraction and analysis, and Real-Time PCR was used to measure IL-6 and 
TNF-a mRNA. IL-10 ELISA was measured ex vivo. Data are mean ±SEM of one 
experiment, representative o f two independent experiments, n=3 per 
experiment, w ith  each data point representing an individual mouse.
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3.3 Discussion

The initial line of investigation in this project began w ith  the observation  that 

LPS ligation of TLR4 results  in a po ten t upregula tion  of m a tu re  miR-155. This 

micro-RNA is highly im portan t in the  inflam m atory  response  to infection, 

w ith  m iR-155 '/‘ mice suffering extrem ely s tun ted  im m une responses 

including defective lymphocyte and antigen presen ting  function and 

im paired  immunological m em ory  (Rodriguez et al., 2007). Additionally the 

mice a re  highly res is tan t to au to im m une d iseases such as Experimental 

A uto im m une Encephalomyelitis (EAE], highlighting the ex ten t to which the 

im m une response  is dam pened  dow n in these  miR-155 /' mice (O'Connell et 

al., 2010c). The first aim w as thus to examine how  miR-155 w as so strongly 

upregu la ted  in response  to LPS, beginning with an investigation of the miR- 

155 prom oter .  Pivotal studies by the Baltimore group (Taganov e t al., 2006, 

O'Connell e t al., 2007) first identified this s trong  upregula tion  of miR-155 

w hen  they  assessed  200 miRNA for responsiveness  to LPS trea tm en t.  MiR- 

155 induction by LPS w as initially investigated both in vitro and in vivo in 

this cu r ren t  study, and confirmed to be potently  upregula ted  following LPS 

stimulation.

Investigation of the miR-155 p rom oter  host gene 'p ri-155 ' in collaboration 

with TCD bioinformaticians led to the discovery of transcr ip tion  factor 

binding sites specific to Ets family m em bers. The com bination of a robust 

statistical analysis using a m ethod which is unbiased  by experim ental data 

and  tw o o the rs  incorpora ting  experim ental data  addressed  the  issue of the 

incom pleteness of experim ental databases, and strongly  implicated the Ets 

family m em bers  in transcrip tional control of miR-155. N um erous s tudies and 

rev iew  articles have investigated and collated miR-155 ta rge t genes and their 

effects in various inflam m atory phenotypes  (Ceppi et al., 2009, Chen e t al., 

2004, Lindsay, 2008), bu t studies investigating the  exact induction of this 

miRNA from the  p rom oter  level are  sparse. To date  the  Ets b inding site had 

not been  positively implicated in the induction of miR-155. Previous reports
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have suggested that transcriptional regulation of miR-155 may be cell and 

context dependent (Elton et al., 2012).

Over-expression of Ets family members with pri-155 prom oter luciferase 

construct led to the conclusion that Ets2 could drive transcription of the 

promoter, and additionally was induced by LPS stimulation, making it a 

prime target for further investigation in the context of prom oter regulation. 

Further investigation then focused on determining which, if any, of the 

numerous consensus Ets sites might prove to be solely important for this 

transcriptional drive by Ets2. Five truncated versions of the prom oter were 

created through cloning studies in order to answer this key question. 

Surprisingly, the data indicated Ets2 could drive the prom oter to an equal 

extent when only one site remained, leading to probing of this remaining 

consensus EBS (Ets binding site], which is located in a highly evolutionarily 

conserved region of the promoter, adjacent to the TATA box. This site was 

then further investigated using promoter constructs with a single point 

mutation in this binding site. This investigation led to the conclusion that this 

highly conserved Ets site, adjacent to the promoter TATA box, was important 

for transcription of miR-155 by Ets2, implicating Ets2 for the first time with a 

positive role in regulation of miR-155. Additionally, the data revealed that 

LPS has decreased ability to drive transcription of miR-155 when this site is 

mutated, however it can still drive to a partial extent, implying, as expected, 

that LPS has additional ways to induce this highly pro-inflammatory 

microRNA.

Other reports have recently stated that regulation of miR-155 does not occur 

at the transcriptional level (Cheung et al., 2013), however this conclusion 

was drawn predominantly on the authors finding that LPS could not drive 

transcription of a pri-155 luciferase reporter construct. Conversely, this 

current study (Quinn et al., 2014) and others (Chen et al., 2013, Dai et al., 

2011, McCoy et al., 2010) have repeatedly shown that LPS can drive 

induction of the pri-155 promoter in a dose dependent manner. Our data is 

additionally supported by chromatin immunoprecipitation and oligo pull-
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dow n assays displaying increased binding of Ets2 to the  pri-155 p rom ote r  in 

the presence of LPS, Ets2 /- mice displaying ablated  induction of pri-155 in 

response  to LPS, and finally the addition of the transcrip tional inhibitor 

Actinomycin D strongly  reducing m atu re  miR-155 induction. O ther studies 

have additionally  show n th a t  miR-155 is transcrip tionally  regula ted  in o ther 

cells types such as by API in B cells [Yin e t al., 2008), and STATS in T cells 

(Escobar e t al., 2013), supporting  our evidence of transcrip tional regulation 

of miR-155.

In o rder  to firmly back up this data implicating Ets2 acting on a specific site 

on the p rom oter .  Oligonucleotide pull dow n techniques w ere  used to 

investigate w h e th e r  LPS could cause binding of Ets2 to a Biotinylated 

Oligonucleotide relating to the consensus EBS. Following on from this, a ChIP 

assay was then  investigated to directly pull dow n transcrip tion  factors bound 

to the p ro m o te r  chrom atin  in the presence of LPS endogenously. Excitingly, 

through both  techniques it w as revealed tha t LPS caused Ets2 to bind to the 

miR-155 p ro m o te r  site tha t the data had indicated w as key for 

transcrip tional control, which additionally is highly conserved across seven 

species in the  bioinformatic analysis undertaken  in this study.

MiR-155 Is a poten tly  pro-inflam m atory microRNA, and thus  requires  

s tr ingent control in o rder  to p reven t excess inflammation. E^i-Transgenic 

mice exhibit excessive inflamm ation and uncontrolled  responses  to 

inflam m atory stimuli including excessive TN Fa and hypersensitiv ity  to septic 

shock (Tili e t al., 2007). Therefore, any insight th a t  can be gained in to the 

regulation of miR-155 is highly valuable. In the context of m acrophage 

activation by LPS, the data has show n tha t Ets2 is a key transcrip tion  factor.

In o rder  to establish the specific im portance of Ets2 in the induction of miR- 

155 in response  to LPS, mice lacking Ets2 specifically in monocytic derived 

cells w ere  experim entally  examined. These mice w ere  crea ted  by crossing 

Ets2 floxed mice w ith  mice expressing Cre Recom binase u n d e r  the control of 

the LysM p ro m o te r  (Ets2^/f’/LysMCre^/). From both in vitro  and in vivo
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studies of peritoneal macrophages from these mice it could be clearly seen 

that pri-155 mRNA expression was severely ablated in Ets2 /- mice in 

response to LPS, again showing the importance of Ets2 in transcriptional 

control of miR-155. This supported the in vitro data implicating Ets2 binding 

to the miR-155 promoter. MiR-155 induction was also reduced by over 50% 

in the Ets2'/' mice, indicating the importance of Ets2 for induction of miR-155 

in the inflammatory response. The remaining miR-155 induced in these mice 

is in agreement with the involvement of other transcription factors (Chen et 

al., 2013), and maturation factors (Ruggiero et a!., 2009), in the potent 

production of m ature miR-155 in response to LPS. As a critical player in the 

immune response, it is expected that miR-155 would have multiple modes of 

regulation and induction to ensure robust response to pathogen invasion and 

mounting of an efficient immune response. These data have clearly 

established a role for Ets2 in the transcriptional control of miR-155.

The most important evidence for the importance of Ets2 in regulation of miR- 

155 in the immune response lies in the downstream effects evident on miR- 

155 target genes. MiR-155 modulates many im portant players in the immune 

response, including Shipl and Socsl. In this study the levels of these targets 

are increased when levels of miR-155 are decreased in the Ets2 deficient 

mice, implying that there has been an alleviation of the repression on these 

genes via miR-155. Additionally, there is a fall in the production of pro- 

inflammatory cytokines, likely due to the decreased expression of miR-155, 

and its knock-on effects on the TLR4 pathway.

Overall this chapter has revealed a new transcription factor im portant for 

LPS-mediated induction of miR-155 in the form of Ets2. The data shows it 

will bind strongly to a highly conserved binding site on the promoter, and 

knocking out this transcription factor results in strong downstream effects 

on pri-155, miR-155, and miR-155 target genes in the immune response. Ets2 

is therefore likely an important player in the TLR4/miR-155 pathway.
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Chapter 4 - IL-10 Mediated 

Repression of miR-155
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4.1 Introduction

MicroRNA m odulate  an abundance  of cellular processes, and  im pact on major 

pa thw ays and functions th roughou t the cell. Highly pro-inflam m atory 

microRNA such as miR-155 can be dangerous w hen  abe rran t ly  expressed, as 

ev iden t from studies related to cancer, rheum ato id  arthritis , EAE, colitis and 

n u m ero u s  infectious diseases. MiR-155 m ust be s tringently  controlled in 

o rd e r  to allow it to carry  out its pro-inflam m atory functions in a m easured  

and  regula ted  m anner. The anti-inflam m atory cytokine IL-10 has previously 

been  show n to severely inhibit transcrip tion  of miR-155, selectively 

inhibiting miR-155 while having no effect on m any o th e r  microRNA (McCoy 

e t  al., 2010). This process allows IL-10 to carefully regula te  a subse t of TLR4- 

induced genes, gaining control of a miRNA tha t fine-tunes the TLR4 response, 

and  thus  ensuring  excessive pro-inflam m atory  responses  do not occur.

The exact m echanism  of action of IL-10 acting to inhibit p ro-inflam m atory 

TLR4-driven responses  is still very unclear to date. 15-20%  of all TLR4- 

induced genes a re  selectively inhibited by IL-10. However, IL-10 does not 

w ork  in an all-inclusive m anner  to block all signal transduction  stem m ing 

from TLRs, nor does it act to block the  expression of all TLR-induced pro- 

inflam m atory  genes, bu t selectively inhibits transcrip tion  of certain  genes, 

exerting a carefully controlled and elegant regulation of inflam m atory 

responses. IL-10 acts on m acrophages to suppress  TLR responses  th a t  lead to 

the induction of pro-inflam m atory gene expression. IL-10 there fo re  cannot 

affect a basic process com m on to all gene expression, and  studies have 

confirm ed th a t  IL-10 does not block inflamm ation th rough  acting as a general 

block on N F k B activity, as IL-10 had no effect on iK B a ,  k B controlled 

luciferase rep o r te r  genes, or IKK assays (Murray, 2005).

MiR-155 has been  show n to be activated by o the r  transcr ip tion  factors in 

o the r  cell types, and although some studies have suggested th a t  IL-10 

inhibits these  com m on activators of pro-inflam m atory  cytokine genes, such 

as NF-kB and AP-1, o the r  studies have failed to detect any  effect of IL-10 on

125



Chapter 4 IL-lO-mediated repression of miR-155

these factors (Berlato et al., 2002, Clarke et al., 1998, Dokter et al., 1996, 

Raychaudhuri et al., 2000, Denys et al., 2002]. It may be the case that IL-10 

inhibits transcription via different mechanisms in different macrophage 

populations and in response to different stimuli. The need to find new targets 

and regulatory pathways for IL-10 is clear, so as to fully understand and 

potentially therapeutically exploit this potent immune-regulatory cytokine.

IL-10 binding to IL-IOR activates the IL-10/JAK1/STAT3 cascade, where 

phosphorylated STATS homodimers translocate to the nucleus to mediate 

the expression of target genes. STATS is essential for IL-lO-mediated anti

inflammatory responses, but does not act itself to Inhibit the pro- 

inflammatory response. Instead STATS modulates a num ber of effector 

genes, which subsequently repress the pro-inflammatory genes primarily at 

the level of transcription.

Having identified Ets factors as key modulators in in the transcriptional 

regulation of miR-155 expression, the next step in this thesis was to examine 

the effect of IL-10 on this system. A previous study has shown that the 

terminal Ets binding site is critical for IL-10 to carry out repression of miR- 

155 and thus this is the focus of this coming chapter (McCoy et al., 2010). 

Investigating the effect of IL-10 on Ets factors and subsequently miR-155 

could reveal a wealth of new information as to how IL-10 regulates its target 

genes.
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4.2 Results 

4.2.1 IL-10 down-regulates pri-155 and miR-155 in Primary Bone 

Marrow Derived Macrophages

The inhibition of pri-155 and miR-155 w as first confirm ed in p rim ary  BMDM. 

BMDM from C57BL/6 wild type mice w ere  trea ted  with LPS or IL-10 in vitro 

over a t im e-course  of 4 to 24 hours. As ev ident in Figure 4.1, IL-10 strongly 

inhibits LPS-induced pri-155 (Figure 4.1A), and m atu re  miR-155 (Figure 

4.1B) over time. Due to the pro-inflam m atory na tu re  of miR-155, this 

targe ted  inhibition is likely to be im portan t as a com ponen t of IL-10- 

m ediated rep ress ion  of the  TLR-4 driven im m une response. IL-6 was 

m easured  as a positive control for the anti-inflam m atory effects of IL-10 

(Figure 4.1C), and  m easu rem en t of miR-21 expression confirms tha t IL-10 is 

specifically ta rge ting  miR-155 and has no effect on miR-21 (Figure 4 .ID).

4.2.1.1 IL-10 down-regulates pri-155 and miR-155 in peritoneal 

macrophages

To further  investigate this finding and allow additional s tudy  of the 

m echanism  of inhibition, this effect was investigated in peritoneal 

m acrophages. C57BL/6 wild type mice w ere  culled and a lavage of the 

peritoneal cavity perform ed to extract peritoneal m acrophages. Following 

t rea tm e n t w ith LPS and IL-10, the results  show  th a t  IL-10 additionally 

inhibits pri-155 (Figure 4.2A) and m atu re  miR-155 (Figure 4.2B) in 

peritoneal m acrophages. IL-6 was again m easured  as a positive control for 

inhibition by IL-10 (Figure 4.2C).
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Figure 4.1 IL-10 inhibits miR-155 expression in BMDM

Primary BMDM from C57BL/6 mice (n=3) were plated at Ix lO V m l in 24 well 
plates and incubated overnight at 37°C in DMEM media supplemented w ith 
10% PCS, penicillin and streptomycin (100|ig/m l). The fo llow ing day cells 
were left unstimulated or were stimulated w ith  lOOng/ml LPS ± 20ng/m l IL- 
10 for 4-24hours p rio r to cell lysis for RNA extraction. Supernatants were 
harvested and RNA was normalised and converted to cDNA, then miR-155 
(A) pri-155 (B) and miR-21 (D) mRNA was measured by Real-Time PCR 
using AACT method. IL-6 levels were measured by ELISA (C). The data shown 
are the mean o f three independent experiments ± S.E.M, each carried out in 
triplicate.
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Figure 4.2 IL-10 inhibits miR-155 expression in peritoneal 
macrophages

C57BL/6 Mice (n=4) were sacrificed and a peritoneal lavage removed by 
flushing the peritoneal cavity w ith  sterile PBS. Cells were plated at Ix lO ^ /m l 
in 6-well tissue culture plates and incubated overnight at 37°C in DMEM 
media supplemented w ith  10% PCS, penicillin and streptomycin (100 |ig/m l). 
Cells were then simulated w ith  LPS (100 ng/m l) ± IL-10 (20ng/m l) in vitro 
for 24 hours. Supernatants were removed and stored for ELISA p rio r to cell 
lysis for RNA extraction and analysis, and Real-Time PCR was used to 
measure (A) pri-155 and (B) miR-155. IL-6 levels were measured in 
supernatants by ELISA. Data shown are mean ± SEM of n=4 w ild  type mice.
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4.2.2 Investigation of IL-lO-inducible repressor Ets family members 

4.2.2.1 IL-10 induces Etv3, a repressor member of the Ets family of 

transcription factors

The finding that miR-155 is controlled by Ets factors led to the next step of 

investigating w hether IL-10 could be inducing Ets family m embers which 

might negatively regulate the miR-155 promoter. A study by Murray et al 

revealed the interesting finding that IL-10 in combination with LPS could 

induce a repressive member of the Ets family of transcription factors, Etv3 

(El Kasmi et al., 2007). This study led us to investigate Etv3 as a potential 

candidate for repression of miR-155 by IL-10. As shown previously by 

Murray et al, Etv3 mRNA was super-induced by IL-10 when administered in 

combination with LPS (Figure 4.3A), as was Etv3 protein (Figure 4.3B). 

Figure 4.3C displays the expression levels of Etv3 protein relative to (3-actin 

expression.

4.2.2.2 Etv3 can inhibit pri-155 luciferase transcription

The induction of Etv3 by IL-10 led to the next step of examining the effect of 

Etv3 on miR-155 prom oter induction by Ets factors. Etv3 was co-transfected 

with Etsl, and led to a decrease in promoter expression (Figure 4.4). This 

finding implied that Etv3 might be competing for binding at the promoter 

level in order to inhibit miR-155.

4.2.2.3 Etv3'/' mice show no deficiency in IL-10 mediated inhibition of 

miR-155

In order to fully ascertain whether Etv3 was the key factor required by IL-10 

in order to inhibit miR-155, bone marrow from Etv3 /‘ mice was obtained as 

a kind gift from Peter Murray (University of Memphis). Treatm ent of BMDM
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from C57BL/6 wild type mice and Etv3 /- mice with  LPS and IL-10 revealed 

th a t  IL-10 can still inhibit miR-155 to an identical level w hen  Etv3 is 

deficient, a t 4h (Figure 4.5A) 8h (Figure 4.5B] and 24h (Figure 4.5C), 

indicating tha t it is not an im portan t effector of miR-155 in the  im m une 

response, desp ite  its in teresting potential as an IL-10 m ediated  gene. 

Additionally, im m une responses  in the Etv3 /' mice w ere  m easured  and 

revealed no difference in IL-6 (Figure 4.6A) or TNF-a expression (Figure 

4.6B]. Together these  findings indicate tha t Etv3 is no t an im p o rtan t  im m une 

regula tor of miR-155, despite  its significance as an  IL-10 regula ted  gene.

4.2.3 IL-10 induces Ets2 repressor factor mRNA levels, but has no effect 

on total protein

Further investigation of the potential involvem ent of Ets factors in the 

negative regulation of miR-155 by IL-10 led to the  investigation of the Ets2 

rep resso r  factor (ERF), which transcrip tionally  inhibits Ets2. Figure 4.7 (A) 

revealed tha t LPS significantly inhibits ERF mRNA, and IL-10 reverses  this 

inhibition after 8 hours stimulation. This w as also ev ident a t 24 hours (Figure 

4.7B), although no t as significantly. These data  would imply th a t  ERF is 

counter regula ted  relative to its ta rge t gene Ets2 in the LPS response. ERF 

expression w as also m easured  in p rim ary  BMDM from IL-10 /" mice, and the 

results show  levels significantly decreased a t the  mRNA level relative t WT 

mice (Figure 4.8), indicating tha t it may be a novel IL-10 inducible gene. 

However, m e asu re m en t of ERF expression a t  the  pro te in  level revealed no 

changes w h a tso ev er  in expression following t re a tm e n t  w ith  LPS or IL-10 

(Figure 4.9). U nfortunately th e re  w ere  insufficient cell n u m b e rs  to m easure  

protein  levels in the  IL-10'/- mice. These data  imply th a t  ERF m ay be an 

im portan t p layer in the  im m une response, bu t due  to the unalte red  levels of 

protein expression  exhibited after im m une stim ulation  by LPS and  IL-10, and 

previous published papers  indicating regulation of ERF does not occur a t the 

transcrip tional level (Le Gallic et al., 1999), it m ay not be im portan t for 

transcrip tional regulation of miR-155.
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4.2.3.1 IL-10 can still strongly inhibit miR-155 when ERF is knocked 

down via siRNA

To investigate if ERF is a key m odula to r  of IL-10 m ediated  rep ress ion  of miR- 

155, ERF w as knocked dow n with siRNA (Figure 4.10A), and the  results 

show ed th a t  IL-10 could still inhibit miR-155 w hen  ERF w as inhibited 

(Figure 4.10B). Similar to Etv3, this resu lt implied th a t  ERF is no t a key 

regu la to r  in the  inhibitory effects of IL-10 on miR-155.

The inhibition of miR-155 by IL-10 occurs transcriptionally , as ev ident from 

the inhibition of the p rim ary  transcrip t,  pri-155. The abundance  of Ets 

transcrip tion  factor binding sites on the p ro m o te r  led to the  further 

exam ination of Ets factors in response  to IL-10, desp ite  the negative results 

obta ined  with Etv3 and ERF.
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Figure 4.3 IL-10 induces Etv3, an Ets family repressor

Primary BMDM were plated at Ix lO V m l in 24 well plates and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% PCS, penicillin 
and streptomycin (100|ig/m l). The following day cells were left unstimulated 
or were stimulated w ith  lOOng/ml LPS + /- 20ng/m l IL-10 for 4hours prio r to 
cell lysis for RNA or protein. (A) RNA was normalised and converted to 
cDNA, and Etv3 mRNA was measured by Real-Time PCR using AACT method. 
The data shown are the mean of one experiment ± S.D., representative of 
three independent experiments. (B) Lysates were analysed by Western 
B lotting using anti-Etv3 and anti-^-actin antibodies (n=3). (C) Relative 
expression of Etv3 protein levels to (3-actin.
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Figure 4.4 Etv3 inhibits induction of the miR-155 promoter by Ets 
family members

HEK293T cells were plated at 4xlO ^/m l in a 24 well plate and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% PCS, penicillin 
and streptomycin (100|ig/m l). Cells were transfected in trip licate using 
Lipofectamine 2000 transfection reagent in serum free media w ith  TK Renilla 
(5ng] and Pri-155 Luciferase reporter plasmid. Plasmids encoding E ts l plus 
Etv3 or Empty Vector Control were also co-transfected into cells at 
increasing concentrations o f 25ng. 50ng, and lOOng. Cells were incubated at 
37-C for 24 hours before measurement o f Luciferase activity. Results are 
representative o f three independent experiments. The data shown is mean 
Luciferase Activ ity  ± SD from trip licate determinations of one experiment, 
representative o f three independent experiments.
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Figure 4.5 Etv3 does not play a role in IL-10 mediated repression of 
miR-155

Primary BMDM from C57BL/6 or Etv3'/‘ mice were plated at Ix lO V m l in 24 
well plates and incubated overnight at 37°C in DMEM media supplemented 
w ith  10% PCS, penicillin and streptomycin (100[ag/ml). The follow ing day 
cells were stimulated w ith  lOOng/ml LPS ± 20ng/m l IL-10 for 4, 8 and 
24hours p rio r to cell lysis for RNA extraction. RNA was normalised and 
converted to cDNA, then miR-155 mRNA and GAPDH control were measured 
by Real-Time PCR using AACT method. The data shown are the mean of n=5 
mice ± S.E.M.
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Figure 4.6 Etv3'/' mice display no difference in inflammatory cytokine 
expression

Primary BMDM from C57BL/6 or Etv3‘/‘ mice were plated at Ix lO V m l in 24 
well plates and incubated overnight at 37°C in DMEM media supplemented 
w ith 10% FCS, penicillin and streptomycin (lOOng/ml). The following day 
cells were stimulated with lOOng/ml LPS ± 20ng/ml IL-IO for 4, 8 and 
24hours. Supernatants were removed and analysed by ELISA for IL-6 and 
TNF-a production. Data are the mean of n=5 mice ± S.E.M.
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Figure 4,7 Expression of ERF mRNA is inhibited by LPS and rescued by 
IL-10

RAW264.7 ceils (A&B) w ere  plated a t 4xlO ^/m l in 24 well plates or Prim ary 
BMDM from C57BL/6 mice (C) w ere  plated a t Ix lO V m l in 12 well plates and 
incubated overn ight at 37°C in DMEM media supp lem en ted  with 10% PCS, 
penicillin and strep tom ycin  (100[ig/ml). The following day cells w ere  
stim ulated  with lOOng/ml LPS ± 20ng /m l lL-10 for 1, 4, 8 and 24hours. 
(A&B). ERP mRNA and 18s control w ere  m easured  by Real-Time PCR and 
data  is the  m ean ± SD of one experim en t carried  ou t in triplicate, 
rep resen ta tive  of th ree  independen t experiments.
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Figure 4.8 IL-10 /' mice have basally decreased expression of ERF

Primary BMDM from C57BL/6 or IL-10 /- mice were plated at Ix lO ^ /m l in 24 
well plates and incubated overnight at 37°C in DMEM media supplemented 
w ith  10% FCS, penicillin and streptomycin (lOOng/ml). The follow ing day 
cells were lysed for RNA extraction. RNA was normalised and converted to 
cDNA, then ERF mRNA and 18s control were measured by Real-Time PCR 
using AACT method. The data shown is the mean o f n=5 mice ± S.E.M.
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Figure 4.9 LPS and IL-10 have no effect on ERF protein expression

Primary BMDM from C57BL/6 mice were plated at lx l0 ^ 6 /m l in 12 well 
plates and incubated overnight at 37°C in DMEM media supplemented w ith 
10% FCS, penicillin and streptomycin (100|ig/m l). The follow ing day cells 
were stimulated w ith  lOOng/ml LPS ± 20ng/m l IL-10 for 1, 4, 8 and 24hours. 
Lysates were analysed by Western Blotting using anti-EtvS and anti-(3-actin 
antibodies. Western blot is representative of three independent experiments.
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Figure 4.10 ERF does not play a role in IL-lO-mediated repression of 
miR-155

RAW264.7 cells were plated at Ix lO ^ /m l in a 24 well plate and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% FCS, penicillin 
and streptomycin (100|ig/m l). siRNA to ERF (siERF) or scrambled control 
(siNC) was transfected at 50nM. Cells were treated w ith  LPS and IL-10 for 
24hours and then lysed for RNA. ERF and miR-155 expression levels were 
measured using Real-Time PCR. Data shown are the mean ± S.D. of one 
experiment carried out in triplicate, representative of three independent 
experiments.
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4.2.4 Inhibition of Ets family members by IL-10 

4.2.4.1 IL-10 inhibits Ets2 mRNA in macrophages

Contrary to investigating if IL-10 could induce a negative regulator of the 

promoter, it was now questioned as to w hether IL-10 could more simply be 

inhibiting the positive regulation of miR-155, via inhibition of induction of 

Ets2. The expression of Ets2 was thus examined in response to IL-10. As 

evident in Figure 4.11A, IL-10 is significantly inhibiting Ets2 mRNA 

expression over time in Raw264.7 cells. This finding was then investigated 

further in primary BMDMs. Figure 4.11B reveals that Ets2 expression is again 

strongly and significantly inhibited over time in BMDM from C57BL/6 wild 

type mice in response to IL-10. Peritoneal macrophages were subsequently 

investigated in vitro, and the data shows (Figure 4.11C], that IL-10 inhibits 

LPS-induced Ets2 mRNA in the peritoneal macrophages from C57BL/6 wild 

type mice. These findings reveal a new target for IL-10 in the TLR4 pathway, 

and another route through which IL-10 can target the pro-inflammatory 

response. In addition, it may shed new light on how IL-10 is specifically and 

potently targeting miR-155 for down-regulation.

4.2.4.2 Inhibition of Ets2 by IL-10 is STATS dependent

It was next investigated whether the IL-10 effects on Ets2 expression were 

mediated through STATS. Raw264.7 cells were stimulated with LPS and IL- 

10 in the presence of a DMSO control or increasing concentrations of a STATS 

inhibitor. The results showed that IL-10 couldn’t inhibit Ets2 in the presence 

of the STATS inhibitor (Figure 4.12]. These results are therefore indicating 

that the IL-lO-mediated suppression of Ets2 expression is facilitated through 

the canonical IL-10- STATS signalling pathway.
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4.2A.3 IL-10 can strongly inhibit Ets2 protein expression

The effect of IL-10 on Ets2 protein expression levels v^as next investigated. 

Figure 4.13A shovi^s that IL-10 can potently inhibit Ets2 protein expression 

after 4hours (lane 3) and 24 hours (lane 7) of treatment. IL-10 alone can also 

inhibit Ets2 (lane 4 and lane 8], indicating that it may also be acting basally to 

regulate this important transcription factor. Figure 4.13B shows the relative 

intensity of Ets2 expression relative to (3-actin controls. This is the first 

evidence of IL-10 acting to potently inhibit Ets2, and provides further 

evidence that Ets2 is a key player downstream of TLR4, which IL-10 targets 

for inhibition.

4.2A.4  IL-IO'/- mice have elevated expression of Ets2 and miR-155

Ets2 was next investigated in BMDM from IL-10 deficient mice, due to this 

new evidence implicating it as an IL-10 regulated gene. Figure 4.14A shows 

that BMDMs from IL-10 /’ mice have over 10-fold elevated levels of Ets2 

basally; indicating IL-10 is a true repressor of Ets2. MiR-155 was also 

measured and Figure 4.14B reveals that there is an approximately 40-fold 

increase in miR-155 expression.

Peritoneal macrophages from C57BL/6 wild type mice or IL-10 /'m ice (n=6) 

were also investigated. The results were not as highly significant as that 

evident in the BMDMs, but the mice again display slightly elevated Ets2 

(Figure 4.15A) and elevated miR-155 (Figure 4.15B).
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Figure 4.11 IL-10 reduces LPS-induced expression of Ets2 in 
macrophages

(A) RAW 264.7 cells were plated at 4x l0^ /m l, (B) Primary BMDM or (C) 
Peritoneal macrophages from C57BL/6 Mice (n=8) were plated at Ix lO ^ /m l 
in 6-well tissue culture plates and incubated overnight at 37°C in DMEM 
media supplemented w ith  10% PCS, penicillin and streptomycin (100 |ig/m l). 
Cells were then simulated w ith  LPS (lOOng/ml) ± IL-10 (20ng/m l) in vitro for 
24 hours. Ets2 and 18s control were measured by Real-Time PCR. Data 
shown are mean ± SEM of n=8 w ild type mice.
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Figure 4.12 Inhibition of Ets2 by IL-10 is StatS dependant

Raw264.7 cells were plated at 4xl0^/m l in 6-well tissue culture plates and 
incubated overnight at 37°C in DMEM media supplemented with 10% FCS, 
penicillin and streptomycin (100|j,g/ml). Cells were then treated with STATS 
inhibitor (O.S^M, l[aM) for 1 hour prior to LPS (lOOng/ml) and IL-10 
(20ng/m l] stimulation. Ets2 mRNA and 18s control were measured by Real- 
Time PCR and data is the mean ± SD of one experiment carried out in 
triplicate, representative of three independent experiments
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Figure 4.13 IL-10 strongly inhibits Ets2 protein expression

RAW264.7 cells were plated at 4 x l0 ^ /m l in 24 well plates and incubated 
overnight at 37°C in DMEM media supplemented w ith  10% FCS, penicillin 
and streptomycin (100[ig/m l). The follow ing day cells were stimulated w ith 
lOOng/ml LPS ± 20ng/m l IL-10 for 4 or 24hours p rio r to cell lysis for protein. 
Lysates were analysed by Western Blotting using anti-Ets2 and anti-(3-actin 
antibodies. (C) Relative expression of Ets2 protein levels to p-actin in three 
independent experiments at 24 hours.
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Figure 4.14 IL-10 deficient BMDM have basally increased expression of 
Ets2 and miR-155

Primary BMDM from C57BL/6 or IL-10 / ’ mice vi^ere plated at Ix lO ^ /m l in 24 
well plates and incubated overnight at 37°C in DMEM media supplemented 
w ith  10% PCS, penicillin and streptomycin (100|ig/m l). Cells were lysed for 
RNA extraction. RNA was normalised and converted to cDNA, then Ets2 and 
miR-155 mRNA was measured by Real-Time PCR using AACT method. The 
data shown are the mean o f n=5 mice ± S.E.M.
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Figure 4.15 IL-10 /' Peritoneal macrophages have basally increased 
expression of Ets2 and miR-155

C57BL/6 Mice or IL-10 /' mice (n=6) were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity w ith  sterile PBS. Cells were plated 
at Ix lO ^ /m l in 6-well tissue culture plates and incubated overnight at 37°C in 
DMEM media supplemented w ith  10% PCS, penicillin and streptomycin (100 
Hg/ml). Cells were lysed for RNA extraction. RNA was normalised and 
converted to cDNA, then Ets2 and miR-155 mRNA was measured by Real- 
Time PCR using AACT method. The data shown are the mean of n=6 mice ± 
S.E.M.
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4.2.5 Modulation of miR-155 promoter transcription factor binding by 

IL-10 

4.2.5.1 IL-10 reduces binding of Ets2 to a miR-155 promoter 

oligonucleotide

Armed w ith  the  new  inform ation tha t Ets2 is a clear ta rge t for IL-10, it was 

next investigated w h e th e r  binding of Ets2 to the  miR-155 p ro m o te r  is 

affected by IL-10. Oligonucleotide binding assays w ere  utilised to probe 

binding a t the  p ro m o te r  level in response  to LPS and  IL-10. Oligonucleotides 

specific for the Ets binding site on the miR-155 p ro m o te r  w ere  designed. As 

evident in Figure 4.16A, LPS again induces b inding of Ets2 to the  p rom oter  

binding site (lane 2 ] ,  and in lane 3 it is ev ident tha t IL-10 can reduce binding 

of Ets2 on the miR-155 p rom ote r  oligonucleotide. Figure 4.16B dem onstra tes  

LPS and IL-10 responsiveness  in the cells via m easu rem en t of IL-6. Having 

discovered th a t  Ets2 is an IL-10 regulated gene, this data  now  implicates this 

effect directly on the  miR-155 prom oter, indicating IL-10 may be m odulating 

Ets2 levels in o rd e r  to control miR-155.

4.2.5.2 IL-10 inhibits endogenous LPS-induced binding of Ets2 to the 

miR-155 promoter

To explore this finding in a m ore endogenous context. Chromatin  Immuno- 

precipitation Assays w ere  next investigated. Binding of transcrip tion  factors 

tha t had bound endogenously  to DNA in the  p resence of LPS or IL-10 w ere  

investigated via this assay. P rim ers w ere  designed to the  miR-155 prom oter, 

as indicated in Figure 4.17A (EBS, Ets binding site; NBS, negative binding 

site). Antibodies for Ets2 and additional controls (HA, Rpol) w e re  incubated 

with the DNA fragments, and Real Time PCR then  used to amplify fragments 

of DNA to w hich Ets2 had bound. The results confirmed the novel finding tha t 

LPS causes b inding of Ets2 to the miR-155 p ro m o te r  (Figure 4.17B, grey
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bars], and also that IL-10 could decrease this binding interaction occurring 

(Figure 4.17B, grey bars). The controls present in this experiment confirmed 

that Ets2 bound to neither a control site on the miR-155 prom oter (Figure 

4.17C, grey bars), nor to the |3-actin promoter (Figure 4.17D, grey bars). HA 

antibody acted as a control for background binding, and is evidently very lovî  

(Figure 4.17 B-D, black bars). An additional control is present in the form of 

R-Pol, which will bind to the p-actin promoter and the Ets2 prom oter when 

transcription is initiated (Figure 4.17 B-D, white bars).

These novel data confirm firstly that Ets2 is a new target for IL-10 and 

secondly that IL-10 inhibits binding of Ets2 to the miR-155 promoter, likely 

affecting transcription of the mature miR-155 transcript, and potentially 

revealing one mechanism through which IL-10 modulates miR-155 in the 

immune response.
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Figure 4.16 IL-10 inhibits binding of Ets2 to a miR-155 promoter 
oligonucleotide

Raw 264.7 Cells w ere  plated at 4xlO^/ml in 10cm dishes, and stimulated with 
LPS (100ng/m l)± IL-10 (20ng)/ml. Supernatants were harvested.
Biotinylated oligonucleotides were designed based on the Ets Binding Site of 
interest. Pre-washed Streptavidin-agarose beads were incubated with cell 
lysates and 30|j,g biotinylated oligonucleotide. (A) W estern Blotting 
determined quantity of Ets2 protein bound to oligonucleotide. Data are 
representative of three independent experiments. (B) IL-6 was measured by 
ELISA as a positive control for LPS and IL-10 responsiveness.
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Figure 4.17 IL-10 inhibits LPS-induced binding of Ets2 to the miR-155 
promoter

RAW264.7 cells w ere  plated at 4xlO ^/m l in 15cm dishes, th ree  per condition, 
and incubated overnight a t 37°C in DMEM media supp lem en ted  w ith 10% 
PCS, penicillin and strep tom ycin  (100 |ig /m l)  prior to s tim ulation w ith  LPS ± 
IL-10 for 24H. Cells w ere  cross linked in formaldehyde, snap frozen in liquid 
nitrogen prio r  to shearing  of DNA by sonication. Sonicated DNA was 
incubated with blocked protein  A beads prior to overn igh t incubation with 
specific an tibodies (RNA Polymerase, Ets2 o r  HA). Bound DNA w as purified 
and m easured  using Real time PCR w ith  specific p r im ers  designed for the Ets 
binding site of in te res t  (B), a non Ets binding site (C], and the (3-Actin 
p rom ote r  (D]. The data  show n is m ean ± SD from trip licate determ ina tions  
of one experim ent, represen ta tive  of th ree  independen t experim ents.
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4.2.6 Investigation of IL-10 responses in Ets2 /‘ mice

4.2.6.1 IL-10 exerts part of its repressive effects on miR-155 through 

targeting of Ets2

Finally, in o rd e r  to confirm th a t  Ets2 is tru ly  an im p o rtan t  transcrip tion  

factor in the  pa thw ay  of inhibition from IL-10 to miR-155, Ets2 / mice w ere  

investigated in the presence of IL-10. Figure 4.18A reveals LPS again is less 

able to induce miR-155 in Ets2-deficient cells [white versus  black circles). IL- 

10 can rep ress  the LPS effect in WT peritoneal m acrophages  4.3-fold. It is 

much less able to rep ress  the response  in Ets2-deficient cells how ever, giving 

only a 2.4-fold effect. These data  indicate tha t p a r t  of the IL-10 effect on miR- 

155 is directly  m ediated  via the im portan t miR-155 transcrip tional regulator, 

Ets2. IL-10 can also act independently  of Ets2 in its inhibition of miR-155, as 

evident by the small bu t significant 2.4-foId decrease  in miR-155 in Ets2 /- 

mice. This decease may be due to IL-10 reducing the overall inflam m atory 

env ironm en t in the  cell, which miR-155 may requ ire  for susta ined  expression 

a t la ter tim e-points, or a lternatively IL-10 may be directly  ta rgeting an 

additional miR-155 regula tor such as KHSRP.

The reduction  in the  ability of IL-10 to inhibit miR-155, seen here  for the first 

time in Ets2 /' cells, positively confirms it as a novel and im p o rtan t  ta rge t in 

the IL-lO-mediated effect on the TLR4 response.
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4.2.6.2 Targeting of SHIPl by IL-10 is impeded in Ets2 /' mice

MiR-155 m ediates  its inhibitory effects via d irect ta rge ting  of TLR4 pathw ay 

in term edia tes  including SHIPl (O'Connell e t al., 2009). IL-lO-medlated 

inhibition of miR-155 in wild type mice results  in increased  SHIPl 

expression, as ev ident in Figure 4.18B, w hite  circles, and as previously 

described (McCoy e t al., 2010]. However in Ets2V- mice, IL-IO cannot inhibit 

miR-155 to the sam e extent, and thus cannot alleviate the rep ress ion  on miR- 

155's ta rge t  gene SHIPl (Figure 4.18B, black circles). These data  again 

implicate Ets2 as an essential regula tor of the  highly pro-inflam m atory  

microRNA, miR-155, and reveal Ets2 may play im p o r tan t  roles in both  in 

induction and repress ion  of miR-155 in the inflam m atory response 

dow nstream  of TLR4.
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Figure 4.18 Ets2 plays a role in IL-10 mediated targeting of miR-155 and 
its target genes

C57BL/6 or Ets2V- Mice (n=4) were sacrificed and a peritoneal lavage 
removed by flushing the peritoneal cavity w ith  sterile PBS. Cells were plated 
at l x lO ^ /m \  in 6-well tissue culture plates and incubated overnight at 37°C in 
DMEM media supplemented w ith  10% PCS, penicillin and streptomycin (100 
|ig /m l). Cells were then simulated w ith  LPS (100 ng/m l) ± lL-10 (20ng/m l) in 
vitro for 24 hours. Real-Time PCR was used to measure miR-155 and SHIPl. 
Data are the mean ± SEM of n=4 mice.
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4.3 Discussion

IL-10 has an irreplaceable role in negatively regulating inflammation, and 

any  additional insight as to how  this occurs is of high value in this field. IL-10 

acts prim arily  by blocking the genes which code for those  molecules central 

to propagating  the  inflam m atory response (Murray, 2006), as illustrated for 

example by profound colitis in IL-10 / ‘ mice (Berg e t al., 1995, Kuhn et al., 

1993, Rennick e t al., 1995). However, much of the m echanism  of action of IL- 

10 is still unknow n, and this study sought to investigate how  IL-10 is 

inhibiting miR-155.

The bioinformatic data uncovered in this s tudy  show ed  th a t  the miR-155 

p rom ote r  host gene is heavily regulated by conserved Ets binding sites. 

Subsequent experim ental evidence revealed tha t Ets2 plays a role in the 

po ten t transcrip tional induction of miR-155 in the  pro-inflam m atory 

response  to LPS. As miR-155 is negatively regula ted  by IL-10 in a 

transcrip tional m a n n e r  (McCoy e t al., 2010), the focus of this chap te r  w as to 

thoroughly  investigate the m ode of this regulation, w ith  a newfound 

em phasis on the Ets family of transcrip tion  factors.

The initial lines of investigation in this chap ter  focused on negative 

regula tory  m em bers  of the Ets family of transcrip tion  factors, w ith the goal of 

investigating possible com petition for binding a t the Ets b inding site clearly 

im portan t for LPS-mediated induction of miR-155. Etv3 is an  Ets family 

m em ber uncovered  as an IL-10 inducible Ets factor, 'su p e r  induced ' in the 

presence of LPS and  IL-10 (El Kasmi et al., 2007), and  thus  a potential 

candidate for IL-10 m ediated regulation of miR-155. Initial results  in this 

chap ter  proved  promising, as IL-10 in com bination w ith  LPS induced Etv3 

mRNA and protein , and Etv3 appeared  to be inhibiting induction of the miR- 

155 p ro m o te r  by Ets family members. Thorough investigation of the 

im portance of Etv3 in IL-10 m ediated repress ion  led to the sourcing of Etv3 

knockout mice. These mice displayed absolutely no defects in the ability of 

IL-10 to inhibit miR-155, and their cytokine responses  w ere  also completely
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unaltered across a range of time-points. These data led to the conclusion that 

Etv3 in not an essential mediator of miR-155. It potentially has roles in 

modulation of the miR-155 promoter, but is not indispensible for regulation 

of this pro-inflammatory microRNA. An additional repressive Ets family 

regulator was subsequently investigated, ERF [Ets2 repressor factor). Data is 

this chapter shows the novel finding that ERF mRNA appeared to be 

modulated by IL-10. However, further probing revealed that neither LPS nor 

IL-10 had any effects on ERF protein, and knockdown of ERF had no effect on 

the IL-10 mediated repression of miR-155.

It was at this point that the focus of the IL-lO-mediated repression of miR- 

155 turned to positive mediators of miR-155, and investigation of Ets2 in 

response to LPS and IL-10. The data revealed that Ets2 itself was potently 

repressed by IL-10 following LPS stimulation in macrophages, and this 

finding was robust and reproducible in all cells investigated including 

Raw264.7 cell lines, primary BMDMs, and peritoneal macrophages. This data 

had revealed a completely new target for IL-10 in the TLR4 pathway, and a 

potential mediator of IL-10 targeted responses.

IL-10 deficient mice, which have previously been shown to suffer colitis, 

inflammatory bowel disease and a host of other immune-related disorders, 

were next investigated. The data revealed that BMDMs from these mice had 

10-fold higher expression of Ets2, and also 40-fold higher expression of miR- 

155. The elevated levels of these pro-inflammatory mediators in these mice 

may shed light on some of the severe phenotypes suffered by these mice, and 

the reason for their highly pro-inflammatory states.

LPS-induced binding of Ets2 to a highly conserved binding site on the miR- 

155 promoter had been revealed so far in this study, and this effect was next 

investigated in the presence of IL-10. The IL-lO-mediated repression of Ets2 

was now implicated in downstream effects on miR-155, as reduced binding 

of Ets2 was evident in both an oligonucleotide pull down assay, and an 

endogenous Chromatin Immunoprecipitation assay, showing less Ets2 bound
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to this prom oter site when a 'snapshot’ of transcription factors bound to DNA 

is taken following treatm ent with LPS and IL-10. These data further implicate 

Ets2 as an im portant downstream target of IL-10, and reveal new modes of 

regulation of the immune response.

As IL-10 acts via StatS predominantly to induce factors which will go on to 

propagate the anti-inflammatory response, it still remains to be elucidated 

how exactly IL-10 is inhibiting Ets2. The induction of many negative 

regulators of Ets2 acting together may prove to be the key pathway, as the 

limitations of knockdown studies employed here may have revealed a 

redundancy in the negative regulator required to propagate this inhibition. 

Despite the unknowns still remaining, these findings have added another 

piece to the puzzle of IL-10 signalling mechanisms, and crucially have 

revealed that Ets2 is an important mediator in the IL-lO-miR-155 signalling 

pathway. This result is further confirmed following investigation of 

peritoneal macrophages from Ets2 deficient mice, which revealed limited 

inhibition of miR-155 by IL-10 when Ets2 is knocked out. A pro- 

inflammatory target of miR-155, Shipl, is additionally affected in these mice. 

IL-10 can no longer reverse the miR-155 mediated repression of Shipl in 

Ets2 deficient mice, endorsing Ets2 as a key intermediate in modulation of 

miR-155 and its target genes by IL-10. These findings thus further support a 

role for Ets2 in the immune response, and a potential new intermediate 

target in inflammatory diseases characterised by low IL-10 or high miR-155.

Overall, this chapter has established the novel finding that IL-10 is acting to 

inhibit Ets2 mRNA and protein, both basally and in response to LPS 

stimulation (Quinn et al., 2014). This interesting finding was relevant for 

control of miR-155, as this potent decrease in Ets2 expression resulted in 

decreased Ets2 recruitment to the pri-155 promoter in the presence of LPS, 

and thus decreased mature miR-155. Additionally, Ets2 knock out mice could 

not decrease miR-155 to the same extent after IL-10 treatment, confirming 

the importance of Ets2 for both positive and negative control and regulation 

of miR-155.
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Inflammation is a vital, diverse, complex process, regulated via an abundance 

of different levels and mechanisms, and succinctly and carefully controlled 

via countless feedback and regulatory controls and checkpoints, to ensure a 

robust and efficient response to a pathogen, coupled with timely resolution.

This study focuses on microRNA, v^^hich have proven to be essential 

mediators for the development, differentiation and orchestration of a smooth 

and appropriate immune response, and subsequent return to homeostasis. It 

has become progressively clear that it is also highly im portant to understand 

how these tiny mediators themselves are induced, inhibited and controlled in 

order to maintain control of their downstream target genes.

In this study we identify Ets2 as a significant transcription factor in the 

induction of miR-155 by LPS. Furthermore we dem onstrate inhibition of Ets2 

by IL-10 as a mechanism for suppression of miR-155. These findings not only 

illustrate a novel mechanism for transcriptional induction of miR-155, they 

also reveal a new downstream target of IL-10, and uncover a new mechanism 

by which IL-10 may act to exert its anti-inflammatory properties (Quinn et 

al., 2014). Figure 5.1 illustrates these pathways of regulation for miR-155.
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Figure 5.1 Role of Ets2 in modulating expression of miR-155 by LPS and 
IL-10

Following induction of Ets2 by LPS, it binds to the miR-155 prom oter at a 
specific highly conserved site, and induces transcription. IL-10 inhibits Ets2 
and thus inhibits miR-155. Key: Induces, Inhibits

MiR-155 has been identified as a highly pro-inflammatory component of the 

immune response, important for development, signalling, differentiation, 

class switching, and a robust response to pathogenic challenge. 

Understanding the transcriptional regulation of miR-155 in the inflammatory 

response, uncovered in this study to be via Ets2 for LPS responses in 

macrophages, is therefore key to investigating its role in the immune system.

In the context of macrophage activation by LPS, our study has shown that 

Ets2 is an important transcription factor for miR-155 induction. This was 

discovered first bioinformatically, and then experimentally, implicating Ets2 

directly in the TLR4 response. Ets2 is bound to a specific and highly 

conserved binding site on the miR-155 promoter and promotes transcription
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in the presence of LPS. This finding has added a new insight in to the 

inflammatory response.

Ets2 is a well established transcriptional regulator, a member of the large Ets 

family, playing a key role in regulation of apoptosis and cell-cycle 

progression. The role of Ets2 as a mediator of the immune response has not 

been extensively addressed to date. In order to establish the true role of Ets2 

as a prom oter of inflammation via regulation of miR-155, conditional Ets2 

deficient mice were used in this study, which lack Ets2 in all cells of the 

myeloid lineage. Complete Ets2 deficient mice have been generated and 

consist of a targeted deletion of three exons including the DNA-binding and 

nuclear localisation domains, however they are embryonic lethal due to a 

defect in the extra-embryonic trophectoderm. This is one of the first tissues 

in which Ets2 is highly expressed, and results in one of the earliest 

embryonic-lethal phenotypes, occurring prior to E8.5 (Yamamoto et al., 

1998).

The mice used in this current study are myeloid cell-specific targeted 

mutants, generated by the Hertzog group at Monash University in Melbourne. 

LysMCre recombination results in knock out of Ets2 in cells of the myeloid 

lineage, making them ideal for study of the importance of Ets2 as a miR-155 

transcription factor in the inflammatory response in macrophages. Mice that 

are homozygous for the targeted mutation are viable, fertile, normal in size 

and do not display any gross physical or behavioural abnormalities (P. 

Hertzog, personal communication]. This current study investigates these 

mice for the first time in the context of the TLR4 macrophage response, and 

the results indicate that Ets2 plays a vital role in the immune system. A 

pivotal finding in this current study is that mice display reduced induction of 

miR-155 in response to LPS. The modulation of miR-155 in the Ets2 knockout 

cells results in reciprocally altered miR-155 target production, including the 

important anti-inflammatory mediators Shipl and Socsl. Furthermore, the 

Ets2 deficient mice have diminished pro-inflammatory cytokine production, 

including IL-6, TNF-a, lL-12, and elevated IL-10, following both in vitro and in

161



Chapter 5 -  Final Discussion

vivo LPS challenge. The strong elevation of IL-10 in the Ets2 deficient mice 

could potentially be acting as a feedback loop in order to regulate levels of 

both miR-155 and Ets2.

These interesting results indicate that Ets2 may play a central role in 

propagation of the immune response to TLR4 ligation. lL-12 and IL-5 have 

previously been shown to be direct targets of Ets2 [Ma et al., 1997, 

Blumenthal et al., 1999) and in our current study we reveal that IL-12 

expression is severely ablated in these Ets2 deficient mice. Ets2 has not been 

particularly implicated as a major player in the immune response to date, and 

our finding that it regulates one of the most pro-inflammatory miRNA, miR- 

155, may have consequences for the immune response. The overall 

phenotype in the Ets2 knockout mice following LPS challenge is anti

inflammatory. In a disease model of EAE (O'Connell et al., 2010b], miR-155 

deficient mice, which are highly resistant to this disease, displayed a similarly 

altered cytokine profile as observed in the myeloid-depleted Ets2 knockout 

mice, including decreased IL-6, IL-12 and TNF-a. It is likely tha t the ablated 

inflammation observed In the Ets2 deficient mice is largely due to reduced 

miR-155 expression, indicating that targeting of Ets2 may be sufficient to 

alter the immune response in some miR-155-mediated models of 

inflammatory disease. Additionally, these findings may indicate that Ets2 is 

having direct effects on inflammatory cytokines, as evident with IL-12p40. To 

explore this question further it would be necessary to perform additional 

studies w hereby miR-155 is reintroduced via adoptive transfer, and the 

cytokine profile of the Ets2 deficient mice could again be investigated.

Figure 5.2 illustrates a schematic of the downstream effects that Ets2 is 

having on the immune response, and the potential role miR-155 may be 

playing as an effector of this phenotype. This study has uncovered a pathway 

of regulation of miR-155, a pro-inflammatory propagator of the immune 

response, and shed light on the detailed molecular pathways that work to 

modulate its expression levels.
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Figure 5.2 Ets2 controls itiiR-155 induction in the immune response to 
LPS challenge

LPS results  in induction of Ets2, which subsequen tly  increases miR-155 
expression. This induction results  in elevated inflam m atory cytokine 
production following repress ion  of miR-155 ta rge t  genes including Shipl,  
Socsl and Tnf-a. Ets2 also resu lts  in increased lL-12 and decreased  lL-10 
production, and m ay be acting partially th rough miR-155 to exert  these 
effects. -------- *■ : Induces, ---------1 : Inhibits, —....... : Hypothetical pathway.
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A meticulous balance must be struck in the immune response between pro 

and anti-inflammatory immune responses, and it is critical tha t the immune 

system has also evolved a tightly regulated mode of inhibition of pro- 

inflammatory modulators such as miR-155, to prevent severe inflammation. 

Transgenic mice have been generated over-expressing miR-155 and they 

exhibit high levels of inflammation and uncontrolled responses to 

inflammatory stimuli, including excessive TNFa production and 

hypersensitivity to septic shock (Tili et al., 2007). Due to the intense 

inflammatory response associated with aberran t expression of miR-155, it is 

of utmost importance that miR-155 is carefully controlled.

IL-10 has been shown to be a potent and specific inhibitor of miR-155 

(McCoy et al., 2010), and in this study we reveal that IL-10 targets Ets2 in 

order to partially facilitate this inhibition. IL-10 plays a fundamental role in 

the immune response, propagating a key element of the anti-inflammatory 

response to pathogens, and assisting with return to homeostasis. IL-lO's role 

in negatively regulating inflammation is irreplaceable, and thus any 

additional insight as to how this occurs is of high value in this field. Through 

targeting of miR-155, IL-10 alleviates the repression of inflammatory 

mediators such as Shipl and Socsl, allowing them to contribute to exert 

downstream anti-inflammatory effects on the TLR4 pathway.

Despite its importance in regulation of the immune response, much of the 

mechanisms of inhibition mediated via IL-10 remain to be uncovered. In this 

study Ets2 has been identified as a novel target of IL-10, and shown to be a 

key player in IL-10 mediated control of miR-155, as Ets2 deficient mice 

display stunted inhibition of miR-155. The exact mechanism by which IL-10 

targets Ets2 for down-regulation remains to be elucidated, and the potential 

to further probe IL-lO-mediated induction of Ets repressive factors such as 

Etv3 and Erf remains an attractive target. The finding tha t Ets2 is a novel 

target for IL-10 adds insight into the complexities of IL-10 signalling. New 

targets for IL-10 further our understanding of how this multi-functional
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cytokine exerts its effects, and reveals new  levels of control. Interestingly, IL- 

12 has previously been docum ented  as an  Ets2 regula ted  gene (Ma et al., 

1997), and for m any years  it has been know n th a t  IL-12 is transcrip tionally  

inhibited by IL-10, bu t the  exact mechanism  of this inhibition has been 

unclear to date. A study  suggested tha t IL-10 can reduce RNA polym erase II 

rec ru i tm en t to the p rom oter, bu t had little effect on NFkB or  CEBP/p, which 

a re  also im portan t for transcrip tional induction of IL-12p40 (Zhou et al., 

2004] leading the au thors  to speculate th a t  IL-10 may block the induction of 

an o th e r  transcrip tion  factor th a t  may be critical for p40 gene activation in 

macrophages. As Ets2 additionally plays a role in induction of IL-12p40, the 

novel finding th a t  IL-10 can inhibit Ets2 may shed light on this pathway, and 

suggests IL-10 may be inhibiting Ets2 in o rd e r  to m odulate  IL-12p40. This 

exciting finding m ay thus uncover a new  m ode of regulation by IL-10 in the 

im m une response, acting to m odulate  genes w hose p rom oters  a re  under  the 

control of Ets family m em bers  such as Ets2.
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Figure 5.3 IL-10 inhibits Ets2 in order to regulate miR-155 in the 
inflammatory response

IL-10 acts via STAT3 in o rder  to inhibit a subse t of genes induced by LPS.
This s tudy  has revealed tha t IL-10 is acting partially th rough Ets2 in o rd e r  to 
rep ress  miR-155 expression levels. The mechanism  of StatS inhibiting Ets2 
may be acting th rough  an unknow n factor, indicated here  as X. IL-10 
inhibiting Ets2 may indicate Ets2 also plays a role in regulation of o the r  IL-10 
inhibited genes such as IL-12p40. IL-10 acting through Ets2 sheds new  light 
on the  dow nstream  m echanism  of action of this an ti-inflam m atory cytokine. 
 *■ : Induces, -------- 1 : Inhibits,   : Hypothetical pathw ay
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The findings of this s tudy  could prove highly re levan t in the  im m une 

response. Inflam m atory d isorders  including arthritis , in flam m atory  bou^el 

disease, psoriasis and multiple sclerosis are  chronic illnesses, characterised 

by the excessive production of pro-inflam m atory cytokines resulting in 

inflammation, tissue dam age and chronic pain. A healthy  and efficient 

im m une system  has evolved num erous m eans of pro tecting  itself from excess 

inflammation, including apoptosis, desensitisation  of receptors , p roduction  of 

resolvins and protectins  which will result in neutrophil clearance, and 

production  of an ti-inflam m atory cytokines including IL-10 (Serhan and 

Savill, 2005].

Inhibition of miR-155 by IL-10 involves an anti-inflam m atory  cytokine 

specifically and potently  targeting a pro-inflam m atory microRNA for down- 

regulation, w hose a b e r ra n t  expression has been linked to uncontrolled 

inflamm ation and skew ed im m une responses. MiR-155 over-expression  has 

been docum ented  to play a major role m any in inflam m atory disorders  

including colitis, EAE, and Rheumatoid arthritis  (Wu et al., 2008, Murugaiyan 

et al., 2011, Kurowska-Stolarska et al., 2011). There  is a key unexplored 

correlation with these  diseases showing dysregulated  IL-10 expression 

(Antoniv and Ivashkiv, 2006, Samoilova et al., 1998, Kuhn e t al., 1993). 

A nother recen t s tudy  analysed changes in the tran sc r ip to m e  during  both 

acute and chronic inflam m atory disease, and found th a t  the  control regions 

of up-regula ted  genes contained an increase in Ets2 binding sites, and these 

genes w ere  also associated with upregula ted  im m une activity. The 

upregula ted  genes w ere  enriched in binding sites for the  transcr ip tion  factor 

Ets2 in th ree  separa te  disease models; acute experim ental colitis, and two 

different chronic hum an diseases; Ulcerative Colitis and Rheumatoid 

Arthritis (van der  Pouw Kraan et al., 2009). These data  indicate Ets2 may be 

playing a key role in the propagation  of miR-155 m ediated  diseases, or may 

be a key identifier in the p rom oter  of genes likely to play a role in 

inflam m atory disease. Figure 5.4 indicates the unexplored correlation  of MiR- 

155, Ets2 and IL-10 in inflamm atory disease.
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Figure 5.4 Inflammatory disease: a correlation

MiR-155 has been implicated as a highly expressed gene in many 
inflammatory diseases. IL-10 is often down regulated in these diseases, and 
has been explored as a therapeutic strategy. Recent studies have also shown 
promoters enriched in Ets2 binding sites are correlated with colitis and RA, 
and increased levels of Ets2 are found in RA and atherosclerosis.

The regulation of miR-155 by IL-10 via Ets2 could therefore prove to be 

highly physiologically relevant. In Rheumatoid arthritis, miR-155 

upregulation has been described in synovial membrane and synovial fluid 

macrophages, with a correlated down-regulation of the miR-155 target gene 

SHIPI. MiR-155-deficient mice are resistant to collagen-induced arthritis, 

highlighting the strong role miR-155 can play in this inflammatory disease 

[Kurowska-Stolarska et al., 2011). IL-10 is dysregulated in RA synovial 

macrophages, (Antoniv and Ivashkiv, 2006] and additionally has been 

proposed as a therapeutic treatm ent for RA for many years, with varying 

levels of success (Asadullah et al., 2003). An attractive correlation can also be 

drawn for Ets2, which recent studies have indicated may play crucial roles in 

RA development, as it was revealed Ets2 is also up regulated in 

approximately one third of RA patients [Yin et al., 2013b).
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Furthermore, IL-10 and miR-155 have independently been implicated in EAE 

disease clinical progression, with silencing of miR-155, or administration of 

rlL-10 both shown separately to inhibit disease progression (Payne et al., 

2013, O'Connell et al., 2010b). Atherosclerosis exhibits a similar phenotype, 

as overexpression of either miR-155 or Ets2 induces disease progression 

(Cheng et al., 2011, Nazari-Jahantigh et al., 2012), and IL-10 plays a 

protective role (Mallat et al., 1999)

This provides the basis for a hypothesis by which some of the positive clinical 

effects seen after rlL-10 treatm ent may partially be to do with decreased pro- 

inflammatory miR-155 or Ets2 in these animals. It may prove highly 

interesting in further studies to investigate w hether miR-155 transgenic 

mice, expressing excessive levels of miR-155, could still be recovered from 

disease by treatm ent with rIL-10.

Overall, the modes of regulation identified in this project have uncovered a 

completely novel mechanism of action of IL-10 acting through the Ets family 

of transcription factors in order to exert downstream functions in the cell, in 

addition to a new mode of regulation of the highly pro-inflammatory miR- 

155. Ets2 binding to the miR-155 promoter and inducing transcription in the 

presence of LPS has revealed a new level of transcriptional control of miR- 

155. Ets2 deficient mice have been investigated, showing diminished miR- 

155 induction, in addition to downstream effects on miR-155 target genes 

and inflammatory cytokines, confirming the importance of Ets2 in this 

pathway, and implicating it as an important player in the inflammatory 

response. IL-10 acting via Ets2 has uncovered a new route of inhibition of the 

TLR4 pathway, in addition to shedding light on the mechanism of specific 

inhibition and targeting of miR-155. These exciting discoveries could prove 

key to identifying new modes of action of IL-10 acting to control 

inflammatory genes in both controlled and aberran t inflammation, in 

addition to offering attractive correlations and potential targets to be 

explored further in inflammatory disease.
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Regulation of miR-155 by IL-10 

S. R. Quinn -̂̂ . C. E. McCoy ,̂ L. A. O'Neill^

^Biochemistry & Immunology, Trinity College Dublin, Dublin, Ireland 

^Centre fo r  Cancer Research, Monash Institute o f Medical Research, Melbourne,

VIC, Australia

Tiie recen t discovery of microRNAs (miRNA) has revealed an entirely  new  
m echanism  of negative regulation within the cell. One miRNA of particular 
in te res t  is miR-155 which has been show n to be highly expressed  in several 
types of B cell lymphoma, certain types of acute myeloid leukaemia, 
rheum ato id  a rth ri tis  and cystic fibrosis. The role of miR-155 as both  a 
p ro m o te r  of inflamm ation and an oncogenic agen t provides a clear need for 
miR-155 itself to be s tringently  regulated.
IL-10 is an im m unosuppressive  cytokine with broad an ti-inflam m atory 
p roperties . It acts on cells of the innate  im m une system  such as m acrophages 
and dendritic  cells, inhibiting the production of p ro-inflam m atory  cytokines 
after pathogen invasion. It therefore  acts to limit the  inflam m atory  response, 
p reventing  dam age to the host and re tu rn ing  the body to homeostasis.
Recent w ork  by our  lab has revealed tha t IL-10 can potently  inhibit miR-155 
expression  in response  to stim ulation of innate im m une signalling pathways. 
BIC is the p rim ary  microRNA transcr ip t containing the  m a tu re  microRNA- 
155 (miR-155) as p ar t  of a RNA hairpin. We are curren tly  investigating the 
m echanism  of inhibition of miR-155 by IL-10, th rough exam ination of the BIC 
gene p rom oter. Prelim inary data  suggests a role for the ets family in this 
suppression, and  w e are  curren tly  focusing on this a rea  th rough  detailed 
exam ination of the BIC p rom ote r  including m utations  of key transcrip tion  
factor binding sites and truncations.
The finding th a t  IL-10 inhibits miR-155 is highly significant as it no t only 
highlights a novel m echanism  of action for IL-10 bu t  also points to a new  
m echanism  for miR-155 regulation, a miRNA tha t has been  implicated in both 
inflamm ation and cancer.
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The regulation and control of microRNA-155

S. R. Quinn^̂'̂ . C. E. McCoy ,̂ L. A. O'Neill^

^Biochemistry & Immunology, Trinity College Dublin, Dublin, Ireland 

^Centre fo r  Cancer Research, Monash Institute o f  Medical Research, Melbourne,

VIC, Australia

The recen t discovery of microRNAs (miRNA) has revealed an entirely  nev̂  ̂
m echanism  of negative regulation within the cell. One miRNA of particu lar 
in te res t is miR-155 vi^hich has been show n to be highly expressed  in several 
types of B cell lymphoma, certain types of acute myeloid leukaemia, 
rheum ato id  a rth ri tis  and cystic fibrosis. Although much research  has been 
conducted on the  effects of miR-155 on its ta rge t genes, less is know n about 
how miR-155 itself is induced and controlled. In ou r  lab w e are  curren tly  
investigating the  miR-155 p rom oter  gene (BIC) in detail, and  have discovered 
Ets family m em bers  ap p ea r  to be key for induction and drive of BIC. 
Preliminary data suggests a s trong  role for Ets2 in particu lar in this control, 
and w e are  focusing on this area through detailed exam ination of the BIC 
p rom oter including m utations of key transcrip tion  factor binding sites, 
truncations, and  investigation into Ets2 /- mice. Ets factors controlling a 
micro-RNA m ean they  potentially gain control of an abundance  of miRNA 
targe t genes, thus  increasing the ir  ability for control and  regulation in the 
cell. This new  data  investigating miR-155 control is significant as it highlights 
not only a role for Ets factors in targeting m any new  genes, bu t  additionally a 
new  m echanism  for miR-155 regulation. The role of miR-155 as both  a 
p rom oter  of inflamm ation and an oncogenic agent provides a clear need for 
miR-155 itself to be s tringently  regulated.
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ILIO inhibits induction of miR-155 by suppressing Ets2 -  A possible 

mechanism for the anti-inflammatory effects of ILIO

S. R. Quinni 2. C. E. iVlcCoyZ, L. A. O'Neilli

^Biochemistry & Immunology, Trinity College Dublin, Dublin, Ireland 

^Centre fo r  Cancer Research, Monash Institute o f  Medical Research, Melbourne,

VIC, Australia

MicroRNA-155 (miR-155] has been shown to be highly expressed in several 
cancers such as B cell lymphomas and myeloid leukaemia, and inflammatory 
disorders such as rheumatoid arthritis, atopic dermatitis and multiple 
sclerosis. The role of miR-155 as both a prom oter of inflammation and an 
oncogenic agent provides a clear need for miR-155 itself to be stringently 
regulated. Recent work by our lab has revealed that Interleukin 10 ^L-10] 
can potently inhibit miR-155 expression in response to stimulation of innate 
immune signalling pathways. IL-10 is an immunosuppressive cytokine with 
broad anti-inflammatory properties, acting to limit the inflammatory 
response, preventing damage to the host and returning the body to 
homeostasis. However, much of its mechanisms of action are unknown. We 
are currently investigating the mechanism of inhibition of miR-155 by IL-10, 
through examination of the miR-155 prom oter gene (BIG). We have shown 
that IL-10 may be acting through the Ets family of transcription factors in 
order to inhibit miR-155. We found that IL-10 can act directly to control a 
number of Ets family members such as Ets2 and its repressor factor, ERF. 
Chip assays, in addition to truncation and mutation studies, revealed a key 
Ets binding site through which IL-10 may act to inhibit miR-155. As many of 
the inflammatory diseases and cancers in which high miR-155 is prevalent 
are additionally associated with reduced IL-10 expression, investigation in to 
this mechanism may prove key to understanding and controlling the 
aberran t levels of miR-155 in many disease phenotypes.
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The Role of microRNAs in the Control 
and Mechanism of Action of IL-10

Susan R. Quinn and Luke A. O ’Neill

Abstract Recent studies have shown an important interplay between Interleukin 
10 (IL-10) and microRNAs. IL-10 can be directly post-transcriptionally regulated 
by several microRNA, including miR-106a, miR-4661, miR-98, miR-27, letV 
and miR-1423p/5p. miRNA targeting of IL-10 has been suggested to play a role 
in autoimmune and inflammatory diseases such as SLE, reperfusion injury and 
asthma. Another miRNA, miR-21, has been shown to indirectly regulate IL-10 via 
downregulation of the IL-10 inhibitor PDCD4. The targeting of IL-10 in this way 
has been linked to host defence modulation by Mycobacterium leprae. Viral miR- 
NAs, such as miR-K12-3 from Kaposi’s sarcoma-associated herpesvirus (KSHV), 
can also decrease IL-10 to promote tumour development. Finally this interplay can 
operate in a feedback loop, with IL-10 capable of regulating microRNAs, upregu- 
lating those that can contribute to exerting the anti-inflammatory response, such 
as miR-187, and downregulating those that are highly pro-inflammatory, such as 
miR-155. Understanding the two-way regulation between miRNA and IL-10 is 
giving rise to new insights into this important cytokine.
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Interleukin-10 (IL-10) is an immunomodulatory cytokine, essential for negatively 
regulating and fine tuning inflammatory pathways and no factor can compensate for 
its loss (Murray 2006). It has been shown to be an essential and diverse orchestrator 
of the immune response but is primarily anti-inflammatory in many model systems 
(Asadullah et al. 2003). IL-10 is secreted from an abundance of different cell types 
including Th2 cells, regulatory T cells, B cells, macrophages, mast cells, eosinophils 
and dendritic cells. It is involved in many immune processes including antibody 
production, suppression of cytokine signalling, and inhibition of T cell activation. 
Dysregulation of IL-10 is likely to be important for various immunological dis
eases, such as rheumatoid arthritis, asthma and infectious disorders (Asadullah et al. 
2003), therefore it is essential that IL-10 expression is tightly regulated.

Numerous levels of control of IL-10 have been found, including transcrip
tional control, involving silencing or enhancement of the promoter by transcrip
tion factors such as IRF3, Spl and Sp3 (Tone et al. 2000; Shinomiya et al. 2001) 
and post-transcriptional mechanisms of control. A key study has found that the 
3’UTR of the IL-10 transcript is an important target for regulation (Powell et al. 
2000). AU-rich elements in the 3’UTR of IL-10 lead to degradation of its mRNA, 
and these elements have been shown to be targeted by both RNA binding proteins 
(RBP) and microRNAs (miRNA) (Jing et al. 2005), resulting in mRNA insta
bility which dictates their degradation. Here we discuss the targeting of IL-10 
by microRNAs. We also discuss how IL-10 itself regulates miRNAs, this latter 
aspect potentially explains how IL-10 exerts its immunomodulatory effects, which 
remain poorly characterised in terms of mechanism. The interface between IL-10 
and the world of miRNAs is revealing new insights into the control and mecha
nism of action of this important cytokine.

1 microRNAs

microRNAs were completely unknown just 20 years ago, and now a wealth 
of literature, research, clinical trials and biomarker studies are being carried 
out into their control and function. The first miRNA to be discovered was lin-4 
in Caenorhabditis elegans, a short RNA that is essential for negative regulation 
of the LIN 14 gene in order for correct placental development (Lee et al. 1993; 
Wightman et al. 1993). The authors were surprised to discover this essential RNA 
coded for no protein. Instead it produced a 62-nucleotide (nt) long RNA hairpin, 
from which a 16 nt long fragment was excised, with antisense complementarity 
to the LIN -14 mRNA. An overview of miRNA biogenesis can be seen in Fig. 1. 
Further advances in this field caused researchers to believe this new phenomenon 
was restricted solely to C. Elegans, upon the subsequent discovery of let-7 which 
was shown to regulate developmental timing. It was not until 2001 that the break
through was made revealing miRNA conserved across all species of the meta- 
zoan kingdom, in three landmark papers (Lau et al. 2001; Lee and Ambros 2001; 
Lagos-Quintana et al. 2001). An explosion of interest developed in this field, as



The R ole o f  m icroRNAs in the Control and M echanism  o f  Action o f  IL-10 147

PRE-MIRNA MATURE MIRNA

♦ 3'UTR TARGET MRNA7S AGO
PRI-MtRNA

MATURE MIRNA
RISC COMPLEX

/
DNA

/
NUCLEUS

..-"'KIUCLEAR
M tM B R A N t CYTOPLASM

Fig. 1 The processing o f  miRNA. Pri-miRNAs are transcribed by RNA Polym erase II before 
post-transcriptionally cleaved by Drosha to the 65 base pre-m iRNA form. Follow ing exportation 
to the cytoplasm  by Exportin-5, D icer makes the final cleavage to the 21nt mature form. The 
mature form is loaded onto the RISC com plex, and can now bind and degrade target mRNA

miRNA were discovered regulating all aspects of life, from apoptosis, to immu
nity, to aberrant expression in cancer (Schickel et al. 2008; Kent and Mendell 
2006).

2 microRNA in the Immune Response

In terms of immunity, microRNAs were initially largely implicated in the dif
ferentiation of the immune system, consistent with other studies on miRNAs 
regulating development and differentiation in other systems. The earliest stud
ies in this field revealed certain miRNAs restricted to the bone marrow, spleen 
and thymus, with miR-223 expression restricted to myeloid cells, and miR- 
181 expressed solely in B cells, where overexpression of miR-181 in progeni
tor cells led to a subsequent increase in B-cell production (Chen et al. 2004). 
Significant studies have emerged implicating various miRNA such as miR- 
155, miR-I46a, miR-18Ia, and miR-223 in the development and differentia
tion of cells of the lymphoid and myeloid lineage (Lindsay 2008) and antibody 
switching (Thai et al. 2007). Pivotal studies by the Baltimore group (Taganov 
et al. 2006; O ’Connell et al. 2007) assessed 200 miRNA for responsiveness 
to LPS, the Toll-like receptor 4 (TLR4) activator. Many miRNA were shown 
to be induced following TLR signalling. miR-155, along with miR-146a and



148 S. R. Quinn and L. A. O ’Neill

miR-132, are sharply upregulated in response to TLR4 and are also respon
sive to Poly I:C and various cytokines such as TNFa, ILip and IFN^. An in 
vivo study subsequently investigated miRNA in lungs after exposure to LPS, 
and found twelve microRNA altered in response (Moschos et al. 2007). miR- 
146a was shown to affect TRAF6 and IRAKI (Taganov et al. 2006), thereby 
having a negative feedback effect on TLR signalling. miR-155 was shown to 
have multiple targets including c-maf and TNF-a. In the case of c-m af miR- 
155 acted to lim it the Th2 response, however, TN F-a mRNA was actually sta
bilised by miR-155. Both of the targets indicated a pro-inflammatory role of 
miR-155. miR-155 has subsequently been shown to target a number of inflam
matory genes such as Src homology-2 dom ain-containing inositol 5-phos
phatase 1 (S H IP l) (O ’Connell et al. 2009), a negative regulator of TLR4 
signalling, thus allowing miR-155 to fine tune and feedback on the TLR4 
induced immune response.

The targeting of IL-10 mRNA by miRNA, and the ability of IL-10 to modulate 
miRNAs was a highly likely prospect, given the overall role of miRNAs as ‘fine- 
tuners’ of immunity and inflammation.

3 Post-transcriptional Regulation of IL-10 by miRNA

A study by Sharma et al. (2009), predicted eight microRNAs have the potential to 
regulate IL-10 due to consensus seed sequence binding sites for these miRNA in 
the 3’UTR of IL-10, although examination of this regulation at a molecular level 
in their study only revealed one miRNA (miR-106a) having a significant ability 
to downregulate IL-10 in vitro, and the exact binding site on the IL-10 3’UTR 
was confirmed. Egrl and Spl were implicated in the induction of miR-106a, and 
a negative correlation between IL-10 levels and Egrl-stimulated miR-106a levels 
was observed. This miRNA is part of a cluster that has been shown to be dysregu- 
lated in 46 % of human T cell leukemias, and the authors deduce that miR-106a 
may be modulating IL-10 expression that could promote leukemic cell survival. 
A subsequent study revealed that knock-down of miR-106a has the potential 
to alleviate symptoms in an asthma model, with the knockdown resulting in 
increased IL-10 levels in the lung, along with improved disease phenotype. There 
was decreased inflammation and hyper-responsiveness of airways, and decreased 
subepithelial fibrosis and goblet cell metaplasia in vivo (Sharma et al. 2012).

microRNA-4661 has also been shown to regulate IL-10, but in this case 
has a positive effect. The binding of miR-4661 to the 3 ’UTR of IL-10 results 
in a net increase in the half life of IL-10, by preventing Tristetraprolin binding. 
Tristetrapolin causes the degradation of the mRNA to which it binds. miR-4661 
will therefore increase the stability of the IL-10 mRNA (Ma et al. 2010) (Fig. 2).

In 2011 Liu et al. (2011) revealed a role for miR-98 in LPS-induced IL-10 pro
duction. miR-98 will bind to the IL-10 3’UTR and it was shown to be decreased



The Role of microRNAs in the Control and Mechanism o f Action of IL-10 149

IM

I L - 1 0  m R N A l

Fig. 2 Post Transcriptional control o f IL-10 by miRNA. miR-4461 can stabilise / L / 0  mRNA by 
competing with TTP for association with the AU-rich elements (AREs) in / L I O .  miR-106a, let?, 
miR-98 and miR-1423p/5p have been shown to directly target the 3' untranslated region o f / L J O ,  
leading to gene repression

upon LPS stimulation. miR-98 down-regulation by LPS may be essential for suf
ficient LPS-induced production of IL-10. The authors further showed inhibition 
of miR-98 expression is involved in diminishing induction of LPS tolerance, of 
which upregulation of IL-10 is a key hallmark.

4 IL-10 Post Transcriptional Regulation in Disease 
Phenotypes

Post-transciptional regulation of IL-10 by microRNA may be important in a 
number of diseases. The let-7 family of microRNAs can also directly regulate 
IL-10 (Swaminathan et al. 2012). Human Immunodeficiency Virus-1 (HIV-1) 
infected patients have significantly decreased levels of let-7 miRNAs, result
ing in an increase in IL-10 production from CD4-f T cells. This could allow the 
virus to manipulate the host immune response, providing it with a significant 
survival advantage. Further studies have shown that let-7 targeting of IL-10 is 
also associated with the disease pathogenesis of a model of brain inflamma
tion, Experimental Autoimmune Encephalomyelitis (EAE) (Guan et al. 2013), 
and that let-7c targeting IL-10 may additionally be associated with progression 
of Myasthenia gravis (MG), an autoimmune disease of neuromuscular junctions 
(Jiang et al. 2012).

In systemic lupus erythematosus (SLE), CD4-I- T cells of patients with SLE 
had significantly downregulated levels of the microRNAs miR-142-3p and miR- 
142-5p compared to those of healthy controls, and this downregulation was 
accompanied by an inverse correlation of increased IL-10. Translation of IL-10 
was shown to be directly inhibited by miR-142-3p/5p, and in the context of SLE, 
this caused reduced B cell hyperactivity and T-cell stimulation (Ding et al. 2012). 
The targeting of IL-10 by this range of miRNAs points to complexity in IL-10 
regulation and is revealing an important insight into infectious and inflammatory 
disease.
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5 Indirect Regulation of IL-10 by microRNA

Other miRNAs have been shown to impact on IL-10 production indirectly. miR-21 
regulating PDCD4 is an example of this process, whereby LPS-induced miR-21 
was found to target PDCD4, thus promoting IL-10 production (Sheedy et al. 2010) 
since PDCD4 is a negative regulator of IL-10. Mice deficient in PDCD4 were 
found to be protected from LPS lethality, which was likely due to increased IL-10 
production in these mice. microRNAs were subsequently profiled in Systemic 
Lupus Erythematosus (SLE), and miR-21 found to be linked to disease activity 
and pathogenesis, and PDCD4 was suppressed in SLE as a result, again caus
ing enhanced IL-10 production (Stagakis et al. 2011). Hsa-miR-21 has also been 
shown to indirectly upregulate IL-10 in leprosy. A 25 fold increase in miR-21 was 
reported in L-lep (progressive lepromatous) versus T-lep (self-limited tubercu
loid) forms for disease (Liu et al. 2012). This led to a direct decrease in inflam
matory mediators such as IL l-^ , and an indirect enhancement of IL-10 induction, 
which led to the subsequent inhibition of CAMP and DEFB4a, two vitamin-D 
dependent antimicrobial peptides. This may partially contribute to the inhibition 
of antimicrobial gene expression and escape from the vitamin-D dependent anti
microbial pathway observed in L-lep. miR-27 has been shown to indirectly tar
get the IL-10 pathway in an inflammatory state termed reperfusion injury (Yeh et 
al. 2012), resulting in increased apoptosis. In astrocytes, miR-181 has been shown 
to downregualte anti-inflammatory targets including IL-10, through targeting 
of MeCP2 and X-linked inhibitor of apoptosis, and an elevation of miR-181 has 
been observed in the brains of Alzheimers disease, possibly contributing to disease 
pathogenesis (Hutchison ER et al. 2013).

6 Viruses and microRNA: Implications for IL-10

A number of viruses have taken advantage of the global and subtle control 
miRNAs exert in the cell by encoding their own viral homologues of miRNAs. 
Kaposi’s Sarcoma-associated herpesvirus (KSHV) encodes 17 mature microR
NAs (Samols et al. 2005; Cai et al. 2005), and these, like their human homologues, 
have the ability to regulate cytokine production in the host. A study of KSHV- 
encoded microRNA revealed two viral microRNA, miR-K12-3 and miR-K12-7, 
activate transcription and secretion of IL-10 (Qin et al. 2010). These miRNA were 
found to be acting indirectly to regulate cytokine production by controlling key 
elements in the C/EBPP p20 isoform 3’UTR. C/EBPp p20 lacks a transactivation 
domain and is believed to function as a dominant-negative transcriptional repres
sor of activation. Therefore, as C/EBPP p20 inhibits IL-10 transcription, this leads 
to an increase in IL-10 production, favouring an environment complimentary to 
KSHV-promoted tumour progression. Figure 3 illustrates this link between viral 
miRNA and IL-10.



The Role o f  m icroRNAs In the Control and M echanism  o f  Action o f  IL-10 151

Fig. 3 Viral m iRNA targets IL-10. m iR -K -12-3/7 target and downregulate the 3' UTR o f  
CEBP/p p20, a negative regulator o f  IL-10, thus resulting in increased IL-10 production

Viruses have also been shown to regulate host miRNA. Human cytomegalovirus 
(HCMV) decreases miR-92a, which has been found to act indirectly to regu
late IL-10. In the context of HCMV latency, altered miR-92a results in increased 
GATA-2 and thus increased cellular IL-10, which allows the virus to prolong sur
vival by maintaining the latent viral genome (Poole et al. 2011). Secreted IL-10 has 
the ability to prolong the latent genome of the virus, which the authors speculate 
may be due to increased survival of the latently infected CD34-f population.

7 Regulation of microRNAs by IL-10

The interface between miRNAs and IL-10 is also evident in the effect on IL-10 
on microRNAs, although little has been elucidated to date. The very first study 
implicating a role for IL-10 in miRNA regulation somewhat surprisingly did not 
uncover any IL-10 sensitive miRNAs. However, IL-10 was shown to potently 
downregulate the induction of miR-155 by LPS (McCoy et al. 2010). As described 
above, miR-155 is a pro-inflammatory microRNA. Mice deficient in miR-155 
cannot generate protective immunity (Rodriguez et al. 2007), and are highly 
protected from immune related disorders such as EAE (O’Connell et al. 2010). 
IL-10 was found to directly downregulate this microRNA after LPS-mediated 
induction, and miR-155 expression doubled in IL-10 deficient cells. Through tar
geting of miR-155, IL-10 gained control of SH IPl, an important target for miR- 
155 which negatively regulates TLR4 signalling. SHIPl levels were shown to be 
increased via the reduction in its repressor miR-155. The effect was shown to be 
specific, in that there was no inhibition in the induction of miR-146a or miR-21 
in response. Since, as stated, both miR-146a (via targeting of IRAK and TNF-a) 
and miR-21 (via targeting of PDCD4 with subsequent boosting of IL-10) are anti
inflammatory, this specificity makes biological sense, as if they were to be tar
geted by IL-10, a pro-inflammatory effect would result. miR-155 targets a number
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Fig. 4  IL-10 and m icroR N A ’s fine-tune T LR 4 signalling. T L R 4 induces m iR -21, w hich through 
inhibition o f  PD C D 4, can induce IL-10. IL-10 can then specifically inhibit m iR -155, thus 
increasing its target S H IP l, w hich results in decreased T L R 4 signalling

of genes involved in the immune response, such as BACHl, SOCS, IKBKE and 
FADD, so the targeting of this miRNA by IL-10 is likely to elucidate key mecha
nisms through which IL-10 exerts control in the cell, much of which remains to 
be uncovered. Figure 4 illustrates the control of miRNAs by IL-10, coupled with 
miR-21 controlling IL-10 through PDCD4. TLR4 activation increases the levels 
of miR-155 and miR-21 (O’Connell et al. 2007). miR-21 has been shown to tar
get PDCD4, thus increasing IL-10, which can specifically inhibit miR-155. This 
then leads to an increase in SH IPl, and the subsequent inhibition of TLR4, reveal
ing how miRNAs and IL-10 can act in a feedback loop to control TLR signalling. 
An additional study examining the effect of IL-10 on microRNA profiled IL-10 
deficient mice for expression of 600 microRNA. 10 microRNA’s were found to 
be upregulated in the IL-10 deficient mice (miR-19a, miR-21, miR-31, miR-101, 
miR-223, miR-326, miR-142-3p, miR-142-5p, miR-146a, and miR-155) (Schaefer 
et al. 2011). This was accompanied by inflammation of the colon in a model of 
inflammatory bowel disease in the IL-10~^“ mice. This study further uncovered 
details of the IL-10 pathway. miR-223 can inhibit the 3’UTR of Roquin ubiquitin 
ligase, which regulates IL-17, thus revealing the mechanism by which IL-10 mod
ulates IL-17 is through miR-223. Thus studies of microRNA can assist in reveal
ing the complexity of pathways through which IL-10 operates.

IL-10 can additionally induce microRNAs which are anti-inflammatory, such 
as miR-198 (Rossato et al. 2012). miR-198 acts to suppress TNF-a, IL-6 and
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IL-12p40, and thus IL-10 can manipulate microRNA in order to promote an 
anti-inflammatory environment in the cell. These results demonstrate an important 
role for miR-187 in the physiological regulation o f IL-lO-driven anti-inflamma- 
tory responses, and uncover another microRNA-mediated pathway controlling 
cytokine expression. Further studies in this area and the connection between IL-10 
and microRNAs will continue to provide exciting new insights into the mechanis
tic details o f the potent actions o f IL-10 as in immunomodulatory cytokine.

8 Final Perspectives

Studies on the interface between IL-10 and microRNAs have revealed a key ability 
of miRNA, as global fine-tuners of gene expression, to modulate and control levels 
of IL-10 in the cell. The result of this control is altered IL-10 in order to regu
late inflammation and promote host defence. Viral miRNAs can also control IL-10, 
to promote their own survival in the host. IL-10 can also alter levels of miRNAs, 
a notable example being miR-155, the targeting o f which contributes to the anti
inflammatory mechanism of IL-10. These findings add a further level o f com
plexity and control to the immune response, and the orchestration o f successful 
resolution o f inflammation. Further investigation o f this control is likely to provide 
new insights into this important cytokine and will prove key to develop strategies 
to manipulate IL-10 in a clinical context.
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Background: miR-155 is strongly induced by LPS, a response inhibited by IL-10.
Results: The Ets2 transcription factor is required for induction of miR-155 by LPS. IL-10 can subsequently decrease miR-155 via 
suppression of Ets2.
C onclusion: Ets2 is an im portant transcription factor for regulation of miR-155.
Significance: This study reports a detailed mechanism of induction of m iR-155 and provides a new means of inhibition for IL-10 
via suppression of Ets2.

M icroRNA-155 (miR-155) is highly expressed in m any can
cers such as B cell lym phom as and m yeloid leukem ia and 
inflam m atory  d isorders such as rheum ato id  arth ritis , atopic 
derm atitis, and m ultip le sclerosis. T he role o f miR-155 as bo th  a 
p rom oter o f inflam m ation  and an oncogenic agent provides a 
clear need for miR-155 itself to  be stringen tly  regulated. W e 
therefore investigated the transcrip tional regulation  of miR-155 
in response to the respective pro- and anti-in flam m atory  m edi
ators LPS and IL-10. B ioinform atic analysis revealed Ets binding 
sites on the miR-155 p rom oter, and we found th a t Ets2 is critical 
for miR-155 induction  by LPS. T runca tion  and m utational anal
ysis o f the miR-155 p rom o ter confirm ed the role o f the Ets2 
b ind ing  site proxim al to  the  tran scrip tion  s ta rt site for LPS 
responsiveness. W e observed increased  b ind ing  of Ets2 to the 
miR-155 p rom o ter and Ets2 deficient mice displayed decreased 
induction  of miR-155 in response to LPS. IL-10 inhibited  the 
induction  o f Ets2 mRNA and  p ro te in  by LPS, thereby  decreasing 
Ets2 function on th e  pri-155 prom oter. W e have thus identified 
Ets2 as a key novel regulator in b o th  the  positive and negative 
con tro l of miR-155 in the  inflam m atory  response.

T he im m une response to infection  involves a carefully 
o rchestra ted  and tim ed  signaling cascade resulting  in up-regu- 
lation  of an abundance  o f im m une and inflam m atory  genes, 
followed by a stringently  regulated  an ti-in flam m atory  response 
to  ensu re a tim ely re tu rn  to  hom eostasis and preven t excess
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in flam m ation  (1). Toll-like recep to rs (TLRs)^ play a central role 
in th is system , recognizing conserved m icrobial pa ttern s and 
launching  an efficacious and  con tro lled  im m une response. 
T hese responses induced by TLRs m ust be m eticulously regu
lated, and one such class o f regulators is m icroR N A s (miRNAs). 
miRNA s are  a class of non-cod ing  m olecules th a t bind to  the 
3 '-U T R  of ta rge t m RNAs, regulating  the ir transla tion  (2). T hey 
are highly efficient fine tu n e rs  of gene expression, exerting sub
tle yet essential effects th ro u g h o u t th e  genom e.

m iR N A s have been show n to  d am p en  dow n im m u n e  
responses, fine tu n e  expression  of inflam m atory  m ediators, and 
con tro l the  d ifferen tia tion  and  developm ent of im m une cell 
lineages. C erta in  m iRNA, for exam ple miR-146a, target key 
im m une regulators to  p reven t excess inflam m ation (3). O thers, 
such as m iR-155, are proinflam m atory . miR-155 is processed 
from  a prim ary  noncod ing  tran sc rip t B cell in tegration  cluster 
(or pri-155), originally identified in lym phom as (4). miR-155 is 
po ten tly  induced  in response  to  various TLR ligands (5) and 
targets a n u m b er of key players in the  im m une response, such as 
inh ib iting  th e  negative TLR4 regulator SH IPl (6,7) and SO C Sl 
(8). T he targets o f m iR -155 in im m un ity  and inflam m ation  have 
been well characterized  (9), b u t the  detailed  m echanism  by 
w hich  th is m iR N A  is po ten tly  induced upon  ligation of TLR 
recep to rs has n o t been extensively studied. W e have previously 
show n th a t th e  an ti-in flam m atory  cytokine IL-10 inhibits miR- 
155, b u t n o t th e  an ti-in flam m ato ry  m iRNA s miR-21 or miR- 
146a (10). T h is observation  revealed a new  axis of regulation  for 
th is an ti-in flam m ato ry  cytokine on the  TLR pathway. IL-10 is 
crucial for stifling the  in flam m atory  response after infection 
and is vital to  p ro tec t th e  h o st from  excess inflam m ation (11). 
T he exact m echan ism  of th is inhibition , sim ilar to m uch of the 
functions of IL-10, has n o t yet been unraveled in detail.

^T he ab b rev ia tio n s u sed  are: TLR, Toll-like receptor; miRNA, microRNA; 
BMDM, b o n e  m arrow -d erived  m acrop h age; TRIF, TIR -dom ain-containing  
a d ap ter-in d u c in g  interferon-j3.
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In this study, we have examined in detail the mechanism of 
induction of miR-155 by LPS. W e have found a key role for the 
transcription factor Ets2 in this induction. Furtherm ore, IL-10 
suppresses Ets2 expression and thereby inhibits the induction 
of miR-155 by LPS. W e have therefore identified a novel tran 
scriptional inducer of miR-155, revealed a new dow nstream  
target of IL-10 in the form  of Ets2 and an im portan t process 
th rough w hich IL-10 acts to  exert its anti-inflam m atory  
properties.

EXPERIMENTAL PROCEDURES

Reagents—LPS from Escherichia coli, serotype 0111:B4, was 
from Alexis. Recombinant mouse and hum an IL-10 were from 
R&D Biosystems. Oligonucleotides and SYBR prim ers were 
from Eurofins, and TaqM an probes were from Applied Biosys
tems. Ets2 antibody was from Santa Cruz Biotechnology (sc- 
351), and ^-actin antibody was from Sigma (AC-74). STATS 
inhibitor was from Merck Millipore (catalog no. 573099).

Cell Culture and  Isolation—Raw264.7 and HEK293T cell 
lines, obtained from the European Cell Culture Collection, and 
immortalized W T, m yD 88~'“ , and TIR-dom ain-containing 
adapter-inducing interferon-j3 (TRIF)“ “̂ bone marrow-de- 
rived macrophages, obtained from  Dr. Elaine Kenny were 
m aintained in Dulbecco’s modified Eagle’s medium. Ets2*''^/ 
LysM Cre^'^ and matched wild type mice were obtained from 
Paul Hertzog (Monash Institute of Medical Research, Monash 
University, Victoria, Australia). Bone marrow was isolated from 
the tibias and femurs of C57BL/6 mice, and cells were grown in 
macrophage colony stimulating factor-conditioned DMEM. Peri
toneal macrophages were isolated from  Ets2'’^'VLysMCre or 
C57BL/6 mice. Purity of macrophages was confirmed by Facs 
analysis. Mice were euthanized by CO j, and warm DMEM was 
injected into the peritoneal cavity and massaged for 5 m in prior 
to  removal of lavage, which was placed on ice. The lavage was 
centrifuged and replated in w arm  DMEM medium  to allow for 
macrophage attachm ent. After 1 h, nonadherent cells were 
removed by washing, and attached cells were harvested im m e
diately for RNA m easurem ent or treated with LPS (100 ng/ml) 
for the specified times prior to  harvesting. In all cases, DMEM 
medium were supplem ented with 10% fetal calf serum and 1% 
penicillin/streptomycin solution (v/v).

Bioinformatic Analysis o f  pri-155  Promoter—N ucleotide 
sequences for Homo sapiens and eight orthologous sequences 
were obtained for the upstream  region of the pri-155 prom oter 
from the Ensembl database (assembly GRCH37.p8). Upstream 
regions were taken as 2500 bases upstream  and 500 dow n
stream from the transcription start site. The identification of 
evolutionarily conserved transcription factor binding sites was 
performed using PhyloGibbs; a Gibbs sampling technique that 
utilizes phylogenetic footprinting. PhyloGibbs identifies both 
evolutionarily conserved and over-represented binding sites 
utilizing only sequence data and w ithout the use of binding 
profile/experimental date. PhyloGibbs was used to analyze the 
orthologous upstream  sequences using all possible binding 
sizes between 4 and 20, fixing all other param eters at the default 
settings. Secondary identification of transcription factor bind
ing sites was performed using JASPAR and ConSite. JASPAR is 
a transcription factor binding profile database, which performs
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a single sequence com parison to  all high-quality transcription 
factor models. ConSite is a web-based tool that performs both 
transcription factor model com parisons in combination with 
phylogenetic footprinting leading to  results of greater signifi
cance. A default binding threshold of 0.8 was used for the both 
the JASPER and ConSite analysis.

RNA Isolation and Real Time PCi?—Cells (primary bone mar
row-derived macrophages (BMDMs), Raw264.7, immortalized 
BMDM, or primary peritoneal macrophages) were plated 1 day 
prior to stimulation. Cells were stimulated with LPS ±  IL-10 as 
indicated in the figure legends. Total RNA was extracted using the 
RNeasy kit (Qiagen), modified to  obtain small RNA species. 
cDNA for miRNA and mRNA analysis was prepared from 
5-100  ng/m l total RNA using the high-capacity cDNA archive 
kit (Applied Biosystems) according to  the manufacturer’s 
instructions and incorporating TaqM an primers for miR-155 
and RNU6B for miRNA analysis. miRNA expression was mea
sured by Taqm an analysis using specific Taqman Assays for 
miR-155 or RNU6B (Applied Biosystems) according to the 
m anufacturer’s instructions. mRNA expression was measured 
using SYBR Green-based chemistry (KAPA-Sybr) using the fol
lowing primers; Pri-mmu-155, 5 '-aaa cca gga agg gga agt gt-3' 
(forward) and 5'-caa gag tea ccc tgc tgg at-3 ' (reverse): Ets2, 
5 '-aat gca ggc acc aaa eta cc-3 ' (forward) and 5'-gtc ctg get gat 
gga aea gt- 3' (reverse); E tsl, 5 '-tcc aga cag aca cct tgc ag-3' 
(forward) and 5'-ggt gag gcggte aea act at-3 ' (reverse); GAPDH, 
5 '-ttc  ace acc atg gag aag gc-3' (forward) and 5'-ggc atg gac tgt 
ggt cat ga-3' (reverse); SH IPl, 5 '-ggt ggt acg gtt tgg aga ga-3' 
(forward) and 5 '-atg  ctg age ctc tg t ggt ct-3 ' (reverse). miRNA 
and mRNA expression were m easured on the 7900 RT-PCR 
system (Applied Biosystems), and fold changes in expression 
were calculated by the A A C T  m ethod using RNU6B as an 
endogenous control for miRNA analysis and GAPDH as an 
endogenous control for mRNA expression. All fold changes are 
expressed normalized to  non-stim ulated control for each cell 
type.

Enzyme-linked Immunosorbent Assay—Murine TNF-a expres
sion was measured from the supernatants of stimulated cells using 
an enzyme-linked immunosorbent assay DuoSet l<it (R&D Biosys
tems) according to the manufacturer’s instructions.

Protein Expression—Differentiated BMDM or Raw264.7 cells 
were seeded at 4 X 10® in six-well plates and stimulated with 
LPS ±  IL-10 as indicated in the figure legends. Cells were lysed 
in low stringency lysis buffer com plete with protease inhibitors. 
Protein concentration was then determ ined using the Coomas- 
sie Bradford reagent (Pierce). Lysates were resolved on 10% 
SDS-PAGE gels and transferred onto polyvinylidene difluoride 
membrane. M embranes were blocked in 5% (w/v) dried milk in 
TBS-T (50 mM Tris/HCl, pH  7.6, 150 mM NaCl, and 0.1% (v/v) 
Tween 20) before being im m unoblotted with anti-Ets2 (Santa 
Cruz Biotechnology) or anti-/3-aetin (AC-74, Sigma) antibodies 
(1:1000 or 1:10,000, respectively) in 5% (w/v) dried milk in 
TBS-T at 4 °C overnight, or at room  temperature for at least 2 h. 
Membranes were then incubated with the appropriate horserad
ish peroxidase-conjugated secondary antibody diluted 1:2000 m 
5% (w/v) dried milk in TBS-T for 1 h. Blots were developed by 
enhanced chemilumineseence according to the manufacturers 
instructions (Cell Signaling Technology).
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Luciferase Assays— \*ri-\55 luciferase plasmid along with the 
Etsl m utant (M_pri-155) were a kind gift from Eric Flemington 
(Tuiane University, New Orleans, LA). T runcated pri-155 plas
mids were generated by PCR amplification using specific prim 
ers to create plasmids of varying lengths that were recloned in 
to the luciferase plasmid at the Nhel and HinDIII sites. The 
reverse primer, 5 '-tca ccg ccg ggt taa ctg-3', was used for each 
truncation along with specific forward prim ers as follows: 
T l_pri-155 ,5 '-c tg  aga ccc atg aat gag-3'; T2_pri-155, 5 '-c tc tta 
ggg acc tgc tgg-3'; T3_pri-155, 5'-caa agg ttg gag ccc aag-3'; 
T4_pri-155,5' -cag aaa agg cgc ctg gtc-3 '. Raw264.7 cells seeded 
at 2 X 10®/ml in 24-well plates were transfected using 6% JetPEI 
macrophage transfection reagent as per the m anufacturer’s 
protocol, with each plasmid and TK-Renilla. Ceils were rested 
for 2 4 -4 8  h prior to stim ulation with LPS. In all cases, cells 
were lysed in passive lysis buffer before being analyzed for both 
luciferase and TK-Renilla  activity as described previously (23). 
Data were normalized to TK-Renilla  activity and represented as 
mean ±  S.D. for triplicate determ inations where fold changes 
are expressed normalized to non-stim ulated control.

Chromatin Im m unoprecipitation—Raw264,7 cells were set 
up at 4 X 10®cell/ml in DMEM, treated with LPS ±  IL-10 for 
24 h and fixed by adding a final concentration of 1% formalde
hyde to each culture dish. Flasks were incubated for 10 min at 
room tem perature. A 1/20 volume of 2.5 m  glycine was then 
added to each flask and allowed to  set at room  tem perature for 
5 min prior to washing in PBS and resuspension in 6 ml of ChIP 
lysis buffer (SDS lysis buffer with leupeptin, aprotinin, and 
PMSF) and immediately snap frozen in liquid nitrogen. The 
samples were thawed and resuspended in SDSiTriton buffer 
and then sonicated at 22% intensity, 10 X  30 s per sample, 
placing on ice in between pulses. Preblocked protein A beads 
were incubated with samples prior to  overnight incubation 
with primary antibodies; anti-Ets2 (Santa Cruz Biotechnology, 
SC22803) and anti-HA (Sigma, H6908). Quantitative RT-PCR 
was carried out using prim ers for either the pri-155 prom oter 
consensus Ets binding site (0/-H9), a non-Ets binding site 
( -1 0 0 3 /—995). Data are presented as percent of input.

Affinity Purification with Biotinylated Oligonucleotides— 
Oligonucleotides for the term inal Ets binding site on the pri- 
155 prom oter were annealed 9 0 -9 5  °C for 3 -5  min and then 
heat block was allowed to  cool to  room tem perature (forward, 
5'BIO-gcgccggcttcctgtacgc-3'; reverse, 5'-cgcgtacaggaagccg- 
gcg-3'). Raw264.7 cells were seeded at 4 X 10® cell/ml and 
treated with LPS ±  IL-10.24 h later, cells were lysed in 100 /xl of 
oligonucleotide buffer (25 m M  Tris, 5% glycerol, 50 m M  EDTA, 
5 m M  NaF, N onidet P-40 1%, 1 m M  DTT, 150 m M  NaCl, and 
protease and phosphatase inhibitors), and snap-frozen. Sam
ples were then thawed on ice and diluted with a further 900 ixl of 
oligonucleotide buffer containing no NaCl. 10 jul sample of 
lysate was kept to  which 40 ju,l of 5X SDS buffer was added. 
Remaining lysates were then precleared with 20 /Ltl of pre
washed streptavidin-agarose beads, rotating at 4 °C for 15 min 
before centrifuging at 2500 rpm  for 5 min at 4 °C. Supernatants 
were removed to a fresh tube with 30 ju.1 of prewashed strepta- 
vidin-agarose beads and 30 ng  of 5'-biotinylated oligonucleo
tide. Binding was perform ed for 2 h at 4 °C, rotating. Samples 
were centrifuged for 5 min at 4 °C to pellet the beads, which
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were washed th ree tim es before 50 /xl of 5X SDS sample 
buffer was added to  the  beads. Samples were loaded on a 10% 
gel and Ets2 binding detected  by W estern  blo tting  as 
described previously.

RESULTS

The pri-155 Promoter Is Controlled by Ets Transcription 
Factors—As miR-155 has previously been shown to be potently 
induced in response to  the TLR4 ligand LPS (5), we wished to 
investigate the m echanism  of this induction. The strong induc
tion over tim e of pri-155 and miR-155 by LPS in BMDM was 
first verified (Fig. 1, A  and B). IL-6 was also measured as a pos
itive control for LPS treatm ent (data not shown). The potent 
transcriptional inhibitor, actinom ycin D, blocked the induction 
of miR-155 by LPS as shown in Fig. 1C. The miR-155 prom oter 
gene pri-155 was next investigated bioinformatically to deter
mine key transcription factor binding sites. Regions 2500 bases 
upstream  and 500 dow nstream  from  the transcription start site 
were analyzed in the miR-155 gene. The identification of evo- 
lutionarily conserved transcription factor binding sites was per
formed using PhyloGibbs across eight different ,species includ
ing hum an and mouse. Com bining the most significant results 
from PhyloGibbs and JASPAR identified ETS family binding 
sites as stand-out candidates. Further verification was carried 
out using ConSite, which verified all sites in the previous tests. 
The analysis indicated the miR-155 prom oter was heavily con
trolled by the Ets family of transcription factors. Five of the 
putative Ets binding sites are identified in the schematic shown 
in Fig. ID. Positions are indicated relative to the transcription 
initiation site as described previously (12).

As we were interested in the induction of miR-155 in an 
inflammatory context, we next examined the induction of Ets 
family m embers in response to  the TLR4 ligand LPS. Fig. 1£ 
shows tha t Ets2 is induced over time is response to  LPS, 
whereas the closely related Ets family m em ber Etsl is unaf
fected by LPS stim ulation. Further investigation of Ets2 
revealed it is also induced strongly at the protein level (Fig. IF) 
and that induction by LPS is MyD88- and TRIF-dependant (Fig. 
IG), confirming it as a key m odulator of downstream TLR4 
responses.

Having confirmed that Ets2 is induced by LPS and that the 
miR-155 prom oter is controlled by many Ets binding sites, we 
next investigated the effect of Ets2 on the pri-155 promoter. 
First, we confirmed our previous finding that LPS can drive the 
pri-155 prom oter. Pri-155 prom oter constructs fused to  a lucif
erase reporter were transfected into Raw264.7 cells and treated 
with LPS (50 -150  ng), which drove the pri-155 prom oter 5-fold 
at 100 ng (Fig. IN), confirming that miR-155 is regulated by LPS 
at the transcriptional leveL Subsequently, pri-155 prom oter 
constructs fused to  a luciferase reporter were cotransfected 
with plasmids encoding Ets2. Fig. 1 /shows that overexpression 
of Ets2 could drive the pri-155 prom oter in a dose-dependent 
manner. To investigate the effect of Ets2 on m ature miR-155, 
gain of function studies were utilized, where Ets2 was overex- 
pres.sed and m ature miR-155 was measured by real-time PCR. 
As revealed in Fig. 1/, 0.5 /ng Ets2 is sufficient to induce a 5-fold 
increase in m ature miR-155, indicating Ets2 alone is sufficient
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FIGURE 1. The pri-155 promoter is controlled by Ets transcription factors. A-C, primary BMDMs from C57BL/6 mice (n =  3) were treated with LPS (100 
ng/m l) for 0 -2 4  h (A and 6) or pretreated w ith  actinomycin D {ACTD; 1 f ig ) prior to  LPS stimulation for 24 h (O- RT-PCR analysis o f RNA was carried out with 
primers specific for pri-155 or mature mlR-155 as Indicated. Expression is normalized to  that o f GAPDH (for pri-155 expression) or RNU6B (for mlR^lSS 
expression) and is presented relative to  tha t o f untreated controls. Data are presented as the mean ±  S.E. o f one representative experiment shown o f three 
Independent experiments (n =  3 per experiment). D, b ioinform atic analysis o f the pri-155 promoter revealed highly conserved Ets transcription factor binding 
sites. £ and F, primary BMDM from C57BL/6 mice (n =  3) were treated w ith  LPS (100 ng/m l) for 0 -2 4  h. RT-PCR analysis o f RNA was carried out w ith primer 
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three separate experiments, w ith  each po in t assayed In triplicate, w ith error bars representing S.D. G, w ild type, MyD88“ ' “ , or TRIF“ ^“  immortalized _ 
[iBMDM) were plated at 5 X 10^/m l and stimulated w ith LPS for 0 -24  h prior to  lysis for RNA extraction. Ets2 or GAPDH control was measured by real-time K ■ 
Data are the mean ±  S.D. o f trip licate determ inations from  three Independent experiments. H and /, pri-155 promoter activation was assayed in Raw264,7 ce 
using a pri-155 luciferase reporter construct and Increasing doses of LPS (50-100 ng) (H), or plasmid encoding Ets2 (40-50 ng) or empty vector {EV) ' j  
Luciferase activity was determined 24 h after transfection and normalized to  IK  Ren/7/o control. Results are presented as the mean ±  S.D. for triplicate 
and are representative of three separate experiments. J, Raw264.7 cells were transfected w ith 0.5 >ig o f Ets2 plasmids or empty vector control and lysed for 
mlR-155 expression was measured by real-time PCR. Statistical analysis was carried out using Student's t  test; * ,p <  0.05; * * ,p <  0.001; ***, p <  0.0001.
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FIGURE 2. Ets2 binds to a highly conserved binding site on the prl-155 promoter. Prl-155 promoter constructs were truncated sequentially such that one 
Ets binding site was deleted at a time (T1 -T4_pri-155), only the terminal Ets binding site remained (T4_pri-155) or the terminal Ets binding site was mutated 
(M_pri-155). A  prl-155 promoter and T1 -T4_pri-155 promoter activation was assayed in HEK293T cells using an Ets2 expression plasmid. 6, pri-155 promoter 
and T4_pri-155 promoter activation was assayed in Raw264.7 cells using increasing doses of Ets2 expression plasmid (50-80 ng), Cand D, pri-155 promoter and 
M_pri-155 promoter activation was assayed in Raw264.7 cells with increasing doses of Ets2 expression plasmid (50-100 ng) (Q or LPS (100 ng/ml) (D). 
Luciferase activity was determined 24-48 h after transfection and normalized to TK/?en/7/o controls. E, Raw264.7 cells were treated with LPS for 0,6, and 24 h 
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determinations and are representative of at least three separate experiments. Statistical analysis was carried out using Student's f  test. * ,p <  0.05; **, p <  0.001.

for the traascription of mature miR-155, thus focusing our 
study on Ets2 regulation of miR-155 in response to LPS.

Ets2 Binds to a Highly Conserved Site on thepri-lSS Pi omoter— 
Having confirmed that Ets2 and LPS can drive the pri-155 pro
moter and that LPS could induce Ets2, the regions of the pro
moter that were most important for this interaction were next 
examined. Four additional pri-155 luciferase constructs were 
generated, each truncated to contain one less Ets binding site

until only the terminal Ets binding site and the TA TA  box 
remained (T1-T4_PRI-155). A  schematic of these promoter 
constructs is shown in Fig. 2A, top panel. Each construct was 
co-transfected with an Ets2 expression plasmid, and interest
ingly, it was evident that Ets2 could continue to drive the trun
cated pri-155 promoters (T1-T4_PRI-155) to the same extent 
as the full-length pri-155 promoter (Fig. 2A, lower panel). This 
was examined in more detail by transfecting higher amounts of
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plasmid encoding Ets2 with the pri-155 luciferase construct 
with only the term inal Ets binding site remaining. Again Ets2 
could be seen to drive the T4_PR1-155 construct to an equal 
extent as the full-length pri-155 (Fig. 25). This finding implied 
that the term inal Ets binding site m ight be key for Ets2 to  drive 
transcription of the pri-155 prom oter. W e therefore examined 
the effect of overexpression of Ets2 on a pri-155 construct in 
which the term inal Ets binding site is m utated (12) because we 
could not create a truncation as this site occurs 3' to the TATA 
box. Fig. 2C  reveals that Ets2 can no longer drive induction of 
the pri-155 prom oter when this term inal Ets binding site is 
m utated (M_PRI-155). Additionally, induction of pri-155 by 
LPS was strongly decreased when the term inal Ets binding site 
was mutated as shown in Fig. 2D. Together, these findings indi
cate that Ets2 requires the term inal Ets binding site on the pri- 
155 prom oter for induction by LPS.

W e next examined binding interaction at this site using a 
num ber of novel approaches. First, oligonucleotide pulldown 
assays were employed to investigate binding at this term inal Ets 
site. Oligonucleotides specific to  the Ets binding site were incu
bated with lysates from Raw264.7 cells treated with LPS for 6 
and 24 h, and Fig. 2E reveals Ets2 binding to this specific and 
highly conserved site on the pri-155 prom oter in response to 
LPS. To investigate this finding further, and in an endogenous 
context, Chip at the key term inal Ets binding site was next 
carried out. This technique allows us to  examine the endoge
nous binding of transcription factors to  chrom atin in response 
to LPS. As shown in Fig. 2F, Ets2 binds to the pri-155 prom oter 
at 24 h of LPS treatm ent {black bars). Ets2 does not bind to a 
non-Ets-binding site {white bars) or the ^-actin  prom oter (data 
not shown). These findings confirmed that LPS induces Ets2 
binding to the Ets binding site at the initiation site on the miR- 
155 promoter, whose function we have confirmed by m uta
tional analysis.

pri-155 Expression Is Ablated and  m iR -lSS  Induction Is 
Reduced in Response to LPS in Ets2 ^^~ M ice—W e next investi
gated miR-155 induction in cells from  Ets2“  ̂ conditionally 
generated mice. In these mice, the Ets2 gene is under the con
trol of the lysM  prom oter, creating knock-outs specific to the 
myeloid lineage. Peritoneal macrophages were prepared from 
Ets2“ “̂ , Ets2'^'~, and wild type C57BL/6 mice and stimulated 
in vitro with LPS for 24 h. The macrophages from the Ets2^^^ 
mice lacked induction of pri-155 in response to  LPS (Fig. 3A), 
confirming the im portance of this transcription factor in LPS- 
mediated induction of pri-155. The production of m ature miR- 
155 was also significantly reduced in Ets2“ “̂  mice in com par
ison with wild type mice (Fig. 3B).

We also examined miR-155 in vivo. Ets2“ ^'' and m atched 
wild type C57BL/6 mice were adm inistered an intraperitoneal 
injection of LPS or PBS and 24 h later were culled for harvesting 
of peritoneal macrophages. The induction of pri-155 and miR- 
155 in response to LPS was again observed strongly in the wild 
type mice, and this induction was reduced in the Ets2 mice. 
Pri-155 induction is completely ablated (Fig. 3C), and miR-155 
is reduced (Fig. 3D) in Ets2 '  mice in vivo, further supporting 
the evidence that Ets2 is a necessary transcription factor for the 
LPS-mediated induction of pri-155 and miR-155.

miR-155 target genes in macrophages from W T and Ets2~'~ 
mice were next investigated. As shown in Fig. 3E, LPS signifi 
cantly suppresses the miR-155 target SHIPl in W T peritoneal 
macrophages, consistent with published data on SHIPl induc
tion and repression by miR-155 in BMDMs (6). In Ets2“ '~ p e ri
toneal macrophages, basal SHIPl is elevated, and LPS can no 
longer decrease it. This finding implicated Ets2 for the first time 
having a downstream effect on a microRNA target. There is 
evidence to suggest that miR-155 is required for stabilizing 
T N F-a expression (14). As shown in Fig. 3F, E ts2~ '“ mice defi
cient in miR-155 show significantly decreased TNF-a expres
sion. These data further confirm  Ets2 as a key regulator of miR- 
155, with downstream impacts on inflammatory target genes, 
thus implicating Ets2 in the proinflam m atory response to LPS 
and uncovering the mechanism of induction of miR-155.

IL-10 Inhibits Ets2 Protein Expression and Binding to the 
m iR-155 Promoter— Haying determ ined that induction of miR- 
155 by LPS involves Ets2, we next examined whether the inhib
itory effect of IL-10 on miR-155 m ight involve the targeting of 
Ets2. Interestingly, Ets2 mRNA induction by LPS is strongly 
inhibited by IL-10 in Raw264.7 cells (Fig. AA) and primary 
BMDM (Fig. AB) over time. Little is known about the mecha
nism through which IL-10 exactly exerts its anti-inflammatory 
effects on TLR signaling. It has been established that STATS is 
highly im portant for IL-10 to  exert its effects (15); thus, to 
understand this further, we utilized a STATS inhibitor. Our 
data revealed that IL-10 is acting through the STAT3 pathway 
to  inhibit Ets2 and can no longer exert its anti-inflammatory 
effects with just 1 ju,m  Stat3 inhibitor (Fig. 4C, black bars). These 
data correlate with the original m anuscript detaihng the inhi
bition of miR-155 by IL-10, which was also found to be STAT3- 
dependent (10). Inhibition of Ets2 by IL-10 was also evident at 
the protein level. Fig. 4D shows how there is a basal expression 
of Ets2 in Raws {lane 1). LPS can increase expression {lane 2), 
and IL-10 can inhibit this effect {lane 3). IL-10 alone can also 
reduce the basal expression {lane 4). This effect is also evident 
at 24 h {lanes 5 -8 ). This is the first tim e IL-10 has been impli
cated in the control of Ets2, and due to  the novel finding that 
IL-10 can inhibit Ets2 mRNA and protein, we furthered our 
investigation by examining whether this finding impacted 
directly on the pri-155 prom oter. Chrom atin immunoprecipi- 
tation assay in Fig. 4£  reveals tha t IL-10 can reduce LPS induced 
binding of Ets2 to the pri-155 prom oter {black bars). This novel 
result reveals IL-10 may also be dependent on Ets2 to regulate 
miR-155.

Finally, we investigated the ability of IL-10 to inhibit miR-155 
in wild type and Ets2-deficient peritoneal macrophages. Our 
data, shown in Fig. 4F, revealed that IL-10 could not inhibit 
miR-155 to the same extent in Ets2” '' mice (2.4-fold decrease) 
com pared with wild type mice (4.3-fold decrease). This finding 
indicates Ets2 plays a role in both the pro- and anti-inflamma- 
tory control of miR-155 and reveals for the first time that IL-10 
may act through Ets family m em bers and thereby impacts on 
the inflammatory process.

DISCUSSION

In the study of miRNA, the majority of research to date 
focuses on the interesting target genes and pathways on which
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again highlighting the extent of the decrease in imm une activa
tion of these miR-155~^“  mice (17). Numerous studies and 
review articles have investigated and collated miR-155 target 
genes and their effects in various inflammatory phenotypes 
(18-20), but studies investigating the exact induction of this 
miRNA from the prom oter level are sparse.

To understand the po ten t induction of miR-155 by LPS, 
detailed bioinformatic analysis was carried out and revealed a 
num ber of conserved Ets binding sites on the pri-155 promoter, 
and luciferase reporter assays indicated the term inal Ets bind
ing site adjacent to  the TATA box was highly im portant. Ets 
transcription factors are one of the largest families of transcrip
tion factors known and have wide-ranging roles from cell cycle 
regulation, cell differentiation, and a more recently discovered 
role in regulation of the im m une response (21). For example, 
Ets binding sites have been discovered in the prom oter regions 
of a num ber of im m une genes, including those encoding the T 
cell receptor a  and /3 subunits, interleukin 5, interleukin 12 (22, 
23), and additionally, m any viruses such as moloney sarcoma 
virus. Ets2 is induced in response to  LPS, others have shown the 
protein kinase C pathway may be involved in this induction

miRNAs impact, as opposed to the detailed mechanisms by 
which miRNAs themselves are controlled and induced. In the 
context of inflammation, miRNAs have been shown to be cru
cial for the development, differentiation, and orchestration of a 
smooth and timely im m une response and subsequent resolu
tion. Therefore, it is extremely im portant to understand how 
these miRNA are induced, inhibited, and controlled to m ain
tain control of their downstream  target genes. In this study, we 
identify Ets2 as a critical transcription factor in the induction of 
miR-155 by LPS and, furtherm ore, dem onstrate inhibition of 
Ets2 as a mechanism for suppression of miR-155 by IL-10. This 
finding not only uncovers a mechanism  of induction of miR- 
155 at the transcriptional level, it also reveals a new down
stream target gene of IL-10 and a possible mechanism through 
which IL-10 may act to exert its anti-inflamm atory properties.

miR-155 is highly im portant in the inflammatory response to 
infection, with miR-155“ “̂  mice suffering extremely stunted 
imm une responses, including defective lymphocyte and anti
gen presenting function and impaired immunological memory 
(16). Additionally, the mice are highly resistant to autoim m une 
diseases such as experim ental autoim m une encephalomyelitis.
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(24). It may also be phosphorylated on threonine 72 by LPS, but 
its exact mechanism of induction has not been fully elucidated
(25). Moreover, our finding that Ets2 is MyD88- and TRIF-de-

pendent haSjJ^urther confirmed it as a TLR-regulated gene, 
hkely important in the immune response. Up-regulation of Ets2 

has been found in 30% of rheumatoid arthritis tissue sample®
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(26), and our study furthers the novel evidence for an im m uno
logical role for Ets2. O ur investigation of induction of miR-155 
by Ets2 led us to examine im m une responses in the Ets2"'‘'“ 
mice. The mice were found to  be deficient in induction of pri- 
155 and miR-155 and, as a result, had reciprocally altered levels 
of miR-155 inflammatory target genes SHIPl and TN F-a. This 

' interesting finding em phasizes a role for the Ets2 transcription 
factor in innate im m unity and indicates Ets2 may control many 
downstream target genes through its induction and control of 
miR-155. Although there is a significant reduction of miR-155 
induction in the Ets2^^ mice some miR-155 expression 
remains, m ost likely due to  separate LPS-mediated post-tran
scriptional mechanism of induction of miR-155 from pri-155 
by maturation factors such as KH-type splicing regulatory pro
tein (KSRP, also known as KHSRP) (27). KSRP binds w ith high 
affinity to  the term inal loop of the target miRNA precursors 
and promotes their m aturation (28) and indicates that miR-155 
can be post-transcriptionally regulated further after induction 
by LPS.

Conflicting studies have recently reported that regulation of 
’ miR-155 does not occur at the transcriptional level (29); how

ever, many of these studies were based heavily on the inability of 
LPS to drive a pri-155 luciferase reporter construct. Conversely, 
we and others (30, 31) have repeatedly shown LPS can drive 
induction of the pri-155 prom oter in a dose-dependent m an
ner. O ur data are additionally supported by chrom atin immu- 
noprecipitation and oligonucleotide pulldown assays display
ing increased binding of Ets2 to the pri-155 prom oter in the 
presence of LPS, Ets2“ “̂  mice displaying ablated induction of 
pri-155 in response to  LPS, and finally, the addition of the tran 
scriptional inhibitor actinom ycin D strongly reducing m ature 
miR-155 induction. O ther studies have additionally shown 
miR-155 is transcriptionally regulated in other cells types such 
as by API in B cells (12) and STATS in T cells (32), supporting 
our evidence of transcriptional regulation of miR-155.

miR-155 is a potently proinflamm atory microRNA and thus 
requires stringent control to prevent excess inflammation. 
E^i-transgenic miR-155 mice exhibit excessive inflammation 
and uncontrolled responses to  inflammatory stimuli, including 
excessive TN Fa and hypersensitivity to septic shock (33). In the 
context of macrophage activation by LPS, our study has shown 
that Ets2 is a key transcription factor for miR-155 induction. 
Due to this excessive inflammation association with aberrant 
expression of miR-155, it is of utm ost im portance that miR-155 
be carefully controlled and down-regulated. One such mecha
nism of this inhibition is through the anti-inflam m atory cyto
kine IL-10 (10). IL-10 has an irreplaceable role in negatively 
regulating inflammation, and any additional insight as to how 
this occurs is of high value in this field. IL-10 acts primarily by 
blocking the genes which code for those molecules central to 
propagating the inflammatory response (8), as illustrated for 
example by profound colitis in IL-10^^“ mice (13,34,35). How
ever, much of the mechanism  of action of IL-10 is still 
unknown, and our study sought to  investigate how IL-10 is 
inhibiting miR-155. O ur data established the novel finding that 
IL-10 is acting to  inhibit Ets2 mRNA and protein, both basally 
and in response to LPS stimulation. This interesting finding was 
relevant for control of miR-155, as this potent decrease in Ets2

expression resulted in decreased Ets2 recruitm ent to the pri- 
155 prom oter in the presence of LPS and decreased m ature 
miR-155. Additionally, Ets2 knock-out mice could not decrease 
miR-155 to the same extent after IL-10 treatment, further sup
porting the im portance of Ets2 for control and regulation of 
miR-155. IL-10 still decreased miR-155 expression to some 
extent in Ets2-deficient cells, although not to the same extent as 
in wild type cells. W e are currently exploring the Ets2-inde- 
pendent com ponent being targeted by IL-10.

O ur findings are likely to  be significant in the context of 
inflammation, as many diseases correlating with low IL-10 also 
correlate with elevated miR-155, such as colitis, arthritis, and 
experimental autoim m une encephalomyelitis. Because IL-10 
can so potently inhibit miR-155, it is possible that anti-miR-155 
could have utility as an alternative to IL-10 therapy as an anti
inflammatory strategy.

Overall, the mode of regulation identified in this study have 
uncovered a mechanism of miR-155 induction and repression 
through m odulation of Ets family transcription factors. This 
not only gives us new insight into the regulation of miR-155 but 
also provides im portant new inform ation on the mechanism of 
action of IL-10.

Acknowledgment— We acknowledge Erik Flemington fo r  providing 
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REFERENCES
1. Janeway, C. A„ Jr., and Medzhitov, R, (2002) Innate immune recognition. 

Annu. Rev. ImmunoL 20 ,197-216
2. Guo, H., Ingolia, N. T., Weissman, J, S., and Bartel, D. P. (2010) M am ma

lian microRNAs predominantly act to decrea.se target mRNA levels. N a
ture 466, 835-840

3. O ’Neill, L. A., Sht*edy, F. J., and McCoy, C. E. (2011) MicroRNAs: the 
fine-tuners of Toll-like receptor signalling. N a t Rev. Immunol. 11, 
163-175

4. Clurman, B, E., and Hayward, W. S. (1989) Multiple proto-oncogene ac
tivations in avian leukosis virus-induced lymphomas: evidence for stage- 
specific events. Mol. Cell BioL 9, 2657-2664

5. O ’Connell, R. M., Taganov, K. D„ Boldin, M, P., Cheng, G., and Baltimore, 
D. (2007) MicroRNA-155 is induced during the macrophage inflamma
tory response. I^oc  N a tl Acad. Sci. U.S.A. 104,1604-1609

6. O ’Connell, R. M„ Chaudhuri, A. A., Rao, D. S., and Baltimore, D. (2009) 
Inositol phosphatase SHIPl is a primary target of miR-155. Proc. NatL 
Acad. Sci. U.S.A. 106,7113-7118

7. An, H., Xu, H., Zhang, M., Zhou, J„ Feng, T., Qian, C . Qi, R., and Cao, X. 
(2005) Src homology 2 domain-containing inositol-5-phosphatase 1 
(SHIPl) negatively regulates TLR4-mediated LPS response primarily 
through a phosphatase activity- and PI-3K-independent mechanism. 
Blood 105,4685-4692

8. Wang, P., Hou, J., Lin, L., Wang, C„ Liu, X., Li, D., Ma, F., Wang, Z., and 
Cao, X. (2010) Inducible microRNA-155 feedback promotes type I IFN 
signaling in antiviral innate immunity by targeting suppressor of cytokine 
signaling l.J. Im m unol 185, 6226-6233

9. Quinn, S. R., and O'Neill, L. A. (2011) A trio of microRNAs that control 
Toll-like receptor signalling. In t ImmunoL  23 ,421-425

10. McCoy, C. £., Sheedy, F. J., Qualls, J. E., Doyle, S. L., Quinn, S. R., Murray, 
P. J., and O'Neill, L. A. (2010) IL-10 inhibits miR-155 induction by toU-like 
receptors. /. Biol Chem. 285, 20492-20498

11. Murray, P. J. (2006) Understanding and exploiting the endogenous inter- 
leukin-10/STAT3-mediated anti-inflammatory response. Curr. Opin. 
Pharmacol 6, 379 -386

12. Yin, Q., Wang, X., McBride, J., Fewell, C., and Flemington, E. (2008) B-cell

4324  JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289-NUMBER7-FEBRUARY 14,2014

D
ow

nloaded 
from 

http:/.'w
w

w
.jbc,org/ at IReL 

(Trinity 
College 

D
ublin) on 

June 
20, 2014



Regulation ofmiR-155 by Ets2

receptor activation induces BlC/miR-155 expression through a conserved 
AP-1 element./. Biol. Chem. 283, 2654-2662

13. Kiihn, R., Lohler, )., Rennick, D., Rajewsky, K., and Muller, W. (1993) 
Interleukin-lO-deficient mice develop chronic enterocolitis. Cell 75, 
263-274

14. Bala, S., Marcos, M., Kodys, K., Csak, T„ Catalano, D., Mandrekar, P., and 
Szabo, G. (2011) Up-regulation of microRNA-155 in macrophages con
tributes to increased tum or necrosis factor a  (TNFa) production via in
creased mRNA half-life in alcoholic liver disease. /. Biol. Chem. 286, 
1436-1444

15. Murray, P. J. (2006) STAT3-mediated anti-inflammatoiy signalling. 
Biochem. Soc. Trans. 34,1028-1031

16. Rodriguez, A., Vigorito, E., Clare, S., W arren, M. V., Couttet, P., Soond, 
D. R., van Dongen, S., Grocock, R . D a s ,  P. P„ Miska, E. A., Vetrie, D., 
Okkenhaug, K„ Enright, A. Dougan, G., Turner, M., and Bradley, A. 
(2007) Requirement of bic/microRNA-155 for normal immune function. 
Science 316,608 -  611

17. O ’Connell, R. M., Kahn, D., Gibson, W. S., Round, J. L., Scholz, R. L , 
Chaudhuri, A. A., Kahn, M. E., Rao, D. S., and Baltimore, D. (2010) Mi- 
croRNA-155 promotes autoim m une inflammation by enhancing inflam
matory T cell development. Im m unity  33 ,607-619

18. Ceppi, M., Pereira, P. M., Dunand-Sauthier, 1., Barras, E., Reith, W., San
tos, M. A., and Pierre, P. (2009) MicroRNA-155 modulates the interleu
kin-1 signaling pathway in activated hum an monocyte-derived dendritic 
cells. Proc. Natl. Acad. Set. U.S.A. 106, 2735-2740

19. Chen, C. Z., Li, L., Lodish, H. F., and Bartel, D. P. (2004) MicroRNAs 
modulate hematopoietic lineage differentiation. Science 303, 83 -86

20. Lindsay, M. A. (2008) microRNAs and the immune response. Trends Im 
munol. 29, 343-351

21. Gallant, S., and Gilkeson, G. (2006) ETS transcription factors and regula
tion of immunit)'. Archivum Immunologiae et Therapiae Experimentalis 
54 ,149-163

22. Wang, C. Y., Petryniak, B., Ho, I. C., Thompson, C. B., and Leiden, J. M. 
(1992) Evolutionarily conserved Ets family members display distinct DNA 
binding specificities. /. Exp. Med. 1 7 5 ,1391-1399

23. Blumenthal, S. G., Aichele, G., W irth, T., Czernilofsky, A. P., Nordheim, 
A., andDittm er, J, (1999) Regulation o fthe human interleukin-5 promoter 
by Ets transcription factors. E tsl and Ets2, but not Elf-1, cooperate with 
GATA3 and HTLV-I T ax i./. BioL Chem. 274,12910-12916

24. Boulukos, K. E., Pognonec, P., Sariban, E„ Bailly, M., Lagrou, €., and Ghys- 
dael, J. (1990) Rapid and transient expression of Ets2 in mature m acro

phages following stimulation with cMGF, LPS, and PKC activators Gene 
Dev. 4 ,401 -4 0 9

25. Sweet, M. J., Stacey, K .)., Ross, I. L., Ostrowski, M. C„ and Hume D A 
(1998) Involvement of Ets, rel and Spl-like proteins in lipopolysaccharide 
mediated activation of the HIV-1 LTR in macrophages. /. hiflamm  48 
67 -83

26. Dittmer, J., and Nordheim, A. (1998) Ets transcription factors and human 
disease. Biochim. Biophys. Acta  1377, F l-11

27. Ruggiero, T., Trabucchi, M., De Santa, F., Zupo, S., Harfe, B. D., McManus 
M. T., Rosenfeld, M. G., Briata, P., and Gherzi, R. (2009) LPS induces 
KH-type splicing regulatory protein-dependent processing of microRNA- 
155 precursors in macrophages. FASEBj. 23, 2898-2908

28. Trabucchi, M., Briata, P., Filipowicz, W„ Ramos, A., Gherzi, R„ and Rosen
feld, M. G. (2011) KSRP Promotes the M aturation of a Group of miRNA 
Precuresors. Adv. Exp. Med. Biol. 700, 36 -  42

29. Cheung, S. T., So, E. Y„ Chang, D., Ming-Lum, A., and Mui, A. L. (2013) 
Interleukin-10 inhibits lipopolysaccharide induced miR-155 precursor 
stability and maturation. PloS One 8, e71336

30. Chen, Y., Liu, W., Sun, T., Huang, Y., Wang, Y., Deb, D. K., Yoon, D„ Kong, 
J., Thadhani, R„ and Li, Y. C. (2013) 1,25-Dihydroxyvitamin D promotes 
negative feedback regulation of TLR signaling via targeting microRNA- 
155-SOCSl in macrophages./. Immunol. 190, 3687-3695

31. Dai, Y., Diao, Z., Sun, H., Li, R., Qiu, Z., and Hu, Y, (2011) MicroRNA-155 
is involved in the remodelling of human-trophoblast-derived HTR-8/ 
SVneo cells induced by lipopolysaccharides. Hum. Reprod. 26,1882-1891

32. Escobar, T.. Yu, C. R., Muljo, S. A., and Egwuagu, C. E. (2013) STAT3 
activates miR-155 in T h l7  cells and acts in concert to promote experi
mental autoim m une uveitis. Invest. Ophthalmol. Vis. Sci. 54,4017-4025

33. Tili, E., Michaille,) . Cimino, A., Costinean, S., Dumitru, C. D„ Adair, B., 
Fabbri, M., Alder, H., Liu, C. G., Calin, G. A., and Croce, C. M. (2007) 
Modulation of miR-155 and miR-125b levels following lipopolysaccha- 
ride/TN F-a stimulation and their po.ssible roles in regulating the respon.se 
to endotoxin shock. /  Immunol. 179, ,5082-5089

.34. Rennick, D„ Davidson, N., and Berg, D. (1995) Interleukin-10 gene knock
out mice: a niixlel of chronic inflammation. Clin. Immunol. Immuno- 
pathol. 76, S174-178

35. Berg, D .)., Kiihn, R., Rajewsky, K., Miiller, W., Menon, S., Davidson, N., 
Griinig, G., and Rennick, D. (1995) Interleukin-10 is a central regulator of 
the response to LPS in m urine models of endotoxic shock and the 
Shwartzman reaction but not endotoxin tolerance. J. Clin. Invest. 96, 
2339-2347

FEBRUARY 1 4 ,2014-VOLUME 289-NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4 3 2 5

D
ow

nloaded 
from 

http://w
w

sv.jbc 
.org/ at 

IRcL 
(Trinity 

C
ollege 

D
ublin) 

on 
June 

20. 2014



■Hm

^  .

>f A  «*. *

The Journal of 
Biological Chemistry

AFFINITY SITES
■7<W

.*r>.
ASBMB

wnefio«n Soct«ty fw  SN»?NiKnMtry and MotoeijMir ITmmsst

IMMCNOLOGY

SIG N A1. T R A N S l> l i C TIO N

Immunology:
Promyelocytic Leukemia Protein Interacts 
with the Apoptosis-associated Speck-like 
Protein to Limit Inflammasome Activation

Jennifer K. Dowling, Christine E. Becker,
Nollaig M. Bourke, Sinead C. Corr, Dympna 
J. Connolly, Susan R. Quinn, Paolo P.
Pandolfi, Ashley Mansell and Luke A. J.
O'Neill
J. Biol. Chem. 2014, 289:6429-6437.
doi: 10.1074/jbc.M113.539692 originally published online January 9, 2014

Access the most updated version of this article at dol: 10.1074/jbc.Ml 13.539692

Find articles, mlnirevlews. Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
• When this article is cited
• When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 31 references, 9 of which can be accessed free at 
http://www.jbc.Org/content/289/10/6429.full.html#ref-list-1

£
f

s
a»<



THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL 289, NO, 10, pp . 6 4 2 9 -6 4 3 7 , M arch 7 ?n 
C3 2014 by  T he A m erican  S oc ie ty  for B iochem istry  a n d  M olecular Biology, Irv:. P ub lished  in th e " u S j\

Promyelocytic Leukemia Protein Interacts with the 
Apoptosis-associated Speck-like Protein to Limit 
Inflammasome Activation""
Received for publication, Decem ber 2,2013, and in revised form, January 7,2014 Published, JBC Papers in Press, January 9,2014, DOI 10.1074/jbc.M 113.539692

Je n n ife r  K. Dowling*, Chris t ine  E. B ecke r^  Noilaig M. Bourl<e^ S inead  C. Corr*, D y m p n a  J. Connolly*,
S usan  R. Quinn*, P ao lo  P. P a n d o l f i \  Ashley Mansell®\ a n d  Luke A. J. O'Neill*’'^
From the *Trinity Biomedical Sciences Institute, School o f Biochemistry and Immunology, Trinity College Dublin, Pearse Street, 
Dublin 2, Ireland, the '^Cancer Genetics Program, Beth Israel Deaconess Cancer Center, Department o f Medicine, Beth Israel 
Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts 01605, and the ^Centre for Innate Immunity 
and Infectious Disease, MIMR-PHI Institute o f Medical Research, Monash University, Clayton, Victoria 3168, Australia

Background: ASC is the common adaptor of caspase-1 activation in several inflammasomes.
Results: A novel interaction between PML and ASC is identified. PML-deficient macrophages display enhanced levels of IL-lj3 
secretion and higher levels of ASC in the cytosol.
Conclusion: PML retains ASC in the nucleus limiting inflammasome activation.
Significance: Understanding the regulation of inflammasome components will aid in the development of therapeutics to 
alleviate IL-l/3-mediated diseases.

V_______________________________________________________________________________________________

The apoptosis-associated speck-like protein containing a 
caspase-activating recruitment domain (ASC) is an essential com
ponent of several inflammasomes, multiprotein complexes that 
regulate caspase-1 activation and inflammation. We report here an 
interaction between promyelocytic leukemia protein (PML) and 
ASC. We observed enhanced formation of ASC dimers in PML- 
deficient macrophages. These macrophages also display enhanced 
levels of ASC in the cytosol. Furthermore, IL-1/3 production was 
markedly enhanced in these macrophages in response to both 
NLRP3 and AIM2 inflammasome activation and following bone 
marrow-derived macrophage infection with herpes simplex 
virus-1 (HSV-1) and Salmonella typhimurium. Collectively, our 
data indicate that PML limits ASC function, retaining ASC in the 
nucleus.

Inflammasomes are large cytoplasmic multiprotein com
plexes that act to regulate the activation of caspase-1, the 
enzyme that processes the pro-forms of the cytokines IL-1/3 
and IL-18 into their active forms (1). Six pathogen recognition 
receptors are known to drive inflammasome formation. These 
are the cytoplasmic nucleotide-binding oligomerization domain
like receptors, NLRPl, NLRP3, NLRP6, and NLRC4, and cer
tain proteins of the pyrin and HIN domain (PYHIN) family 
termed AIM2-like receptors such as AIM2 and 1FI16 (2). The 
recruitment of pro-caspase-1 to the inflammasome is facili
tated by the adaptor protein, apoptosis associated speck-like 
protein (ASC)^ containing a CARD (also known as PYCARD or

* This vi^ork w as su p p o rte d  by  th e  V ictorian G overnm en t's  O perational Infra
s truc tu re  S upport Program  a long  w ith Science Foundation  Ireland.

'  Both au th o rs  c o n trib u ted  equally  to  th is  work.
^T o w hom  c o rre sp o n d en c e  sh o u ld  b e  ad d ressed ; Inflam m ation Research 

Group, Trinity Biomedical Sciences Institu te, Trinity C ollege Dublin, 152- 
160 Pearse St., Dublin 2, Ireland. Tel.: 353-1-896-2449; Fax: 353-1-677-2400; 
E-mail; laoneill@ tcd.ie.

 ̂T he abbrev ia tions used  are; ASC, ap o p to sis-a sso c ia ted  speck-like p rote in ;

TMSl) (3, 4). ASC is a 22-kDa protein containing an N-termi- 
nal pyrin domain and a C-terminal CARD (3,4). During NLRP3 
and AIM2 inflammasome activation, homotypic interactions 
are formed between the pyrin domain of ASC and those of 
NLRP3 or AIM2 (5, 6). Subsequently, the CARD domain of 
ASC recruits pro-caspase-1 leading to its auto-cleavage and 
activation (5, 7). Deletion of the ASC gene in mice abolishes 
caspase-1 activation and secretion of IL-lj3 in response to Sal
monella typhimurium  (8), lipopolysaccharide (LPS) (9), and 
influenza virus (10), highlighting its central role in inflam
masome function.

Overexpression systems have been used to study and visual
ize the formation of an ASC aggregate or “speck” indicative of 
inflammasome assembly (3,11). Splice variants of ASC are also 
known to exist and have been shown to compete with full- 
length ASC for association with NLRP3, hampering the pro
cessing of IL-1/3 (12,13). ASC has been shown to be primarily in 
the nucleus of resting monocytes, and upon pathogen infection, 
it rapidly redistributes to the cytosol (14). ASC has also been 
shown to redistribute to the cytoplasm along with the p20 sub
unit of caspase-1 following infection of endothelial cells with 
Kaposi sarcoma-associated herpesvirus (15). Furthermore, 
ASC redistribution has been detected in THP-1 cells s t im u la t e d  

with microbial lipopeptides (16). Nothing is known about the 
mechanisms controlling ASC trafficking from the nucleus to 
the cytosol.

Here, we report an interaction between ASC and the nuclear 
body component promyelocytic leukemia protein (PML). PML 
acts as a scaffold protein for subnuclear structures termed PML 
nuclear bodies. I t  is a member of the tripartite motif protem 
family and contains a characteristic tripartite domain t e r m e d  

RBCC consisting of a RING (R), one or two B-boxes (B), and a

PML, prom yelocytic leukem ia p ro te in ; CARD, caspase-activating  recruit
m e n t dom ain ; BMDM, b o n e  m arrow -derived  m acrophage; m.o.i., m ulti
plicity o f infection; co-IP, co -im m unoprec ip ita tion .
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predicted coiled-coil region at its N  term inus. The PML tran
script undergoes alternative splicing to generate several iso
forms, all of which differ solely in their C-term inal region (17, 
18). In this regard, a nuclear export sequence is present and 
retained in the C-term inal portion of PMLI. This allows PMLI 
to shuttle between the nucleus and the cytoplasm (19). Here, we 
report that the interaction between PML and ASC is involved in 
the retention of ASC in the nucleus. W e have found that PML is 
a negative regulator of ASC, attenuating inflammasome activa
tion by retaining ASC in the nucleus.

EXPERIMENTAL PROCEDURES

V Plasmids and Reagents—pBabe-GFP-PMLI was a kind gift 
from Prof. Avri Ben-Ze’ev, D epartm ent of Molecular Cell Biol
ogy, W eizmann Institute of Science, Israel. 12-Myristate 13-ac
etate, puromycin, poly(deoxyadenylic-thymidylic) acid sodium 
salt (poly(dA-dT)), and adenosine 5 '-triphosphate disodium 
salt hydrate (ATP) were purchased from Sigma. The following 
antibodies were used: rabbit anti-ASC (AL177) (AdipoGen), 
mouse anti-j3-actin, m ouse anti-GFP, or mouse anti-GAPDH 
(Sigma) and lamin B (AbCam), mouse m onoclonal PML anti
body (PG-M3), GFP antibody, and protein A/G-plus-agarose 
beads were purchased from Santa Cruz Biotechnology. Horse
radish peroxidase (HRP)-conjugated secondary antibodies 
were purchased from Jackson ImmunoResearch. U ltrapure 
rough LPS (from Escherichia coli, serotype EH 100) was pur
chased from Alexis. Lipofectamine 2000^*^ was from Invitro- 
gen. StrataClean^'^ resin was from Agilent Technologies. 
TN Fa and IL-1^ ELISA DuoSet® kits were purchased from 
R&D Systems. For viral infection, herpes simplex virus (HSV-1) 
(a gift from I. Julkunen) was used. S. typhim urium  UK-1 strain 
was obtained from Dr. Sinead Corr (Trinity College Dublin, 
Ireland).

I Cell Culture—The hum an embryonic kidney T cell (HEK- 
293T) and the hum an acute monocytic leukemia (THP-1) cell 
lines were purcha,sed from  the European Cell Culture Collec
tion. HEK293 cells and THP-1 parental cells were m aintained 
in DMEM and RPMI, respectively, supplem ented with 10% 
(v/v) FCS and 1% (v/v) peniciUin/streptomycin solution. Bone 
marrow from wild type and PML“ “̂  129Sv mice was differen- 

i tiated for 7 days in DMEM supplem ented with 10% (v/v) FCS 
I and 1% (v/v) penicillin/streptom ycin solution and M-CSF (20%
I  (v/v) L929 mouse fibroblast supernatant). For experiments, dif- 
! ferentiated BMDM were seeded at 5 X 10® cells/ml.

Mass Spectrometry—Cell-(tee extracts were prepared from 
THP-1 cells as described previously (20). Samples were diluted 
in im m unoprecipitation buffer (20 mM HEPES-KOH, pH 7.5, 
50 mM  NaCl, 0.3% CHAPS, 10 m M  KCl, 1.5 mM  MgCIj, 1 mM 
EDTA, 1 mM  EGTA, I m M  dithiothreitol, 2 fig/ml aprotinin, 1 
ju,g/ml leupeptin, and 250 /xm phenylmethylsulfonyl fluoride) 
and precleared with protein A/G-agarose beads (Santa Cruz 
Biotechnology) at 4 °C for 1 h. Precleared cell-free extracts were 
incubated with fresh protein A/G-agarose beads (Santa Cruz 
Biotechnology) and anti-ASC antibody (Adipogen) overnight 
at 4 °C. Captured complexes were washed three times in im m u
noprecipitation buffer and eluted into two-dimensional gel 
sample buffer (8 m  urea, 4% CHAPS, 0.05% SDS, 100 m M  dithio
threitol, 0.03% brom phenol blue, 0.2% ampholytes). Proteins

TABLE 1

Proteins associating with ASC as identified by mass spectrom etry from 
cell-free extracts of THP-1 cells

Protein M,
MS FIT 
SCORE

Q9NX36 I domain-containing protein C21orf55 45.8 483
043586 PSTPIPl 47.5 453
Q8NB25 Uncharacterized protein C6orf60 119 23080
P29590 PMl. 97.5 12915
015327 Type 11 inositol 3,4-biphosphate-4-phosphate 104.7 5169
Q9Y2U8 Inner nuclear membrane protein Manl 99.9 4665
Q9WJR HER V-K-19ql2 povirus ancestral Pol protein 108 4564
Q9UPN4 5-Azactidine-induced protein 1 122 4533
Q8NEN0 Armadillo repeat-containing protein 2 96 3817
000159 Myosin 118 3814
P40189 lL-6 receptor subunit precursor 103 3361
P33991 DNA replication licensing factor MCM4 96 3345
Q9NRE2 Teashirt homolog 2 115 2263
P57740 Nuclear pore complex protein Nupl07 106 2172
Q8N475 Follistatin-related protein 5 precursor 95 2171
Q9BXJ9 NMDA receptor-regulated protein 1 101 1711
Q81Y82 Coiled-coil domain-containing protein 135 135 1663
P49916 DNA ligase 3 102 1583
Q 13873 Bone morphogenetic protein receptor type-2 115 1435

precursor
P98073 Enteropeptidase precursor 112 1381
P67936 Tropomyosin a-4 chain 28,5 1115

were separated using two-dim ensional gel electrophoresis and 
silver-stained, and in-gel protein digestion and protein identi
fication by M ALDI-TOF using a Voyager DE-PRO mass spec
trom eter were carried out as described previously (20).

Co-immunoprecipitation Assay—HEK-293T cells were 
seeded at 2 X 10® cells/ml in 10-cm dishes. 24 h later, cells were 
transfected with a total of 8 fig of the indicated plasmids using 
Genejuice® and cultured for a further 48 h before harvesting. 50 
jxl of each sample was rem oved as whole cell lysate. Co-immu- 
noprecipitations (co-IPs) were perform ed with GFP-TRAP 
beads (Chromotek) according to the m anufacturer's instruc
tions. Cell lysates were incubated with the beads at 4 °C for 1 -2  
h. Following this, the lysate and beads were centrifuged at 
2,200 X g  for 3 min at 4 °C; the supernatant was removed, and 
the beads were washed three tim es in 1 ml of wash buffer. 
Im m une complexes were eluted by the addition of 50 /xl of 
SDS/Laemmli buffer and boiling the samples. Co-IPs were ana
lyzed by SDS-PAGE and W estern blotting.

PML Truncations—The PML truncations PML(1-166), 
PM L(l-223), PM L(l-286), and PM L(1-491) were generated 
by PCR amplification of inserts with primers incorporating 
restriction sites for BamHI and EcoRI (primers shown in Table 
1). Resulting BamHI and EcoRI fragments were ligated into 
pBabe-puro. The PML truncations PML(1-166), PM L(l-223), 
PM L(l-286), and PM L(1-491) were generated by PCR ampli
fication of inserts with prim ers incorporating restriction sites 
for BamHI and EcoRI. Resulting BamHI and EcoRI fragments 
were ligated into pBabe-puro. PML truncation primers used are 
as follows: sense (all), CTGAGGATCCATGGTGAGCAAGGG- 
CGAGGAGCTG, and antisense, 1-166, ATTAGAATTCCTAT- 
GCTAGGGGCCGGGCCTCGTGCTTGAGGAA; 1-223, ATT- 
AGAATTCCTACTGTGGCTGCTGTCAAGGAGCGCGCAC- 
GAGCA; 1-286, ATTAGAATTCTACGTGAGCTACCACCT- 
GGCGCACGCGCTC; and 1-491, ATTAGAATTCCTAGAC- 
TCCATCTTGATGACCTTCCTGGGGCACTGGGTCTG.

Enzyme-linked Imm unosorbent Assay— ^or cytokine m ea
surements, BMDM were seeded at 5 X 10® cell/ml in a 12-well
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plate and stim ulated in trip licate. Supernatan ts were 
rem oved and analyzed for IL-lj3 and T N F-a, IL-6 (R&D Sys
tem s) or IL-18 (eBiosciences) using enzym e-linked im m u
nosorbent assay (ELISA) kits according to  the m anufactu r
ers' instructions.

Viral and Bacterial Infection—BMDM cells were seeded at 
5 X 10^ cells/ml in 12-well plates and left to rest overnight. Cells 
were then left unstim ulated or stim ulated with LPS (100 ng/ml) 
for 3 h and then mock-infected or infected with HSV-1 (m.o.i. 
10) for 22 h. For infection with S. typhim urium , BMDM were 
stimulated with 10 ng/m l LPS for 3 h followed by infection with 
S. typhim urium  (m.o.i. 20) for 2 h. Cells were stimulated 
in triplicate. Supernatants were removed and analyzed by 
enzyme-linked im m unosorbent assay for IL-1^, TN F-a, and 
IL-6 or lactate dehydrogenase as described.

Cytotoxicity Assay—A. CytoTox96® nonradioactive cytotox
icity assay kit was used according to  the m anufacturer’s instruc
tions (Promega) to determ ine lactate dehydrogenase release 
from  cells.

Western Blotting—Cell lysates were prepared by direct lysis 
in 5X Laemmli sample buffer. The protein content of superna
tants was concentrated using StrataClean * resin according to 
the m anufacturer’s instructions. Protein samples were resolved 
on 12 or 15% SDS-polyacrylamide gels and transferred onto 
polyvinylidene difluoride (PVDF) m em branes using a semi-dry 
transfer system (Cleaver Scientific). M em branes were blocked 
in 5% (w/v) dried milk in TBS-T (50 mM Tris/HCl, pH 7.6, 150 
mM NaCl, and 0.1% (v/v) Tween 20) for 1 h at room  tem pera
ture (RT), M embranes were incubated with antibodies against 
ASC (AL177), |3-actin, lamin B, GFP, IL-lj3, or GAPDH at a 
1:1000 dilution in 5% (w/v) dried milk in TBS-T overnight at
4 °C. M embranes were probed for PML using mouse anti-PML 
(PG-M3) at a 1:500 dilution in 5% (w/v) BSA in TBS. M em
branes were then incubated with the appropriate HRP-conju- 
gated secondary antibody diluted 1:2000 in 5% (w/v) dried milk 
in TBS-T for an hour before being developed by enhanced 
chemiluminescence (ECL) according to  the m anufacturer’s 
instructions (Cell Signaling Technology, Inc.). Some m em 
branes were stripped using Restore PLUS W estern blot 
stripping buffer according to the m anufacturer’s instructions 
(Thermo Fisher Scientific Inc.) before being reprobed.

Quantitative Real Time RT-PCR—Total RNA samples were 
isolated using RNeasy mini kit (Qiagen, MD) according to the 
m anufacturer’s instructions. For quantitative real tim e PCR, 
cDNA was transcribed using the High Capacity cDNA reverse 
transcription kit (Applied Biosystems). Primers for hum an 
PMLI were purchased from M W G, and probes for hum an and 
mouse PML (encompassing exons com m on to all PML iso
forms) were purchased from Applied Biosystems.

Stable Cell Line Generation— T he  shRNAmir clones were 
purchased from Open Biosystems (V3LHS_304380 and V3LHS_ 
400341). 293T cells were seeded at 2 X 10® cells/ml in 10-cm 
dishes. Plasmids encoding shRNA (4 /xg) or nonsilencing con
trol (4 fig) and viral proteins pSPAX2 (3 /xg) and pMD2 (1 ixg) 
were transfected into 293T cells using Genejuice according to 
the m anufacturer’s protocol. 48 h post-transfection, viruses 
containing supernatants were harvested and replaced with 
fresh media. Collected supernatants were centrifuged, filtrated

with 0.2-/xm filters, and stored at 4 °C. The harvesting step was 
repeated after 24 h, and supernatants were mbced together 
THP-1 target cells were plated at 2 X 10® cells/ml in 10-cm 
dishes. After 24 h, cells were replated with 50% RPMI culture 
medium  with 10% (v/v) FCS and 1% (v/v) penicillin/streptomy
cin solution and 50% harvested virus-containing supernatants
4 of Polybrene (Sigma) was added into the cells. Transduced 
cells were cultured for 48 h. Puromycin selection (3 jag/ml) was 
initiated after another 48 h. T H Pl-stable PML knockdown cells 
were m aintained in RPMI. All media contained 10% (v/v) FCS 
1% (v/v) penicillin/streptom ycin solution, and 3 /xg/ml puro
mycin. Knockdown efficiency was assessed by real time PCR as 
described.

A SC  Oligomerization Assay— 2 X 10® BMDM cells were 
seeded per well in a 6-well plate. The following day, cells were 
stim ulated with 100 ng/m l LPS for 3 h followed by the addition 
of 5 m M  ATP for 1 h or transfection of 1 /xg/ml poly(dA-dT) for
5 h. Supernatants were removed, and cells were rinsed in ice- 
cold PBS. 500 ju,l of ice-cold buffer (20 m M  HEPES-KOH, pH 
7.5, 150 mM KCl, 1% N onidet P-40, 0.1 m M  PMSF, 1 p,g/ml 
leupeptin, 11.5 /xg/ml aprotinin, and 1 m M  sodium orthovana
date) was added. Cells were removed using a cell scraper and 
transferred to  m icrocentrifuge tubes. Cells were lysed by shear
ing lO X  through a 21-gauge needle. 50 jxl of lysate was removed 
for W estern blot analysis. The lysates were centrifuged at 330 X 
g  for 10 min at 4 °C. The pellets were washed twice in 1 ml of 
ice-cold PBS (centrifuged 330 X for 3 min at 4 °C) and resus
pended in 500 /xl of PBS. 2 m M  disuccinimidyl suberate (from a 
fresh 100 m M  stock prepared from disuccinimidyl suberate 
equilibrated to RT and made up in dry DMSO) was added to the 
resuspended pellets, which were incubated at RT for 30 min 
with rotation. The samples were then centrifuged at 330 X ^for 
10 min at 4 °C. The supernatant was removed, and cross-linked 
pellets were resuspended in 40 /xl of Laemmli sample buffer. 
The samples were boiled for 5 m in at 99 ”C and analyzed by 
W estern blotting.

Subcellular Fractionation—Subcellular fractionations were 
perform ed using the nuclear extraction kit as per the manufac
tu rer’s instructions (Active Motif). Briefly, 8 X 10® cells were 
isolated by scraping off the dish and washing in ice-cold PBS. 
Cells were resuspended in hypotonic buffer and incubated for 
15 min on ice before addition of 0.5% final Nonidet P-40. The 
use of N onidet P-40, which is ionic, ensures a high stringency 
lysis of cells and the nuclear com partm ent. Homogenates were 
briefly centrifuged, and the supernatant containing the cyto
plasmic fraction was stored at — 80°C. Pellets were resus
pended in com plete lysis buffer and incubated on ice for 30 min 
while rocking. Lysates were centrifuged for 10 min at 14,000 X 
^  at 4 °C. Supernatants containing the nuclear fraction were 
stored at —80 “C.

RESULTS

PML Interacts with  ̂ S C  in the Nucleus—To identify proteins 
that interact w ith ASC, we isolated ASC by immunoprecipita- 
tion from whole cell lysates prepared from THP-1 cells. Pro
teins in the;*complex were identified by MALDI-TOF mass 
spectrometry. Peak lists were subm itted to  databases MASCOT 
and MS-FIT. A highly significant MS-FIT score was obtained
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FIGURE 1. PML interacts w ith ASC. A, HEK293T cells were transfected with plasmids encoding em pty vector green fluorescent protein (EV-GFP), PMLI-GFP, 
and/or ASC as indicated. 48 h post-transfection, cells were lysed, and 50 ;ul of whole cell lysate was kept for analysis. The rem ainder was im m unopreclpitated 
(/P) with GFP-TRAP™ beads for 1-2 h a t 4°C. Whole cell lysates and im m unopreclpitated samples were analyzed by W estern blotting using anti-GFP and 
anti-ASC (AL177) antibodies. GFP pulldown resulted in the  precipitation of PML-GFP ( /stan d  2nd lanes, 3rd panel) as expected  and also ASC (Utlane, top panel). 
B, PIWL truncations were generated  to  identify the  dom ains involved in th e  Interaction with ASC. C HEK293T cells w ere transfected with plasmids encoding ASC 
and EV-GFP or PML truncations as Indicated. Proteins were precipitated as In .4 and analyzed by Western blotting. GFP pulldown resulted In the  precipitation 
of ASC with PML(1-223), PML(1-491), and PML-FL. C, top panel, * denotes nonspecific band. Results presented  are representative of four l,A) and three (Q 
independent experiments. IB, im m unoblot.

for PML (Table 1). We confirmed this interaction by co-IP. 
Co-IPs were performed in HEK293T cells transiently overex
pressing ASC and PMLI-GFP. ASC immunopreclpitated with 
PMLI-GFP and not with EV-GFP (Fig. lA , top row, compare 

first and second lanes). These results confirmed the interaction 
between PML and ASC identified by mass spectrometry.

Next, we generated truncated mutants of PML-GFP to iden
tify the regions of PML that interact with ASC. A schematic of 
the truncations is shown in Fig. IB. Expression levels of the 
different mutants varied as can be seen in Fig. 1C, middle panel. 
The full-length form (Fig. 1C, lane 2) and PML-491 were 
equally expressed. PML-286 (Fig. 1C, lane 4) and PML-166 
(lane 6) had low expression, whereas PML-223 was highly 
expressed (lane 5). PML-491 showed a stronger interaction 
with ASC than the full-length form (Fig. 1C, top panel, compare 
lane 3 with lane 2), possibly indicating an inhibitory region 
between amino acids 491 and 641. PML-223 could still interact

with ASC (Fig. 1C, lane S) indicating that the interaction could 
be occurring with the RING, BBOXl, or BBOX2 domains.

^ e c t  o f PML on Injlammasome-induced ASC Oligomerization— 
We next examined the effect of PML deficiency on ASC oligo
merization. The formation of ASC dimers and higher order 
oligomers can be detected in cross-linked cell pellets analyzed 
by Western blotting. As shown in Fig. 2A, activation of the 
NLRP3 inflammasome with LPS and ATP led to ASC dimer 
formation (lane 2), an effect that was enhanced in PML-deficient 
macrophages (lane 5). This was also the case with activation of the 
AIM2 inflammasome (Fig. 2A, compare lane 3 for wild type with 
lane 6 for PML-deficient macrophages). Densitometric analysis of 
oligomerization is shown in Fig. 2A (rightpanel).

We confirmed this effect in two PMLI-deficient stable 
THP-1 cell lines generated by lentiviral infection of short hair
pin RNA, sh380 and sh341. A greater amount of dimer was 
detected in both sh380 and sh341 cell hnes stimulated with
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FIGURE 2. Loss of PML enhances NLRP3- and AIM2-stimulated ASC oligomerization. A left panel, primary BMDM from 129Sv wild type [WT) and PML- 
deficient mice were left unstim ulated or stim ulated with 100 ng/ml LPS for 3 h with or w ithout the  addition of 5 mM ATP for 1 h or transfected with 1 jig/ml 
poly(dA-dT) for 5 h as indicated. Cell pellets w ere washed and resuspended in PBS and then  cross-linked by incubation with 20 mM DSS for 30 min. Cross-linked 
pellets and cell lysates were analyzed by W estern blotting with anti-ASC antibody (AL177). Right panel, densitom etry of oligomerization experiments is 
presented. Each dimer band was normalized to  whole cell lysate ASC content, and the  relative intensity (/?/) of th e  dimer band (47.5 kDa) over the whole cell 
lysate (set at 1) was calculated. The data shown are representative of three independent experiments. CTL, control. B, left panel, all three THP-1 cell lines were 
differentiated with 12-myristate 13-acetate for 16 h. Following this, cells were stim ulated with 2 (j,g/ml poly(dA-dT) for 5 h. Cell lysates were centrifuged at 
330 X g for 10 min a t 4 ”C. Cell pellets w ere again analyzed for ASC by Western blotting as in A. Right panel, top row, densitom etry of oligomerization in THP-1 
cells lines with stable knockdown of PML. Each band was normalized to  its corresponding whole cell lysate ASC content, and  the  relative intensity (fiO of the 
dimer band (47.5 kDa) over th e  w hole cell lysate (set at 1) was calculated. The data shown are representative of tw o independent experiments. Right panel, 
bottom row, mRNA knockdown of PMLI in THP-1 cell lines generated  using tw o shRNA lentiviral vectors (sh380 and sh341). Non silencing lentiviral vector pGIPZ 
was used for generation of nontargeting control cell line, shGPZ.

poly(dA-dT) compared w ith the nonsilencing control, shGPZ  
(Fig. 2B, left panel, compare 4th  and 6th lanes with 2n d  lane). 
The relative knockdown o f PMLI m RNA is shown in Fig. 2B 
{right panel, bottom ) along with densitom etric analysis o f 
oligomerization Fig. 2B {rightpanel, top).

Subcellular Localization o f  A SC  in W ild Type Versus PML- 
deficientB M D M —W e next considered that if PML retains ASC 
in the nucleus, then resting PM L-deficient cells would have a 
different subcellular pattern o f ASC compared with wild types. 
Subcellular fractionation was performed on PML-deficient and 
wild type BMDM. Levels o f ASC in the nuclear fraction of PML- 
deficient cells was markedly lower than that detected in W T  
controls (Fig. 3, left panel, top row, compare lane 2  with lane 1). 
Antibodies to lamin B and GAPDH were used as nuclear and 
cytoplasmic loading controls, respectively. Densitom etric anal
ysis o f fractionation experim ents is presented (Fig. 3, right

panel). This result indicates that the inhibitory effect of PML on 
ASC dim erization following NLRP3 or AIM2 activation (which 
occurs in the cytosol) may in part be due to retaining ASC in the 
nucleus.

Enhanced IL -lfi an d  IL-18 Secretion in PM L-deficient Bone 
M arrow -derived M acrophage—W e next tested if the interac
tion between ASC and PML might have a functional conse
quence for IL-lj3 and IL-18 production. As shown in Fig. 4, A  
and C, the am ount o f IL-lj3 and IL-18, respectively, produced 
by BMDM stimulated with lipopolysaccharide (LPS) and the 
NLRP3 activator ATP was markedly enhanced in PML-defi
cient cells compared with wild type (W T) controls. Similarlyi 
elevated levels o f IL-1/3 and IL-18 were detected in PML-defi
cient cells:*stimulated with LPS and the AIM2 activator 
poly(dA-dT). This effect on IL-1/3 and IL-18 secretion was spe
cific as no significant effect was observed on T NFa production
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mice were fractionated into nuclear and cytosolic com partm ents. Antibodies targeting lamin B and GAPDH w ere used as nuclear and cytosolic loading 
controls, respectively {left panel, middle and bottom rows). Levels of ASC in both nuclear and cytosolic fractions w ere analyzed by Western blot (fop panel). 
Results are representative of three independent experiments. Densitometric analysis of ASC levels in th e  nucleus and cytosol of PML-deficient cells are 
presented relative to  lamin B and GAPDH conten t and normalized to  wild type controls {right panel).
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FIGURE 4. PML-deficient BMDM display enhanced levels of IL-1 p  and IL-18 in response to NLRP3 and A IM2 inflammasome activation. Primary BMDM 
from 129Sv wild type {WT) and PML^' mice were left unstim ulated or stim ulated with 100 ng/ml LPSfor 3 h alone with or w ithout the  addition of 5 miw ATP 
for 1 h or transfected with 1 /xg/ml poly(dA-dT) for 5 h as indicated. Supernatants w ere analyzed by ELISA for IL-1 j3 (/I), TNFa (8), and IL-18 (Q or by Western 
blotting for pro-IL-1 ^  and the  m ature subunit IL-113 pi 7 (D). Densitometric analysis of IL-1 j3 p i 7 levels in WT versus PML-deficient cells is also presented {right 
panel). BMDMs were also assessed for PML deficiency by Western blot (£). A representative blot from one of th ree  independent experiments is shown (D and 
E). Relative mRNA expression of caspase-1 in WT and PML^' primary BMDMs in response to specific NLRP3 and AIM2 activation is also shown (f). RNA was 
isolated and the  quantity of caspase-1 analyzed by real tim e PCR. A-C, results are expressed as m ean ±  S.D. for triplicate determ inations. Results are repre
sentative of three individual experim ents, * * * ,p <  0.(X)1; **, p <  0.01,'* ,p  <  0.05 PML '' versus WT controls {CTL).

in response to  NLRP3 activation , and  only a very m arginal 
enhancem en t in  T N F a  p ro duc tion  in  response  to  A IM 2 activa
tion  w as observed (Fig. 45). T h is effect on  IL-1/3 w as fu rther 
confirm ed by W este rn  b lo tting  for th e  m atu re  su bun it o f IL-1 p-

p l7  (Fig. AD, le ft p a n e l) . PM L deficiency was confirm ed by 
W este rn  b lo t (Fig. 4£), w ith  poly(dA -dT) causing an apparen t 
induction  of PML in W T  m acrophages ( la n e  4). W e w ere 
unable to  ob ta in  co n sis ten t blots for the  plO subun it o f
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FIGURES. PML deficiency enhances le v e lso f IL-1/3 in response to  HSV-1 and S. typhimurium and  lias no effect on caspase-1-dependent pyroptosis. A
for Infection with HSV-1, BMDMs w ere left unstim ulated and mock-infected or stim ulated with LPS (100 ng/ml) for 3 h and infected with HSV-1 (m.o.i. 10) for 
22 h. Supernatants were analyzed by ELISA for IL-1 ̂  and TNFo. 8, for S. typhimurium  infection, cells were stim ulated with 10 ng/ml LPS for 3 h followed by 
infection (m.o.i. 20) for 2 h. Supernatants w ere analyzed for IL-1 p  and TNFa by ELISA (feft and middle panel) and lactate dehydrogenase cytotoxicity {rightpanel). 
Results are expressed as m ean ±  S.D. for triplicate determ inations. N.D., not detected; N.S., not significant. Results are representative of three individual 
experiments, * * ,p  <  0.01;‘ , p  <  0.05 PML ̂ ' versus WT controls (CTL)

caspase-1. However, comparable levels of caspase-1 mRNA was 
detected in WT and PML“ “̂ cells following activation of the 
inflammasome with LPS + ATP and LPS + poly(dA-dT) (Fig. 
4f).  Comparable levels of caspase-1 were also observed follow
ing infection with S. typhimurium  (data not shown).

Finally, we tested the ability of a virus and bacterium to 
induce IL-1 (3 in PML-deficient BMDM. Herpes simplex virus-1 
(HSV-1) is a strong inducer of IL-1^ in macrophages with in 
vitro experiments highlighting a role for the NLRP3 inflam
masome (24, 25). As can be seen in Fig. 5A {left panel), induc
tion of IL-ljS by HSV-1 was markedly enhanced in PML-defi- 
cient BMDM with no enhancement in TNFa production. 
TNFa production was slightly lower in the PML-deficient 
BMDM (Fig. 5A, right panel). This indicated that PML would 
also limit inflammasome activation in response to a virus.

Furthermore, an ASC-independent caspase-1 complex has 
been found to induce pyroptotic cell death in response to S. 
typhimurium  (26). To confirm that the interaction between 
PML and ASC has a specific effect on the inflammasome com
plex and not the “pyroptosome,” we examined the effect of S. 
typhimurium  on pyroptotic cell death in PML^^ BMDM. As 
expected, there was no difference in ASC-independent caspase- 
1-dependent pyroptotic cell death in PML cells compared 
with WT controls (Fig. 5B, right panel). There was, however, 
significantly enhanced secretion of IL-1/3 (p <  0.01) (Fig. SB, left 
panel} in PML“ “̂ cells in response to S. typhimurium  chal
lenge in accordance with our earlier findings (Figs. 4A and 5A). 
There was no significant effect on TNFa in response to S, typhi
murium  (Fig. 55, middle panel).

DISCUSSION

The redistribution of ASC from the nucleus to the cytosol 
during inflammasome activation is well documented (14-16). 
Although the exact molecular mechanism governing this pro

cess remains elusive, in this study we identify a role for PML in 
the localization of ASC to the nucleus. ASC was shown to inter
act with PML, and PML deficiency led to decreased localization 
of ASC in the nucleus. Furthermore, several experimental 
approaches in this study highlighted the enhanced activation of 
the inflammasome upon stimulation in PML-deficient macro
phages. In PML-deficient cells, there was enhanced formation 
of ASC dimers in response to NLRP3 and AIM2 activation. This 
was also observed in THP-1 cells in which PMLI was stably 
knocked down. Importantly, enhanced levels of IL-1/3 were 
detected upon activating NLRP3 and AIM2 inflammasomes in 
PML-deficient cells. Therefore, we conclude that PML plays a 
role in the localization of ASC to the nucleus limiting its capac
ity to activate the inflammasome.

PML may retain ASC in the nucleus simply to prevent exac
erbated activation of inflammasomes. That which would trig
ger the dissociation of ASC from PML in the nucleus was not 
explored here. However, several viruses have been shown to 
disrupt PML-nuclear bodies with a subsequent mislocalization 
of PML to the cytosol (27), and this could be a mechanism by 
which viruses enhance inflammasome activation. Furthermore, 
PML protein expression is most notably reduced or abolished 
in several cancers, including prostate cancer, adenocarcinoma, 
non-Hodgkin lymphoma (28), and gastric cancer (29). The loss 
of PML in these cancers may contribute to the inflammatory 
potential of cells via altered localization of ASC to the cytosol. 
This could have a pro-tumor effect because IL-1/3 has been 
shown to have a role in the development of tumors in the afore
mentioned cancers (30-32).

It is also possible that PML might play a role in the recently 
characterised nuclear inflammasome. The PYHIN protein 
IFI16 was found to facilitate the activation of a nuclear inflam
masome via the recruitment of ASC and caspase-1 in response
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I to Kaposi sarcom a-associated herpesvirus infection (15). PML 
could also limit the function o f this inflammasome. It will also 
be of interest to exam ine individual PML isoforms as regulators 
of ASC. Alternative splicing in the C term inus o f PML generates 
isoforms I-VII (19). Specifically, PMLVII, also knovt^n as cyto
plasmic PML (cPML/PMLVII) (33), could influence ASC in the 
cytosol.

During the preparation o f this manuscript, Lo et al. (34), 
published data dem onstrating that PML can promote NLRP3 
inflammasome activation suggesting that instead o f limiting the 
inflammasome PML might prom ote its function. The study did 
not examine an interaction betw een PML and ASC. The reason 
for this difference is not clear but could be related to the differ
ent genetic background o f the m ice (C57BL/6 versus 129Sv) or 
the different functions o f the m ultiple isoforms o f PML. As Lo 
e t al. (34) m entioned, PML appears to inhibit NF-kB, a tran
scription factor required for induction o f pro-IL-1/3, so why it 
would then have a positive role in NLRP3 activation is unclear. 
More work is clearly needed, but overall both studies confirm  
an interaction between PML and the NLRP3 inflammasome 
and highlight the com plexity already associated with the many 
functions of PML.

In summary, our study has identified PML as a novel regulator 
of ASC localization acting to limit its function. This could have 
consequences for the role o f ASC in cancer and inflammation.
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Abstract

B cells signal through both the B cell receptor (BCR) which binds antigens and Toll-like receptors (TLRs) including 
TLR9 which recognises CpG DNA, Activation of TLR9 synergises with BCR signalling when the BCR and TLR9 co- 
localise within an auto-phagosome-like compartment. Here we report that Bruton’s tyrosine kinase (BTK) is required 
for synergistic IL6 production and up-regulation of surface expression of MHC-class-ll, CD69 and CD86 in primary 
murine and human B cells. W e show that BTK is essential for co-localisation of the BCR and TLR9 within a potential 
auto-phagosome-like compartment in the Namalwa human B cell line. Downstream of BTK we find that calcium 
acting via calmodulin is required for this process. These data provide new insights into the role of BTK, an important 
target for autoimmune diseases, in B cell activation.
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Introduction

The B cell receptor (BCR) is a multi-protein complex 
containing an immobilised immunoglobulin (mig) found on the 
plasma membrane of B cells that is responsible for the 
recognition of antigens by 8 cells [1,2]. Many B cells patrol the 
blood and lymphatic system searching for potential pathogens 
or pathogenic molecules. Each B cell expresses a unique BCR 
generated to interact with one specific antigen and as such 
they ensure a rapid response when an infection is encountered 
[3,4]. Once the BCR has been activated a signal transduction 
pathway is initiated within the B cells and a highly specific 
antibody response occurs that targets the pathogen for 
phagocytosis and allows activation of the complement cascade 
[1]. Internalisation of the BCR ensues subsequent to antigen 
binding, transporting the BCR to a MHC-class-ll containing 
compartment within the B cells [5,6], This allows antigen 
presentation to T cells by the B cell and ensures further 
assistance in pathogen clearance by T cell-dependent 
responses.

Whilst the BCR is central to B cell function it is becoming 
more evident that many other co-stimulatory receptors found 
on the plasma membrane and within endosomes of the B cells 
aid in the regulation of B cell signalling [7]. Of these co
stimulatory molecules the Toll-like receptors (TLR), a family of 
proteins central to innate immune signalling, are of great 
interest due to the link between TLR and BCR signalling in 
autoimmunity [8]. Recent studies investigating BCR and TLR 
signalling has revealed that TLR9, which recognises double 
stranded poly-unmethylated CpG DNA motifs in bacteria and 
viruses [9], or in autoimmunity host DNA, synergises with the 
BCR leading to enhanced signal transduction. One such study 
demonstrated that synergy occurred due to the translocation of 
TLR9 and the BCR to an auto-phagosome-like compartment 
upon BCR activation. This translocation was shown to be 
microtubule-dependent and was hypothesised to allow optimal 
antigen presentation by activated B cells since markers of 
MHC-class-ll molecules such as the invariant chain were also 
localised within this auto-phagosome-like compartment [10].
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Bruton’s tyrosine kinase (BTK) is a member of the Tec family 
of protein-tyrosine kinases (PTKs) [11] that is known to be 
required for both TLR9 and BCR signal transduction [12,13], 
BTK was first identified as the gene responsible for X-linked 
agammaglobuiinaemia (XLA) in humans which is characterised 
by severe defects in early B cell development with a near 
complete absence of peripheral B cells and immunoglobulin’s 
of all classes [14], A similar condition is found in mice with a 
naturally occurring mutation at arginine 28 (R28C) in the 
pleckstrin homology domain of BTK which results in the 
development of X-linked immune deficiency (Xid) [15].

In response to crosslinking of the BCR BTK becomes 
recruited to the plasma membrane via its pleckstrin homology 
domain and becomes phosphorylated and activated. It then 
phosphorylates its target phospholipase C-gamma 2 (PLC-y2) 
which in turn cleaves phosphatidylinositol 4,5-bisphosphate 
(PIP-2) into diacylglycerol (DAG) and inositol trisphosphate 
(IP-3) [1]. The generation of IP-3 leads to the release of 
calcium (Ca^*) from the endoplasmic reticulum through its 
interaction with the iP-3 receptor [16]. This increase in cytosolic 
Ca^* also results in a further influx of Ca^* from the extracellular 
matrix via store-operated Ca^* entry (SOCE) [17,18]. It is well 
established that this Ca^* flux plays a vital role in BCR signal 
transduction by inducing transcription factors such as NFAT 
and NFkB that regulate immune functions, cell differentiation 
and proliferation [19]. The increase in cytosolic Ca^* along with 
the activation of many other signalling molecules in response to 
BCR stimulation ensure the full activation of the B cells and the 
subsequent maturation and differentiation of the B cells 
culminating in the antibody response [4].

In TLR signalling BTK has been shown to interact with 
several TLRs and TIR domain containing adapter proteins 
[20,21]. It is also involved in the phosphorylation of the p65 
component of NFkB in response to TLR4 stimulation [22]. A 
direct interaction between TLR9 and BTK has been described 
in THP-1 cells and this interaction Is necessary for TLR9 
signalling. Peripheral blood mononuclear cells (PBMC) from 
XLA patients are impaired for cytokine production in response 
to CpG [13]. BTK has also been demonstrated to be required 
for optimal IL12 and IL10 production and phosphorylation of 
p65 in response to CpG in B cells [12].

We utilised a highly specific small molecule inhibitor of BTK, 
PCI-32765 [23], to investigate the role of BTK in TLR9 and 
BCR synergy. We have found that BTK is essential for TLR9 
and BCR synergy from an auto-phagosome-like compartment, 
acting to increase calcium which in turn acts via calmodulin. 
We have therefore elucidated a critical role for BTK, an 
important target for autoimmunity [24], in B cell co-stimulation.

Materials and Methods

Ethics statement
Wiid-type (WT) C57BL/6 mice were obtained from Harlan, 

UK and maintained in a specific-pathogen free environment. All 
animal experiments were performed in compliance with Irish 
Department of Health and Children regulations and approved 
by the Trinity College, Dublin’s BioResources ethical review 
board.

Isolation of primary B lymphocytes
Human B cells were purified from buffy coat PBMCs supplied 

by the Irish Blood transfusion service using a positive selection 
protocol with anti-CD19 mAb-coupled magnetic beads (Miltenyi 
Biotec). Murine splenic B cells were isolated from spleens of 
wild type C57BL/6 mice using a negative selection protocol 
with anti-CD43, CD4 and Ter-119 mAb-coupled magnetic 
beads (Miltenyi Biotec). Primary B cells were cultured in RPMI- 
glutamax (Life Technologies) supplemented with 10% Fetal calf 
serum (FCS) (Sigma) and 1% penlcillin-streptomycin (Sigma).

Reagents and cell lines
F(ab ’ ) 2  goat anti-mouse and F(ab ’ ) 2  rabbit anti-human 

antibodies specific for mouse and human IgM (anti-IgM) and 
the Alexa fluor-647 anti-IgM were purchased from Jackson 
Immnuo Research Laboratories. CpG-ODN 1826, CpG ODN 
2006, CpG ODN 2006-FITC and LPS were from Invivogen. 
lonomycin, thapsigargin and the IP-3 receptor inhibitor 
Xestospongin C were from Sigma. The PLC-y2 inhibitor 
U-73122 was from Calbiochem. The BTK inhibitor PCI-32765 
was synthesised by Organon International (Netherlands) and is 
available from Selleck Chemicals (Houston, Texas, USA). The 
calmodulin inhibitor W7 was purchased from Santa Cruz. The 
FITC-MHC-class-ll, FITC-IgG isotype control, CD69 and CD86 
antibodies were from BD Pharmingen. Fluo-3AM and BAPTA- 
AM were purchased from Invitrogen. The phospho-PLC-v2 
antibody was from Cell Signalling Technologies. The Namalwa 
human B cell line was purchased from ATCC (VA, USA) and 
maintained in RPMI-glutamax supplemented with 10% FCS 
and 1% penicillin-streptomycin.

IL6 ELISA
Primary human and murine B cells were cultured at 1x10® 

cells/ml in 96 well plates, pre-treated with 1-50 nM BTK 
inhibitor, 250 nM -1 pM PLC-y2 inhibitor, 500 nM -2 pM IP-3 
receptor inhibitor, 1 pM BAPTA-AM or 3 pM calmodulin 
inhibitor for 1 hr and stimulated with 1-5 pg/ml CpG, 10 pg/ml 
anti-IgM, 1 ng/ml-10 pg/ml LPS, 500 nM thapsigargin or a 
combination of the ligands indicated for 48 hr at 37°C. The 
concentrations of inhibitors and ligands used were chosen 
based on examination of the literature. Supernatants were 
collected and the concentration of IL6 was determined by 
ELISA (R&D Systems). Absorbance at 450 nm was measured 
on a spectrophotometric ELISA plate reader.

MHC-II surface expression analysis
Primary human B cells were set-up at 1x10® cells/ml, pre

treated with 20 nM BTK inhibitor for 1 hr, stimulated for 48 hr 
with 5 pg/ml CpG, 10 pg/ml anti-IgM, both or 50 U/ml IL4, 
centrifuged and resuspended in FACS buffer. The cells were 
incubated in Fc block (Miltenyi Biotec) at 4°C for 10 min and 
then stained with FITC-MHC-class-ll or FITC-IgG isotype 
control antibodies for 20 min at 4°C. The cells were then 
washed twice in FACS buffer and analysed by flow cytometry 
on a FACS Calibur using FlowJo software with live cells gated 
by PI staining.
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B cell activation marker analysis
PBMCs were isolated from human blood, incubated with the 

concentrations of the BTK inhibitor indicated for 30 min and 
stimulated for 24hr with 10 Mg/ml anti-IgM or 10 pg/ml anti-IgM 
plus 1 ijg/ml CpG. The cells were then stained for 30 min with 
an anti-CD19 antibody to gate for B cells and either an anti- 
CD69-PE-Cy7 or CD86-PE antibodies. Cells were washed and 
analysed by flow cytometry on a FACS Cantoll.

Calcium flux assay
1x10® cells Namalwa B cells/point were cultured in Iscove’s 

Modified Dulbecco’s Medium (IMDM) and incubated with 20 nM 
BTK inhibitor or 1 |jM BAPTA for 20 min. The cells were then 
incubated with 4 pM Fluo-3AM for 30 min. To quench 
extracellular Fluo-3AM the cells were then incubated in 10% 
FCS/IMDM for 10 min at room temperature. The cells were 
then washed twice in 5% FCS/IMDM and resuspended in 
Hanks’ balanced salt solution (without MgClj or CaCy 
supplemented with 5% FCS, 1.5 mM CaClj and 1 mM HEPES. 
The cells were analysed for 40 sec, stimulated with 5 pg/ml 
CpG, 10 |jg/ml anti-IgM, both or 1 pM ionomycin and further 
analysed by flow cytometry on a FACS Calibur for a total of 
200 sec.

Confocal Microscopy
1x10® Namalwa B cells/ dish were cultured in poly-D-lysine 

coated glass bottom dishes, incubated with 20 nM BTK 
inhibitor, 1 pM BAPTA or 3 pM W7 for 1 hr and stimulated for 
16 hr with 2 pM FITC-labelled CpG, 10 pg/ml Alexa fluor-647- 
labelled F(ab’ ) 2  rabbit anti-human IgM or both. The live cells 
were then imaged using an Olympus FV1000 confocal 
microscope. Fixed cell imaging was carried out by fixing the 
stimulated cells In 4% paraformaldehyde (Sigma) at room 
temperature for 10 min and permeabilising the cells in 0.2% 
triton X-100 (Sigma) for 15 min at room temperature. The cells 
were then blocked in 20% FCS/PBS for 1 hr, stained with an 
anti-EEAl antibody (Abeam) for 2 hr at room temperature and 
incubated In an Alexa-flour-546-labelled F(ab’)2-goat anti rabbit 
secondary antibody (Invitrogen) for 45 min at room 
temperature. The cells were then examined on an Olympus 
FV1000 confocal microscope. Images were analysed using the 
Olympus FV1000 Confocal Microscope Viewer software.

Western Blot Analysis
Primary Human or Namalwa B cells were set-up at 2x10® 

cells/point, pre-treated with 20 nM BTK inhibitor for 1 hr and 
stimulated with 5 pg/ml CpG, 10 pg/ml anti-IgM or CpG and 
anti-IgM at 37°C for 30 min. The cells were lysed in high 
stringency lysis buffer (50 mM HEPES, pH 7.5, 100 mM NaCI,
1 mM EDTA, 10% glycerol, 1% Nonidet P-40 containing 10 
pg/ml phenylmethylsulfonyl fluoride, 30 pg/ml aprotinln, 1 pg/ml 
sodium orthovanadate and 1 pg/ml leupeptin). The protein 
concentration of each was determined using Coomassle 
Bradford reagent (Pierce) according to manufacturer's 
instructions. Normalised samples were then analysed by SDS- 
PAGE and Immuno-blotted for the phosphorylation of PLC-y2 
and p-actin as per the manufacturer’s instructions.

Densitometric analysis of relative intensities (R.l) was 
determined using ImageJ Version 1.46r.

Statistical analysis
ELISA statistics: The concentration of IL6 produced by the B 

cells in response to CpG and anti-IgM was set to maximum 
response at 100% and all other stimulations were normalised 
to this value. This analysis was carried out on three 
independent experiments, each carried out in triplicate. For 
comparison between two groups a two tailed Student’s t test 
was used.

MHC class-11 FACs statistics: Analysis was carried out on the 
mean fluorescence intensities (MFI) from three independent 
experiments. For comparison between groups a two tailed 
Student’s f test was used.

Confocal microscopy statistics: The number of FITC-CpG 
and Alexa 647 anti-IgM containing specks in 50 cells was 
compared to the number of specks found in 50 cells pre-treated 
with the BTK inhibitor, BAPTA or W7. A 2x2 contingency table 
chi squared test was then carried out and a p value of <0.05 
was considered significant.

Results

Stimulation of TLR9 and the BCR results in synergistic 
IL6 production and BTK is required for this in primary 
murine B cells

We first confirmed the synergy previously seen in murine B 
cells in response to TLR9 and BCR stimulation [10]. We treated 
murine splenic B cells with CpG-DNA to stimulate TLR9, 
F(ab’ ) 2  anti-mouse IgM (anti-IgM) to crosslink the BCR or both 
CpG and anti-IgM for 48 hr and examined IL6 production by 
ELISA. As shown in Figure 1A murine splenic B cells 
stimulated with 1 pg/ml CpG produced IL6 (black bar) and 
stimulation with 10 pg/ml anti-IgM resulted in very little 1L6 
production (grey bar). However, co-stimulation of the B cells 
with CpG and anti-IgM led to a doubling in the production of IL6 
(black dotted bar) clearly indicating synergistic IL6 production 
in response to TLR9 and BCR activation. To examine if this 
was specific to TLR9 we next examined if the murine splenic B 
cells also synergised for the TLR4 ligand LPS and the BCR. 
We stimulated the B cells with increasing concentrations of 
LPS and this resulted in the production of IL6, although at a 
much lower level to that seen with CpG-DNA, as shown in 
Figure IB  (white bar). In response to anti-IgM again very little 
IL6 was produced by the B cells (black bar) and co-stimulation 
of the B cells with LPS and anti-IgM did result in enhanced IL6 
production (black bars), although not to the same extent as in 
response to TLR9 activation. This data reveals that both TLR9 
and TLR4 synergise with the BCR although the signal 
generated is much stronger in response to TLR9 activation 
suggesting that TLR9 and the BCR are especially competent at 
synergising.

We next investigated if BTK was required for the TLR9 and 
BCR synergy as the inhibitor is of interest in SLE therapy and 
TLR9 is linked to the progression of this autoimmune disease. 
Figure 1C illustrates that the BTK inhibitor concentration- 
dependently inhibited the production of IL6 in response to co-
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Figure 1. BTK is requ ired fo r  syn e rg is tic  IL6 p roduc tion  in response to  TLR9 and BCR s tim u la tion  in prim ary m urine B 
ce lls. Primary murine B cells were Isolated from the spleens of wild type mice, and stimulated with (A) CpG, anti-IgM or both for 48 
hr, (B) LPS, anti-IgM or both for 48 hr at the concentrations shown or (C) pre-treated for 1 hr with the indicated concentrations of the 
BTK inhibitor and then stimulated with CpG, anti-IgM or both for 48 hr. The supernatants were then collected and IL6 production 
was measured by ELISA. (A) Data show mean ± standard deviation of a single experiment carried out in triplicate and are 
representative of three independent experiments. (B) Data show mean ± S.E.M of three independent experiments, each carried out 
in triplicate. (C) Data show mean ± S.E.M of three independent experiments each carried out in triplicate in which the concentration 
of IL6 produced by CpG and anti-IgM was set to 100% and all other simulations were normalised to this. IL6 levels induced 
maximally by CpG and anti-IgM ranged from 5-8 .5  ng/ml across different mice. ***, p < 0.005, **, p < 0.01, * p < 0.05, not significant 
(NS) p > 0.05; significant differences between cells treated with DMSO control or BTK inhibitor and stimulated with CpG, anti-IgM or 
CpG plus anti-IgM.
doi: 10,137 Vjoumal. pone. 0074103.g001

stimulation with CpG and anti-IgM (black dotted bars). The BTK 
inhibitor did not significantly block IL6 production in response to 
CpG alone (black bars) or anti-IgM alone (grey bars) indicating 
that BTK is required solely for the synergistic IL6 production in 
murine B cells in response to TLR9 and BCR activation.

Stimulation of TLR9 and the BCR results in synergistic IL6 
production, up regulation of CD69, CD86 and MHC-class-ll 
surface expression and BTK is required for this in primary 
human B cells
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W e next exam ined TLR 9 and BCR signa lling in prim ary 
hum an B cells. The BTK Inh ib itor Is in c lin ica l stud ies fo r the 
treatm ent o f severa l lym phonas and as such the  ro le o f BTK in 
hum an B cell synergy w ith  TLR 9 is o f grea t the rapeu tic  interest. 
As shown in F igure 2A  prim ary hum an B cells produced IL6 in 
response to  5 tjg /m l CpG  (b lack bar) and in response to 10 
pg/m l F (ab ')2 an ti-hum an IgM (grey bar). The B cells stim ulated 
w ith both CpG and anti-IgM  produced a fa r grea t am ount o f IL6 
(b lack dotted bar) again revealing synergy in B cells in 
response to TLR9 and BCR activation.

A s illustra ted in Figure 2B hum an B cells produced IL6 In 
response to CpG (b lack bars) and anti-IgM  (grey bars) alone 
and the BTK inh ib itor had no e ffect on th is  as the am ount o f IL6 
produced did not change s ign ificantly. C onverse ly , the BTK 
inh ib itor did s ign ifican tly  b lock the enhancem ent in IL6 
production in the  hum an B cells in response to  both co
stim ula tion w ith CpG  and an ti-IgM  (b lack dotted bars).

W e then exam ined the ab ility  o f the BTK inh ib itor to  block B 
cell activa tion in response to  anti-IgM  alone o r in conjunction 
w ith CpG stim ula tion. A s shown in F igure 2C  the BTK inhib itor 
blocked the up-regula tion o f C D 69 on the surface o f prim ary 
human B cells in response to  anti-IgM  alone in a concentration- 
dependent m anner (g rey bars). S tim ulation o f the cells w ith 
CpG and anti-IgM  resulted in an increase in the level o f CD69 
on the  surface and th is w as a lso reduced by the BTK inhib itor 
(b lack dotted bars). A  s im ila r result w as seen when CD86 
surface exp ress ion w as exam ined as shown in Figure 2D. The 
BTK inh ib ito r b locked the up-regula tion o f C D 86 in response to 
anti-IgM  alone (g rey bars) and CpG plus anti-IgM  (b lack dotted 
bars). The BTK inh ib ito r did not reduce the level o f surface 
expression o f C D 69 or C D 86 in response to CpG alone (data 
not shown).

B cell recepto r s igna lling is also known to be involved in the 
presentation o f an tigen to  T  cells through the translocation o f 
the M H C -class-ll m o lecu le  to  the surface o f the B cell in 
response to BCR activation. As such w e next de term ined if 
BTK w as required fo r th is  in prim ary hum an B cells. As shown 
in F igure 2E C pG  s tim u la tion  resulted in an increase in the 
am ount o f M HC-II on the surface  o f the  B cells (b lack line, top 
left panel) and p re-trea tm ent o f the B cells w ith 20 nM BTK 
inh ib itor had little e ffec t on th is  as the MFI on ly decreased by 
14% (red line, top left panel). The B cells a lso up-regulated the 
level o f M HC-II on the ir surface  in response to anti-IgM  
s tim ula tion (b lack line, top  right panel) and the BTK inh ib itor did 
reduce th is by 31%  (red line, top right panel) ind icating that 
BTK is som ew hat required fo r IgM -dependent M HC-II surface 
expression. S tim ulation o f the  B cells w ith  both CpG and anti- 
IgM resulted in a h igher am ount o f surface express ion o f M HC- 
II than w ith  e ither ligand a lone (b lack line, bottom  left panel) 
and th is  w as decreased by 46%  in the cells pre-treated w ith the 
BTK inh ib ito r (red line, bottom  left panel). Th is revealed a 
requ irem ent fo r BTK in TLR 9 and B C R -dependent M HC-II up- 
regulation. IL4 w as used as a contro l as it is known to induce 
the translocation o f M HC-II to the  surface o f B cells [25]. This 
w as seen to  be the  case (b lack line, bo ttom  righ t panel) and the 
BTK inh ib ito r had no e ffec t on th is  (red line, bottom  right panel).

To confirm  these da ta w ere  s ign ifican t the mean 
fluorescence in tensities (M FI) from  three independent

experim ents w ere analysed. A s shown in Figure 2F the BTK 
inh ib itor s ign ificantly reduced the levels o f MHC-II surface 
exp ress ion in response to  anti-IgM  alone and CpG plus anti- 
IgM  but not in response to  C pG  alone or the  contro l ligand 1L4.

BTK is required for co-localisation of TLR9 and the 
BCR within human B cells

W e next exam ined the m echanism  behind the role played by 
B TK in TLR 9 and BCR  synergy. The study by C haturved i et al. 
stated that in sp len ic  m urine B cells synergy occurs due to the 
co-loca lisa tion  o f TLR 9 and the BCR w ithin an auto- 
phagosom e-like  com partm ent tha t also con ta ined p38, LAMP-1 
and the invariant cha in o f M H C -c lass-ll [10]. Thus w e 
de term ined if B TK  w as required fo r th is  process using the 
hum an N am alwa B cell line as prim ary hum an B cells were 
unsuitab le  fo r im aging. A s shown in F igure 3A CpG  was 
localised to  seve ra l reg ions o f the N am alw a B cells (green 
areas, top panels) and pre-trea tm ent o f the cells w ith 20 nM 
BTK inh ib itor did not change th is  pattern o f localisation (green 
areas, bottom  panels). A s shown in F igure 3B the treatm ent o f 
N am alwa cells w ith  an ti-IgM  induced BCR translocation from 
the plasm a m em brane into one pool w ith in the B cells (arrows, 
top panels). BTK w as required fo r th is  pooling event as in the 
presence o f 20 nM BTK inh ib ito r the pattern o f BCR was 
drastica lly  a lte red w ith  severa l areas w ith in  the cells staining 
positive  fo r an ti-IgM  (arrow s, bottom  panels).

The N am alw a cells w ere  also s tim u la ted w ith both CpG and 
anti-IgM  and as shown in F igure 3C th is led pooling o f CpG to 
the  area o f the cell tha t a lso con ta ined the anti-IgM  (arrows, top 
right panel) ind ica ting tha t TLR 9 and the BCR co-localised 
w ith in  hum an B cells. F igure 3D revealed tha t pre-treatm ent o f 
the  cells w ith 20 nM BTK inh ib ito r changed the localisation o f 
CpG  and anti-IgM . W hile  the  tw o did co-loca lise this occurred 
in seve ra l d is tinc t area o f the  cells and the re  was no obvious 
pooling o f the C pG  and anti-IgM  to  one area o f the B cell 
(arrows, top right panel). Thus these da ta  indicate tha t BTK is 
essentia l fo r co-loca lisa tion  o f TLR 9 and the BCR w ithin human 
B cells and th is  co-loca lisa tion  m ay be necessary for 
syne rg is tic  signa lling as suggested by C haturved i et al.

PLC-y 2 and IP-3 are also required for TLR9 and BCR 
synergistic IL6 production in primary human B cells

W e next sought to  de term ine  w hat w as responsib le fo r TLR 9 
and BCR synergy dow nstream  o f BTK w ith the aim of 
iden tify ing the ta rge t o f BTK tha t a llowed the tw o signa lling 
m o lecu les to  co-loca lise  and enhance signa l transduction. To 
th is  end we looked d irectly  dow nstream  o f BTK on the BCR 
signa lling pa thw ay and exam ined the role o f PLC-y2 in 
synerg is tic  IL6 production  A s shown in Figure 4A, s im ila r to 
BTK inhib ition, P LC -y2 inhib ition prevented the enhancem ent in 
IL6 production seen in response to C pG  and anti-IgM  (b lack 
dotted bars) w h ils t having no e ffect on CpG  (b lack bars) or anti- 
IgM (grey bars) induced IL6 production. Th is w as expected as 
P LC-y2 is a d irec t ta rge t o f BTK and as such is one step 
downstream  o f BTK on the  BCR pathw ay involved in synergy.

W e next exam ined the phosphory la tion o f PLC-y2 in 
response to  BC R activa tion. As shown in Figure 4B prim ary 
hum an B cells stim u la ted  w ith  anti-IgM  and both CpG plus anti-
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Figure 2. BTK is required fo r synergistic IL6 production and B cell activation in response to TLR9 and BCR stimulation in 
primary human B cells. Primary human 8 cells were stimulated with (A) CpG, anti-IgM or both for 48 hr, (B) pre-treated for 1 hr 
with the indicated concentrations of the BTK inhibitor and then stimulated with CpG, anti-IgM or both for 48 hr. The supernatants 
were then collected and IL6 production was measured by ELISA. (A) Data show mean ± standard deviation of a single experiment 
carried out in triplicate and are representative of three independent experiments. (B) Data show mean ± S.E.IVI of three independent 
experiments each carried out in triplicate in which the concentration of IL6 produced by CpG and anti-IgM was set to 100% and all 
other simulations were normalised to this. IL6 levels induced maximally by CpG and anti-IgM ranged from 1-2.5 ng/ml across 
different donors. ***, p < 0.005, **, p < 0.01, * p < 0.05, not significant (NS) p > 0.05; significant differences between cells treated 
with DMSO control or BTK inhibitor and stimulated with CpG, anti-IgM or CpG plus anti-IgM. (C-D) Primary human B cells were 
stimulated for 24 hr with anti-IgM or CpG plus anti-IgM, stained with an anti-CD69 antibody or with an anti-CD86 antibody and 
analysed by FACS. Median fluorescent intensities (MFI) are shown. Data show mean ± spread of biological duplicate 
determinations. Results are representative of two independent experiments. (E) Primary human B cells were stimulated for 48 hr 
with CpG, anti-IgM, both or IL4, stained with an anti-FITC-MHC-class-ll antibody or with an anti-FITC-IgG isotype control antibody 
and analysed by FACS. Mean fluorescent intensities (MFI) of stimulated versus stimulated plus inhibitor are shown. Results are 
representative of three independent experiments. (F) The mean fluorescence intensities from three independent experiments were 
combined to confirm that the BTK inhibitor significantly affected surface expression of MHC-II. Data show ± S.E.M of three 
independent experiments.
doi: 10.1371 /journal, pone. 0074103. g002
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20 nM BTK inhibitor

20 nM BTK inhibitor

20 nM BTK inhibitor

F igure 3. BTK is requ ired  fo r  IgM -dependent co -loca lisa tion  o f TLR9 and the BCR in Namalwa B ce lls . Namalwa B cells 
were pre-treated with the BTK inhibitor for 1 hr and stimulated with (A) FITC-labelled CpG, (B) Alexa-fluor 647-labelled anti-IgM or 
(C) both for 16 hr. The cells were then examined by confocal microscopy. To confirm that BTK was required for this co-localisation 
50 cells stimulated with CpG and anti-IgM were examined and the number of specks containing both proteins was counted yielding 
an average of 1.4 specks/cell. This was repeated for 50 cells pre-treated with the BTK inhibitor prior to CpG and anti-IgM stimulation 
and these cells contained an average of 3.5 specks/cell. A 2x2 contingency table chi-squared test was carried out on the total 
number of specks giving a p value of <0.001 indicating that TLR9 and the BCR were located in significantly more regions in the BTK 
inhibitor treated cells. Data are representative of at least four independent experiments (bars 5 ^lM) in which a minimum of 50 cells 
were examined.
doi: 10.1371 journal, pone, 0074103. g003

IgM induced a low level o f phosphorylation of PLC-y2 (lanes 
3-4, top panel) and the BTK inhibitor blocked this (lanes 7-8, 
top panel). CpG stimulation did not induce this phosphorylation 
(lane 2, top panel). Similarly in Namalwa B cells PLC-y2 
phosphorylation occurred in response to anti-IgM and CpG plus 
anti-IgM stimulation (lanes 3-4, third panel) and the BTK 
inhibitor blocked this (lanes 7-8, third panel). This confirmed 
that the BTK inhibitor blocked BTK enzymatic activity, PLC-y2 
being a direct target of BTK.

Phosphorylation of PLC-y2 by BTK results in its activation 
and allows it to cleave its target phosphatidylinositol 4,5- 
bisphosphate (PIP-2) into diacylglycerol (DAG) and inositol 
trisphosphate (IP-3). IP-3 is involved in Câ *̂  flux from the ER 
due to its interaction with the inositol trisphosphate receptor 
(IP-3R). We therefore next examined calcium as signal 
downstream of TLR9 and BCR activation.

As shown in Figure 4C stimulation of the Namalwa cells with 
CpG alone did not result in Ca^* flux (grey line, top left panel). 
Stimulation o f the cells with anti-IgM did result in Ca^* flux (grey
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Figure 4. PLC-y2 and IP-3 are requ ired  fo r  TLR9 and BCR syn e rg is tic  IL6 p roduc tion . Primary human B cells were pre
treated for 1 hr with (A) the PLC-y2 inhibitor U-73122 or (D) the IP-3 receptor inhibitor, Xestospongin C. The cells were then 
stimulated with CpG, anti-IgM or both for 48 hr. The supernatants were collected and IL6 production was measured by ELISA. Data 
show mean ± S.E.M of three independent experiments each carried out in triplicate in which the concentration of IL6 produced by 
CpG and anti-IgM was set to 100% and all other simulations were normalised to this. Results are representative of three 
independent experiments. IL6 levels induced maximally by CpG and anti-IgM ranged from 0 .6 -1 .5  ng/ml across different donors. 
***, p < 0.005, **, p < 0.01, * p < 0.05, not significant (NS) p > 0.05; significant differences between cells treated with DMSO control 
or BTK inhibitor and stimulated with CpG, anti-IgM or CpG plus anti-IgM. (B) Primary human and Namalwa B cells were incubated 
with the BTK inhibitor for 1 hr, stimulated with CpG, anti-IgM or both for 30 min and the cell lysates were examined for phospho- 
PLC-y2 and P-actin by SDS-PAGE and Western Blot analysis. Densitometric analysis of band intensities was determined, where 
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calculated. (C) Namalwa human B cells were incubated with the BTK inhibitor for 30 min. The cells were then incubated with 
FIU0-3AM, a fluorescent calcium indicator, for 20 min. Basal levels of calcium were measured for 40 sec, the cells were stimulated 
with CpG, anti-IgM, both or lonomycin and analysed by FACS for a total of 200 sec. Mean fluorescent intensities (MFI) of stimulated 
versus stimulated plus inhibitor are shown. Results are representative of three independent experiments.
doi: 10.1371 /journal, pone 0074103. g004
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line, top right panel) that was inhibited by 25% in the BTK 
inhibitor treated cells (black line, top right panel) indicating that 
BTK was required for Ca^* flux in BCR signalling. There was no 
synergy in Ca^’  ̂ flux in the Namalwa cells in response to CpG 
and anti-IgM (grey line, bottom left panel). The cells were also 
stimulated with the Ca^* ionophore ionomycin as a control and 
this treatment did result in Ca^* flux (grey line, bottom right 
panel) that the BTK inhibitor did not block (black line, bottom 
right panel).

We next examined if IP-3 was required for synergy and 
therefore regulating the Ca^* flux seen in response to BCR 
activation. As illustrated in Figure 4D inhibition of the IP-3 
receptor with Xestospongin C also significantly blocked the 
enhancement in IL6 production in response to CpG and anti- 
IgM (black dotted bars) at both concentrations tested. A slight 
effect on CpG (black bars), or anti-IgM (grey bars) induced IL6 
production was seen which was only significant at the higher 
concentration of Xestospongin C suggesting a potential 
requirement for calcium in TLR9 and BCR signalling 
independent from their synergy.

Calcium is essential for TLR9 and BCR synergy
We further examined the requirement of calcium (Ca^’ )̂ for 

TLR9 and BCR synergy. Thapsigargin is a plant extract 
commonly used to raise cytosolic calcium levels as it prevents 
the removal of Ca^* from the cytosol into the ER resulting in 
Store depletion and influx of Ca^* from the extracellular matrix. 
Figure 5A illustrates that stimulation of primary human B cells 
with 5 pg/ml CpG (black bar), 10 pg/ml anti-IgM (grey bar) or 
500 nM thapsigargin (light grey bar) alone induced IL6 
production that was not blocked by the BTK inhibitor. However, 
IL6 production was enhanced in B cells stimulated with CpG 
and thapsigargin and the BTK inhibitor was unable to block this 
enhancement (black dashed bars). These data indicate that a 
cytosolic Ca^* increase allows for synergistic signalling. The 
BTK inhibitor was unable to prevent this influx of Ca^* due to 
thapsigargin and hence did not block the enhanced IL6 
production.

To further confirm the requirement of Ca^* in TLR9 and BCR 
synergy we pre-treated the primary human B cells with the Ca^* 
chelator BAPTA to remove any cytosolic Ca^*. Figure 5B 
reveals that Ca^* chelation mirrored BTK inhibition. The 
enhanced IL6 production in response to CpG and anti-IgM was 
significantly blocked by BAPTA (black dotted bars). The 
BAPTA had a slight effect on the amount of IL6 produced by 
CpG (black bars), but no effect on the levels of IL6 produced in 
response to anti-IgM (grey bars) or thapsigargin (light grey 
bars) alone. The enhanced IL6 production in response to co
stimulation of the B cells with CpG and thapsigargin was also 
blocked by BAPTA (dashed bars) indicating again that an 
increased Ca^* concentration in the cytosol was essential for 
TLR9 and BCR synergy.

To ensure that BAPTA was removing Ca^* from the cytosol in 
the B cells we next analysed the Ca^’ flux of Namalwa B cells 
pre-treated with BAPTA. As demonstrated in Figure 5C BAPTA 
inhibited Ca^* flux in response to ionomycin by 26% (left panel) 
and to anti-IgM by 25% (right panel). These results confirmed

that Ca^* was removed from the cytosol by the Ca^* chelator 
BAPTA.

We also sought to confirm that calcium was required for 
pooling of the BCR within one compartment of the B cells. As 
shown in Figure 5D the Alexa-fluor-647-labelled anti-IgM 
localised to one compartment of the cells (arrows, top panels). 
This pattern was altered in the cells treated with BAPTA 
(arrows, bottom panels) with several distinct compartments 
containing the BCR. The data shown here demonstrates that 
downstream o f BTK Ca^* flux into the cytosol o f B cells is 
necessary for synergistic IL6 production and localisation of the 
BCR to a single compartment with the B cells.

The calcium sensor calmodulin is required for TLR9 
and BCR synergy

Next we sought to identify a target o f calcium. The proto
typical calcium sensor calmodulin was investigated as a 
potential target as it has been previously shown to be involved 
in the fusion of early endosome antigen 1 (EEA1) positive 
endosomes [26]. TLR9 is known to be localised to the early 
endosome with also contains EEA1 and as such we 
hypothesised that calmodulin could be required to traffic TLR9 
to the BCR-containing compartment from which synergistic 
signalling occurs. To examine this we used a calcium- 
dependent calmodulin inhibitor W7 which binds the 
hydrophobic surface of calmodulin that is revealed upon Ca^* 
binding. As shown in Figure 6A pre-treatment of primary 
human B cells with W7 significantly blocked the enhanced IL6 
production in response to CpG and anti-IgM stimulation (black 
dotted bars). Calmodulin inhibition did not affect the amount of 
IL6 produced by CpG (black bars) or anti-IgM (grey bars) 
alone. This data suggests that calmodulin is the likely target of 
calcium involved in TLR9 and BCR synergy.

We finally sought to confirm that calmodulin was required for 
co-localisation of TLR9 and the BCR within one compartment 
of the B cells. As shown in Figure 6B in Namalwa B cells 
stimulated with both CpG and anti-IgM CpG was localised to 
one area of the cells (arrows, top left panel) as was IgM 
(arrows, middle left panel). EEA1 was also localised to the 
same region of the cells (arrows, bottom left panel). The 
overlay panel (top right) indicated that TLR9 and the BCR 
localise to an EEA1 positive compartment of B cells as shown 
by the white colour and the arrows. In the Namalwa B cells pre
treated with the calmodulin inhibitor W7 this localisation pattern 
was altered as shown in Figure 6C. The CpG was found in 
several distinct regions of the cells (arrows, top left panel) as 
was the IgM (arrows, middle left panel). EEA1 was also found 
in several regions of the B cells (arrows, bottom left panel). The 
overlay panel demonstrated that while the three molecules did 
still co-localise (arrows, top right panel) the pattern was altered 
with several distinct compartments containing TLR9, the BCR 
and EEA1.

Overall, therefore, our data reveal that the target of BTK in 
TLR9 and BCR synergy is ultimately the calcium sensor 
calmodulin. It is essential for enhanced IL6 production and co
localisation of TLR9 and the BCR within an EEA1 positive 
compartment of the B cells to allow synergistic signalling to 
occur.

PLOS ONE I www.plosone.org 9 August 2013 I Volume 8 | Issue 8 | e74103



BTK Mediates BCR and TLR9 Synergy

A
'̂‘°in=Ns

120 

100 

5  80 

o ' 60

40

20

0

Primary Human B cells

m =  5 pg/ml CpG  
n =  10 pg/ml IgM

500 nM Thapsigargin 
QT]= CpG & IgM 
n ]]=  CpG & Thaps

■Jfct
NS

80- 

^ 60-

U - 4 0

20 -

Namalwa B cells 

1 |jM  lononnycin 10 pg/ml IgM
70 20
52 26- 15

^  21- A
stim stim / V,

i ' -1 6 -

• • . ■ , 1 f t . 1 ■ • ■ • 1 ■ • I ■ 1
50 100 150 200

Time, secs
50 100 150 200

Time, secs

= Stim — = Stim & 1 pM BAPTA 

N a m a lw a  B  c e lls

B
120

100

80
(0

60

□ = N S
1 = 5  pg/ml CpG 
n =  10 pg/ml IgM 
[ ] = 5 0 0 n M  Ttiapsigarglr 
[ 3 =  CpG & IgM 
|]n]= CpG & Thaps

2 0  nM  B TK  inhibitor 

Primary Human B cells

:Ltri
1 u M  B A P T A

1 |jM BAPTA

F igure 5. Calcium  is requ ired  fo r TLR9 and BCR synergy. Primary human B cells were pre-treated for 1 hr with (A) the BTK 
inhibitor or (B) the Ca^* chelator BAPTA and stimulated with CpG, antl-IgM, thapsigargin, CpG & anti-IgM and CpG & thapsigargin 
for 48 hr. Supernatants were collected and IL6 production was measured by ELISA. Data show mean ± S.E.M of three independent 
experiments each carried out in triplicate in which the concentration of IL6 produced by CpG and anti-IgM was set to 100% and all 
other simulations were normalised to this. IL6 levels induced maximally by CpG and anti-IgM ranged from 0.6-1.8 ng/ml across 
different donors. ***, p < 0.005, **, p < 0.01, * p < 0.05, not significant (NS) p > 0.05; significant differences between cells treated 
with DMSO control or BTK inhibitor and stimulated with CpG, anti-IgM, thapsigargin, CpG plus anti-IgM or CpG plus thapsigargin. 
(C) Namalwa B cells were pre-treated with BAPTA, incubated with Fluo-3AM and calcium flux was measured in response to the 
ligands indicated by FACS. Mean fluorescent intensities (MFI) of stimulated versus stimulated plus inhibitor are shown. (D) 
Namalwa B cells were pre-treated with BAPTA and stimulated for 16 hr with Alexa fluor-647-labelled anti-IgM. The cells were then 
examined by confocal microscopy (bars 5 pM) and a minimum of 50 cells were examined. To confirm that calcium was required for 
this pooling of the BCR 50 cells stimulated with anti-IgM were examined and the number of specks was counted yielding an average 
of 1.8 specks/cell. This was repeated for 50 cells pre-treated with BAPTA prior to stimulation and these cells contained an average 
of 5.5 specks/cell. A 2x2 contingency table chi-squared test was carried out on the total number of specks giving a p value of <0.001 
indicating that the BCR was located in significantly more regions of the BAPTA treated cells. Results are representative of three 
independent experiments.
doi: 10.1371 /journal, pone. 0074103. g005

Discussion

Signal transduction pathways involving TLR9 and the BCR 
have been linked to the hyper B cell responses in autoimmune

diseases such as Systemic lupus erythematosus (SLE) [27,28], 
As such investigations into the mechanism behind this are of 
great importance with molecules that may specifically block this 
synergy of particular therapeutic interest. A novel small
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microscopy (bars 5 pM) and a minimum of 50 cells were examined. To confirm that calmodulin was required for the co-localisation 
of TLR9, EEA1 and the BCR 50 cells stimulated with CpG plus anti-IgM were examined and the number of fluorescent specks were 
counted yielding an average of 1.7 specks/cell. This was repeated for 50 cells pre-treated with W7 prior to stimulation and these 
cells contained an average of 4.6 specks/cell. A 2x2 contingency table chi-squared test was carried out on the total number of 
specks giving a p value of <0.001 indicating that TLR9, the BCR and EEA1 were located in significantly more regions of the W7 
treated cells. Results are representative of three independent experiments.
doi: 10.1371/journal.pone. 0074103.g006

molecule BTK inhibitor, PCI-32765, is one such molecule of 
interest that has been shown to be highly specific as outlined 
below. It binds covalently to a cysteine residue (Cys-481) in the 
active site of BTK leading to irreversible inhibition of the 
enzymatic activity of BTK [23].

Several studies have been carried out using PCI-32765. 
When orally administered to mice with collagen-induced

arthritis it reduced the level of circulating antibodies 
suppressing disease and in dogs with spontaneous B cell non- 
Hodgkin lymphoma (NHL) treatment with the BTK inhibitor 
induced clinical responses [23]. As abnormal BCR activation is 
linked to chronic lymphocytic leukaemia (CLL) the BTK inhibitor 
has also been examined as a tool to kill CLL cells. It has been 
shown to inhibit proliferation and promote apoptosis of CLL
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cells [29]. Orally administered, the BTK inhibitor induced 
significant objective responses in patients with B-cell NHL or 
CLL [30]. The BTK inhibitor has also been used as a tool to 
investigate the requirement of BTK in basophil activation 
revealing that BTK is required for IgE mediated responses [31], 
Although this inhibitor is a highly potent and specific target for 
BTK, to date no investigations into the role of BTK in TLR and 
BCR synergy has utilised it as an experimental tool.

Using this novel small molecule inhibitor of BTK in our 
investigation into the mechanism of TLR9 and BCR synergy we 
have revealed that BTK is essential for synergistic IL6 
production in response to CpG and anti-IgM in primary murine 
and human B cells. We used IL6 as a standard readout of B 
cell activation. IL6 production in response to TLR9 stimulation 
in B cells was independent of the enzymatic activity of BTK as 
TLR9-dependent IL6 production was not affected by the BTK 
inhibitor. This suggests that BTK can function downstream of 
TLR9 in B cells in a non-phosphorylated state. We also 
demonstrate that the BTK inhibitor blocks the up-regulation of 
the B cell markers CD69 and CD86 and the translocation of 
MHC-class-ll to the surface of human B cells in response to 
CpG and anti-IgM. It also reduces Ca^* flux into the cytosol of 
human B cells in response to anti-IgM. It is known that TLR9 
and BCR synergy occurs due to the co-localisation of the two 
molecules within an auto-phagosome-like compartment upon 
BCR activation [10] and we demonstrate that BTK functions to 
allow this co-localisation to occur. Downstream of BTK we 
establish that Ca^* flux into the cytosol of human B cells is also 
required for synergy.

Calcium is well recognised as a second messenger involved 
in endosome fusion [32] and much work has been carried out 
to identify the targets of calcium required for this fusion. One 
such target is calmodulin, a member of the E-F-hand family of 
Ca^* -sensing proteins [33]. Calmodulin is proto-typical Ca^* 
sensor and is involved in proliferation, growth and movement of 
cells [34,35]. As calmodulin has previously been shown to be 
involved in the fusion of EEA1 containing endosomes [26,36] 
and it is well documented that TLR9 is localised to EEA1 
positive early endosomes [37,38] it is likely that the BTK- 
dependent calcium flux in B cells functions to activate 
calmodulin thus allowing synergy. Using the calmodulin 
inhibitor W7 we demonstrate a role for calmodulin in synergistic 
IL6 production and co-localisation of TLR9 and the BCR within 
an EEA1 positive compartment in human B cells. As several 
genes code for the calmodulin family members of interest 
calmodulin-deficient mice have not been generated and we 
were unable to further investigate this novel discovery in mice.

Classically the internalisation of the BCR was thought to lead 
to its degradation and was a method of extinguishing BCR 
induced signalling pathways [39]. However, it has subsequently 
been revealed that the BCR can signal once it has been 
internalised through a dynamin-dependent mechanism [40,41]. 
This supports our data in which we reveal that BTK is required 
for co-localisation of TLR9 and the BCR within an auto- 
phagosome-like compartment in the B cells resulting in 
synergy. In B cells pre-treated with the BTK inhibitor TLR9 and 
the BCR do still co-localise but in several distinct regions of the 
cells indicating that BTK is not involved in the initial dynamin-

dependent internalisation step but only for the pooling of both 
receptors into the auto-phagosome-like compartment. Further 
investigations into the internalisation of the BCR and the 
recruitment of TLR9 would be helpful in fully elucidating the 
mechanism of synergy due to co-localisation of the receptors.

The BTK inhibitor used here provides a potential therapeutic 
agent to block the production of autoantibodies by self-reactive 
B cells in SLE which are thought to be activated by TLR9 
and/or TLR7 sensing host nucleic acids [42-45]. We also found 
that the BTK inhibitor could block synergistic production of IL6 
by TLR7 and the BCR (data not shown).

In vivo work has already been carried out using the BTK 
inhibitor in the MRL-Fas (Ipr) lupus model where it inhibited 
autoantibody production and the development of kidney 
disease [23] and in a spontaneous murine model of lupus 
where it dampened humoral and cellular autoimmunity, as well 
as lupus nephritis [46]. Mice overexpressing BTK specifically in 
their B cells also develop SLE-like autoimmunity that can be 
alleviated by the BTK inhibitor [47]. These studies are 
supported by the data presented here where we have identified 
the mechanism by which BTK inhibition could have beneficial 
effects in SLE. As such it is the ideal target for further 
development in the treatment of SLE.

The essential requirement of Ca^* for TLR9 and BCR 
synergy has been clearly demonstrated in this study. However 
Ca^* is not a potential target in SLE treatment due to its role in 
an plethora of immune signalling pathways [18]. Another 
potential therapeutic target identified in this study is the Ca^* - 
dependent protein calmodulin, the inhibition of which also 
blocked TLR9 and BCR synergy by interfering with the co
localisation of TLR9 and the BCR within an EEA1 positive 
region of the B cell. Calmodulin provides a better target for 
investigations as it is downstream of calcium and has a less 
central role in signal transduction.

Another area of interest with regard to the co-localisation of 
TLR9 and the BCR is the role of UNC93B. It is known to be 
involved in the trafficking of the endosomal TLRs including 
TLR9 [48]. Mutations in UNC93B result in deficient antigen 
presentation [49] and it is also up-regulated in B cells of SLE 
patients [50]. Examination of the interactions between UNC93B 
and BTK in B cells could potentially clarify the mechanism of 
translocation of TLR9 to the BCR further.

In conclusion, we describe the central role of BTK in Ca^* - 
dependent TLR9 and BCR synergy and identify calmodulin as 
the potential downstream target of BTK required for TLR9 and 
BCR co-localisation. Taken together with the in vivo work using 
the PCI-32765 BTK inhibitor this work demonstrates that 
targeting BTK provides a valid therapeutic approach to treat 
SLE and other autoimmune diseases.

Acknowledgements

We thank Anja Garritsen, formally of Organon, for technical 
assistance.

Author Contributions

Conceived and designed the experiments: EFK SLD LAON. 
Performed the experiments: EFK SRQ PMV. Analyzed the

PLOS ONE I ww/w.plosone.org 12 August 2013 | Volume 8 | Issue 8 | e74103



BTK Mediates BCR and TLR9 Synergy

data: EFK LAON. Contributed reagents/materials/analysis 
tools: EFK SLD HvE. W rote the manuscript: EFK LAON.

References

1. Da[ Porto JM, Gauld SB, Merrell KT, Mills D, Pugh-Bemard AE et al. 
(2004) B cell antigen receptor signaling 101. Mol Immunol 41: 599-613. 
doi:10.1016/j.molimm.2004.04.008. PubMed; 15219998.

2. Liu W. Sohn HW, Tolar P, Pierce SK (2010) It's all about change: the 
antigen-dhven initiation of B-cell receptor signaling. Cold Spring Harb 
Perspect Biol 2: a002295. doi:10.1101/cshperspect.a002295. PubMed; 
20591989.

3. Pierce SK, Liu W (2010) The tipping points in the initiation of B cell 
signalling; how small changes make big differences. Nat Rev Immunol 
10: 767-777. dot;10.1038/nri2853. PubMed: 20935671.

4. Reth M. Wienands J (1997) Initiation and processing of signals from the 
B cell antigen receptor. Annu Rev Immunol 15: 453-479. doi:10.1146/ 
annurev.immunol.15.1.453, PubMed: 9143696.

5. Ploegh HL (2007) Bridging B cell and T cell recognition of antigen. J 
Immunol 179; 7193. PubMed: 18025158.

6. Rock KL, Benacerraf B, Abbas AK (1984) Antigen presentation by 
hapten-specific B lymphocytes. I. Role of surface immunoglobulin 
receptors. J Exp Med 160: 1102-1113. doi:10.1084/jem.160.4.1102. 
PubMed; 6207262.

7. Allman D, Pillai S (2008) Peripheral B cell subsets. Curr Opin Immunol 
20: 149-157. doi;10.1016/j.coi.2008.03.014. PubMed; 18434123.

8. Rawlings DJ, Schwartz MA, Jackson SW, Meyer-Bahlburg A (2012) 
Integration of B cell responses through Toll-like receptors and antigen 
receptors. Nat Rev Immunol 12: 282-294. doi:10,1038/nri3190. 
PubMed: 22421786.

9. Bauer S. Kirschnlng CJ, Hflcker H, Redecke V. Hausmann S et al. 
(2001) Human TLR9 confers responsiveness to bacterial DNA via 
species-specific CpG motif recognition. Proc Natl Acad Sci U S A 98: 
9237-9242. doi:10.1073/pnas.161293498. PubMed: 11470918.

10. Chaturvedi A, Dorward D, Pierce SK (2008) The B cell receptor 
governs the subcellular location of Toll-like receptor 9 leading to 
hyperresponses to DNA-containing antigens. Immunity 28: 799-809. 
doi;10.1016/j.immuni.2008.03.019. PubMed: 18513998.

11. Jefferies CA, O'Neill LA (2004) Bruton's tyrosine kinase (Btk)-the 
critical tyrosine kinase in LPS signalling? Immunol Lett 92: 15-22. doi: 
10.1016/j.imlet.2003.11.017. PubMed: 15081522.

12. Lee KG, Xu S. Wong ET, Tergaonkar V, Lam KP (2008) Bruton's 
tyrosine kinase separately regulates NFkappaB p65RelA activation and 
cytokine interleukin (!L)-10/IL*12 production in TLR9-stimulated B Cells. 
J Biol Chem 283; 11189-11198. doi;10.1074/jbc,M708516200.
PubMed: 18276597.

13. Doyle SL, Jefferies CA, Feighery C. O'Neill LA (2007) Signaling by Toll
like receptors 8 and 9 requires Bruton's tyrosine kinase. J Biol Chem 
282; 36953-36960. doi:10.1074/jbc.M707682200. PubMed: 17932028.

14. Bradley LA, Sweatman AK, Lovering RC, Jones AM, Morgan G et al. 
(1994) Mutation detection in the X-linked agammaglobulinemia gene, 
BTK, using single strand confonnation polymorphism analysis. Hum 
Mol Genet 3: 79-83. doi:10.1093/hmg/3,1.79. PubMed: 8162056,

15. Rawlings DJ, Saffran DC, Tsukada S, Largaespada DA, Ghmaldi JC et 
al. (1993) Mutation of unique region of Bruton's tyrosine kinase in 
immunodeficient XID mice. Science 261: 358-361. doi;10.1126/science. 
8332901. PubMed; 8332901.

16. Baba Y, Kurosaki T (2011) Impact of Ca2+ signaling on B cell function. 
Trends Immunol 32: 589-594. doi:10,1016/j,lt.2011,09,004, PubMed: 
22000665,

17. Parekh AB, Putney JW Jr, (2005) Store-operated calcium channels. 
Physiol Rev 85: 757-810. doi;10.1152/physrev.00057.2003. PubMed: 
15788710.

18. Vig M. Kinet JP (2009) Calcium signaling in Immune cells. Nat Immunol 
10: 21-27. doi:10,1038/ni,f.220, PubMed: 19088738.

19. Lyubchenko T (2010). a(2)+ Signal B Cells Scientificworldj 10: 
2254-2264,

20. Gray P, Dunne A, Brikos C, Jefferies CA, Doyle SL et al. (2006) MyD88 
adapter-llke (Mai) is phosphorylated by Bruton's tyrosine kinase during 
TLR2 and TLR4 signal transduction. J Biol Chem 281: 10489-10495. 
dol:10.1074/jbc.M508892200, PubMed: 16439361.

21. Jefferies CA, Doyle S, Brunner C, Dunne A, Brint E et al. (2003) 
Bruton's tyrosine kinase is a Tolt/interleukin-1 receptor domain-binding 
protein that participates in nuclear factor kappa B activation by Toll-like 
receptor 4, J Biol Chem 278: 26258-26264. doi:10.1074/
jbc.M301484200. PubMed: 12724322.

22. Doyle SL, Jefferies CA, O'Neill LA (2005) Bruton's tyrosine kinase is 
involved in p65-mediated transactivation and phosphorylation of p65 on 
serine 536 during NFkappaB activation by lipopolysaccharide. J Biol 
Chem 280; 23496-23501. doi:10.1074/jbc,C500053200, PubMed: 
15849198.

23. Honigberg LA. Smith AM, Sirisawad M, Vemer E, Loury D et al. (2010) 
The Bruton tyrosine kinase inhibitor PCI-32765 blocks B-cell activation 
and is efficacious in models of autoimmune disease and B-cell 
malignancy. Proc Natl Acad Sci U S A 107; 13075-13080. doi:10.1073/ 
pnas,1004594107. PubMed: 20615965.

24. Robak T, Robak E (2012) Tyrosine kinase inhibitors as potential dmgs 
for B-cell lymphoid malignancies and autoimmune disorders. Expert 
Opin Investig Dnjgs 21: 921-947. doi:10.1517/13543784.2012.685650. 
PubMed: 22612424,

25. Macardle PJ, Williams KA, Bradley J, Zola H (1995) The effect of IL-4 
on antigen expression: a comparison of fluorescence intensity and 
antigen density. Immunol Cell Biol 73: 165-168. doi;10.1038/icb. 
1995,26, PubMed; 7797235,

26. Lawe DC, Sitouah N, Hayes S, Chawla A, Virbasius JV et al. (2003) 
Essential role of Ca2+/calmodulin in Early Endosome Antigen-1 
localization. Mol Biol Cell 14: 2935-2945, doi:10.1091/
mbc.E02-09-0591. PubMed: 12857876.

27. Tao K, Fujii M. Tsukumo S. Maekawa Y, Kishihara K et al, (2007) 
Genetic variations of Toll-like receptor 9 predispose to systemic lupus 
erythematosus in Japanese population, Ann Rheum Dis 66: 905-909, 
doi:10,1136/ard,2006,065961, PubMed: 17344245,

28. Lenert PS (2006) Targeting Tod-like receptor signaling in plasmacytoid 
dendritic cells and autoreactive B cells as a therapy for lupus. Arthritis 
Res Ther8; 203. doi;10,1186/ar1888, PubMed; 16542467,

29. Herman SE. Gordon AL, Hertlein E, Ramanunni A, Zhang X et al. 
(2011) Bruton tyrosine kinase represents a promising therapeutic target 
for treatment of chronic lymphocytic leukemia and is effectively targeted 
by PCI-32765. Blood 117: 6287-6296. doi:10.1182/
blood-2011-01-328484. PubMed: 21422473.

30. Advani RH, Buggy JJ, Sharman JP. Smith SM. Boyd TE et al. (2012) 
Bruton Tyrosine Kinase Inhibitor Ibrutinib (PCI-32765) Has Significant 
Activity in Patients With Relapsed/Refractory B-Cell Malignancies. J 
Clin Oncol, 31; 88-94. PubMed: 23045577.

31. MacGtashan D Jr., Honigberg LA, Smith A, Buggy J. Schroeder JT 
(2011) Inhibition of IgE-mediated secretion from human basophils with 
a highly selective Bruton's tyrosine kinase, Btk, inhibitor. Int 
Immunophanmacol 11: 475-479. doi:10.1016/j.intimp.2010.12.018.
PubMed: 21238622.

32. Luzio JP. Bright NA, Pryor PR (2007) The role of calcium and other 
ions in sorting and delivery in the late endocytic pathway. Biochem Soc 
Trans 35: 1088-1091, doi:10.1042/BST0351088. PubMed; 17956286.

33. Zhang M. Abrams C, Wang L. Gizzi A, He L et al. (2012) Structural 
basis for calmodulin as a dynamic calcium sensor. Structure 20: 
911-923. doi:10.1016/j,str.2012.03.019. PubMed: 22579256.

34. Chin D. Means AR (2000) Calmodulin: a prototypical calcium sensor. 
Trends Cell Biol 10; 322-328, doi;10,1016/80962-8924(00)01800-6. 
PubMed: 10884684.

35. Schaub MC, Heizmann CW(2008) Calcium, troponin, calmodulin, S100 
proteins; from myocardial basics to new therapeutic strategies. 
Biochem Biophys Res Commun 369: 247-264. doi:10.1016/j.bbrc, 
2007.10.082. PubMed: 17964289.

36. Mills IG. Urb6 S, Clague MJ (2001) Relationships between EEA1 
binding partners and their role in endosome fusion. J Cell Sci 114: 
1959-1965. PubMed. 11329382.

37. Latz E, Schoenemeyer A, Visintin A. Fitzgerald KA, Monks BG et al. 
(2004) TLR9 signals after translocating from the ER to CpG DNA in the 
lysosome. Nat Immunol 5: 190-198. doi:10,1038/nrg1293. PubMed; 
14716310.

38. Leifer CA, Kennedy MN, Mazzoni A, Lee C, Kruhlak MJ et al. (2004) 
TLR9 is localized in the endoplasmic reticulum prior to stimulation, J 
Immunol 173: 1179-1183, PubMed: 15240708,

39. Stoddart A, Jackson AP, Brodsky FM (2005) Plasticity of B cell receptor 
internalization upon conditional depletion of clathrin. Mol Biol Cell 16: 
2339-2348. doi:10.1091/mbc.E05-01-0025. PubMed; 15716350,

40. Chaturvedi A, Martz R, Dorward D, Waisberg M. Pierce SK (2011) 
Endocytosed BCRs sequentially regulate MAPK and Akt signaling

PLOS ONE I vrtvw.plosone.org 13 August 2013 | Volume 8 | Issue 8 | e74103



BTK Mediates BCR and TLR9 Synergy

pathways from intracellular compartments. Nat Immunol 12: 
1119-1126 doi:10.1038/m.2116. PubMed: 21964606.

41. Malhotra S. Kovats S, Zhang W, Coggeshall KM (2009) B cell antigen 
receptor endocytosis and antigen presentation to T cells require Vav 
and dynamin. J Biol Chem 284; 24088-24097. doi:10.1074/ 
jbc.M109.014209. PubMed: 19586920.

42. Christensen SR, Kashgarian M. Alexopoulou L, Flavell RA, Akira S et 
al. (2005) Toli-like receptor 9 controls anti-DNA autoantibody 
production in murine lupus. J Exp Med 202; 321-331. doi;10.1084/jem. 
20050338. PubMed: 16027240.

43. Christensen SR, Shupe J, Nickerson K. Kashgarian M, Flavell RA et al.
(2006) Toll-like receptor 7 and TLR9 dictate autoantibody specificity 
and have opposing inflammatory and regulatory roles in a murine 
model of lupus, immunity 25: 417-428. doi:10.1016/j.immuni. 
2006.07.013. PubMed: 16973389.

44. Nickerson KM, Christensen SR, Shupe J, Kashgarian M, Kim D et al. 
(2010) TLR9 regulates TLR7- and MyD88-dependent autoantibody 
production and disease in a murine model of lupus. J Immunol 184; 
1840-1848. doi;10.4049/jimmunol.0902592, PubMed; 20089701.

45. Celhar T, Magalhaes R, Fairhurst AM (2012) TLR7 and TLR9 in SLE: 
w/hen sensing self goes wrong. Immunol Res 53: 58-77. doi:10.1007/ 
S12026-012-8270-1. PubMed: 22434514,

46. Hutcheson J, Vanarsa K, Bashmakov A. Grewal S, Sajitharan D et al. 
(2012) Modulating proximal cell signaling by targeting Btk ameliorates 
humoral autoimmunity and end-organ disease in murine lupus. Arthritis 
Res Ther 14: R243. doi:10.1186/ar4086. PubMed; 23136880.

47. Kil LP. de Bruijn MJ. van Nimwegen M, Corneth OB, van Hamburg JP 
et al. (2012) Btk levels set the threshold for B-cell activation and 
negative selection of autoreactive B cells in mice. Biood 119; 
3744-3756. doi:10.1182/blood-2011-12-397919. PubMed: 22383797.

48. Brinkmann MM, Spooner E, Hoebe K, Beutler B, Ploegh HL et al.
(2007) The interaction between the ER membrane protein UNC93B 
and TLR3, 7, and 9 is crucial for TLR signaling. J Cell Biol 177: 
265-275. doi:10.1083/jcb.200612056. PubMed: 17452530.

49. Tabeta K, Hoebe K, Janssen EM. Du X, Georgel P et al. (2006) The 
Unc93b1 mutation 3d disrupts exogenous antigen presentation and 
signaling via Toll-like receptors 3, 7 and 9. Nat Immunol 7: 156-164, 
doi:10.1038/nrm1901. PubMed: 16415873.

50. Nakano S, Morimoto S, Suzuki S, Watanabe T, Amano H et al. (2010) 
Up-regulation of the endoplasmic reticulum transmembrane protein 
UNC93B in the B cells of patients with active systemic lupus 
erythematosus. Rheumatology (Oxf) 49: 876-881. doi:10.1093/ 
rheumatology/keqOOl.

PLOS ONE I wwftv.plosone.org 14 August 2013 | Volume 8 | Issue 8 | e74103



>v**.-#‘v . , . ^ .  » V -$m
The Journal of 
Biological Chem istry

AFFINITY SITES

Gene Regulation;
Nuclear Factor k B2 p52 Protein Has a Role 
in Antiviral Immunity through I k B Kinase 
?-dependent Induction of Sp l Protein and 
Interleukin 15

ASBM B

G E N E  R E G l i L A ' I ' I O N

S IGN A i , 1 K A N S D I  C r  1 O N dm

Sarah L. Doyle, Kari Ann Shirey, Anne F.
McGettrick, Elaine F. Kenny, Susan 
Carpenter, Brian E. Caffrey, Siobhan Gargan,
Susan R. Quinn, Jorge H. Caamano, Paul 
Moynagh, Stefanie N. Vogel and Luke A.
O'Neill
J. Biol. Chem. 2013, 288:25066-25075.
doi: 10.1074/jbc.M113.469122 originally published online July 19, 2013

Access the most updated version of this article at doi: 10.1074/jbc.M 113.469122

Find articles, minireviews. Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
• When this article is cited
• When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 46 references, 23 of which can be accessed free at 
http://www.jbc.Org/content/288/35/25066.full.html#ref-list-1

D
ow

nloaded 
from 

hU
p://\vw

w
.jbc.org/ at IReL 

(Trinity 
C

ollege 
D

ublin) 
on 

Septem
ber 

2, 2014



THE JO U RN A L O F  B!OLCXilC/.L CH EM ISTRY  VOL. 2 8 8 , N O . .35, p p .  2 5 0 6 6  -2 5 0 7 5 ,  A u g u s t  3 0 .2 0 1 .3  
© 2 0 1 3  b y  T h e  A m e r ic a n  S o c ie ty  f o r  B ic K h e m is T ry a n d  M o le c u la r  B io lo g y , Inc . P u b l i s h e d  in  t h e  U .S A .

Nuclear Factor k B2 p52 Protein Has a Role in Antiviral 
Immunity through IkB Kinase e-dependent Induction of Spl 
Protein and Interleukin 15""
Received for publication, M arch 13,2013, an d  in revised form , July 18,2013 P ublished , JBC P apers in Press, July 19 ,2013, DOI 10.1074/jbc.M l 13.469122

Sarah L. Doyle^',  Karl A nn S h ire y ^  A nne  F. IVlcGettrick*^ Elaine F. Kenny*^ S usan  C a rp e n te r^  Brian E. C a ff rey \  
S iobhan  Gargan^*, Susan  R. Quinn*, J o r g e  H. Caamaiio**, Paul M oynagh^  S tefan ie  N. V oge l^  a n d  Luke A. O'Neill*
From the ^Immunology Research Centre, Trinity Biomedical Sciences Institute, School o f Biochemistry and Immunology, Trinity 
College Dublin, Dublin 2, Ireland, the ^Department o f Microbiology and Immunology, University o f Maryland, Baltimore, School 
o f Medicine, Baltimore, Maryland 21201, the ^Smurfit Institute o f Genetics, Trinity College Dublin, Dublin 2, Ireland, the ^^Institute o f 
Immunology, Department o f Biology, National University o f Ireland Maynooth, Maynooth, County Kildare, Ireland, and the 
**lnstitute for BioMedical Research-Medical Research Council (IBR-MRC) Centre for Immune Regulation, College o f Medicine and 
Dental Sciences, University o f Birmingham, Birmingham B l 5 2TT, United Kingdom

Background: IKKe can promote the ability of p52 to transactivate gene expression in a manner requiring p65.
Results; p52 is induced by TLR3 activation and regulates Spl transcription. Spl promotes the transcription of IL-15. Both events 
require the presence of IKKe and p52.
Conclusion: p52 is a target for IKKe in antiviral immunity.
Significance: This study reports a role for NFkB2 in the induction of antiviral gene expression.

In this study we describe a previously unreported function for 
NFkB2, an NFkB family tran.scription factor, in antiviral imm u
nity. NFkB2 is induced in response to poly(I:C), a mimic of viral 
dsRNA. Poly(I:C), acting via TLR3, induces p52-dependent 
transactivation of a reporter gene in a m anner that requires the 
kinase activity of I k B  kinase e  (IKKc) and the transactivating 
potential of RelA/p65. We identify a novel NFkB2 binding site 
in the promoter of the transcription factor Spl that is required 
for Spl gene transcription activated by poly(I:C). We show that 
Spl is required for IL-15 induction by both poly(I:C) and respi
ratory syncytial virus, a response that also requires NFkB2 and 
IKKe. Our study identifies NFkB2 as a target for IKKe in antivi
ral immunity and describes, for the first time, a role for NFkB2 
in the regulation of gene expression in response to viral 
infection.

NFkB2 (pl00/p52), is a m em ber of the NFkB family of tran 
scription factors that comprises five mammalian members: Rel/ 
c-Rel, RelA/p65, RelB, NFkBI (p50 and its precursor pl05), and 
NFkB2 (p52 and its precursor plOO). These proteins exist in 
various homo- and heterodim eric complexes and control many 
biological processes, particularly in inflammation and im m u

* This w o rk  w as  s u p p o r te d ,  in w h o le  o r  in p a r t , b y  N a tio n a l In s ti tu te s  o f  H ealth  
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nity (1). There are two distinct NFkB activation pathways, 
term ed the canonical and the alternative pathways. The canon
ical pathway is the better characterized NFkB pathway. It is 
activated by innate im m une receptors, inflammatory cytokines, 
and stress pathways and leads to the phosphorylation of the 
inhibitory subunit IkBo by IKKa^ and lKK/3, leading to its deg
radation. The subsequent release and nuclear translocation of 
the p50/p65 dimer leads to the induction of a wide range of 
imm une and inflammatory genes (1). The alternative pathway 
involves NFkB2. Known activators of this pathway are CD40, 
B-cell activating factor (BAFF) receptor, and lymphotoxin-/3 
(LT-/3) receptor. Activation of this pathway involves NFKB-in- 
ducing kinase. NFKB-inducing kinase activates IKKa, which 
phosphorylates plOO, causing plOO to be partially processed to 
produce the active p52 subunit. Typically, p52 is described as 
part of a heterodim er with RelB. This complex is essential for 
the role of NFkB2 in humoral imm unity and secondary lymph
oid organogenesis.

A third IKK, term ed IKKe, has been described. IKKe is acti
vated downstream of the dsRNA receptors TLR3, RIG-I, and 
MDA5 and by TLR4 and IFN-/3 (2, 3) and, in turn, activates the 
transcription factors 1RF3, IRF7, STA Tl, and p65. IKKe has 
also been shown to be activated by respiratory syncytial virus 
(RSV) and influenza B virus (3, 4).

W e identified p52 as a binding partner for IKKe in a yeast- 
two-hybrid screen and subsequently determ ined that overex
pression of IKKe could prom ote the transactivating potential of 
p52 (5). However, the functional im portance of this interaction 
remains elusive. Here we report the uncovering of a signaling 
pathway activated by TLR3, or RSV, that involves IKKe, NFkB2,

 ̂T h e  a b b re v ia t io n s  u s e d  a re : IKKa, Ik B k in a se ; RSV, re s p ira to ry  syncy tial virus; 
MEF, m o u s e  e m b ry o n ic  f ib ro b la s t; n t, n u c le o tid e (s ) ;  P(I:C), poly(l:C); BMDM, 
b o n e  m a rro w -d e r iv e d  m a c ro p h a g e ;  TRIF, T IR -dom ain  c o n ta in in g  a d a p te r -  
in d u c in g  in te r fe ro n  /3.
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and p65. W e identify a conserved binding site for p52 on the 
Spl prom oter and confirm IL-15, an antiviral cytokine, as a 
target for Spl on this pathway. O ur study provides a previously 
undescribed function for both NFxB2 and Spl in antiviral 
immunity.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids— LPS, (Alexis Corp.), poly(I:C) and 
poly(A:U) (Invivogen) were used. The antibodies used were 
plOO/p52 {Cell Signaling Technology, catalog no. 4882), j3-ac- 
tin (Sigma-Aldrich, catalog no. A1978), and Spl (Millipore, cat
alog no. 07-645). Oligonucleotides were from Eurofins, and 
TaqM an probes were from Applied Biosystems, FLAG-IKKe 
and IKKe(K38A) were provided by Shizuo Akira (Osaka Uni
versity, Japan). The TBKl-encoding plasmid was a gift from Dr. 
Makato Nakanishi (National Institute for Longevity Sciences, 
Japan). HA-p52 was a gift from Neil Perkins (University of 
Dundee, Scotland). The Gal-luciferase reporter gene was from 
Stratagene. The construction of p52-Gal4 has been described 
previously (5). The TRAFl, TRAF3, TRAF6, RlPl, and N apl 
plasmids were gifts from Andrew Bowie (Trinity College Dub
lin, Ireland). The HA-p65(S536A) plasmid was generated from 
the HA-p65 plasmid using the QuikChange XL site-directed 
mutagenesis kit (Stratagene).

Cell Culture and Isolation—'^ 1  and IKKe” ' ”  MEFs ob
tained from Shizuo Akira (Osaka University, Japan), HEK293 
cells, and HEK293 cells stably expressing either TLR3 
(HEK293-TLR3) (Invivogen) were cultured in DMEM. WT, 
N FkB 2'^“ , and IKKe^ (Kate Fitzgerald, University of M as
sachusetts) bone marrow was isolated from the tibias and 
femurs of C57/B16 mice, and the resulting cells were grown in 
macrophage colony stimulating factor-conditioned DMEM. 
Human peripheral blood mononuclear cells were isolated from 
whole blood using a Ficoll gradient and cultured in RPMI. In all 
cases, DMEM and RPMI medium  were supplemented with 10% 
fetal calf serum, 2 mm i,-glutamine, and 1% penicillin/strepto
mycin solution (v/v). Cells were plated at 1 X 10® cells/ml, and 
treated as described before isolation of RNA or lysate for quan
titative PCR or W estern blot analysis, respectively.

Sp l Promoter Luciferase Construct—For construction of the 
Spl prom oter luciferase reporter gene, we cloned its 5' regula
tory region of Spl from —1303 nt from the translational start 
site (ATG) between the Nhel and Xhol sites of the reporter 
luciferase vector pGL3-enhancer (Promega). Progressive dele
tion constructs were generated using a com m on reverse primer 
and five different forward primers. The S/7i-specific sequences 
for these primers were taken from the EMBL-EBI AF261690 
source (in uppercase, see below). For the forward primers, these 
specific sequences were preceded by an arbitrary sequence (in 
lowercase, see below), including a Nhel restriction site (italics). 
The reverse prim er followed a similar structure but contained a 
Xhol restriction site {italics) in the arbitrary sequence. The 
numbers indicated after the prim er sequences correspond to 
the distance in nt from the 5' end of the sequence in uppercase 
to the translational start site: forward, 5'-tcaagtcagfcia^cTT- 
GCTTTATGCATAGGCGGT-3' (-1303); forward, 5 '-tcaagt- 
caggctoj^cCGGATTCTGGTTGGCCGTTGT-3' (-477); for
ward, 5'-tcaagtcag?cta^cCTATCAAAGCTTTGCCTATCC-3'

A Role for NFk B2  in A ntiviral Im m unity

(-443); forward, 5'-tcaagtcag^cta^cGGGAGCCCGCCTGC- 
CG G TTG-3' (-415); forward 5'-tcaagtcag^cta^cTCCTTC- 
CAAGCCAATCATCTCC-3' (-388); forward, 5'-tcaagtcag- 
^ctogcGCTCCCGCCCATCTTCACTTC-3' (-365); and re
verse, 5'-cagtgctgccte^fl^CTCAAGGGGGTCCTGTCCGG-3' 
(-20).

Transfection-based Reporter Gene Assays—Cells were trans
fected with Genejuice transfection reagent (Novagen, Madison, 
WI) with a total am ount of 3 5 0 -4 0 0  /Ag/well containing 150 ng 
of p-55UASqLuc and 50 ng of p52-Gal4 fusion construct 
(MEFs) or with a total of 250 ng of DNA containing 100 ng of 
p-55UASgLuc or 30 ng of p52-Gal4 (HEK293s). Assays also 
contained the plasmid DNA of interest, an empty vector, and 30 
ng of Renilla reniformis luciferase construct. For Spl-promoter- 
luciferase assays, HEK293 cells were transfected with a total 
am ount of 220 ng of DNA/well comprising 80 ng of reporter 
construct, the plasmid DNA of interest, 40 ng of R. reniformis 
luciferase construct, and an em pty vector. Cell extracts were 
m onitored 2 4 -3 6  h post-transfection for firefly luciferase 
activity following standard protocols with values normalized 
for transfection efficiency with R. reniformis luciferase.

RNA Extraction and PCR—MEFs and BMDM or Human 
peripheral blood m ononuclear cells were set up at 5 X 10'’ or 
1 X 10*’cells/ml, respectively. Cells were stimulated with Poly(I: 
C). Total RNA was extracted using the RNeasy kit (Qiagen). For 
mRNA expression analysis, cDNA was prepared from 20 to 100 
ng/ml total RNA using the High-Capacity cDNA archive kit 
(Applied Biosystems). Individual mRNAs were monitored with 
the following inventoried The AB7900FAST platform (Applied 
Biosystems) was used for all PCR, done in triplicate. Changes in 
expression were calculated by the change in threshold (AAC^) 
method with Gapdh as an endogenous control for gene-expres- 
sion analysis and were normalized to results obtained with 
untreated cells. TaqM an assays were from Applied Biosystems: 
mouse S p l assay (Mm00489039_ml), mouse IL-IS  assay 
(Mm00434210_ml), mouse Gapdh (glyceraldehyde phosphate 
dehydrogenase) assay, hum an S p l  assay (Hs00916521_ml), 
hum an IL-15 assay (Hs01003713), hum an Gapdh assay.

siRNA—T he following RNA interference duplex was 
purchased from Qiagen Hs_NFkB2_1 FlexiTube siRNA 
SI00300965 and Allstars negative control siRNA (catalog no, 
1027281) or Dharm acon ON-TARGET plus siRNA Spl (cata
log no. L-026959). In all cases, 50 nM of siRNA was used. Human 
PBMCs were transfected with siRNA using an Amaxa electro- 
porator and a Cell Line Nucleofector Kit V, program V-01 
(PBMC). 1 X 1 0 \e lls /m l PBMCs were used per point for 
nucleofection. Cells were harvested after 72 h and used for fur
ther analysis.

Im m unohlotting—MEFs and BMDMs were seeded at 5 X 10® 
cells/ml, HEK293TLR3 cells were seeded at 1 X 10® cells/ml, 
and hum an peripheral blood m ononuclear cells were set up 1 X 
10® cells/ml 1 day prior to stimulation with 2% FCS. Cells were 
stimulated with poly(I:C) and lysed in 1 ml of low-stringency 
lysis buffer (50 m M  HEPES, 100 m M  NaCl, 1 niM EDTA, 10% 
glycerol, 0.5% Nonidet P-40, and protease inhibitors). Protein 
concentration was m easured by Bradford, and equal amounts 
of protein were separated by SDS-gel electrophoresis, trans-

AUGUST 30, 2013 - VOLUME 288- NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 25067

D
ow

nloaded 
from 

http://w
w

w
.jbc.org/ at 

IReL 
(Trinity 

C
ollege 

D
ublin) 

on 
Septem

ber 
2, 2014



A Role for NFk B2 in A ntiviral Im m unity

ferred to a PVDF membrane, incubated witii antibody, and 
visualized by autoradiography.

Chromatin Immunoprecipitation—Genpathway, Inc. (CA) 
carried out an analysis of gene prom oters that bound to p52 
using samples prepared from W T and IKKe KO MEFs accord
ing to their instructions. Briefly, MEFs were set up at 5 X 10'’ 
cell/ml. A final volume of 1%, formaldehyde was added directly 
to the existing medium and incubated for 15 min. A 1/20 vol
ume of 2.5 M glycine was then added to each flask and allowed to 
set at room tem perature for 5 min. Cells were scraped, washed 
in PBS, and sent on dry ice to Genpathway, Inc. BMDMs were 
set up at 5 X 10^ cell/ml, medium  was removed, replaced with 
PBS, and fixed by adding a final concentration of 1% formalde
hyde to each culture dish. Flasks were incubated for 10 min at 
room temperature. A 1/20 volume of 2.5 m  glycine was then 
added to each flask and allowed to set at room tem perature for 
5 min. The primary antibodies anti-p52 (Abeam, catalog no. 
7972), anti-p50 (Millipore, catalog no. 06-886), and anti-p65 
(Santa Cruz Biotechnology, catalog no. (F-6) sc-8008) were 
determ ined to give the best ChIP results. Quantitative RT-PCR 
was carried out using primers for either the Spl prom oter or 
|3-actin prom oter as indicated. Data are presented as percent of 
input.

Affinity Purification with Biotinylated Oligonucleotides— 
HEK293 cells were seeded at 1 X 10'’ cell/ml and incubated 
overnight. Cells were then transfected with either 2 ^g  of 
HA-p52 (five plates) or an empty vector control (five plates). 
24 h later, cells were lysed in 100 ĵ,l of oligonucleotide buffer (25 
n iM  Tris, 50 m M  EDTA, 5% glycerol, 5 niM  NaF, N onidet P-40 
1%, 1 m M  DTT, 150 m M  NaCl, and protease and phosphatase 
inhibitors), pooled, and snap-frozen. Samples were then 
thawed on ice and diluted with a further 4.5 ml of oligonucleo
tide buffer without NaCl. A 50-ixl sample of lysate was kept, and 
the remainder was divided into five tubes and incubated for 2 h 
with streptavidin-agarose beads conjugated to biotinylated 
prom oter regions, term ed Seq 1-5 , as depicted in Fig. 4F. 
Lysates were then centrifuged to pellet the beads, which were 
washed three times before 50 fxl of 5X SDS sample buffer was 
added to the beads. Samples were then im m unoblotted as 
indicated.

Viral Infection o f BM D M s— RSV  long strain (group A) was 
obtained from the ATCC and propagated in HEp-2 cells with 
serial plaque purifications to reduce defective interfering parti
cles (6). W T and NFkB2-deficient BMDMs were plated in 
6-well (3 X 10* cells/well) tissue culture plates. Macrophages 
were infected with RS V (multiplicity of infection =  2) or treated 
with medium alone and incubated at 37 °C for the indicated 
times.

RESULTS

Poly(LC) Promotes p52-driven Transactivation in an IKKe- 
andp6S-dependent M anner—Having previously identified p52 
as a protein that interacts with IKKe and, furtherm ore, showing 
that IKKe promotes transactivation by p52 (5), we wished to 
probe the functional relevance of this interaction. Given the 
antiviral role of IKKe, we chose to test w hether the dsRNA 
analog P(I:C) could prom ote p52-mediated transactivation. We 
cotransfected HEK293-TLR3 cells with a plasmid encoding

full-length p52 fused to the DNA-binding domain of Gal4 (p52- 
Gal4) and a Gal4-driven luciferase construct. Fig. M  shows that 
increasing concentrations of the dsRNA analogues P(I:C) and 
Poly(A:U) prom ote p52-driven transactivation. Because P(A:U) 
is a dsRNA analog only recognized by TLR3 (7) and P(I:C) and 
P(A;U) both prom oted p52-driven transactivation to almost 
identical levels, the implication is that TLR3, and not the cyto
solic RIG-1 -hke receptors, prom ote p52-driven transactivation. 
Having previously identified IKKe and p65 in a complex with 
p52 (5), we next examined whether IKKe and/or p65 mediate 
P(I;C)-inducible p52- driven transactivation. P(I:C) failed to 
prom ote p52-driven transactivation in IKKe“ “̂ MEFs or 
p65 ^  MEFs compared with W T MEFs (Fig. 15). These MEF 
strains were responsive to TLR3 ligation, as dem onstrated by 
comparable levels of P(I:C)-inducible phosphorylation of p38 
(not shown). W e next determ ined whether the kinase activity of 
IKKe was required for P(I:C)-inducible transactivation by p52. 
As shown in Fig. 1C, P(I:C) prom oted p52-driven transactiva
tion to ~5-fold over the control, whereas a kinase-dead form of 
IKKe (IKKeK38A) inhibited this induction, presumably acting 
as a dom inant negative inhibitor.

O f the five NFkB family members, only c-Rel, p65, and RelB 
have transactivating potential (9). p.50 and p52 are DNA bind
ing subunits and are unable to transactivate gene expression on 
their own. Because we and others have shown that p52 interacts 
with p65 (5,10), we next tested whether p65 was the transacti
vation partner for p52 downstream of P(I:C). Even small 
am ounts of p65 could strongly drive p52-dependent transacti
vation, and this ability of p65 to induce p52 transactivation was 
substantially impaired when the serine residue at position 536 
in p65 was m utated to an alanine (p65S536A) (Fig. ID). Phos
phorylation of p65 at position Ser-536 is known to be very 
im portant for the efficient transactivating potential of p65 in 
response to many ligands, and IKKe is known to phosphorylate 
Ser-536 in response to P(I:C) (8-11). W e next investigated 
whether p65 could induce p52-dependent transactivation in 
IKKe~^“ MEFs. As shown in Fig. 1£, p65 induced p52 transac
tivation in W T MEFs, but this induction was substantially 
impaired in IK K e " '' MEFs, indicating that p65 requires IKKe 
to confer its transactivation potential to p52. 1RF3, another 
transcription factor with transactivating potential, is activated 
down.stream of P(I:C) and phosphorylated by IKKe (10, 12). 
However, IRF3 is unable to mediate transactivation by p52 in 
HEK293-TLR3 cells (Fig. IF). Together, these results imply that 
P(I:C) activates IKKe, which, in turn, mediates p65 transactiva
tion of the p52-dependent reporter gene, likely by phosphory- 
lating p65 at position Ser-536 (11-14).

W e further investigated whether com ponents of the TLR3 
signaling pathway could prom ote p52-driven transactivation. 
Fig. 1, G -l  dem onstrates that TRIE, when overexpressed, can 
strongly induce p52-driven transactivation. TRAF3, TRAF6, 
RIPl, IKKe, and TBKl, all of which are known to be down
stream of TRIE (13, 14), can prom ote p52-dependent transac
tivation in a dose-dependent m anner, whereas TRAFl and the 
IKKe/TBKl adaptor N A Pl cannot. To determine whether 
TRIF-induced p52 transactivation is mediated by IKKe, we 
com pared the ability of TRIE to drive p52 transactivation in 
W T and IKKe“ ' “ MEFs (Fig. \J). IKKe is required for TRIF-
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FIGURE 1.Poly(l;C) induces p100 and p52 expression and pS2-dependent transactivation in an IKKe- and p65-dependent m anner.,4-7, p52-dependent 
transactivation was assayed in all cells using 150 ng o f p-SSUASgLucand 50 ng o f p52-Gal4or Gal4-DBD. HEK293-TLR3 cells were stimulated w ith poly(A:U) or 
poly(l:C) 24 h post-transfection or left untreated {Control) and incubated for 6 h (,4) or cotransfected w ith  a plasmid encoding IKKeKA (Q, p65, p65S536A, or 
em pty vector (EV) l,D). B, WT, IKKt KO, or p65 KO MEFs were stimulated w ith P(I:C) 24 h post-transfection or lef^ untreated (control) and incubated for 6 h. f ,  WT 
and IKKe KO MEFs were cotransfected w ith  p65 or EV as indicated, F-l, HEK293 cells or w ild-type and IKK€“ ' “  MEFs {J} were cotransfeaed w ith plasmid 
encoding IRF3 (f); p65 (G); Trif (J);TRAF1, TRAF3, TRAF6, and RIPl (H); IKKe, Napl, and TBKl {/) or w ith  em pty vector only, as indicated. Luciferase activity was 
determ ined 24 -36 h after transfection. Data are the means o f three measurements, w ith error bars representing S.D. K, HEK293-TLR3 cells were treated w ith 
increasing doses o f P(I;C) for 24 h, lysed, and probed for p i 00/p52. Data are representative o f three separate experiments.

induced p52 transactivation because TR IF  was unable to  induce we fu rthe r con firm ed th is  by dem onstra ting tha t expression 
p52 transactivation in MEFs (Fig. 1/). A ll o f these data levels o f bo th  plOO and p52 were induced by P(I:C) in  a dose-
po in ted to p52 as an im p o rtan t target fo r TLR3 signaling, and dependent m anner (Fig. 17C).
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A Role for NFk B2 in Antiviral Im m unity

p52 Binds to the Promoter o f the Sp l Gene to Activate Its 
Transcription—Having shown that p52 is induced and acti
vated by P(I:C), we next interrogated the gene prom oters that 
were bound by p52 in response to P(I:C). W e carried out a ChlP 
analysis to determine genes to which p52 might bind. This was 
carried out commercially by Genpathway, Inc., who revealed 
that p52 binds to an enhancer sequence in the Sp l gene pro
m oter in the region shown in Fig, 2A. W e next carried out a

C hip analysis com paring W T and IKKe~^^ BMDMs treated 
with P(I:C) for 3 h. As shown in Fig. IB, there was no difference 
between W T and IKKe^'^ cells in the basal binding of p52 to 
the S p l promoter. However, P(I:C) induced a 5-fold increase in 
binding of p52 to the S p l prom oter in W T BMDMs, and this 
was abrogated in IKKe“ ''“  BMDMs. W e also investigated the 
binding of the NFkB subunit p65 to the S p l promoter. p65 
binding to the prom oter was increased significantly, 2-fold, in
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response to P(1:C). Binding of p65 to the TNF  prom oter was 
measured as a positive control for p65 binding (not shown). p52 
binding was again evident in the P(I:C)-treated ceils (Fig. 2C).

To examine this region further and locate the DNA element 
im portant for the transcriptional regulation of the Sp l gene by 
p52, a series of 5 '-deletion prom oter constructs was generated 
by PCR and cloned into the prom oterless pGL3 enhancer lucif- 
erase reporter vector. The resulting constructs contain 5' flank
ing regions from —20 to —474, —443, —412, —385, and —362 
relative to the translational start codon. HEK293 cells were 
transfected with the deletion constructs in conjunction with 
increasing am ounts of plasmid expressing HA-p52. A 4-fold 
increase in activity was induced by cotransfection of pGL3-474 
with HA-p52 com pared with that of pGL3-474 alone (Fig. 2D). 
Deletion to —443 abolished this activity, which was also abol
ished in all other constructs (not shown). These results dem on
strate that the Sp l prom oter is activated by p52 in the region of 
sequence between —443 and —474 nt relative to the start site. 
We next employed an oligo pull-down assay to assess whether 
P(I:C) could induce the binding of p52 and p65 to this region of 
the prom oter (—443 to —474). This is clearly the case because 
P(I:C) specifically induced the binding of both p52 (Fig. 2E, 
second panel) and p65 (third pane!) but not p 100 {first panel) or 
p50 (fourth panel) to the oligonucleotide sequence indentified 
from the Spl luciferase a,ssay. Interestingly, the bound form of 
p65 appears to be in a phosphorylated state because we were 
also able to weakly detect P-p65S536 in the induced complex 
(Fig. 2E, fourth  panel).

We further defined the p52 binding site using this assay. 
Overexpressed HA-p52 binds to the oligonucleotide consisting 
of the sequence from —434 to —472 (Fig. 2F, Seq 1, lane 2) and 
also to the sequences from —443 to —472 (Seq 2, lane 4), from 
—452 to —472 (Seq 3, lane 6), and from —434 to —462 (Seq 4, 
lane 8). However, HA-p52 does not bind to the oligonucleotide 
consisting of the sequence from —434 to —452 (Seq S, lane 10) 
(Fig. 2F). Sequence 5 differs from the sequences 1 -4  in that it 
lacks the sequence GGCCGTTGTT. Interestingly, this area in 
the prom oter of Spl is conserved am ong species (Fig. 2G). This 
identifies, for the first time, GGCCGTTGTT as a binding site 
for p52.

Having dem onstrated that p52 binds to the Spl promoter, we 
next tested the functional consequences of this response. As 
shown in Fig. 2H, P(I:C) induced the expression of Spl mRNA 
in W T BMDMs, whereas this effect was not observed in either 
IKKe ~̂ “ or NFkB2~''~ BMDMs. To determ ine w hether this 
effect could be seen in hum an cells, siRNA directed against 
NFkB2 or a non-targeting control were transfected into 
PBMCs, and Spl induction was measured. P(I:C) induced Spl 
expression in control cells. This induction was lost in NFkB2 
knockdown cells (Fig. 2/).

Spl, IKKe, and NFkB2 Regidate IL-IS Gene Transcription— 
W e next determ ined target genes for Spl that might be relevant 
to the antiviral response. The prom oter of IL-15, a proinflam- 
matory, antiviral cytokine, was strongly predicted to be regu
lated by Spl. IL-15 is known to be induced by P(I:C) and by viral 
infection (16,17). W e hypothesized th a ta  P(I:C)-inducible gene 
regulated by Spl should not be induced in either IKKe or 
NFkB2 knockout cells. To validate IL-15 as a Spl target gene, 
human PBMCs were transfected with siRNA directed against 
Spl or a non-targeting control, and IL-15 induction was meas
ured. P(I:C) caused an increase in the level of IL-15 mRNA over 
tim e that was lost in cells deficient in Spl (Fig. 3A). Importantly, 
Spl knockdown did not reduce the ability of the PBMCs to 
induce IL-6 (not shown) or RANTES (regulated on activation, 
normal T cell expressed and .secreted), which was, in fact, 
increased upon Spl knockdown (Fig. 35). These are Spl-inde- 
pendent, P(I:C)-inducible genes indicating specificity in the 
IL-15 observation. This effect was confirmed pharmacologi
cally in PBMCs pretreated with 1 ju,m mithramycin A (MMA), 
an Spl inhibitor. P(I:C) caused an ~-5-fold increase in the level 
of IL-15 mRNA over basal levels after 8 h. This effect was inhib
ited by pretreatm ent with mithramycin A (Fig. 3C).

Following this, we measured the IL-15 transcript in response 
to P(I:C)inW T,NFKB2 ' ,andIKKe~^ BMDMs. IL-15 tran 
script levels increased 60-fold in W T BMDMs after 8 h of 
poly(I:C) treatm ent, whereas a marked inhibition of this 
response was observed in both NFkB2^^^ and IKKe“ “̂ 
BMDMs (Fig. 3D). This dependence of P(I:C)-induced IL-15 
levels on NFkB2 was confirmed in hum an PBMC, whereas no 
increase was observed in PBMCs transfected with siRNA tar-

FIGURE 2. Poly(l:C) induces p52 and p65 to bind a previously undescribed site in the Spl promoter to drive transcription in an IKKc-, p6S-, and 
NFKB2-dependent manner. A, a partial sequence of the Spl prom oter region -4 7 4  nt to  -3 6 2  nt 5 ' from the  start codon. The primers used for the  ChIP assay 
are underlined. 6, WT and IKKeKO BMDMs were treated with P(I:C) for 3 h or left untreated, after which a ChIP assay was perform ed using an anti-p52 antibody. 
Primers specific for prom oters of Spl or ^i-actin were designed, and binding events of p52 were m easured as percent of input. C, WT BMDMs were treated with 
P(I:C) for 0,3, and 6 h, after which a ChIP assay was performed using antibodies against HA (control), p65, or p52. Binding events were measured as percent of 
input. Data are th e m e a n so f  three m easurem ents, with error bars representing S.D, Statistical analysis was carried out using Student's (test. *,p <  0.05;**,p <  
0.001; ***,p <  0.0001. Values are representative of three separate experiments. D, Spl prom oter truncations were cloned into a pGL3 luciferase reporter vector, 
and Spl prom oter activity was assayed in HEK293 cells transfected with 80 ng of pGL3 vector containing Spl prom oter truncations -4 7 4  and -4 4 3  nt 5' from 
the start site, respectively, or with pGL3 vector alone. Cells were cotransfected with a plasmid encoding H A-p52. Luciferase activity was determ ined 24 h after 
transfection and is represented as fold increase in luciferase over each individual pGL3-Spl prom oter construct or em pty  vector control. Data are the means of 
three m easurem ents, with error bars representing S.D. Values are representative of three independent experiments, f, HEK293-TLR3 cells were treated with 
P(l:C)forOand 3 h, lysed, and an oligo pull-down (OPD) assay was carried out with the  -4 7 2  to  -4 3 4  oligo sequence. Samples were probed for p i 00, p52, p65, 
P-p65S536, and pSO. F, an OPD assay was carried out in HEK293 cells using the oligonucleotide sequence from -4 7 2  to -4 3 4  5' from th e  Spl translational start 
codon (Seq 1) and truncations of this nucleotide sequence (Seq 2-5) as shown in the  bottom panel. Cells were transfected with a plasmid encoding either 
HA-p52 (^-) or em pty vector ( - ) .  24 h later, cells were lysed, incubated with oligos as indicated, and probed for HA (top panel). OPD assays are representative 
of two separate experim ents, G, species sequencealignm ent of the  site in the Spl-prom oter. Upstream regions were obtained via biomart taking the flanked 
regions 2500 base pairs upstream . An alignm ent was created using MUSCLE. The alignm ent was viewed, and an image was exported via Jalview. The 10 central 
base pairs in th e  alignm ent are the  binding site. The binding site starts -3 6 4  upstream  from the gene  start site in the  hum an sequence. H, WT, IKKe KO, and 
NFkB2 KO BMDMsor PBMCs (I) transfected with either siRNA targeting NFkB2 or a non-targeting control siRNAfor 48 h were stim ulated with P{l:C)for 0,4, and 
8 h, as indicated. H and /, quantitative RT-PCR analysis of RN A from these cells was carried out with primers specific for S p l. Expression is normalized to tha t of 
GAPDH and is presented relative to  that of untreated  controls. Data are the m ean of at least three separate experim ents with each point assayed in triplicate. 
Error bars represent S.D.
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geted against NFkB2 (Fig. 3£). These data, therefore, implicate 
IKKe, NFkB2, and Spl in the induction of IL-15 by P(I:C).

RSVInfection Fails to Up-regulate S p l and  IL-15 Transcripts 
in Both IKKe andN F kB2 Knockout BM D M s—Finally, we exam
ined whether this pathway was im portant for induction of IL-15 
by a virus. RSV is recognized by TLR3 during infection (18,19) 
and is a powerful inducer of IL-15 (16). W e infected WT, 
IKKe“ '̂ “ , and NFkB2^'*^ BMDMs with RSV (multiplicity of 
infection =  2) for 4, 8, or 24 h and m easured Spl mRNA levels. 
As shown in Fig. 4A, left panel, the Spl transcript was induced 
10-fold after 4 h of RSV infection in W T BMDMs. Conversely 
no induction of Spl was observed in IKKe“ ' “ BMDMs after 
RSV infection (Fig. 4A, right panel). Similarly, no Spl was 
inducible by RSV infection in NFkB2” ''“  BMDMs (Fig. 4B). As 
shown in Fig. 4C, left panel, IL-15 is induced by RSV in W T 
BMDMs. However, this induction of IL-15 is completely abro
gated in RSV-infected IKKe ' BMDMs (Fig. 4C, right pane!). 
Similarly, RSV-induced IL-15 is abrogated in NFkB2“ ' “ 
BMDMs (Fig. 4£), right panel). To determ ine the specificity of 
the effect of NFkB2 and IKKe on RSV-inducible IL-15, we 
measured levels of lFN/3 and IL- 12p40, two further RSV-induc
ible genes, and found that neither NFkB2 or IKKe deficiency

2 5 0 7 2  JO U R N A L O F BIOLOGICAL C H E M ISTR Y

reduced the levels of these cytokines in response to RSV infec
tion (Fig. 4, E-H ). The.se results, therefore, indicate that, similar 
to P(1:C), RSV infection will trigger a pathway involving NFkB2 
and activated by IKKe, leading to up-regulation of Spl and 
induction of IL-15, which could be critical for antiviral 
immunity.

DISCUSSION

In the NFkB field, the majority of studies concerned with 
infection and inflammation have centered on the canonical 
NFkB pathway, whereas NFkB2 is better known for its func
tions in lymphoid organogenesis and humoral imm unity (20).

In this study, we present a novel inducer and activator of 
NFkB2 in the form of Poly(I:C) that acts via TLR3. A few studies 
have identified an indirect role for N FkB2 in host defense. W ith 
respect to viral immunity, RSV infection has been shown to 
induce the release of p65 from pl00/p65 complexes (21). How
ever, the elucidation of genes potentially regulated by NFkB2 in 
the host response to infection has been unexplored.

Sp l was identified as a target gene for p52 in response to 
poly(LC) through ChIP analysis. Spl is a transcription factor 
first identified on the basis of its ability to interact with the

VOLUME 2 8 8 -NUMBER 35 - AUGUST 30, 2013



A Role for NFk B2 in Antiviral Im m unity

A
WTBMDM Medium

RSVa
I/)

2

5o

»  «■
Medium
RSV

z
RSV

B
WTBMOM Medium

RSV

S!
to
Sc

I

IT

NFkB2 KOBMOM Medium
RSV

z
I
Sw

po»i dVw.Don

WTBMDM Medium
RSV

D
Medium
RSV

WTBMOM

I

t ---

lime post inlection

IKKr KO BMOM Medium 
RSV

NFkB2 KOBMOM

ttme post infection

«»•

Medium
RSV

H

%
-*■ RSV

I
I

t>me post irtecbon

♦  RSV
I
8

I

P

tim» post ir<«(iKin

FIGURE 4. RSV infection induces both Spl and IL-15 in an IKKe- and NpKB2-dependent manner. WT, IKKe and NFkB2“ '^  BMDMs were Infected w ith 
the RSV long strain (group A) (m ultip lic ity  o f Infection =  2) or treated w ith  medium for 2,4,8, or 24 h. Cells were lysed, and RN A was extracted for RT-PCR analysis 
w ith primers specific for Spl (A and B), IL-15 (C and D), IFN/3 ( f  and F), or IL-12p40 (G and H). Expression was normalized to  that o f GAPDH and Is presented 
re latlveto that o f untreated controls. Data are representative o f three separate experiments, w ith  each po in t assayed in triplicate, w ith  error bors representing 
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GC-rich m o tif o f simian virus 40 regulatory sequences (22). Spl 
plays a critical role in many diverse cellular events, such as cell 
growth (23), d ifferentiation (24), apoptosis (23), angiogenesis 
(25), and viral latency (26), by regulating the expression o f other 
genes. Spl was once thought to serve mainly as a constitutive 
activator o f housekeeping genes. However, growing evidence 
indicates that various posttranslational modifications can in flu 
ence the transcriptional activ ity and stability o f Spl, making it a 
transcription factor responsive to extracellular signals.

Spl associates physically and cooperates functionally w ith 
several cellular transcriptional activators and also w ith several 
viral regulatoiy proteins, including the HIV-1 regulatory pro
tein Tat (27) and the immediate early gene products o f human 
cytomegalovirus (28). These associations determine the level o f 
Spl-mediated, viral, or host gene transcription (29, 30). Fur
thermore, Spl-regulated elements are found in the promoters 
o f various viruses such as H IV -1 (26), SV40 (22), HSV-1 (31), 
H C M V (32), and EBV (33). The fact that recognition elements 
of Spl are frequently found in the promoters o f various viral 
genes and, furthermore, that vira l regulatory proteins associate 
w ith Spl to affect its transactivating potential implies that 
viruses have hijacked the host response to infection in the form

of increased Spl availability to their own advantage. This ind i
cates that Spl induction upon viral infection is probably a com
mon event during host defense. However, although there is an 
abundance o f circumstantial evidence indicating a role for Spl 
in  host defense against viral infection, only one study has dem
onstrated a functional role for Spl in the antiviral respon.se in 
the skin to Vaccinia virus through its regulation o f OAS2 
expression (34). Therefore, we considered Spl a valid target for 
further investigation.

The identification o f sequences to which NFkB dimers bind 
and effect gene expression in  a dimer-specific manner is under 
intense investigation. Active NFkB dimers bind to specific 
D N A  sites in the promoters o f target genes that are collectively 
known as kB sites (35). The classical kB sites follow  the 
5'-GGGRNW YYCC-3' consensus ( r =  purine, Y — pyrimidine, 
W  =  A  or T, and n  =  any nucleotide). However, it  has been 
reported that the p52/RelB heterodimer binds to and activates a 
unique class o f kB site w ith  the consensus 5'-RGGAGAY- 
TTR -3 ' (/■ =  A  or G and Y =  C or T). This consensus sequence 
is present in the promoters o f chemokines involved in lymphoid 
development and the maintenance o f the splenic architecture 
(36). W ith  increasing numbers o f NFxB-regulated D N A target
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sites being discovered, the diversity of these KB-sequences is 
becoming more apparent, with even the stringency of the GGG 
and CC core sequences called into question (37). O ur study has 
identified a previously undescribed kB site, 5'-GGCCGTT- 
G TT-3', targeted by p52/p65 in the prom oter of the Spl gene in 
the region between -4 7 4  and —443 n t from the translational 
start site.

Functionally, we have dem onstrated that Spl mRNA and 
protein levels increase upon P(I:C) treatm ent and that this 
increase is not observed in cells lacking either IKKe, p65, or 
NFkB2. We chose IL-15 as a possible candidate when consid
ering which target genes might be regulated by Spl. The role of 
lL-15 in host defense against viral infections is well docu
mented, and it is known to be induced in response to numerous 
viruses, including RSV (16, 38). IL-15 is a potently proinflam- 
matory cytokine with a diverse range of im m unoregulatory 
functions (39). The IL-15 gene prom oter is also predicted to 
have two Spl sites (40). W e confirmed that IL-15 gene expres
sion requires the presence of active Spl in PBMCs in response 
to P(I:C) and that its induction requires both IKKe and NFkB2.

Finally, we examined the role of IKKe and NFkB2 in a viral 
infection model. RSV is a major hum an respiratory pathogen 
and the leading cause of lower respiratory tract infection in 
infants worldwide (19). RSV is a single-stranded RNA virus. 
However, it makes dsRNA during its replication cycle, and it 
has been reported that TLR3 mediates inflammatory cytokine 
and chemokine production in response to RSV infection (19, 
41).

Knocking out IKKe alone completely abrogates any Spl or 
IL-15 gene expression in response to RSV. It is known that IKKe 
phosphorylates both 1RF3 and p65 in response to RSV to 
increase the transactivation potential of these transcription fac
tors (4,42). Because the IL-15 prom oter has also been shown to 
have a virus-inducible region encompassing an interferon reg
ulatory factor element and a consensus NFkB motif (43), the 
lack of IL-15 gene expression in response to RSV in IKKe-defi- 
cient BMDMs could conceivably be due to the insufficient 
transactivation of p65 and IRF3. However, we believe this is 
unlikely because other kinases can act in place of IKKe in this 
role, most notably TBKl and IKKjS (8, 12). In addition, we 
observed that BMDMs that lack NFkB2 also fail to up-regulate 
IL-15 gene expression in response to either P(I:C) or RSV, sug
gesting that IKKe acts upstream  of NFkB2 in our system. The 
mechanism of P(I:C)- and RSV-induced IL-15 expression is 
likely due to the ligation of TLR3, which both activates IKKe 
and induces p52. p52 then binds the prom oter of Spl with p65, 
inducing its expression, and Spl then binds the prom oter of 
IL-15, up-regulating its expression. W e were unable to test RSV 
in vivo in NFkB2 ' mice because they are severely im m uno
compromised because of defective lymphoid organogenesis 
(20, 44).

The num ber of genes regulated by IKKe in a non-redundant 
manner are very few (3), so it is of interest that we report two 
new genes to  add to this list, i.e. Spl and IL-15. Similarly, the 
num ber of genes known to be regulated by NFkB2 is small in 
num ber and relate only to lymphoid organogenesis, humoral 
immunity, and DNA damage (36, 45, 46). Considering the 
abundance of functions of IL-15 (41), we therefore present a

role for NFkB2 as a key regulator of antiviral immunity. Fur
therm ore, TLR3 signaling is activated by viral, bacterial, and 
parasite-derived dsRNA or by host-derived mRNA (47). T here
fore, it is conceivable that NFkB2 alone or in conjunction with 
Spl will be found to play a role in host defense against a broader 
range of infectious agents and also in autoimmunity.
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Abstract

Toll-like receptors (TLRs) in the host recognize conserved microbial products and defend against 
pathogenic attack by initiating an immune response via signalling pathways that lead to an increase 
in immune and inflammatory gene expression. TLR signalling must be stringently regulated in order 
to ensure sufficient clearance of pathogens and a timely return to homeostasis after infection.
MIcroRNAs (miRNAs) are a newly discovered class of gene regulators which bind to the 3' 
untranslated region of target mRNA and direct their post-transcriptional repression. They are global 
regulators potentially controlling up to 30% of the human genome. Several miRNAs have been shown 
to be up-regulated in response to TLR ligands, and many directly target components of the TLR 
signalling system, revealing a whole extra level of control of TLR signalling which is being extensively 
researched. The dysregulation of miRNAs may be involved in many inflammatory diseases and 
cancers and thus merits further investigation. In this review, we focus in on a trio of miRNA which 
have proven to be key in many immune and inflammatory pathways; miR-155, mlR-21 and miR-146.

Keywords: miR-155, miR-146, miR-21, TLR 

Introduction

Innate immunity is a critical first line of defence against 
pathogens, sensed by the fundamental Pattern Recognition 
Receptors (PRRs). In recent times, the Toll-like receptor 
(TLR) family has emerged as an important family of PRRs.
They are evolutionarily conserved sensors of pathogen- 
associated molecular patterns. TLRs recognize invading 
microbes and activate signalling pathways, launching 
immune and inflammatory responses to result in elimination 
of the intruding pathogen, and in higher vertebrates, mobili
zation of the adaptive immune system. PRRs as a whole are 
the frontline of innate immune defence, highly specific 
receptors at the forefront of an immune system, which was 
once thought to be largely non-specific (1). Only vertebrates 
possess the adaptive; the population and survival of the 
invertebrates being a major indicator of the effectiveness of 
the innate response alone,

TLR signalling occurs through a number of adaptor proteins, 
our knowledge of which continues to expand. These adaptor 
proteins of the MyD88 family signal and result in activation of 
several downstream signal transduction pathways leading to 
the activation of the transcription factor nuclear factor kappa 
B (NF-kB), mitogen-activated proteinkinases (MAPKs) and 
members of the interferon regulatory factor family (2) trigger
ing an immune response. The inflammatory response is well 
characterized for microbial infections, the trigger being the 
binding of microbial products to the innate immune receptors,

such as the TLRs (3). Sufficient production of inflammatory 
mediators is essential to clear pathogenic infection; however, 
unrestrained TLR responses can have major deleterious 
effects on the cellas excessive inflammation leads to tissue 
damage and inflammatory disorders such as septic shock 

The inflammatory response must therefore be very tightly 
regulated, and in recent years, a new class of regulator has 
emerged in the form of microRNA (miRNA) and since been 
keenly pursued. Extensive investigation in this area has led to 
a wealth of information about these key immune modulators 
and their mechanism of control.

miRNAs are short double-stranded RNA molecules —22 
nucleotides in length that bind im perfectly to the 3' un
translated region (UTR) of target mRNA sequences and 
post-transcriptionally down-regulate their expression. 
miRNA was first described in 1993 in the form of LIN-4, an 
essential negative regulator of the LIN-14 protein required 
for development in Caenorhabditis elegans. It was noted 
that it did not transcribe a protein and had sequences 
complementary to the 3 ' UTR of the LIN-14 protein (4). In 
1998, the landmark work of Fire and Mello revealed that 
miRNA were carrying out a gene silencing mechanism (5). 
Today, it is known that there are vast numbers of miRNAs 
in the human genome, with published predictions ranging 
from 225 to lOOO-i-, which would mean that it potentially 
constitutes 3% of all human genes (6-9). Each miRNA is
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thought to target up to 200 genes and thus it is estimated that 
a large portion of the human genome can be regulated by 
miRNAs (10). Although originally thought to mainly inhibit the 
translation of target mRNAs, it has now been shown that their 
main function is acting at the post-transcriptional level to de
crease target mRNA levels (11). miRNA are ‘fine-tuners’ of 
the immune response; subtle yet essential regulators in key 
immune pathways.

The first indication that miRNAs regulate the immune 
response came in 2004 with a report which showed selective 
expression of mlR-142a, mlR-181a and miR-223 in immune 
cells (12). miRNAs are now known to be involved in the regu
lation of maturation, proliferation, differentiation and activation 
of immune cells of both the innate and adaptive systems. 
Development of cells of the myeloid lineage and differentia
tion of B and T cells are all under the control of miRNA. 
miRNA allow for a strong initial immune response which is 
gradually dampened down, thus providing a possible 
advantage over other TLR regulatory mechanisms.

miR-155, miR-21 and mlR-146a have been central in much 
miRNA research due to their expression levels following TLR 
activation.

Furthermore, TLR-responsive miRNAs include miR-132 
(13), miR-9 (14), miR-147 (15) and miR-346 (16). These are 
up-regulated in various cell types after stimulation with TLR 
ligands. Other miRNAs have been reported to be down- 
regulated after LPS treatment, including let-7i, which is 
thought to target TLR4 itself (17) and mlR-125b (18). As 
m?iny of those miRNAs regulated by TLR signalling are also 
dysregulated in cancer (19), it is possible that miRNAs form

a key link between inflammation and cancer and that the 
induction of specific miRNAs, by TLRs may be a key step in 
tumour progression. Again, this further necessitates the 
requirement for control and regulation at all levels of the 
immune response.

Here, we focus our discussion on a trio of these tiny regu
lators; miR-146a, miR-155 and miR-21, which have proven 
to be of substantial interest in relation to TLR signalling and 
control due to their ubiquitous expression and interesting 
targets (Fig. 1).

miR-146

The miR-146 family is composed of two members, miR- 
146a and mlR-146b that are located on chromosomes 
5 and 10, respectively. In 2006, David Baltimore et al. pub
lished a paper which proved highly significant for miRNA 
research as they proposed a feedback loop involving mlR- 
146a and TLR signalling. In order to examine the potential 
for involvement of miRNAs in the innate immune response, 
they analysed expression of 200 miRNAs after LPS treat
ment, activating TLR4 (13). They found the induction of 
transcription of mlR146a by LPS, tumour necrosis factor al
pha (TNFot) and IL - ip  is dependent on NF-kB, and that in 
turn, miR-146a potentially targets tumour necrosis factor 
receptor-associated family (TRAF) 6 and interleukin-1 
receptor-associated kinase (IRAK) 1, implicating it as a 
negative regulator fine-tuning the immune response.

As stated, too strong or too prolonged an induction of the 
innate immune response can have detrimental effects.

t TLR4

13 CYTOSOL

IRAKI . IRAK4
 'TKAM ISHIP l '

iTRAF6
PDCD4I  RIPl
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Fig. 1. MicroRNA involvement in TLR signalling. miR-155, miR-21 and mlR-146a have all been significantly implicated in the immune response 
initiated by TLRs. The TLR4 signalling pathway uses the adaptor molecules myeloid differentiation primary-response protein 88 (MyD88) and 
MyD88 adaptor-like protein (MAL) to propagate NF-KB-dependent gene transcription, which initiates an inflammatory response. It is vital to tightly 
regulate this pathway and that mechanisms exist both to dampen down and switch off the inflammatory response, in order to prevent over 
amplification of the signal. miRNAs induced by TLRs are one such mechanism of this, binding to the 3 ' LITR of target genes and post- 
transcriptionally down-regulating their expression. TLR signalling molecules known to be targeted by miRNAs are shown here in Fig. 1.
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resulting in acute and chronic inflammatory disorders. It is 
therefore the role of the cells of the immune system to strin
gently employ a multilayered structure to control the immune 
response. This paper (13) revealed miRNAs as a potential 
new class of regulation of TLR and cytokine receptor signal
ling. Moreover, it described an elegant feedback system 
whereby TLR recognition of bacterial components triggers 
NF-kB activation, up-regulating the miR-146a genes, which 
down-regulate IRAKI and TRAF6 proteins— dampening 
down the activation of the pathway. An efficient fine-tuning 
mechanism to tone down the inflammatory response, which 
left unchecked, can have catastrophic effects.

The mlR-146a miRNA has been illustrated as one of the 
key molecules of the inflammatory response and additionally 
has a central role in oncogenesis (20-22). The high expres
sion of miR-146a has been shown to be up-regulated in 
many inflammatory diseases such as osteoarthritis and rheu
matoid arthritis (RA), the latter involving up-regulation follow
ing stimulation with inflammatory cytokines such as TNF-a 
and IL1-|5. Interestingly, a polymorphism in the 3' UTR of 
the mRNA encoding the miR-146a target IRAKI is associ
ated with a susceptibility to RA (23) and psoriatic arthritis 
(24).

Monticelli et al. demonstrated that mlR-146a expression is 
higher in T^l cells than in Th2 or naive T cells, and many 
other studies have shown that Thi cells dominate in the ThV 
Th2 balance in RA, including studies by Gerli et al. (25) who 
demonstrated that Thi cells drive the disease condition in 
RA, whereas Tn2 cells respond early in the disease process. 
Supporting this, Stanczyk et al. (26) reported that miR-146a 
was intensely expressed in RA synovial fibroblasts and 
synovial tissues and Asahara et al. (21) deduce this expres
sion is induced by stimulation with TNFa and IL-1(3. By 
contrast, miRNA profiling of samples from patients with 
systemic lupus erythematosus (SLE) detected a notably lack 
of miR-146a (27). Another study implicated mlR-146a in 
regulation of type 1 interferon responses (28). This study 
again noted that mlR-146a was present at reduced levels in 
SLE patients, and further investigation established that this 
resulted in increased IFNot and IFNp. miR-146a acts as 
a negative regulator of interferon production in PBMCs, 
fine-tuning in order to maintain homeostasis.

An additional highly interesting paper (29) implicated loss 
of miRNA function with susceptibility to disease. miR-146a, 
along with miR-145, were pinpointed as key mediators of 5q 
syndrome, a subtype of myelodysplastic syndrome, one of 
the most common haematopoetic malignancies which 
progresses to acute myeloid leukaemia, 5q syndrome being 
defined by an isolated interstitial deletion of chromosome 
5q. Loss of mlR-146a and miR-145 transcripts within the 5q 
locus identified that the genes encoding these miRNA were 
absent in this disease. The authors proposed a model in 
which deletion of 5q results in haploinsufficiency of miR-145 
and/or mlR-146a. The subsequent increased expression of 
the miRNA target genes TIRAP and TRAF6 leads to inappro
priate activation of innate immune signalling. This activation 
of the TRAF6-mediated innate immune signalling pathway 
leads to the cell abnormalities observed in individuals har
bouring 5q deletions and the tendency of these individuals 
to develop marrow failure and acute leukaemia. This study

provided direct evidence that loss of miR-145 or miR-146a 
in a long-term repopulating cell results in inappropriate 
activation of innate immune signalling and the recapitulation 
of several major features of 5q syndrome In vivo (29), pro
viding a highly significant backing for implication of miRNA 
in disease predisposition.

miR-21

miR-21, despite being well established as an 'onco-miR', 
due to its aberrant expression in numerous cancers, is also 
central to many inflammatory pathways, including TLR 
signalling. First noted for its high induction in a screen of 
miRNA induced in allergic asthma, further investigation 
revealed that it was targeting the p35 subunit of the pro- 
inflammatory cytokine lL-12 (30). miR-21 was further impli
cated as a central player in the inflammatory response 
through a paper in 2010 by Sheedy et al. This key study 
found that the control of PDCD4 expression is crucial in the 
negative regulation of the inflammatory response to LPS, 
acting as a molecular switch between the pro-inflammatory 
(NF-kB) and anti-inflammatory (IL-10) response (31). This 
switch was found to be controlled by the induction of miR- 
21 resulting in a decrease in PDCD4 protein abundance. 
This process positively influences IL-10 production, while 
negatively regulating NF-kB activity, presumably to control 
the LPS response that can be lethal. Here, they found that 
mice deficient in PDCD4 were protected from LPS-induced 
death. The induction of NF-kB and IL-6 by LPS required 
PDCD4, whereas LPS enhanced IL-10 induction in cells 
lacking PDCD4. miR-21 may have a further role in resolving 
inflammation as it has recently been found to be induced by 
resolvin D1, an anti-inflammatory and pro-resolving lipid 
molecule (32), further contributing to its role as a negative 
regulator of the inflammatory response.

miR-21, both a well documented 'oncomiR' and an inflam
matory mediator has also recently been established as a link 
between the two. Iliopoulos et al. found that a transient 
inflammatory signal can initiate an epigenetic switch from 
non-transformed to cancer cells. Signal transducer and 
activator of transcription 3 (STAT3), a transcription factor 
activated by IL-6, was shown to directly activate miR-21 and 
also mlR-181b-1 with transient expression of either micro- 
RNA sufficient to promote the switch to an epigenetic state. 
miR-21 inhibits the tumour suppressor protein phosphatase 
and tensin homologue: resulting in increased NF-kB activity 
required to maintain the transformed state. miR-21 has again 
been implicated in a feedback loop, this time driving the 
switch from and inflamed state to cancer (33). This paper 
further underlines the significance of miR-21 both in 
inflammation and cancer.

miR-155

Like miR-21, miR-155 has been extensively researched as 
a cancer-associated miRNA or 'onco-miR'. It first emerged 
through studies in chickens suffering from avian leucosis 
virus-induced lymphomas. Many parallel associations have 
emerged revealing its elevated expression in B-cell lympho
mas and Hodgkin's lymphomas (34). The first oncogenic 
miRNA to be discovered, miR-155 is now at the centre of
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much research as both a biomarker and promoter of several 
types of B-cell lymphoma in particular Hodgkin’s lymphoma 
and diffuse large B-cell lymphoma.

The dangers of deranged miR-155 expression are clearly 
demonstrated by the diversion of cells of the myeloid and 
lymphoid lineage to an oncogenic fate. However, miR-155 
also has a significant role in the immune response. This was 
noted in a key paper by Baltimore et al. (13, 35), who have 
observed miR-155 up-reguiation as a continual feature of 
the mammalian inflammatory response. Tili et al. (18) 
deduce from their studies that miR-155 expression may be 
exerting both positive and negative effects on the N F -k B 

signalling proteins. They infer that miR-155 positively regu
lates the release of inflammatory mediators during the innate 
immune response, as it increased the production of TNF-a, 
an observation which was soundly supported by miR-155 
transgenic mice which have elevated serum TNF and 
increased susceptibility to septic shock (18).

In a publication by Ceppi et al. (36), it was also noted that 
miR-155 exerts negative effects on inflammation; this paper 
identifies a novel pathway of negative feedback by miR-155 
acting on the TLR/IL1-R inflammatory pathway. miR-155 here 
targets TAB2, inhibiting its activation of TAK1, and hence NF- 
kB and MARK; thus acting as an anti-inflammatory agent. 
Furthermore, significant targets of miR-155 include FADD 
and RIP-1 (18). Additionally, IKKe has been identified as 
a potential miR-155 target both through studies of miR-155 
and its viral homologue in Kaposi's Sarcoma-associated her
pes virus (37, 38), further supporting it as a negative regula
tor of immune signalling. Both the positive and negative 
aspects of these control mechanisms implicate it as a highly 
interesting and significant player in downstream inflamma
tory pathways, and further research in this area will elucidate 
its main role in the immune response.

miR-155 knockout mice were the first immunologicaily sig
nificant miRNA-deficient animals generated and serve as 
key tools in investigating miR-155 involvement in disease 
models.. They are immunodeficient, producing lower levels 
of antibody with impaired B-cell function and skewed Th2 
responses. They also develop changes to lung tissue, with 
scarring that is similar to some human systemic autoimmune 
disorders (39); thus further elucidating a role for miR-155 in 
immune responses, most likely as a positive regulator of 
immunity.

Further supporting a positive role for it in the inflammatory 
response, miR-155 has been recently implicated in experi
mental autoimmune encephalomyelitis where miR-155 ' 
mice were highly resistant to this disease. This study demon
strates clearly that one aspect of miR-155 function is the 
promotion of T-cell-dependent tissue inflammation, as miR- 
155 is required to promote polarization of Th17 cells, which 
are potent drivers of this disease (40). High levels of miR- 
155 has also been revealed in RA (26) and most recently 
cystic fibrosis (CF) (41). In the case of CF levels of miR-155 
were found to be 5-fold higher in CF lung epithelial cells. 
The authors found that through inhibition of SH2 (Src homol
ogy 2)-containing inositol phosphatise-1 (SHIP-1); low levels 
of which are characteristic of CF, there results an increase 
in PIP3, acting on PI3K/Akt, and subsequently a boost in 
MARK activity and thus IL-8 mRNA stabilization and protein

hyper-expression. This data yet again implicates miR-155 in 
the inflammatory response.

The observation that dysregulation of miR-155 can lead to 
both cancerous phenotypes and inflammatory diseases, 
provides a clear need for miR-155 itself to be stringently 
regulated. A recent finding in this field that the potent anti
inflammatory cytokine IL-10 can down-regulate miR-155 is 
of note here. This study found that IL-10 suppresses LPS- 
induced miR-155 in a STAT3-dependent manner, leading to 
an increase in the miR-155 target SHIP1. LPS is known to 
induce IL-10 and negatively impact on this pathway by 
switching off the inflammatory response, so this suggests 
a feedback loop whereby induction of IL-10, promoted by 
LPS, keeps LPS-induced miR155 expression in check. IL-10 
was found to have no effect on other LPS-induced miRNA- 
mlR-146a and miR-21 (42). miR-155 expression was 
doubled in response to LPS in IL-10-deficient cells, demon
strating that endogenous IL-10 can feed back on the system 
to keep miR-155 expression in check. This not only demon
strated a very specific effect for IL-10 but was also the very 
first example of IL-10 playing a role in miRNA function.

Conclusions

The discovery of miRNA has added a new layer of com p
lexity to the area of post-transcriptional regulation, and 
on-going research and interest in this area will continue to 
expand our knowledge and depth of understanding into 
this regulation. In the context of TLRs, the necessity is 
clear, with subtle fine-tuning mechanisms proving key to 
smooth initiation, resolution and control of inflammatory sig
nals, The generation of miRNA-deficient mice will prove 
crucial to fully decipher their specific role, including tissue 
specific and inducible miRNA-deficient mice. The new 
areas essential to study in this field will include miRNA tar
get gene-binding site knock outs which will clearly define 
the role of these molecules in the immune defence, and 
how they may be manipulated in order to fully determine 
their role and function and additionally possible therapeutic 
potential. The dysregulation of miRNAs in many pathways 
leading to unrestrained inflammation, cancerous pheno
types and many diseases clearly necessitates the research 
and interest in this complex field.
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IL -10 is a po ten t an ti-in flam m atory  cytokine th a t is crucial for 
dow n-regulating pro-inflam m atory  genes, which are induced by 
Toll-like recep tor (TLR) signaling. In  th is study, we have exam
ined w hether modulation of microRNAs plays a role in the inhibi
tory effect o f IL-10 on TLR4 signaling. Analyzing microRNAs 
know n to  be induced by TLR4, we found th a t IL-10 could inh ib it 
the expression of miR-155 in  response to  lipopolysaccharide bu t 
had no effect on miR-21 o r miR-146a. IL-10 inhibited  miR-155 
transcrip tion  from  the B IC  gene in  a ST A T 3-dependent m an
ner. This inhibitory  effect o f IL-10 on  m iR-155 led to  an increase 
in the expression of the miR-155 target, S H IP I. T his is the first 
exam ple o f IL-10 playing a role in  m icroRNA  function  and sug
gests th a t th rough  its inhibitory  effect o n  m iR -155, IL-10 has the 
ability to  p rom ote an ti-in flam m atory  gene expression.

IL-10 is a po ten t an ti-in flam m ato ry  cytokine th a t is crucial 
for dam pening the inflam m atory  response  after pa thogen  inva
sion and acts to p ro tec t th e  host from  excessive inflam m ation 
(1). For exam ple, m ice deficient in IL-10 have been show n to die 
from  excessive inflam m atory  responses w hen exposed to  bac
terial pathogens (1). In addition , m any inflam m atory  diseases in 
hum ans can be associated w ith poo r IL-10 expression  such as 
ulcerative colitis, C rohn  disease, and  asthm a (2, 3). O ne m ech 
anism  w hereby IL-10 m ediates its an ti-in flam m atory  effect is 
th rough  the dow n-regulation  o f p ro -in flam m atory  genes 
induced dow nstream  of Toll-like recep to r (TLR)^ signaling 
such as those encoding  IL -1, IL -12, tu m o r necrosis factor a ,  and 
lL-6. T his is accom plished w hen IL-10 signals th rough  the 
JAK1-STAT3 pathw ay, resulting  in th e  induction  of as yet 
unknow n STATB-responsive genes, w hich are th o u g h t to  be 
responsible for th e  inh ib ition  of these p ro -in flam m atory  p ro 
teins (1, 4). In th is study, we set ou t to  exam ine w hether m o d 
ulation o f m icroR N A s (miRNAs) m igh t play a role in  the inh ib 
itory effect o f IL-10 on signaling by TLR4, th e  recep to r 
responsible for sensing the G ram -negative bacterial p roduct, 
lipopolysaccharide (LPS).

*T his w ork w as su p p o rted  by  g ra n ts  fronn th e  Science Foundation  Ireland, 
Health Research Board Ireland, an d  M arie Curie Actions.

'  To w hom  co rre sp o n d en ce  shou ld  b e  ad d re ssed : M onash Institu te  o f IMedi- 
cal Research, 27-31 W right St., Clayton, Victoria 3168, Australia. Tel.: 61 -3- 
95947179: Fax:61-3-95947167; E-mail: cm ccoy@ tcd.ie.

^T he abb rev ia tions u sed  are: TLR, Toll-like recep to r; mlRNA, microRNA; pri, 
primary; pre, precursor; miR, mlRNA; pMir, plasm id-M ir REPORT; LPS, 
lipopolysaccharide; BMDM, b o n e  m arrow -derived  m acrophages; l-BMDM, 
im m ortalized BMDM; hPBMC, hum an  periphera l b lood  m o nonuc lear cells; 
RT-PCR, real-tim e PCR; si, small in terfering; UTR, u n tran s la ted  region; PIP2, 
phosphatidylinosito l 4 ,5 -b isphosphate ; PIP3, phosphatidylinositol 3,4,5- 
trisphosphate; PI3k, phosphatidylinositol 3-kinase; MAPK, m itogen-ac ti- 
va ted  p ro te in  kinase; Tg, transgen ic.

T he discovery of m iRNA s has revealed an  entirely  new  m ech 
anism  of negative regu lation  w ith in  the  cell (5 -8 ) . m iRNA s are 
small endogenous RNA m olecules (—22 nucleotides) th a t have 
th e  ability to  base pair to  mRNA sequences from  p ro te in -cod 
ing genes, leading to  partial or full deg radation  of the m RN A  
transcrip t (5 -  8). W ith  th e  identification  o f over 500 m iRNA s to 
date  and the  pred iction  th a t each m iRNA m ay recognize several 
hund red  target sequences, the  cu rren t challenge is to  identify 
these targets and u nders tand  how miRNA s are regulated w ithin 
the cell. T his is particularly  im p o rtan t considering the m o u n t
ing evidence dem onstra ting  the ir co n trib u tio n  to disease and 
the ir roles in cellular m echanism s such as differentiation , 
m etabolism , and im m unity  (5 -8 ) .

A role for m iRNAs in the  innate  im m une response was d em 
onstra ted  w hen m iRNA s such as m iR-146a, miR-155, and 
miR-21 w ere show n to becom e induced in response to  TLR4 
signaling in m onocytes (9 -1 1 ). m iR-146a and miR-21 are both  
induced by LPS, w here the fo rm er has been show n to  target 
TRAF6 and IRAKI, tw o upstream  signaling com ponen ts w ithin 
the TLR4 pathw ay, w hereas miR-21 w as show n to negatively 
regulate p rogram m ed cell death  4, a p ro -in flam m atory  protein  
th a t p rom otes N F -kB activation and suppresses IL-10 (9, 11). 
m iR-155 is also induced by LPS, as well as o ther TLR ligands 
and p ro -in flam m atory  cytokines (10). N um erous targets have 
been identified for m iR-155 such as c-M af, B achl, PU .l, 
C /ebp^ , and SH IPI; how ever, the ir role in TLR signaling has 
never been extensively explored before (12-17). M ice deficient 
in m iR-155 have defects in B cell d ifferentiation , as well as pos
sessing severe deficiencies in im m une responses w hen exposed 
to  pathogens, th u s highlighting th e  im p o rtan t role miR-155 
plays in the  im m une system  as a w hole (12, 18, 19).

In th is study, we d em onstra ted  th a t IL-10 could inh ib it th e  
expression of m iR-155 in response to  LPS bu t had no effect on 
miR-21 or miR- 146a. T his inh ib ition  of m iR -155 by IL -10 led to  
an increase in th e  expression of th e  m iR-155 target, SH IPI. 
Because SH IPI has been show n to  lim it TLR signaling (20), the 
ability o f IL-10 to  increase its expression via inhibition  of miR- 
155 provides new  insights in to  the com plex signahng m echa
nism  o f IL-10. T his finding also identifies a novel m echanism  of 
contro l on miR-155, an m iRNA  th a t has been im plicated in the 
innate  im m une response and  cancer progression.

EXPERIMENTAL PROCEDURES

Reagents—LPS from  Escherichia coll, Serotype 0111:B4, was 
from  Alexis. R ecom binant m ouse and hu m an  IL-10 w ere from 
R&D Bio.systems. Precursor-m iR -155 (pre-155) oligonucleo
tide was ob tained  from  A m bion.
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Cell C ulture—Im m ortalized  bone m arrow -derived m acro 
phages (BM DM ), a kind gift from  D ouglas G olenbock (U niver
sity o f M assachusetts), and Raw264.7 cell lines, obtained from 
the E uropean Cell C ultu re  C ollection, w ere m ain tained  in Dul- 
becco's m odified Eagle’s m edium . W ild-type and IL-lO-defi- 
c ien t bone m arrow  obtained  from  Peter M urray (U niversity of 
M em phis) w ere isolated from  th e  tibias and fem urs o f C57/B16 
mice, and p rim ary  BM DM  w ere generated  as described 
previously (11). H um an  peripheral b lood m ononuclear cells 
(hPBM C) w ere isolated from  w hole blood using a Ficoll g rad i
en t (21). Splenocytes from  w ild-type and  E ^-m iR -155 tra n s 
genic mice, ob tained  from  C arlo C roce (O hio State University), 
w ere m ain tained  in RPMI and  50 ;x m  /3-m ercaptoethanol. In all 
cases, D ulbecco 's m odified Eagle’s m edium  and RPM I m edium  
w ere supp lem ented  w ith 10% fetal calf serum , 2 m M  i,-gluta- 
m ine, 1% pen ic illin /strep tom ycin  so lu tion  (v/v).

R T-PC R—Im m ortalized  BM DM  (1-BMDM) and differenti
a ted  prim ary  BM DM  o r hPB M C  w ere set up at 4 X  10^ or 1 X  

10'’, respectively, in 24-well plates 1 day prior to  stim ulation. 
Cells w ere stim ulated  w ith LPS an d /o r IL-10 as indicated  in the 
figure legends. T o ta l RNA was ex tracted  using the RNeasy kit 
(Qiagen), m odified to obtain  sm all RNA species. For miRNA 
analysis, m iRNA T aqM an  assays for miR-21, miR-146a, miR- 
155, miR-191, and RNU6B (A pplied Biosystems) w ere used 
according to  the  m an u fac tu re r’s in struc tions w here 5 ng/m l 
to tal RNA was used as s ta rting  m aterial. For mRNA expression 
analysis, cD NA  w as p repared  from  20 to  100 ng /m l to tal RNA 
using the H igh-C apacity  cD N A  archive kit (A pplied Biosys
tem s) according to the m an u fac tu re r’s instructions. mRNA 
expression was th en  m o n ito red  using SYBR G reen-based 
chem istry  (Invitrogen) using the  following prim ers: glyceralde- 
hyde-3 -phosphate  dehydrogenase, 5 '-gaa  egg gaa get tg t cat 
caa-3 ', forw ard, 5 '-c ta  age agt tgg tgg tgc ag-3 ', reverse; Pri- 
m m u-155, 5 '-gac  aca agg cc t g tt act age ac-3 ', forw ard, 5 '-g tc  
tga cat eta cgt tea tcc agc-3 ’, reverse; Pre-m m u-155, 5 '-gc t aat 
tg t gat agg ggt t t t  gg-3 ', forw ard, 5 '-g tt aa t get aac agg tag gag 
tc -3 ', reverse; S H IP l, 5 '-g g t ggt acg g tt tgg aga ga-3 ', forward, 
5 '-a tg  ctg age ctc tg t ggt c t-3 ',  reverse. m iRNA and  mRNA 
expression w ere m easured  on  th e  7900 RT-PCR system 
(A pplied Biosystems), and -fold changes in expression w ere cal
culated  by the D elta D elta C T  m ethod  using miR-191 (BM D M / 
hPBM C) (22) o r RNU6B (splenocytes) as an endogenous con 
tro l for miRNA analysis and  glyceraldehyde-3-phosphate 
dehydrogenase as an endogenous con tro l for m RN A  expres
sion. All -fold changes are expressed norm alized  to  non-stim - 
u lated  contro l for each cell type.

Enzym e-linked Im m unosorbent iAisay—-M urine IL-10 expres
sion was m easured from  the supernatants of stim ulated cells using 
an enzyme-linked im m unosorbent assay DuoSet kit (R&D Biosys
tems) according to  the m anufacturer’s instructions.

Luciferase A ssays—BIC luciferase plasm id along w ith the 
NF-kB, A PI, and E tsl m u tan ts  w ere a kind gift from  Eric Flem- 
ing ton  (T ulane U niversity, N ew  O rleans, LA). Raw264.7 cells 
seeded at 2 X  10^/ml in  24-w ell plates w ere transfected  using 
6% G enejuice w ith  each p lasm id and TK -R enilla  and  25 nM 
m urine si-con tro l and  si-STA T3 (Santa C ruz Biotechnology, 
SC-29494) for sm all in terfe ring  RNA experim ents. Cells were 
rested  for 2 4 - 4 8  h p rio r to  stim ula tion  w ith LPS or LPS +

IL-10 for 18 h. p M ir-S H IP l and S H IP l m u tan t 3 '-U T R  lucifer
ase plasm ids (kind gifts from  David Baltim ore, C alifornia Insti
tu te  o f T echnology) w ere co -transfec ted  w ith TK -R enilla  and 
increasing co n cen tra tio n s o f pre-155 o ligonucleotide into 
Raw264.7 or stim ula ted  w ith LPS or LPS -I- IL-10 for 8 h. In all 
cases, cells w ere lysed in passive lysis buffer before being ana
lyzed for bo th  luciferase and  TK -R enilla  activity as described 
previously (23). D ata w ere norm alized  to  TK -R enilla  activity 
and rep resen ted  as m ean  ±  S.D. for trip licate  de term inations 
w here -fold changes are expressed norm alized  to  non-stim u- 
lated contro l.

Protein E xpression—D ifferentiated  IL-10-deficient BMDM 
cells seeded a t 4  X  10^/ml in 6-w ell p lates w ere stim ulated  w ith 
LPS an d /o r IL-10 as indicated  in the  figure legends. Cells w ere 
lysed in low stringency  lysis buffer com plete w ith protease 
inhib ito rs, and  p ro te in  con cen tra tio n  w as determ ined  using the 
C oom assie B radford reagen t (Pierce). Lysates w ere resolved on 
10% SDS-PAGE gels and  tran sfe rred  on to  polyvinylidene 
d ifluoride m em brane before being im m unob lo tted  w ith  anti- 
S H IP l (P lC l ,  Santa C ruz Biotechnology) or anti-/3-actin (AC- 
15, Sigma). Blots w ere developed by enhanced  chem ilum ines- 
cence (ECL) (Cell Signaling T echnology Inc.).

RESULTS

IL-10 Inh ib its m iR -155  Expression in Response to TLR4  
S tim u la tio n —In an effort to  de te rm ine  w hether IL-10 could 
m odulate  any m iRNA  dow nstream  of TLR4 signaling, we first 
decided to  investigate th e  effect o f IL-10 on miR-155, miR- 
146a, and  miR-21, m iRNA s th a t are know n to be induced 
dow nstream  o f TLR4 (9 -1 1 ). As show n in Fig. la , in I-BM DM , 
LPS gradually induced  the expression of miR-155 (upper 
graph), miR-21 (m iddle  graph), and miR-146a (lower graph) 
over tim e w here th e  expression  of each miRNA was g reatest at
24 h. T he effect o f LPS w as particularly  evident on miR-155, 
w hich was induced  over 200-fold w hen com pared w ith n o n 
stim ulated  con tro l. W h en  cells w ere trea ted  w ith LPS in the 
p resence of IL-10, th e  expression  of m iR-155 was inhibited, the 
effect being m ost ev iden t a t 24 h (upper graph). In contrast, 
IL-10 had  no effect on  miR-21 o r m iR-146a (m iddle  and lower 
graph). T h is  ind icated  a specific effect for IL-10 on  th e  sole 
expression  o f one  m iRNA, a lthough  all th ree  w ere induced by 
LPS. IL-10 alone appeared  to  have no effect on miR-155, miR- 
21, o r m iR-146a, suggesting th a t IL-10 only w orks to  inhibit 
m iR-155 after TLR4 stim ulation .

W e nex t investigated the expression of miR-155 in response 
to  LPS w hen  p re trea ted  w ith varying concen tra tions o f IL-10 or 
w hen p re trea ted  w ith IL-10 for various tim es (Fig. lb ). In 
response to  LPS stim ula tion  alone, miR-155 expression was 
induced  120-fold; how ever, p re trea tm en t w ith increasing co n 
cen tra tions of IL-10 gradually  decreased miR-155 expression, 
w here the  op tim al inh ib ition  occurred  w hen IL-10 was used at
25 ng /m l (Fig. lb , upper graph). m iR-155 expression was then  
analyzed in I-BM D M , w hich w ere p re trea ted  w ith IL-10 for 
various tim es p rio r to  th e  add ition  of LPS for 24 h (Fig. lb , lower 
graph). m iR-155 expression was induced  100-fold in response 
to  LPS alone, and  interestingly, irrespective of the length of 
tim e cells w ere p re trea ted  w ith  IL-10, m iR-155 expression  was 
reduced. For these  reasons, cells w ere pre trea ted  for th e  m ini-
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FIGURE 1. IL -10  inhibits miR-1 SS expression in response to  TLR4 stim ulation , a, l-BMDM w ere  s tim ulated  
with LPS (100 ng/m l), w ith LPS + IL-IO (20 ng/m l), or w ith IL-IO a lo n e  for th e  tim es indicated . Expression of 
mlR-155, miR-21 and  miR-146a w as m easu red  by RT-PCR.b, l-BMDM w ere  p re tre a te d  for 5 min w ith increasing 
doses  of IL-IO o r p re tre a te d  for various tim es w ith IL-IO (20 n g/m l) prior to  th e  add ition  o f LPS (100 ng/m l) for 
24 h. mlR-155 expression  w as m ea su re d  by RT-PCR. In b o th  cases, results w ere norm alized  an d  re p re sen ted  as 
-fold stim ulation  over th e  n o n -s tim u la ted  con tro l and  a re  rep resen ta tive  of a t least th re e  sep a ra te  
experim ents.
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FIGURE 2. IL -10  inhibits m iR -155 in prim ary B M D M  and hPBMC. a, prim ary BMDM an d  hPBMC w ere  stim u
lated  w ith LPS (100 ng/m l) or LPS IL-10 (20 n g/m l) a nd  m easu red  for miR-155 expression  by RT-PCR. b, WT and  
IL-10-deficient BMDM (//.-10 KO) w ere  u n tre a te d  or p re tre a te d  w ith  m onoclonal {mAb) IL-IO an tib o d y  (5 jug/ml) 
for 1 h prior to  stim ulation  w ith LPS (100 ng/m l) for 24 h. Cells w ere  analyzed for IL-IO expression  by enzym e- 
linked im m u n o so rb en t assay  a n d  for mlR-155 expression  by RT-PCR. In all cases, g ra p h s  a re  rep resen ta tiv e  o f  a t 
least th re e  sep a ra te  experim en ts. Error bars ind ica te  S.D. Unstirr), unstim ulated .

mum tim e of 5 min with IL-IO at a concentration of 20 ng/ml 
prior to the addition of LPS for all future experiments unless 
otherwise indicated.

We then set out to examine whether IL-IO had the same 
effect on miR-155 in primary BMDM and hPBMC (Fig. 2a). LPS 
induced the expression of miR-155 40-fold in primary BMDM

{uppergraph) and 8-fold in hPBMC 
(lower graph) after 24 h of stim ula
tion. In both these cell types, IL-IO 
inhibited the expression of miR-155 
from as early as 4 h, although the 
effect of IL-IO appeared to occur 
earlier in hPBMC (lower graph).

W e next com pared the effect of 
LPS on miR-155 expression in pri
mary wild-type and IL-lO-deficient 
BMDM. It is well known that in 
addition to LPS inducing pro-in
flammatory cytokines, LPS also 
induces IL-IO to negatively feed 
back on the pathway and switch off 
this pro-inflammatory response. As 
shown in Fig. 2h, upper graph, wild- 
type BMDM cells treated with LPS 
induced IL-IO protein expression, 
where the maximal am ount pro
duced occurred at 8 h. As expected, 
LPS could not induce IL-IO in 
IL-10-deficient BMDM (Fig. 2b, 
upper graph). The fact that LPS can
not induce IL-IO in IL-lO-deficient 
BMDM predicts that miR-155 
expression should be higher in these 
cells. LPS induced the expression of 
miR-155 ~25-fold over non-stimu- 
lated control in wild-type BMDM, 
and as predicted, miR-155 expres
sion was greater in IL-lO-deficient 
BMDM where miR-155 expression 
had more than doubled to ~55-fold 
over non-stim ulated control (Fig. 
2b, lower graph). As a control, a 
monoclonal IL-IO antibody was 
used to  block the action of endoge
nous IL-IO in response to LPS in 
wild-type BMDM. Blocking lL-10 
induction in wild-type BMDM 
relieved the inhibition of miR-155 
and dem onstrated that its expres
sion could be increased to a level 
similar to that found in IL-lO-defi- 
cient BMDM (Fig. 2b, lower graph). 
This dem onstrated that the induc
tion of endogenous IL-IO by LPS in 
wild-type cells can feed back on the 
expression of miR-155 by LPS, thus 
keeping its expression in check. 

IL-IOInhibits the Transcription o f  
miR-155 in a STAT3-dependentM anner—W e next addressed 
whether IL-IO could inhibit transcription of miR-155. miR-155 
is transcribed as a primary (pri-) transcript from the third exon 
of the B cell integration cluster gene referred to as BIC (24), 
after which it is sequentially processed by the enzymes Drosha 
and Dicer to form a precursor (pre-) and mature miR-155,
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FIGURE 3. IL-10 Inhib its  th e  transcrip tion o f m iR -1S5.o, IL-10-deficient BMDM w ere  s tim u la ted  w ith LPS (100 ng/m l) or LPS + IL-10 (20 ng/m l). pri-miR-155, 
pru-miR-155, a nd  m a tu re  miR-155 w ere  m easu red  by RT-PCR, b, Raw264.7 cells w ere  c o -transfected  w ith w ild-type BIC p ro m o ter luciferase plasm id an d  e ither 
si-control or si-STAT3. Cells w ere  s tim u la ted  w ith LPS (100 ng/m l) or w ith LPS +  IL-10 (25 ng /m l) for 18 h. Unstim, u nstim u la ted , c, Raw264.7 cells tran sfec ted  
w ith w ild-type BIC, NF-kB m u ta n t (kBmut), API m u ta n t {AP1 mut), o r Etsl m u ta n t (£ts / mut) p ro m o te r luciferase p lasm ids w ere  s tim u la ted  w ith LPS (100 ng/m l) 
or w ith LPS - I -  IL-10 a t  tw o  d ifferen t d o ses  (25 and  50 ng/m l). Luciferase activity w as m easu red  w h e re  results w ere  norm alized  for JK-Renilla activity  an d  
re p re sen ted  as -fold stim ulation  over th e  non -s tim u la ted  contro l. In all cases, resu lts a re  ex p ressed  as m ean  ±  S.D. for trip licate  d e te rm in a tio n s  an d  are 
rep resen ta tiv e  of th re e  sep a ra te  experim en ts.

respectively. W e designed p rim ers for the pri- and pre-m iR -155 
tran scrip ts and stim ulated  IL-10-deficient BM DM  w ith LPS 
alone or LPS in the presence of IL-10 (Fig. 3a). In response to 
LPS, pri-m iR -155 was rapidly induced, w here the highest 
expression  was induced  50-fold a t 4 h, after w hich its expression 
began to  decline (Fig. 3a, upper graph), m ost likely due to  the 
processing of pri-m iR -155 in to  the pre- and m atu re  form. In 
con trast, in th e  presence of IL-10, generation  of pri-m iR -155 
was inhibited, w here pri-m iR -155 expression was reduced to 
15-fold at 4 h (Fig. 3a, upper graph). A sim ilar trend  was 
observed w hen the pre-m iR -155 tran sc rip t was m easured, 
w here its h ighest expression in response to  LPS was also 
observed at 4 h, and IL-10 inh ib ited  th is expression from 
27-fold dow n to  7-fold over non-stim ula ted  con tro l (Fig. 3b, 
m idd le  graph). It could  also be no ted  th a t th e  expression of 
pre-m iR -155 in  response to  LPS appeared  m ore gradual, ind i
cating  th a t pre-m iR -155 genera tion  occurs after pri-m iR-155. 
M atu re  m iR-155 was also m easured, dem onstra ting  th a t IL-10 
had the sam e inh ib ito ry  effect on m iR-155 in IL-10-deficient 
BMDM as th a t observed in I-BM DM , prim ary  w ild-type 
BM DM , and hPBM C (Fig. 3a, lowest graph). T he  observation 
th a t IL-10 inhibits the expression of bo th  th e  p ri-transcrip ts 
and  the p re -tran scrip ts  suggests th a t IL-10 acts upstream  to 
inh ib it the actual tran scrip tio n  o f th e  B IC  gene.

W e further analyzed the effect o f IL-10 on transcrip tional 
regulation of th e  BIC  gene th rough  th e  use o f a luciferase 
rep o rte r plasm id con tain ing  1200 bp o f th e  BIC  p rom oter

region (25). In  add ition , w e inve.stigated w hether any of the 
IL-10 effects w ere m ed ia ted  th rough  STA T3 by using small 
in terfe ring  RNA (siRNA) targeted  against STAT3. In th e  p res
ence o f co n tro l siRNA, LPS induced  luciferase expression 
3-fold from  th e  B IC  p rom o ter, and  th is expression  was re tu rned  
to  near basal levels in the p resence of IL -10 (Fig. 3b), validating 
th a t IL-10 appears to  inh ib it m iR-155 at the transcrip tional 
level. In th e  presence of si-STA T3, IL-10 could no longer sup 
press luciferase expression, dem onstra ting  th a t the effect of 
IL-10 on  m iR-155 tran sc rip tio n  is dependen t on STATS.

The E tsl B ind ing  Site Is R equ ired for the IL -10-m edia ted  Su p 
pression o f  the B IC  G ene— T o  investigate how  IL-10 acts to  sup
press B IC  tran scrip tion , w e analyzed th e  effect of IL-10 w hen 
consensus tran sc rip tio n  factor b ind ing  sites for NF-kB, A PI, 
and E tsl found  w ith in  th e  B IC  p rom o ter w ere m utated . In 
response to  LPS, luciferase expression  was induced 3-fold from  
th e  w ild-type B IC  p rom o ter. A sim ilar effect was observed 
w hen the N F-kB  m o tif and  E tsl site  w ere m uta ted  (Fig. 3c). 
Luciferase activity  was, how ever reduced  in a p rom o ter w ith a 
m u ta ted  AP-1 m otif, suggesting th a t th is transcrip tion  factor 
plays a role in th e  LPS in d uc tion  of m iR-155 (Fig. 3c), su p p o rt
ing previous studies, w hich show  th a t A PI is required  for BIC  
gene induc tion  in response to  B cell stim ulation  (25).

In conco rdance  w ith  o u r previous results, IL-10 inhibited  
luciferase activity  in th e  w ild-type B IC  p rom o ter (Fig. 3c, bars 3 
and  4). IL-10 w as also able to  reduce luciferase activity in both 
th e  N F-kB and th e  A PI p ro m o te r m utan ts. In con trast, IL-10
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w ere  m easured , d, pMir-SHIPl 3'-UTR luciferase activity w as m easu red  in Raw264.7 cells a fter stim ulation  with 
LPS (100 ng/m l) or LPS -i- IL-10 (20 ng/m l) for 8 h. Luciferase activity  w as m easu red , and  results w ere  norm alized  
fo r JK-Renilla activity, e, WT and  Tg mlR-155 sp lenocy tes  w ere  s tim u la ted  w ith IL-10 (50 ng/m l) for 16 h. miR-155 
and  SHIPI expression  w as m easu red  by RT-PCR. In all cases, resu lts  w e re  re p re sen te d  as -fold s tim ulation  over 
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could no longer inhibit luciferase activity when the Etsl site was 
m utated, suggesting that this site is im portant in mediating the 
IL-lO-driven suppression of miR-155.

JL-JO Increases the Expression o f the m iR-lSS Target, SHIPI— 
W e next wanted to investigate a functional outcom e for the 
IL-lO-mediated suppression of miR-155. W e therefore set out 
to examine the effects of LPS and IL-10 on the miR-155 target, 
SHIPI (15, 16). W e first verified that the 3'-UTR of SHIPI is 
targeted by miR-155. The 3'-UTR for SHIPI was cloned into 
the pM ir luciferase reporter system. Under basal conditions, 
luciferase expression was present (Fig. 4a, white bars). How
ever, in the presence of increasing concentrations of pre-miR- 
155 (1, 10, and 100 nM), luciferase expression was lost. In con
trast, increasing concentrations of pre-miR-155 had no effect 
when the miR-155 seed sequence within the 3'-UTR of SHIPI 
was mutated.

The fact that LPS potently induces m ature miR-155 suggests 
that as miR-155 expression increases, its ability to bind to the 
3'-UTR of SHIPI should result in a decrease of SHIPI mRNA 
expression. As shown in Fig. Ab, the expression of SHIPI 
decreased over time upon LPS stimulation, reciprocal to the 
increase in miR-155 expression. However, in the presence of

IL-10, when miR-155 expression is 
inhibited, the expre.ssion of SHIPI 
increased (Fig. 4 i), particularly at 8 
and 24 h, when the effect of IL-10 on 
miR-155 suppression was greatest 
(Fig. la). This effect of LPS and IL-10 
was also apparent on SHIPI protein 
expression, where in response to LPS 
alone, SHIPI expression was reduced 
(Fig. 4c, lane 3), whereas in the 
presence of IL-10, SHIPI protein 
expression increased (Fig. 4c, 
lane 4).

W e next wanted to examine 
whether the increase in SHIPI 
expression in response to IL-10 is 
dependent on miR-155. We first 
used the ^MXt-SHIPl luciferase 
reporter system, where luciferase 
expression will only decrease in 
the presence of miR-155 (Fig. 4a). 
As LPS can potently drive miR-155, 
this would suggest that LPS has also 
the ability to decrease luciferase 
expression. As shown in Fig. 4d, LPS 
decreased SHIPI luciferase activity, 
whereas in the presence of IL-10, 
this inhibition was relieved, impli
cating that the suppression of miR- 
155 by IL-10 is mediating this effect.

This was further dem onstrated 
by using transgenic (Tg) spleno
cytes, which overexpress miR-155 
under the control of the E/x-B cell 
prom oter (26). W e postulated that 
in cells where miR-155 is overex

pressed, IL-10 would no longer be able to maintain its effect on 
miR-155 targets. As shown in Fig. 4e, left graph, miR-155 was 
overexpressed 35-fold in Tg splenocytes when compared with 
wild-type (WT) cells. IL-10 was able to decrease this expression 
somewhat, although substantial levels of miR-155 still 
remained in Tg cells. As expected, IL-10 could increase the 
expression of SHIPI in W T cells, whereas in miR-155 Tg cells, 
SHIPI expression was no longer detected, decreasing well 
below basal levels, and as predicted, IL-10 could not rescue this 
effect (Fig. 4e, right graph).

DISCUSSION

This study highlights a novel mechanism of miR-155 regula
tion. W e showed that IL-10 can inhibit the expression of miR- 
155, a miRNA induced downstream of TLR4 signaling, but had 
no effect on miR-21 and miR-146a, two other miRNAs also 
induced by TLR4. This not only dem onstrated a very specific 
effect for IL-10 but was also the very first example of IL-10 
playing a role in miRNA function. miR-155 expression was dou
bled in response to LPS in IL-lO-deficient cells, demonstrating 
that endogenous IL-10 can feed back on the system to keep
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m iR -155 expression  in ctieck, h ighlighting an add itional m ech
anism  of IL-10 con tro l on  th e  p ro -in flam m atory  response.

m iR -155 was th e  first oncogenic niiRNA to  be discovered. It 
has been show n to  be highly expressed in several types of B cell 
lym phom a, in particu lar H odgkin lym phom a and diffuse large 
B cell lym phom a (27, 28). In addition , transgen ic  m ice overex
pressing m iR -155 succum b to B cell m alignancies (26). m iR -155 
was also found overexpressed in patien ts w ith acu te  myeloid 
leukem ia and  rh eu m ato id  a rth ritis  (14, 29). T ogether, this 
inform ation  dem o n s tra te s  how  m iR-155 m ay provide a p o ten 
tial link betw een in flam m atory  diseases and cancer. It is th e re 
fore essential th a t m iR-155 is tightly  regulated  in th e  cell, and 
we propose th a t IL-10 is a likely candidate  for th is regulation.

W e sough t to  investigate how  IL-10 inhib its miR-155 expres
sion. M easuring  p ri-m ir-155  and  pre-m iR -155 expression, we 
dem onstra ted  th a t IL-10 could po ten tly  inh ib it generation  of 
bo th  tran scrip ts, illustra ting  th a t IL-10 acts to  inh ib it miR-155 
upstream  of p rim ary  tran sc rip t generation . In addition , IL-10 
reduced B IC  p ro m o te r activity in a ST A T 3-dependen t m anner, 
indicating  th a t th e  IL-10 suppression  of th e  BIC  gene is m edi
ated th rough  th e  canonical IL-10-STA T3 signaling pathway.

In an effort to  fu rth er investigate the effect o f IL -10 on miR- 
155 tran scrip tion , we analyzed the  effect o f IL-10 w hen various 
transcrip tion  factor sites w ith in  th e  BIC  p rom o ter were 
m utated . IL-10 was able to  suppress w ild-type B IC  p rom oter 
luciferase expression as well as suppressing luciferase activity 
w hen theN F -K B and  A PI sites w ere m utated . In con trast, IL-10 
could no longer suppress luciferase activity w hen the E tsl site 
was m uta ted , d em o n stra tin g  th a t th e  E tsl site is required  for 
m ediating  IL-10 suppression. T o  date, over 30 Ets family m em 
bers exist th a t each have the po ten tial to  bind to  the canonical 
Ets consensus sequence found in th e  BIC  p rom o ter (30). Etv3, 
an  Ets family tran scrip tiona l repressor, was recently  identified 
as a novel IL -lO -induced gene (31). It is possible th a t the IL-10 
suppression  of m iR-155 could involve recru itm en t o f Etv3, and 
we are  cu rren tly  investigating  th is m echanism .

W e also explored the functional ou tcom es for IL-10 suppres
sion o f  miR-155. T aking S H IP l as a well characterized  miR-155 
target, we w ere able to  illustrate  th a t overexpressing miR-155 
decreased th e  expression  of a SH IP l 3 '-U T R  reporter. W e w ent 
on to show  th a t IL-10 could  rescue th e  LPS-driven dow n-regu- 
lation of SH IP l at th e  m R N A  and  p ro tein  level, and th rough  the 
use o f the SH IP l 3 '-U T R  rep o rte r and m iR-155 Tg splenocytes, 
we dem o n stra ted  th a t th is  effect w as m ediated  by miR-155.

S H IP l is an inosito l phosphatase  th a t is know n to convert the 
signaling m olecule PIP3 back to  PIP2, w hereas PI3K is respon
sible for th e  opposite  reaction . TLR signaling can p rom ote  the 
p ro -in flam m ato ry  response  th rough  th e  activation of PI3K, 
resulting  in genera tion  o f PIPS and  activation  of M APK and 
NF-kB (20). T he  induc tion  of m iR-155 by LPS supports this 
m odel, w hereby expression o f m iR-155 can target SH IP l, 
decreasing its expression  and p rom o ting  the conversion of PIP2 
to  PIP3 by PI3K. In th is setting , IL-10 increases SH IP l, and in 
this way, it acts to  sw itch the  pro -in flam m atory  response off by 
decreasing th e  levels o f PIP3 (Fig. 5).

This study therefo re  sheds light on  a novel role for IL-10 in 
miR-155 regulation . m iR-155 has been show n to  be directly 
involved in th e  regulation  o f m ore  than  30 innate  im m une

LPS

IL-10

TLR4

SH P
PIP3 o

NF-kB
M AI'K

m iR -155

FIGURE 5. S chem atic  illu strating  a p o ssib le  role  for m iR-155 in TLR4 and  
SHIPl sign a lin g . In re sp o n se  to  LPS, mlR-155 expression  is induced, resu lting  
in a d e c rea se  in SHIPl expression , th u s  allow ing PI3K activation  of NF-kB and  
MAPK to  p ro ceed  an d  p ro m o te  th e  p ro-inflam m atory  response. How ever, In 
th e  p resen ce  o f IL-10, mlR-155 exp ression  is inhib ited , a llow ing SHIPl ex p re s 
sion to  recover an d  p ro m o te  th e  conversion  o f PIPS back to  its inactive PIP2 
state, sw itching off th e  p ro -in flam m atory  response . Mot, MyD88-like a d a p te r  
pro tein .

genes (32), T aking SH IP l as an exam ple, our data suggest th a t 
IL-10 could im pact on these genes via its inhibitory  effect on 
miR-155. It m ay there fo re  be possible th a t th rough  the inh ib i
tion  o f m iR -155, we m ay elicit som e of the properties m ediated  
by IL-10, W ith  increasing  stud ies perfo rm ed  on how to inh ib it 
or increase m iRNA s for therapeu tic  use in vivo (33), our study  
could provide new  approaches in th e  effort to  develop an ti
inflam m atory  therapeutics.
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