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ABSTRACT OF THE DISSERTATION 

 

Identification and Characterization of Novel Innate Immune Signaling 

Regulators 

 

by 

 

Amanda Marie Opaluch 

 

Doctor of Philosophy in Molecular Pathology 

 

University of California, San Diego, 2011 

 

Professor John Guatelli, Chair 

 

The recognition of foreign pathogens by innate pattern recognition 

receptors (PRRs) serves as the first line of defense against harmful 

microorganisms.  One family of PRRs, known as Toll-like receptors (TLRs), 

are expressed on plasma and endocytic membranes in order to detect 

extracellular or endocytosed bacteria-, fungus-, or virus-derived ligands. The 

sensing of pathogen-encoded patterns by TLRs activates these receptors, 

which transmit downstream signals resulting in the activation of NF-κB 

transcription factors and the production of pro-inflammatory cytokines, as well 
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as the activation of IRF (interferon regulatory factor) transcription factors and 

the induction of type I interferons.  The production of both mediators is critical 

for the immediate innate response to pathogen infection and for further 

signaling to engage long-term adaptive immune responses.  Altogether, these 

pathways are exquisitely regulated to ensure clearance of invading microbes 

while limiting harmful autoimmune responses.  

	   Here, we report the characterization of novel regulatory co-factors that 

are required for TLR-directed innate immune signaling responses.  These 

factors were identified using two screening approaches.  First, the set of 

cellular components associated with TLR7- and TLR9-dependent responses 

were uncovered using an integrative systems-based genome-wide RNAi 

screen.  This loss-of-function screen characterized 190 genes necessary for 

TLR7/9 signaling, and further mapped 90 of these factors to a relative position 

on the TLR signaling cascade. HRS (hepatocyte growth factor-regulated 

tyrosine kinase substrate) was also found to be essential for the ubiquitin-

dependent targeting of TLR9 to endolysosomes.  Second, a biased gain-of-

function screening approach was used to identify genes that increased NF-κB 

signaling.  This method classified the gamma subunit of protein phosphatase 1 

(PP1-γ) as a specific regulator of MyD88-dependent pro-inflammatory 

responses, and a more extensive mechanistic study demonstrated that PP1-γ 

enhances the E3 ubiquitin ligase activity of TRAF6 towards itself and IKK-γ.  

Collectively, this analysis has identified proteins that are critical regulators of 
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TLR-dependent innate responses and has provided significant insight into the 

molecular events underlying this complex signaling pathway.   
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CHAPTER 1 

 

INTRODUCTION 

 

Innate Immunity, PRRs, and TLRs 

The vertebrate immune system is composed of both innate and 

adaptive immunity.  The innate immune system is the first line of defense 

against harmful microorganisms, and it is this branch of immunity that 

mediates an immediate host defense response coordinated by antigen 

presenting cells (APCs) such as macrophages and dendritic cells (DCs).  

These immune cell types are able to recognize the presence of foreign 

pathogens via groups of pattern recognition receptors (PRRs).  PRRs differ 

significantly from receptors of the adaptive immune system.  Adaptive antigen 

receptors such as T- and B-cell receptors (TCR and BCR, respectively) are 

not germ-line encoded, and receptor recombination generates millions of 

diverse receptors that are each able to recognize a unique antigen; in contrast, 

PRRs are germ-line encoded, evolutionarily ancient, and a limited number of 

clonal receptors recognize conserved pathogen associated molecular patterns 

(PAMPs) on invading microbes.  These PAMPs have several characteristics 

that enable PRRs to successfully and consistently detect their presence.  First, 

PAMPs are essential for the survival of the invading microorganism, and since 

an alteration would be lethal, “escape” mutants cannot be generated.  Second, 

these molecular patterns are conserved between pathogens, allowing for 
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broad coverage against a large range of microbes.  And third, PAMPs 

represent unique features of microorganisms that are not generally found 

within the host, providing a method of discrimination for “self” versus “non-self” 

antigens.  However, it is important to note that PRRs can also inadvertently 

recognize “self” antigens or PAMPs on non-pathogenic organisms, leading to 

harmful autoimmune or inflammatory responses (see Chapter 2 and Chapter 

4).      

 PRRs are broadly characterized into several different classes, including 

toll-like receptors (TLRs), RIG-I-like receptors (RLRs), nucleotide binding 

oligomerization domain (NOD) proteins, and other cytoplasmic receptors such 

as melanoma differentiation associated gene 5 (MDA5).  The most well 

characterized innate immune receptors are TLRs.  Initially discovered in 

Drosophila, Toll proteins were found to play a critical role in defining the 

polarity of dorsal-ventral patterning, and furthermore, to regulate the insect 

innate response to fungal infection (Hashimoto et al., 1988; Lemaitre et al., 

1996).  Human homologues were collectively referred to as TLRs, and twelve 

mammalian TLRs (ten in humans, twelve in mice) have been characterized to 

date (Figure 1.1).  TLRs are type 1 transmembrane receptors that, together 

with IL-1R (interleukin-1 receptor), form a larger class of receptors called the 

Toll-like receptor/IL-1R superfamily.  Receptors of this group share a 

conserved region of approximately 200 amino acids in their cytoplasmic tails 

that is referred to as the Toll/IL-1R (TIR) domain.  This domain is required for 

an association of each receptor with adaptor signaling proteins to transmit 
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downstream signals.  In contrast to similar TIR domains, IL-1R and TLRs have 

different extracellular components: IL-1R contains three tandem 

immunoglobulin domains, whereas each TLR has a slightly unique pattern of 

leucine-rich repeat (LRR) motifs (Kobe and Deisenhofer, 1995).  These 

extracellular LRRs form a concave horseshoe structure (Choe et al., 2005), 

which is involved directly in the recognition of various pathogens (Park et al., 

2009).  Though most TLRs aggregate as homodimers to recognize ligands, 

TLR2 can form heterodimers with TLR1 or TLR6 to detect independent 

pathogens (Figure 1.1).  Furthermore, the ectodomains of TLR7/9 require 

additional processing and cleavage by cathepsins to mediate activation 

[reviewed in (Engel and Barton, 2010), and see also Chapter 2].   

 

Figure 1.1: TLR recognition of microbial components. 	  
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 Within the family of TLR proteins, each receptor is slightly different with 

respect to cellular localization, ligand specificity, and the adaptor proteins used 

to transmit downstream signals leading to appropriate host defense 

responses.  For instance, TLRs 1, 2, 4, 5, and 6 are expressed on the cell 

surface to have contact with extracellular ligands derived from bacteria, such 

as the sensing of LPS (lipopolysaccharide) by TLR4 or the recognition of 

flaggelated proteins by TLR5 (Figure 1.1).  These receptors all use the MyD88 

(myeloid differentiation factor 88) adaptor protein to initiate downstream 

signaling responses, though TLR1/2 and TLR2/6 requires a further association 

with TIRAP (TIR domain containing adaptor protein), and TLR4 can also signal 

via the TRIF (TIR-domain-containing adapter-inducing interferon-β) adaptor 

(see below, TLR Signal Transduction Pathways).  In contrast, TLRs 3, 7, 8, 

and 9 are localized in intracellular membrane-bound compartments such as 

endolysosomes; these receptors all utilize the MyD88 adaptor for signaling, 

with the exception of TLR3, which associates with TRIF.  The intracellular 

location of these TLRs affords specialized access to bacterial and viral nucleic 

acids. One of these receptors, TLR7, is able to respond to the presence of 

single-stranded RNA (ssRNA) derived from multiple viruses including vesicular 

stomatitis virus, influenza virus, west Nile virus, and human immunodeficiency 

virus (HIV) (Beignon et al., 2005; Diebold et al., 2004; Heil et al., 2004; Lund et 

al., 2004; Meier et al., 2007; Town et al., 2009), demonstrating the critical role 

of this receptor in viral host defense mechanisms.  However, while the mode 

of pathogen recognition by cell surface-expressed TLRs is fairly obvious, it is 
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less clear how HIV components are delivered to endocytic compartments for 

detection by TLR3/7/8/9. Previously described models for HIV infection 

postulated that HIV primarily enters the cell by plasma membrane fusion or by 

receptor-mediated endocytosis, with the latter likely resulting in non-productive 

infection due to degradation in endolysosomes. Therefore, it was assumed 

that inactivated or degraded HIV RNA represented the natural ligand for 

endocytic TLRs.  However, Miyauchi et al. have recently described a more 

detailed model in which HIV enters cells by endocytosis and subsequently 

fuses with endosomes in a dynamin-dependent manner (Miyauchi et al., 

2009).  By capitalizing on the temperature sensitivity of viral fusion events and 

the use of single virus imaging, the authors were able to show that this 

represents the primary mode of viral entry, and also the site of productive 

infection.  Importantly, this provides the opportunity for TLRs in endosomes to 

be activated by infectious virus.       

 

TLR Signal Transduction Pathways 

Stimulation of TLRs results in the coordinated activation of NF-κB 

(nuclear factor kappa B) and IRF (interferon regulatory factor) signal 

transduction cascades, both of which are regulated by a complex interplay of 

protein interactions, conformational changes, and post-translational 

modifications.  Activation of these pathways is initiated upon ligand sensing, 

whereupon receptor dimers and multimers are formed to aid in the recognition 

and binding of PAMPs by TLR ectodomains (Park et al., 2009).  Upon binding 
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cognate ligands, TLRs transmit downstream signals by associating with 

several different adaptor proteins including MyD88 (Adachi et al., 1998; Kawai 

et al., 1999), TRIF/TICAM-1 (Oshiumi et al., 2003; Yamamoto et al., 2003a), 

TRAM (TRIF related adaptor molecule) (Yamamoto et al., 2003b), and 

Mal/TIRAP (Fitzgerald et al., 2001; Horng et al., 2002; Yamamoto et al., 2002) 

(Figure 1.1).  All TLRs as well as IL-1R initiate signaling through interaction 

with the MyD88 adaptor protein, with the exception of TLR3, which exclusively 

signals via the TRIF adaptor protein.   Additionally, TLR2 and TLR4 must 

utilize TIRAP to recruit MyD88 to the receptor, and TLR4 requires prior 

association with TRAM mediate an interaction with TRIF (Figure 1.1).  In all 

cases, these physical associations are based on TIR-TIR domain interactions 

between the TLR cytoplasmic tail and the adaptor protein (Werts et al., 2006; 

Yamamoto et al., 2004).  

Depending on the milieu of activating stimuli and receptor localization, 

the individual adaptor proteins are differentially recruited in order to facilitate 

the appropriate host defense mechanisms.  Generally, recruitment of MyD88 

is associated with classical NF-κB-dependent pro-inflammatory signaling, 

while the use of the TRIF adaptor in MyD88-independent pathways results in 

IRF-dependent production of type I IFNs (Figure 1.2); however, sensing of 

endosomal nucleic acids by TLR7/9 in pDCs induces both NF-κB and IRF7 

transcription factor activation by MyD88-dependent signaling mechanisms 

(Honda et al., 2004; Honda et al., 2005; Kawai et al., 2004).  Furthermore, it 

has recently been shown that TLR4 mediates MyD88-dependent pro-
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inflammatory responses after microbial detection at the plasma membrane, 

which is shortly followed by endocytosis of the receptor to early endosomes 

where a TRIF-dependent IFN response is elicited (Kagan et al., 2008).  Based 

on this previous study as well as others, Kagan et al. suggest that receptor-

directed type I IFN responses are largely controlled by receptors localized on 

intracellular membranes, whereas MyD88-dependent pro-inflammatory 

signaling can be initiated from either intracellular or plasma membranes.  
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Figure 1.2: TLR signaling pathways. Stimulation of TLR7 results in the recruitment of 
MyD88 to the receptor complex, where an IRAK kinase cascade results in the activation of the 
E3 ubiquitin ligase, TRAF6.  Together with a complex of E2 proteins, Ubc13 and Uev1a, 
TRAF6 catalyzes the conjugation of K63-linked ubiquitin chains on itself and on substrates 
such as TAK1 and IKK-γ.  TAK1 associates with binding proteins TAB1/2/3 to mediate the 
interaction with TRAF6.  Activated TAK1 is also phosphorylated.  Once activated, TAK1 
phosphorylates IKK-α/β, and together with regulator subunit IKK-γ, the IKK signalosome 
controls the phosphorylation and ubiquitin-dependent degradation of IκBα, liberating NF-κB 
subunits to translocate into the nucleus and upregulate pro-inflammatory cytokines.  Activated 
TAK1 is also a kinase for the MAPK arm of the TLR pathway, leading to phosphorylation of 
MAPKs such as p38 and activation of AP-1.  Lastly, the IFN arm of the TLR pathway can be 
activated downstream of TLR7, where the ubiquitin-dependent activation of IRF7 is controlled 
by an upstream complex containing TRAF6.  In contrast, IRF3 is preferentially activated 
downstream of TRIF-dependent receptors, such as TLR3.  Activation of IRF3 is contingent 
upon its phosphorylation by kinases IKK-ε and TBK1 in complex with TRAF3.  Together, IRF3 
and IRF7 control the transcription of interferon-stimulated genes and type I IFNs. 



 

 

9 

 

The TLR-dependent NF-κB signaling cascade 

The basic complement of molecular mediators required for MyD88-

dependent NF-κB responses have been extensively characterized. This 

pathway relies primarily on signal-induced phosphorylation and ubiquitination 

of a number of critical signaling molecules (Figure 1.2).  Following receptor 

ligation and association with MyD88, the receptor complex recruits IRAK4 (IL-

1R associated kinase 4), which in turn, engages and phosphorylates IRAK1.  

This physical association is mediated via homophilic interaction of IRAK death 

domains.  Subsequently, IRAK1 is autophosphorylated, leading to its 

dissociation from the MyD88-receptor complex and its association with TRAF6 

(TNF receptor associated factor 6).  Among these receptor proximal signaling 

components, genetic models have demonstrated that only IRAK1 is 

dispensable for TLR-initiated pro-inflammatory signaling responses (Kawai et 

al., 1999; Lomaga et al., 1999; Picard et al., 2003; Uematsu et al., 2005).  

Together with a dimeric enzyme complex containing Ubc13 and Uev1, TRAF6 

acts as an E3 ubiquitin ligase to catalyze the non-degradative K63-linked 

ubiquitination of a number of substrates including upstream IRAK1, 

downstream TAK1 (TGF-β-activated kinase 1) and IKK-γ/NEMO (NF-κB 

essential modulator), as well as itself (Conze et al., 2008a; Deng et al., 2000; 

Kovalenko et al., 2003; Lamothe et al., 2007; Wang et al., 2001).  Structurally, 

TRAF6 has an N-terminal RING domain, followed by several zinc finger 

domains, as well as a C-terminal coiled-coil domain and finally a characteristic 
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TRAF domain (Yin et al., 2009).  Interestingly, while an intact RING finger 

domain and functional enzymatic activity of TRAF6 are critical for substrate 

ubiquitination and NF-κB activation, it appears that TRAF6 autoubiquitination 

is dispensable for these events downstream of IL-1R (Walsh et al., 2008). 

Downstream of the TRAF6 complex, both TAK1 and IKK-γ direct the 

activation of a multisubunit complex known as the IKK signalosome; this 

complex is responsible for initiating the coordinate phosphorylation, 

ubiquitination, and degradation of inhibitory IκBα proteins, which then liberates 

NF-κB transcription factors to translocate into the nucleus (Figure 1.2).   IKK-γ 

itself is an integral part of the signalosome, where it acts as a non-catalytic 

regulatory subunit to assist in the activation of primary signalosome IκBα 

kinases, IKK-α and IKK-β (Rothwarf et al., 1998; Yamaoka et al., 1998; Zandi 

et al., 1997). IKK-γ is regulated in a highly complex manner that is not 

completely understood.  IKK-γ is comprised of an N-terminal coiled-coil 

domain, a C-terminal zinc finger, and a central “CoZi” domain that contains a 

second coiled-coil domain, a leucine zipper, and also a UBAN (ubiquitin 

binding in ABIN and NEMO) domain.  The CoZi domain represents the 

minimal region required for IKK-γ oligomerization, while the UBAN domain 

functions to bind K63-linked or linear ubiquitin chains (Ivins et al., 2009; 

Komander et al., 2009; Rahighi et al., 2009).  It has been demonstrated that 

binding of ubiquitin chains is critical for IKK-γ-mediated activation of NF-κB, 

but it is not clear if IKK-γ UBAN binds to ubiquitin chains on additional IKK-γ 
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molecules (forming dimers or tetramers), to ubiquitinated TAK1, or to other 

ubiquitinated molecules such as TRAF6.  Furthermore, IKK-γ is subject to 

multiple levels of post-translation modification, including ubiquitination by 

TRAF6, as well as activating and inactivating phosphorylation by other kinases 

including PKC-α and IKK-β ((Kovalenko et al., 2003; Prajapati and Gaynor, 

2002) and reviewed in (Sebban et al., 2006)).  In addition to IKK-γ, TAK1 

participates in the regulation of the IKK complex by directly phosphorylating 

and activating IKK-β (Wang et al., 2001).  Moreover, TAK1 also 

phosphorylates MKK6 (map kinase (MAPK) kinase 6), which is an upstream 

regulator of the pro-inflammatory p38 MAPK pathway that leads to AP-1 

activation (Ninomiya-Tsuji et al., 1999; Wang et al., 2001) (Figure 1.2).  In 

these pathways, the kinase activity of TAK1 is controlled not only by TRAF6-

mediated ubiquitination, but also by phosphorylation of residues within the 

TAK1 activation loop, as well as an association of TAK1 with binding proteins 

TAB1, TAB2, and TAB3 (Kishimoto et al., 2000; Shibuya et al., 1996; Wang et 

al., 2001).  

 

The TLR-dependent IFN signaling cascade 

In addition to MyD88-dependent NF-κB activation, stimulation through 

MyD88 or through the adaptor TRIF can also mediate activation of IRF 

transcription factors and downstream upregulation of ISGs (interferon 

stimulated genes) or type I IFNs.  In the MyD88-dependent pathway, the IRF 

arm branches off of TRAF6; at this junction, it has been shown that IRF7 
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directly interacts with both TRAF6 and MyD88, and that TRAF6 E3 ubiquitin 

ligase activity is necessary for IRF7 activation (Kawai et al., 2004).   In pDCs, 

robust induction of type I IFNs is entirely dependent on the activation of IRF7 

downstream of TLR7/9 (Honda et al., 2005).  Interestingly, IRF5 is also 

activated downstream of MyD88-dependent receptor stimulation, but activation 

of this IRF is primarily associated with the production of pro-inflammatory 

cytokines such as IL-6, IL-12, and TNF-α (Takaoka et al., 2005). In contrast, 

the MyD88-independent pathway utilizes TRIF to transmit activating signals to 

a complex containing TRAF3, TBK1, and IKK-ε, where TBK1 directly 

phosphorylates and activates IRF3 (Fitzgerald et al., 2003b).  IRF3 then 

homodimerizes and translocates into the nucleus to bind to ISREs (interferon 

stimulated response elements) and induce type I IFN production. Both TBK1 

and IKK-ε are required for these TRIF-dependent responses (McWhirter et al., 

2004; tenOever et al., 2004).  Altogether, the distinct activation of both IRF3 

and IRF7 transcription factors are essential for the coordinated TLR-

dependent response to viral infection (Honda et al., 2005).      

 

Functional Genomics: Loss-of-function and Gain-of-function Screening 

Approaches 

 Typical hypothesis-driven research studies widely employed by the 

scientific community strive to understand the complexity of the human genome 

on a gene-by-gene basis.  This approach has allowed for extensive 

characterization of a small number of genes in both normal and diseased 
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conditions, and has provided the framework for current models of cellular 

physiology and signal transduction.  However, more than 50% of the genes in 

the human genome (more than 11,000 genes) have little or no functional 

annotation.  If a comprehensive understanding of normal and disease human 

pathology is to be appreciated, it is critical to resolve the functions of these 

less-studied genes.  The solution of the primary sequence of the human 

genome has provided a unique opportunity to analyze molecular function at 

the level of the genome.  These genome-wide studies are tools used in the 

study of “Systems Biology,” and can include a variety of experimental 

approaches including expression analysis, protein interaction mapping, RNAi-

based genetic screens, cDNA overexpression studies, as well as others.  

Together, these analyses allow a systematic and uniform interrogation of the 

human genome, providing important insight into the function of currently 

uncharacterized genes, and complementing the hypothesis-driven findings of 

the scientific community at large. 

 Commonly used systems-based approaches are gain-of-function 

screens using genome-wide cDNA expression libraries, and loss-of-function 

screens utilizing genome-wide siRNA libraries.  cDNA overexpression 

techniques rely on the introduction of a plasmid containing the cDNA under the 

control of a mammalian promoter.  This forced expression results in a 

significant increase in the protein levels of that gene, which can permit the 

observation of potentially dramatic differences in cellular responses. 

Historically, gene overexpression studies have been used to elucidate 
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molecular functions or dominant phenotypes in model organisms such as 

yeast, Drosophila, and Xenopus (Bender and Pringle, 1989; Cho et al., 1991; 

Rorth et al., 1998).  These studies utilized individual or limited expression 

libraries, and interrogation of mammalian systems has been advanced by the 

availability of genome-wide cDNA libraries.  Recently, these libraries have 

been used to characterize the subset of genes associated with regulation of 

the CREB transcription factor (Conkright et al., 2003), human growth factors 

(Harada et al., 2005), Wnt signaling molecules (Liu et al., 2005), and ubiquitin 

ligases (Li et al., 2005).  With regards to innate immunity, this approach has 

also been useful for the identification of new NF-κB or AP-1 regulators 

(Chanda et al., 2003; Matsuda et al., 2003) as well as adaptors for innate 

signaling pathways (Ishikawa and Barber, 2008).   

Gain-of-function screening is conceptually simple, and commercially 

available genome-wide libraries such as the Mammalian Gene Collection 

(MGC, http://mgc.nci.nih.gov/) allows for the standardization of these 

expression studies.  This library is the most commonly used tool for 

overexpression analysis.  Within the library, each gene is expressed in the 

same CMV-promoter driven vector, and all clones are sequence-verified.  This 

uniformity lends itself to greater reproducibility between screens performed in 

different labs and under different conditions.  Additionally, enhanced protein 

levels can increase the dynamic range of individual systems-level assays, 

resulting in a greater sensitivity of the overall screen.  However, artificially high 

protein concentrations can be associated with cellular toxicity, or may result in 
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the false targeting of pathways that are not biologically relevant to the normal 

function of the gene.  Activities of these “false positives” are generally revealed 

in follow-up mechanistic studies if the novel function of the gene cannot be 

confirmed.   

In contrast to cDNA overexpression, RNAi (RNA interference) mediated 

by siRNAs (small interfering RNAs) or shRNAs (short hairpin RNAs) results in 

the decrease of gene expression levels, and is inherently more complex in 

both biology and in systems-based screening approaches.  The introduction of 

siRNAs into cells is associated with a transient decrease in protein levels, 

whereas shRNAs are processed and integrated into the cellular genome to 

mediate long-term gene suppression (Echeverri and Perrimon, 2006; Elbashir 

et al., 2001; Paddison et al., 2002). Depending on the cell type and assay, the 

use of either RNAi method may be more appropriate.  For instance, siRNAs 

can be readily transfected into common immortalized cell lines such as 

HEK293T or HeLa, whereas shRNAs can be cloned into retro- or lenti-viral 

vectors and then introduced via a more elaborate transduction method; though 

the use of siRNAs is technically more simple, shRNAs can be extremely useful 

for mediating gene silencing in hard-to-transfect suspension cell lines (e.g. 

Jurkat T cells, THP-1 monocytes) or primary cell types.  Furthermore, siRNAs 

or shRNAs targeting individual genes can be arrayed and interrogated 

individually, or can be pooled in sets of three or four, and there are pros and 

cons to each of these approaches [reviewed in (Echeverri and Perrimon, 

2006)].   
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From the perspective of systems-bases analyses, genome-wide RNAi 

screens, especially using siRNAs, are an increasingly common way to 

elucidate the functions of uncharacterized genes.  In particular, the 

development of high-throughput “reverse” transfection methods by Junald 

Ziauddin and David M. Sabatini revolutionized this field, making the large-

scale transfection of siRNAs much more feasible (Aza-Blanc et al., 2003; 

Ziauddin and Sabatini, 2001) (this approach can be similarly used for cDNA 

transfections (Chanda et al., 2003)).  Essentially, this technique reverses the 

classical steps of transfection protocols by aliquoting siRNAs first, followed by 

the addition of the cells in an immediate second step.  This approach not only 

reduces the amount of time required to complete transfections, but also 

decreases the number of liquid handling steps; both these advances made 

this technique extremely amenable to the rigors of high-throughput genome-

wide screening.  Aza-Blanc et al. completed the first proof-of-concept screen 

that demonstrated the viability of this method, where an siRNA library targeting 

510 kinases revealed genes that were involved in apoptosis (Aza-Blanc et al., 

2003).  Since then, high-throughput siRNA screens have evolved to measure 

more complex readouts such HIV or influenza replication (Konig et al., 2009; 

Konig et al., 2008) or TLR signaling responses (described here in Chapter 2).   

While genome-wide RNAi screening is a powerful tool to uncover gene 

function, it is also prone to several experimental pitfalls.  The primary caveat of 

RNAi is the occurrence of off-target gene silencing that occurs when the anti-

sense strand of the siRNA molecule targets a cellular mRNA sequence that is 
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only partially complementary (Jackson et al., 2006b).   In this case, rather than 

silencing the specific gene that the siRNA was designed to target, a non-

specific gene is targeted and silenced.  This problem can be mostly avoided 

by undertaking several cautionary steps during the library and assay design 

[reviewed in (Echeverri et al., 2006)].  In particular, the use of 4-6 redundant, 

non-overlapping siRNAs targeting the same gene reduces the chance of 

reporting false positives due to off-target effects.  Additionally, chemically 

synthesized libraries that are commercially available contain siRNAs with 

chemical modifications designed to reduce non-specific gene silencing 

(Jackson et al., 2006a).    

Either gain-of-function or loss-of-function screening is be a useful 

approach to identify new roles for genes in innate immune signaling pathways, 

but it is critical to follow either method with extensive data analysis and further 

mechanistic study of genes selected as ‘hits.’  Follow-up studies are generally 

tailored to the specific cellular process being interrogated; for the studies 

described herein, a mechanistic characterization of genes in TLR signaling 

pathways was completed using additional biochemical and molecular 

approaches. 

 

MAIN OBJECTIVES AND SIGNIFICANCE 

The main objectives of this dissertation are to i) Design and complete a 

loss-of-function screen to identify novel regulators of TLR innate responses; ii) 

Design and complete a gain-of-function screen to identify novel regulators of 
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NF-κB signaling responses; and iii) Comprehensively and mechanistically 

characterize the genes identified by these screens in TLR signaling pathways. 

My Initial Objective was to use systems-level screening approaches to 

uncover new functions for genes that are positive regulators of innate immune 

responses.  Based on the findings of the loss-of-function studies, I 

hypothesized we could use medium- to low-throughput functional and 

biochemical mapping strategies to categorize novel innate co-factors.  Based 

on the findings of the gain-of-function studies, I hypothesized that PP1-γ was a 

regulator of MyD88-dependent TLR signaling.  I propose that the newly 

identified innate immune signaling regulators described herein are critical for 

proper pro-inflammatory responses downstream of TLR activation.  

Deregulation of these pathways may alter the delicate balance between 

proper inflammatory responses associated with host defense, and harmful 

autoimmunity. 

Identification of novel TLR signaling regulators may provide key insights 

regarding the innate control of invading microorganisms, and would broaden 

our understanding of the mechanisms underlying pathologic inflammatory 

diseases.  Since these studies were designed to identify positive regulators of 

TLR and pro-inflammatory signaling, targeting these innate co-factors could 

offer a therapeutic solution to boost immune responses in 

immunocomprimised individuals.  Alternatively, since these pathways are often 

deregulated in autoimmunity, novel regulators could be targeted to control 

these inflammatory responses.  Altogether, these approaches could be of 
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value toward future therapies directed modulating TLR-associated innate 

immune responses.  
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CHAPTER 2 

 

AN UNBIASED LOSS-OF-FUCNTION SCREENING APPROACH: CELLULAR 

CO-FACTORS REQUIRED FOR TLR7- AND TLR9-DEPENDENT INNATE 

IMMUNE RESPONSES 

 

ABSTRACT 

Viruses and bacteria commonly utilize endocytic pathways to gain 

access to the cellular cytoplasm.  TLR7 and TLR9 are pattern recognition 

receptors that survey endosomal compartments for pathogen-encoded single-

stranded RNA or CpG DNA, respectively, in order to initiate a MyD88-

dependent pro-inflammatory immune response to microbial infection.  Here, 

we employed an integrative systems-based approach using genome-wide 

RNA interference (RNAi) screening to identify 190 co-factors required for 

TLR7- and/or TLR9-directed innate immune signaling responses.  Protein 

complexes and pathways that regulate ubiquitin-protein ligase activity, 

sphingolipid metabolism, chromatin modifications, and ancient stress 

responses were found to modulate innate recognition of endosomal nucleic 

acids.   Additionally, hepatocyte growth factor-regulated tyrosine kinase 

substrate (HRS) was characterized as necessary for ubiquitin-dependent 

targeting of TLR9 to the endolysosome.  Taken together, this analysis has 

identified proteins and pathways that are critical regulators of the 

innate immune response and has delineated molecular strategies to 
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manipulate these responses for the treatment of autoimmune disorders and 

microbial infection.	  

 

INTRODUCTION 

 Vertebrates use interconnected branches of the immune system to 

dictate responses to commensal and pathogenic microbes and maintain host 

health.  In one strategy of immune sensing, invariant receptors are employed 

to recognize conserved molecules associated with microorganisms.  Activation 

of these receptors allows cells to integrate contextual cues and signal for 

tissue repair, inflammation, host defenses, and adaptive immunity {Iwasaki, 

2010 (Sasai et al., 2010); Kumar, 2011}.  The earliest vertebrate innate 

immune sensors identified were the toll-like receptors (TLRs), which recognize 

various pathogen associated molecular patterns (PAMPs).  Nucleic acid 

species are one class of molecular pattern sensed by multiple families of 

innate immune receptors (Barbalat et al., 2010).   

The recognition of nucleic acids of endocytic origin is mediated by 

transmembrane receptors TLR3, 7, 8, and 9 (Blasius and Beutler, 2010).  

TLR3, 7, and 9 sense double-stranded RNA (dsRNA), single-stranded RNA 

(ssRNA), and DNA, respectively (in humans TLR8 also detects ssRNA).  As 

endosomal TLRs show little sequence selectivity, they provide not only broad 

responsiveness, but are also not easily eluded by microbial mutability.  

Accordingly, many ssRNA, dsRNA, and double-stranded DNA (dsDNA) 

viruses have been found to activate endosomal TLRs, including human 
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immunodeficiency virus, influenza virus, vesicular stomatitis virus, respiratory 

syncytial virus, encephalomyocarditis virus, mouse cytomegalovirus, and 

herpes viruses 1 and 2 (Beignon et al., 2005; Diebold et al., 2004; Krug et al., 

2004a; Krug et al., 2004b; Lund et al., 2003; Lund et al., 2004; Tabeta et al., 

2004; Zhang et al., 2007).  Furthermore, both bacterial and parasitic genomes, 

as well as bacterial RNA, can activate TLR9 and TLR7 (Arpaia et al., 2011; 

Bafica et al., 2006; Eberle et al., 2009; Hemmi et al., 2000; Mancuso et al., 

2009; Parroche et al., 2007). 

To sense pathogen infection, TLR3, 7, and 9 must traffic from their site 

of synthesis in the endoplasmic reticulum (ER) to sensing compartments in the 

endolysosomal network.  Determinants for intracellular localization reside in 

both the transmembrane and cytosolic domains of TLR3, 7, and 9 (Barton et 

al., 2006; Funami et al., 2004; Kajita et al., 2006; Leifer et al., 2006; Nishiya 

and DeFranco, 2004; Nishiya et al., 2005).  The multi-pass transmembrane 

protein UNC93B1 (unc-93 homolog B1 (Caenorhabditis elegans)) is 

specifically required for endosomal TLR trafficking (Kim et al., 2008; Tabeta et 

al., 2006).  During trafficking, TLR9 traverses the Golgi compartment en route 

to acidified endolysosomes where it is proteolytically processed by cathepsins 

and asparagine endopeptidase (AEP) to yield a functional N-terminally 

truncated receptor (Ewald et al., 2008; Park et al., 2008; Sepulveda et al., 

2009).  Analogous to TLR9, TLR3 and TLR7 are similarly routed through the 

Golgi and N-terminally processed (Ewald et al., 2011); however, it remains 

unclear how sorting from the Golgi to the endolysosomal compartment is 
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achieved.  Intriguingly, the AP-3 complex, as well as protein sorting complexes 

required for the formation of lysosome-related organelles, have been 

implicated in a late TLR9-trafficking event, though this genetic requirement 

appears to be limited to particular cell types and signaling pathways (Blasius 

et al., 2010a; Sasai et al., 2010).  

Unlike TLR3, both TLR7 and TLR9 signal through the adaptor MyD88 

to produce either inflammatory cytokines or type I interferons (IFNs), 

depending on the cell type and activating ligand (Blasius et al., 2010a).  In the 

pro-inflammatory arm of the signaling pathway, the kinases IRAK1, 2, and 4 

activate the E3 ubiquitin ligase TRAF6.  Together with Ubc13 and Uev1A, 

TRAF6 catalyzes the K63-linked ubiquitination of substrates, including TRAF6 

itself, as well as NEMO and the MAP kinase, TAK1.  Ubiquitination of NEMO 

induces the formation of a multiprotein complex known as the IKK 

signalosome, where activated TAK1 phosphorylates IKKβ, leading to IκBα 

phosphorylation and degradation (Akira et al., 2006).  This allows NF-κB to 

translocate to the nucleus and, with AP-1, activate pro-inflammatory cytokine 

production.  Ligand availability, receptor expression, and downstream 

signaling networks are tightly regulated to effectively enable host defense 

while simultaneously limiting autoimmunity.  To more comprehensively 

understand the molecular components that govern this precisely controlled 

process, we conducted a genome-wide RNAi analysis of the cellular 

requirements for endosomally-initiated MyD88-dependent innate immune 

signaling.  Integration of these results with orthogonal systems-based datasets 
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yielded functional insight towards the regulatory hierarchies that preserve the 

critical balance between productive innate immune responses to pathogen 

challenge and the hyper-responsiveness to autoantigens. 

 

EXPERIMENTAL PROCEDURES 

Reagents 

 Latex beads were purchased from Polysciences. Human CpG 

oligonucleotides (TCGTCGTTTTGTCGTTTTGTCGTTGGGGG) and murine 

CpG oligonucleotides (TCCATGACGTTCCTGACGTT) with phosphorothioate 

linkages were purchased from IDT.  All primers used for RT-PCR were also 

purchased from IDT.  R848 and flagellin were purchased from Invivogen.  

Human TNF-α and Human IL-1β	  were purchased from Cell Signaling 

Technology. The following antibodies were used for immunoblotting: anti-HA, 

anti-ubiquitin, anti-IκBα, anti-tubulin, anti-β-actin, goat anti-rabbit-HRP and 

goat anti-mouse HRP (Bio-rad); anti-FLAG (Sigma); anti-HRS (Abcam). 

  

Cell lines, plasmids, and tissue culture 

 The HEK293T/TLR7/NF-κB luciferase reporter cell line and the 

HEK293T/TLR9/NF-κB luciferase reporter cell line were generated by 

transfecting HEK293T cells with expression plasmids for TLR7 or TLR9, along 

with a 5X NF-κB luciferase reporter construct.  HEK293T cells were cultured in 

DMEM supplemented with 10% FBS (Thermo Scientific), L-glutamine and 

penicillin/streptomycin (Invitrogen).  HEK293T/TLR7/NF-κB luciferase reporter 
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cell line and the HEK293T/TLR9/NF-κB luciferase reporter cell line were 

cultured in the culture media described above with the addition of 5ug/ml of 

Blasticidin and 2ug/ml of puromycin.  RAW264.7 cells were purchased from 

ATCC and cultured in RPMI supplemented with 10% FBS, L-glutamine and 

penicillin/streptomycin.  cDNA encoding the HA epitope was inserted at the 3’ 

end of TLR9 to generate WT-TLR9-HA in the MSCV2.2 retroviral vector.  

RAW264.7-TLR9-HA stable line was generated by transducing RAW264.7 

cells with MSCV2.2 retroviruses encoding TLR9.  TLR9-KallR mutants were 

generated by mutating the lysine residues of the WT-TLR9-HA at positions 

878, 932 and 963 to arginines.  Similarly, TLR2 and TLR7 lysine-to-arginine 

mutants were also generated.  	  RAW264.7-TLR9-HA stable knockdown cell 

lines were generated by transducing RAW264.7-TLR9-HA cells with LMP 

microRNA-adapted retroviral vectors (Thermo scientific) targeting luciferase, 

Unc93b1 or Hrs.  cDNA encoding the FLAG epitope was inserted at the 3’ end 

of the HRS.  FLAG-tagged human HRS was amplified by PCR and ligated into 

pCDNA3.1 vector.  The TLR9-HA construct used in the co-

immunoprecipitation experiment was obtained by subcloning TLR9-HA from 

MSCV2.2 retroviral vector into pCDNA3.1 vector.    

 

RNA interference 

 Double stranded RNA duplexes corresponding to human MyD88, HRS, 

p65, and GL-2 luciferase were purchased from Qiagen.  The targeting 

sequences were as follows:  MyD88, 5’-CATCCTGAGTTTATAATAATA-3’; 
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HRS-1, 5’-CACGTCCGGAGTAACACTACA-3’; HRS-2, 5’-

CCGGAACGAGCCCAAGTACAA-3’; p65, 5’-

CGGATTGAGGAGAAACGTAAA-3’; GL-3 luciferase, 5’-

AACTTACGCTGAGTACTTCGA-3’.  Negative control siRNAs were previous 

described (Konig et al., 2008).  HEK293T and THP-1 cells were transfected 

via Lipofectamine RNAiMAX (Invitrogen) and Hiperfect (Qiagen), respectively, 

according to the manufacturers’ protocols.  72 hours post-transfection, the 

cells were used for further experiments.   

 

High-throughput siRNA Screens 
 
 A 384-well plate-based assay was optimized to identify siRNAs that 

influence endosomal TLR7 and TLR9 signaling in response to their cognate 

ligands, R848 and CpG oligonucleotides.  Genome-wide libraries comprising 

107,734 synthetic siRNAs targeting 19529 unique human genes in total were 

arrayed in 384-well plates such that each well contained two unique and 

identifiable siRNAs per gene (7ng siRNA per gene, per well).  There were, on 

average, 3 wells per gene or 6 siRNAs per gene. Each plate also contained 

positive controls (MyD88 and p65 siRNAs), negative controls (GL3-luciferase 

siRNA), and scramble siRNA controls. The library was introduced into the 

HEK293T/TLR7 NF-κB luciferase reporter line or the HEK293T/TLR9 NF-κB 

luciferase reporter line by a high-throughput transfection process (Konig et al., 

2008). For the TLR7 and TLR9 screens, 0.5uM of R848 or 3uM of CpG 

oligonucleotides (ODN 2006-G5, 5’-
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TCGTCGTTTTGTCGTTTTGTCGTTGGGGG-3’) were added to the wells 72 

hours after siRNA transfection.  Seven hours post stimulation, Bright-Glo 

(Promega) was added in equal volumes to each well and the luminescence 

associated with each sample was analyzed.  The TLR7 and TLR9 screens 

were run in duplicates and statistically analyzed as described below. All steps 

were performed using a fully integrated high-throughput cellular genomics 

robotic system (GNF Systems). 

	  

Bioinformatic Analysis of Screening Data: Integrative evidence-based 

analysis, gene confirmation, and mechanistic studies 

	  

Evidence Analyses Summary 

 We assume that genes having multiple lines of independent data to 

support TLR7/TLR9-related functions are less likely to be false positives; 

therefore, for each gene we first collected as many evidences as possible 

indicating a genetic or functional association with TLR7/9.  Such types of 

evidences included, but were not limited to: siRNA screening data analyses, 

protein-protein network analyses, gene expression analyses, etc.  Each piece 

of evidence was transformed into a normalized support score between zero 

and one, representing a minimum and maximum level of support, respectively.  

This process of using multiple evidences has been employed in several 
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previous studies (Konig et al., 2009; Konig et al., 2008) and has been shown 

to effectively prioritize primary hits for confirmation. 

 

Individual Evidences and Analyses Applied: 

Correlation Between TLR7 and TLR9 Screens 

 Altogether, the activity scores for genes that were profiled in the TLR7 

and TLR9 screens have a Pearson correlation coefficient of 0.27 (p < 10-100).  

TLR7 primary hits have a 41% chance to also be TLR9 hits, while non-TLR7 

primary hits only have a 12% chance to be TLR9 hits; therefore, the two hit 

lists are significantly overlapped (chi-squared test, p < 10-100). 

 

siRNA Screening Data Transformation and Hit Lists 

 Whole-genome siRNA screening data were obtained for 2 assays: 

TLR7 and TLR9.  Each well was measured twice, and readings were 

normalized and geometrically averaged using the same data processing 

pipelines as described previously (Konig et al., 2009; Konig et al., 2008). To 

aggregate activity scores of multiple siRNAs for the same gene, we applied an 

RSA algorithm to each screen individually, so that a p-value was obtained for 

each siRNA in each screen (Konig et al., 2007). The overall score of a gene 

was assigned based on the best p-value among multiple siRNAs.  We then 
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defined the primary hits for the TLR7, TLR9 and cytotoxicity (TOX) screens as 

genes with scores below 0.4, 0.4 and 0.7, respectively; this resulted in 5660, 

3924, and 4958 hits.  For each hit list we carried out protein network analysis 

as described below.  As the hits that form a network among themselves are 

likely to be more reliable hits, we prioritized those genes within TLR7/9 

networks and considered 2907 genes that were in the TOX network to be toxic 

and excluded those genes in later analyses. 

 

Protein Network Data Analyses 

 Human protein-protein binding data used in this study was derived from 

Reactome (http://reactome.org), BIND (http://www.bind.ca), MINT 

(http://mint.bio.uniroma2.it/mint/Welcome.do), HPRD (http://www.hprd.org), 

CORUM (http://mips.helmholtz-muenchen.de/genre/proj/corum/index.html), 

and Hynet (database not publically available).  A functional NF-κB/TNF-α 

interaction map generated by Bouwmeester,T. et al (Bouwmeester et al., 

2004). For a given human gene list, all direct interactions among the genes 

were extracted from the above described databases, and a network was 

constructed.  If the network was too complex for visual interpretation, 

Molecular Complex Detection (MCODE) analysis was applied to identify 

densely connected network components (Bader and Hogue, 2003).  All 
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network visualization was based on Cytoscape (version 2.8.0) (Shannon et al., 

2003). 

 

Tissue Gene Expression Analyses 

 GNF Tissue Atlas consists of 79 human tissue samples measured on 

an U133A_v2 gene chip in replicates (Su et al., 2002).  TLR7-related genes 

are expected to be present in the following eleven blood samples, including 

"CD33 positive bone marrow derived myeloid cells", "CD34 positive stem 

cells", "BDCA4 positive dendritic cells", "CD14 positive monocytes", "CD19 

positive B cells", "CD56 positive natural killer cells", “CD71 positive early 

erythroid cells”, “CD105 positive endothelial cells”, “CD8 positive T cells”, CD4 

positive T cells” and “Whole blood”.  For each gene, a percentage was 

calculated based on the number of above samples where the gene was called 

“Present” by the Affymetrix MAS5 algorithm.  If a gene was present in only one 

of the two replicates, it was counted as a 0.5 occurrence.  The tissue 

expression profiles were also log-transformed and the Pearson correlation 

coefficient between genes and that of TLR7 and MyD88 were calculated, 

where higher correlation scores were considered as favorable support.  

Expression profiles of both TLR7 and MyD88 showed differential blood-biased 

expression; therefore, the two correlation coefficients are well-correlated (r2 = 

0.94). TLR9 was not on the array and its expression profile was not available.   
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Gene Expression Analyses in Response to TLR7/TLR8/TLR9 Stimulation  

 HEK293/TLR7 and HEK293/TLR8 stable cell lines were profiled as 

three groups, untreated, TLR7 stimulated and TLR8 stimulated.  For each 

treatment, the gene expression by microarray analysis was profiled at 2-hour, 

4-hour and 8-hour time points.  Fold changes were first calculated within the 

TLR7 and TLR8 group as Max/Min among the three time points; fold change 

values were then subtracted by the fold change observed from the untreated 

group, resulting in a delta fold change (dFC), and the larger dFC value was 

kept as an evidence.  This data set of nine experiments was also analyzed by 

an Ontology-based Pattern Identification (OPI) algorithm in order to identify 

genes that share both similar expression profiles and similar biological 

functions (Zhou et al., 2005).  Additionally, previously generated microarray 

data from CpG ODN-treated RAW cells was analyzed (Tross et al., 2009).  

Gene expression microarray data was available for cells stimulated at 4-hour 

or 12-hour time points, and dFC was calculated as described above.    

 

Functional Enrichment Analyses 

 Functional enrichment analyses were frequently applied to provide 

biological context for various gene lists that may have come from screening 

hits, protein networks, or MCODE subnetworks, etc.  For these analyses, gene 

ontology data were collected from multiple sources, including Gene Ontology, 

GeneGo process, CORUM, and in-house accumulated manual curations.  



 

	   	  

32 

Statistical significance of each functional category was scored using the 

standard accumulative hypergeometric probability function. 

 

InnateDB Protein Interaction Enrichment Analyses 

 We collected 822 genes that are related to TLR7/TLR9 pathways, 

mostly based on published literature and InnateDB, which we generally refer 

to as InnateDB genes in this study (Akira et al., 2006; Lynn et al., 2008; Oda 

and Kitano, 2006). Based on various protein interaction databases described 

above, a protein interaction partner list was obtained. This list curates the 

interactions between a given protein and proteins it interacts with. We then 

quantified whether this list contained statistically significant numbers of 

InnateDB genes, by calculating an enrichment factor and a p-value.  The 

enrichment factor is the ratio of the InnateDB genes in the partner list divided 

by the number of InnateDB interactions that are expected to occur by chance. 

 The p-value was calculated using the standard accumulative hypergeometric 

probability function.  

 

Evidence Compilation 

 For each gene, we collected a serious of supporting evidences using 

the various analyses described above.  The final evidence matrix included 

supports derived from siRNA screens, protein-protein interaction networks, 

and various microarray datasets.  The details of the individual evidences are 
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described above.  All individual evidences were finally transformed into a 

normalized score between zero and one (where zero stands for no support 

and one stands for the strongest support) and these scores were used for 

gene confirmation.    

 

Gene Confirmation 

 We selected 546 genes based on the above-described evidence 

optimization results, and additional genes for the purpose of completeness 

and comparison.  These genes were further profiled in confirmation studies, 

where the individual siRNAs from the original wells, plus additional siRNAs for 

each gene, were arrayed and examined by monitoring NF-κB luciferase 

reporter activity in response to R848, CpG and TNF-α.   190 genes containing 

at least two independent siRNAs showing an activity score of 0.4 and below 

were considered confirmed. 

 

Mechanistic Study of Confirmed Hits 

 We took the 190 confirmed hits and cross-profiled them in TLR7, TLR9, 

TNFR, TLR5, and IL-1R assays.  For TLR7 screen, siRNAs were introduced 

into the HEK293T/TLR7/NF-κB luciferase reporter line and stimulated with 

0.5uM of R848.  For TLR9, TNFR, TLR5, and IL-1R screens, siRNAs were 
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introduced into HEK293T/TLR9/NF-κB luciferase reporter line and stimulated 

with 3uM of CpG oligonucleotides, 10ng/ml of TNF-α, 100ng/ml of flagellin, 

and 10ng/ml of IL-1β, respectively.  For the TOX screen, siRNAs were 

introduced into the same cells, but were left unstimulated.  For each screen, 

activity data were normalized and scaled using the same process as described 

before.  Slightly different activity thresholds were determined for each assay to 

capture the variations in signal distributions; we chose 0.6, 0.6, 0.45, 0.5, 0.65 

and 0.5, respectively, to be the thresholds.  Genes with activity scores below 

the individual thresholds were considered active, and genes with activity 

scores above the thresholds were considered inactive.  The activity profiles 

were then hierarchically clustered and mechanisms of hits were assigned 

based on the heat map visualization and on the known downstream pathway 

circuitry for each receptor interrogated.  siRNAs that were active only in both 

TLR7 and TLR9 and inactive in TLR5, IL1R were categorized as “TLR7/9 

Specific”; siRNAs that were active in TLR7, TLR9, TLR5 and IL-1R but inactive 

in TNFR but were categorized as “MyD88-dependent Signaling”;  siRNAs that 

were active in TLR7, TLR9, TNFR, TLR5, IL-1R were categorized as “General 

NF-κB Activity”.  80 hits where mechanisms can be assigned, and there were 

110 genes for which the cross-profiling dataset was not sufficiently clear to 

allow a mechanism to be assigned.  For 110 genes, we were unable to assign 

a mechanism, as the cross-profiling datasets for these genes were not 

consistent with currently known pathway circuitries.   
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Support-Vector Machine (SVM) for Mechanism Prediction 

 Eighty-five confirmed co-factors and 20 known Kitano pathway 

members form a protein network. Among them, 18 proteins were assigned as 

“TLR7/9 Specific” genes, 5 proteins were assigned “MyD88-dependent 

Signaling” genes, and 19 proteins were assigned as “General NF-κB Activity” 

genes.  Thirty-eight confirmed genes were not assigned a mechanism; 

nevertheless, they are still connected to known pathway members within the 

network.  These interactions within the network can be further qualified using a 

matrix, where each row represents a confirmed gene, each column represents 

a pathway member, and each cell represents the closeness between the two 

proteins. The closeness of the confirmed gene and the pathway member can 

be calculated by using the formula: closeness score = 0.5n-1, where n equals 

to the number of connections between the confirmed gene and the known 

pathway member. For example, if the confirmed gene and the pathway 

member directly interact (one connection) the closeness score is 1.0.  In 

particular, as compared to genes assigned “General NF-κB Activity”, genes 

assigned “TLR7/9 Specific” are statistically significantly closer to UBE2N (p-

value = 0.09) and also to MAP3K7IP2 (TAB2) (p-value = 0.05). The complete 

closeness matrix is then used as the featured matrix for two-class support-

vector machine (SVM) training.  A three-fold cross validation test indicated a 

prediction accuracy of 71% for “TLR7/9 Specific” genes and 65% for “General 

NF-κB Activity” genes using SVM.  We then applied the trained classifier to 

assign predictive mechanism labels to the 38 confirmed genes that were 
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previously not assigned a mechanism. Using this approach, 17 of the 38 

genes were classified as “TLR7/9 Specific” and 21 of the 38 genes were 

classified as “General NF-κB Activity”. 

 

Luciferase and Cytotoxicity Assays 

 Either the HEK293T/TLR7/NF-κB luciferase reporter line or the 

HEK293T/TLR9/NF-κB luciferase reporter line was plated in 384-well plates (5 

x 103 cells/well) and transfected with 14ng of siRNA using Lipofectamine 

RNAiMAX (Invitrogen).  72 hrs post transfection, the cells were stimulated with 

0.5uM of R848 (HEK293T/TLR7 NF-κB luciferase reporter line) or 3uM of CpG 

oligonucleotides (HEK293T/TLR9 NF-κB luciferase reporter line).  Seven hrs 

post stimulation, the luciferase reporter activities were quantified with Britelite 

Plus (PerkinElmer).  For the cytotoxic assay, HEK293T/TLR9/NF-κB luciferase 

reporter cells were transfected with siRNA.  Three days post transfection, 

viability of the cells was quantified with ATP Lite (PerkinElmer).  Both the 

luciferase assay and cytotoxic assay were quantified by using the PHERAstar 

luminometer (BMG Labtech).    

 

Real-Time PCR 

 Total RNA from cells was extracted by using RNeasy Mini Kit according 

to the manufacturer’s instructions (Qiagen). RNA samples were reverse 

transcribed using the QuantiTect Reverse transcription Kit (Qiagen). PCR 

products were detected using the Power SYBR® Green PCR Master Mix 
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(Applied Biosystems). Formation of a unique DNA product was confirmed by 

verifying that products had a single melting temperature. Fluorescence 

monitored PCR values were normalized to TATBP values to account for any 

differences in cDNA recovery between samples.  Real time PCR was 

performed with the following primers:  human TATBP, 5’-

CCACTCACAGACTCTCACAAC-3’ and 5’-CTGCGGTACAATCCCAGAACT-

3’; human ICAM-1, 5’-TGGCCCTCCATAGACATGTGT-3’ and 5’-

TGGCATCCGTCAGGAAGTG-3’; Human HRS, 5’- 

TTCGAGCGTCTCCTAGACAAG-3’ and 5’-GCAAAATGGACTCCCAATCTGT-

3’;   human IL-8, 5’- TTTTGCCAAGGAGTGCTAAAGA-3’ and 5’- 

AACCCTCTGCACCCAGTTTTC-3’. 

 

Immunoprecipitation and Immunoblot analysis 

 For co-immunoprecipitation, 3x106 HEK293T cells seeded on 100mm 

dishes were transiently transfected with a total of 12ug of various plasmids 

using Lipofectamine 2000 (Invitrogen).  48 Hours post transfection, the cells 

were lysed in lysis buffer (50mM Tris-HCl, pH 7.4, 250mM NaCl, 1mM EDTA, 

1% TRITON-100) supplemented with a complete protease inhibitor cocktail 

and phosphatase inhibitor cocktail (Sigma).  FLAG-HRS was 

immunoprecipitated using Dynabeads coated with protein G according to 

manufacturer’s protocol (Invitrogen).  For immunoblotting with ubiquitin 

antibody, RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 
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sodium deoxycholate, 0.1% SDS) was supplemented with 40mM of 

deubiquitinating enzyme inhibitor, N-ethylmaleimide (NEM). 

 

Evaluation of TLR Mutant Signaling in HEK293T  

 HEK293T cells were transfected with WT-TLR9-HA or mutant TLR2, 

TLR7, or TLR9 expressing MSCV2.2 retroviral vectors, as well as an NF-κB 

luciferase reporter plasmid where luciferase expression was driven by an 

endothelial leukocyte adhesion molecule 1 (ELAM-1) promoter (Whelan et al., 

1991). Twenty-four hours after transfection, cells were stimulated for 14h with 

TLR or reference ligands.  Cell lysates were obtained using passive lysis 

buffer (Promega) and assayed for luciferase activity.  

 

p65 translocation assay 

 HEK293T/TLR7 cells were platted in GNF custom imaging 384-wells 

plates (Greiner) at 5 x 103 cells/well. Cells were transfected with siRNAs using 

the same procedure as for the luciferase assays. Three days post transfection, 

the cells were stimulated 1uM of R848 for 40 minutes.  The cells were fixed 

with 1% paraformaldehyde and then permeabilized and blocked using 0.3% 

TRITON-100 and 10% goat serum (blocking solution). This solution was used 

for washes and antibody incubation. Cells were then incubated overnight with 

a mouse anti-p65 antibody (Santa Cruz cat#: sc-8008) at 1:400 dilution. After 

3 washes, cells were incubated for 1hr with a goat anti-mouse Alexa488 
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secondary antibody (Invitrogen cat#:  A11029). Finally, cells were washed 

three more times and stained with Draq5. 

 

High Content Imaging of p65 Nuclear Translocation 

 Labeled cells from p65 nuclear translocation assays were then imaged 

using the Opera (PerkinElmer), an automated confocal microscope, using 

488nm and 635nm laser lines to excite Alexa488 immunolabeled p65 and 

Draq5, respectively. A total of 18 fields of view were collected from each well 

(covering on average ~7,200 cells/well) at a resolution of 0.66µm/pixel using 

an LCPlanFL 20x/0.40na Objective (Olympus). Images were analyzed using a 

custom Acapella (PerkinElmer) script available on Google.Code at: 

http://code.google.com/p/operahci/source/browse/#svn%2FAcapella%2FAcap

ellaScripts%2Ftrunk%2FGNF.Scripts%2FNuclearTranslocation.  

In brief, the script was parameterized to detect nuclei and cytoplasm 

using the Draq5 stain. A donut limited by the cell cytoplasm was then drawn. 

For each cell donut a Pearson correlation coefficient was calculated between 

labeled p65 and labeled Nuclei (Draq5). Cells with a Pearson correlation >0.2 

were classified as translocated and well signal defined as the median value of 

their Pearson correlation coefficient was used to establish whether the siRNA 

affected p65 nuclear translocation or not.  P65 nuclear translocation was 

considered impaired if the well signal is 4 standard deviations lower than the 

average of the negative controls.  For some genes where the state of p65 
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nuclear translocation was ambiguous, images from replicate wells were 

evaluated visually.  

 

Intracellular Staining of TNF-α 

 2 x 105 immortalized macrophages were plated on 24-well plates. The 

following day, cells were stimulated; 30 minutes after stimulation cells were 

treated with brefeldin A. Six hours after stimulation cells were fixed using the 

BD Cytofix/cytoperm kit  according to the manufacturer’s instructions. Cells 

were stained with αTNF-PE clone MP6-XT22 (eBiosciences). 

 

Phagosome Isolation 

 Phagosome isolation was carried out as described previously (Ewald et 

al., 2008). 

 

RESULTS 

Genome-wide RNAi Analysis of MyD88-dependent Endocytic Signaling 

Pathways 

 To establish a systems-level understanding of the compendium of 

genes that regulate innate immune responses to endosomal nucleic acids, we 

performed genome-wide RNAi screens to identify cellular co-factors required 

for TLR7 and TLR9 signaling.  Detection of endosomal RNA and DNA by 

these receptors is primarily restricted to specific sub-sets of myeloid cells.  To 

elucidate novel regulators of these pathways in a cell type that is tractable for 



 

	   	  

41 

high-throughput genetics, we selected HEK293T cells.  These cells 

recapitulate transcriptional responses to TLR ligands after constitution with 

appropriate receptors, indicating that they maintain a complement of cellular 

components required for downstream signaling (Chuang and Ulevitch, 2004; 

Lee et al., 2003).  To monitor activities of these innate pathways, HEK293T 

cells stably expressing either TLR7 or TLR9 were engineered to harbor an NF-

κB luciferase reporter element (HEK293T/TLR7/NF-κB luciferase or 

HEK293T/TLR9/NF-κB luciferase reporter cell lines).  HEK293T/TLR7/NF-κB 

luciferase and HEK293T/TLR9/NF-κB luciferase reporter cell lines were 

transfected with an arrayed genome-wide siRNA library targeting ~20,000 

human genes (Konig et al., 2009).  Typically, six unique siRNAs were used to 

interrogate each gene, with two siRNAs targeting the same gene arrayed in a 

single well (3 wells/gene).  Three days post-transfection, cells were stimulated 

with a synthetic TLR7 ligand, R848, or a TLR9 ligand, the CpG-containing 

oligonucleotide ODN2006-G5. After seven hours, luciferase activity was 

monitored as a surrogate readout of NF-κB pathway activity (Figure 2.1A).  In 

parallel, we measured cytotoxicity associated with each pair of siRNAs to 

eliminate genes that reduced luciferase activities through the induction of cell 

death.  We observed significant separation between positive and negative 

control wells (p<10-100), and a large fraction of canonical TLR signaling 

components, including MyD88, p65, IRAK1, TAK1, TAB2, and IKKα, were 

identified from the primary screen (Figure 2.1B, Table 2.1, and data not 

shown). 
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Figure 2.1:  Genome-wide integrative RNAi analysis of TLR7- and TLR9-mediated innate 
immune responses.  (A)  A human HEK293T cell line stably expressing TLR7 or TLR9, as 
well as harboring an NF-κB luciferase reporter construct, was reverse transfected with an 
arrayed genome-wide siRNA library targeting approximately 20,000 human genes, and then 
stimulated with cognate ligands, as indicated.  Activation of the NF-κB pathway was monitored 
by quantifying the luciferase reporter activity (red bar). Integration of these data with 
orthogonal systems-level datasets drove the selection 546 genes for further validation studies 
(blue bar).  190 genes were subsequently confirmed to be required components of the TLR7 
and/or TLR9 signaling response (gray bar).  (B) Top left quadrant:  siRNA-Based Analysis - 
the scaled activities of each well (black circles; 2 siRNAs targeting 1 gene/well) in the primary 
TLR7 RNAi screen are shown on the x-axis, while the activities of each well in the primary 
TLR9 RNAi screen are shown on the y-axis.  Red circles represent the activities of canonical 
TLR7/9 pathway members (see Table S1); gold circles indicate the activities of the 190 
confirmed innate immune signaling co-factors; and blue circles reflect negative control 
measurements. Top right quadrant:  Gene-based Analysis - the combined activities of all 
siRNAs targeting the same gene (RSA log10P values; see Experimental Procedures) in the 
TLR7 screen are shown on the x-axis, while their activities in the TLR9 screen are shown on 
the y-axis.  Bottom left quadrant:  the minimal RSA log10P value for a gene in either the TLR7 
or the TLR9 screen is shown in relation to the number of binary interactions attributed to each 
encoded protein within protein interaction databases (y-axis).  Bottom right quadrant:  the 
minimal RSA log10P value of a gene in either the TLR7 or TLR9 screen is shown on the x-axis, 
and is plotted against the relative expression level of that gene in hematopoietic cell types (y-
axis; also see Experimental Procedures). (C) Statistically significant overrepresentation of 
selected functional classes and protein families based upon gene ontology (GO) analysis and 
Interpro (IPR) domain mapping of 190 innate signaling co-factors (also see Table 2.2). (D) 
Tissue expression of 34 confirmed factors that have the strongest correlations with expression 
profiles of both TLR7 and MyD88 (R2= 0.94; also see Figure S1C).  Tissues and cell types are 
depicted on the x-axis, and are separated based on hematopoietic (Blood; orange bar) and 
non-hematopoietic (Others; blue bar) origins. Genes identified through the RNAi analyses are 
reflected on the y-axis.  A continuum of blue (low expression) to red (high expression) depicts 
relative expression levels.  Previously known or novel pathway members are indicated by 
black or blue bars, respectively. (E) The network relationship between identified innate 
regulators and the canonical TLR7/9 signaling components is depicted. The interaction 
network was extracted from databases containing binary protein interaction data (see 
Experimental Procedures). Significance was calculated through reiterative randomization of 
nodes (p<0.001). Red nodes indicate known TLR pathway members; blue nodes depict innate 
signaling proteins confirmed by our analysis; gray nodes reflect gene products identified only 
in a primary RNAi screen; triangular nodes indicate genes that have significant expression 
correlation with TLR7/MyD88 and/or enrichment in lymphoid tissues and cell types, while 
circular nodes indicate genes that do not have significant expression correlation with 
TLR7/MyD88 nor selective enrichment in hematopoietic tissues.	  	  Interaction data derived from 
the InnateDB  are indicated with olive-colored edges, and interactions data derived from Hynet 
are shown by blue-colored edges (LaCount et al., 2005; Lynn et al., 2008).  Finally, interaction 
data derived from binary human protein interaction databases are indicted by gray colored 
edges.	  
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Figure 2.1:  Genome-wide integrative RNAi analysis of TLR7- and TLR9-mediated innate 
immune responses.  
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Table 2.1: siRNA score, RSA score, and protein-protein interaction (PPI) for known 
canonical members of the TLR7/9 signaling pathway.  Explanation of column headings in 
table - Gene:  Entrez Gene ID; Symbol: Gene symbol; Description:  Gene description; TLR7: 
Score, best normalized siRNA score of the gene, with positive control scaled to 0.1; 
TLR7_LogP: RSA LogP value for TLR7 screen; TLR9: Score, best normalized siRNA score of 
the gene, with positive control scaled to 0.1; TLR9_LogP: RSA LogP value for TLR9 screen; 
TLR7_Direct: network analysis was conducted on primary TLR7 hits using BHMRRS, HyNet 
and NF-κB network (Bouwmeester et al., 2004; Konig et al., 2007)(See Experimental 
Procedures), and genes that directly interact with each other were identified; TLR9_Direct: 
network analysis was conducted on primary TLR9 hits using BHMRRS, HyNet, and NF-κB 
network, and genes that directly interact with each other were identified; BloodPresent: Values 
indicate the proportion of the following blood tissues and cell types where candidate genes 
were expressed: "CD33 positive bone marrow derived myeloid cells", "CD34 positive stem 
cells", "BDCA4 positive dendritic cells", "CD14 positive monocytes", "CD19 positive B cells", 
"CD56 positive natural killer cells", “CD71 positive early erythroid cells”, “CD105 positive 
endothelial cells”, “CD8 positive T cells”, CD4 positive T cells” and “Whole blood”.
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Integrative Evidence-based Analysis of Genome-wide RNAi Datasets 

Next, we used an integrative approach for candidate gene selection that 

considered additional lines of functional, biochemical, or transcriptional data 

(collectively called “evidence-based approach”; See Figures 2.1A, 2.1B, and 

Experimental Procedures).  This approach is based on the assumption that a 

factor is more likely to function as a physiologically relevant regulator of TLR 

signaling pathways if multiple independent lines of evidence can support the 

RNAi activity.  Specifically, criteria of this evidence-based approach included 

the collective activities of multiple siRNAs targeting a single gene (gene-based 

RSA score), single-well (siRNA-based) activity, Gene Ontology/Ontology-

based Pattern Identification data (GO/OPI), as well as cellular protein-protein 

interaction network and gene expression data (Figure 2.1B-E, 2.2, 2.3 and 

data not shown) (Konig et al., 2007; Zhou et al., 2005).  We combined these 

multiple lines of evidence into a decision matrix to prioritize those factors that 

were the most likely to function as bona fide regulators of TLR signaling.  This 

integrative evidence-based approach identified 546 genes as strongly 

supported candidate regulators of TLR7/9 signaling activities.  The activities of 

190 of these genes were reconfirmed, employing criteria wherein each gene 

must be targeted by at least 2 sequence-independent siRNAs which attenuate 

R848- or CpG-mediated TLR signaling activation, while not significantly 

affecting cellular viability.  Importantly, 80% of the known components of the 

TLR7 and TLR9 signaling pathways were identified in the primary screen and 
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reconfirmed using these criteria, providing validation for the approaches 

outlined here (Table 2.1).  

Gene ontology analyses of candidate innate signaling factors revealed, 

as expected, enrichment of pathways and functions associated with innate 

immune signaling activities, including TLR signaling, IL-1R signaling, NF-κB 

activation and inflammation, and others, as well as unexpected functional 

processes and metabolic networks (Table 2.2, 2.3, data not shown). A 

collection of candidate co-factors that are involved in ubiquitin-protein ligase 

activities, chromatin modifications, the sphingomyelin and ceramide synthesis 

pathways, as well as the unfolded protein response were also enriched in this 

analysis (Figure 2.1C).  Significantly, 42 of these identified innate immune co-

factors could be genetically linked to autoimmune diseases such as systemic 

sclerosis, diabetes mellitus type 1, rheumatoid arthritis, psoriasis, inflammatory 

bowel disease, Crohn’s disease, and systemic lupus erythematosus through 

GWAS (genome-wide association studies) analyses (Table 2.4).   
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Figure 2.2:  Integrative analyses of the TLR7/9 genome-wide RNAi screen – “evidence 
score.” (A) A multi-scale approach was employed to select candidate genes for study by 
compiling an “evidence score” for each gene based upon a variety of supporting criteria.  
Specifically, criteria included in the analyses are:  1) siRNA activity – The siRNA activity of 
single wells containing 2 siRNAs targeting one gene in the genome-wide assay for TLR7 or 
TLR9; 2) RSA LogP – The gene activity (combined activity of multiple wells targeting a single 
gene) in the genome-wide assay  for TLR7 or TLR9; 3) Protein Network-TLR7 & TLR9 – The 
number of interacting partners in the direct and indirect protein-protein networks constructed 
with primary hits in the TLR7 and TLR9 screens; Protein Network-Innate – Whether the 
candidate gene was previously annotated in InnateDB;  Protein Network-Inn. Int. – The 
number of predicted interactions between the candidate protein and proteins in InnateDB; 4) 
Gene Expression-Blood – Overall percent gene expression as measured in eleven blood 
tissue samples; Gene Expression-TLR7 & MYD88 – The Pearson correlation coefficient of the 
tissue expression profiles between the candidate gene and that of TLR7 or MyD88; Gene 
Expression-293dFC – The largest change in the expression levels of a gene in HEK293/TLR7 
cells or HEK293/TLR8 cells after stimulation for 2hr/4hr/8hr, whichever yielded the largest fold 
changes; Gene Expression-FC CpG – The gene expression fold change after CpG ODN 
treatment at 4hr or 12hr, whichever yielded larger changes; Gene Expression-293 OPI – 
Inclusion of a gene into an ontology-based pattern identification (OPI) gene cluster derived 
from a HEK293 expression panel of nine samples.  (Additional details regarding these 
analyses and individual evidences can be found in the Experimental Procedures.)   All the 
above individual evidences were then transformed into a normalized score between zero and 
one, where zero stands for no support and one stands for the strongest support. A continuum 
of blue (low expression) to red (high expression) depicts expression levels or evidence 
support.   
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Figure 2.2:  Integrative analyses of the TLR7/9 genome-wide RNAi screen – “evidence 
score.” 
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Figure 2.3:  Integrative analyses of the TLR7/9 genome-wide RNAi screen – expression 
profiles. Time course expression profiles of differentially expressed genes (See Figure 2.2, 
293 OPI)  were clustered using an OPI algorithm (Zhou et al., 2005). MF: Molecular Function; 
BP: Biological Processes; CC: Cellular Components. A continuum of blue (low expression) to 
red (high expression) depicts expression levels or evidence support. 
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 To determine if the factors confirmed in the screen were expressed in 

cell types relevant to TLR7 and TLR9 innate surveillance activities, mRNA 

expression profiles of identified factors were extracted from the GNF Tissue 

Atlas (Su et al., 2002).  The expression of 67% of the confirmed factors could 

be detected in cells and tissues of myeloid and lymphoid origin.  Furthermore, 

over 50% of the confirmed innate immune co-factors were predominantly 

expressed in hematopoietic cell types (p<3x10-6), and 34 of these genes were 

found to have highly significant expression correlation coefficients (r2=0.94) 

with TLR7 and MyD88 (Figure 2.1D and Figure 2.4).  Taken together, gene 

expression profiles of these identified molecules are largely consistent with 

their potential roles as TLR7/9 innate signaling co-factors. 

We also evaluated the density of protein interactions between these 

190 confirmed factors and known TLR signaling pathway members.  Towards 

this end, we compiled a list of 20 genes that are known to be involved in 

TLR7/TLR9 signaling responses (Bouwmeester et al., 2004; Oda and Kitano, 

2006), and integrated these with our RNAi data as well as with various binary 

protein interaction databases, including InnateDB, BIND, HRPD, and others 

(Lynn et al., 2008) (see Experimental Procedures).  This analysis identified a 

highly significant protein interaction network (p<0.001) containing 191 genes, 

including 109 novel confirmed factors. This interaction map reflects the 

probable biochemical hierarchies of novel innate immune regulatory proteins 

within the context of the canonical TLR7 and TLR9 signaling pathways (Figure 

2.1E and Figure 2.5).  Additionally, we applied a graph theoretic clustering 
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algorithm (MCODE, molecular complex detection) to identify unusually dense 

local interactions, which are likely to depict protein complexes (Bader and 

Hogue, 2003).  This analysis suggested that the identified regulatory proteins 

participate in a number of higher order biochemical complexes, including the 

von Hippel-Lindau (VHL) complex, the P2X purinoceptor 7 (P2X7) receptor 

signaling complex, or protein complexes associated with endopeptidase 

activity, as well as others (Figure 2.6 and data not shown).  
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Figure 2.4:  Integrative analyses of the TLR7/9 genome-wide RNAi screen – tissue atlas 
expression. mRNA transcriptional signatures were extracted from GNF Tissue Atlas.  Tissues 
and cell types are depicted on the x-axis, while genes identified through our analyses are 
reflected on the y-axis.  This hierarchical clustering revealed a subset of genes that are highly 
expressed in cells and tissues of myeloid and lymphoid origin, consistent with a role for these 
factors as important regulators of innate immune signaling (See also Figure 2.1D).  A 
continuum of blue (low expression) to red (high expression) depicts expression levels or 
evidence support. 
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Figure 2.5:  Integrative analyses of the TLR7/9 genome-wide RNAi screen – protein-
protein interactions. Protein-protein interaction analysis of confirmed TLR7/9 co-factors in a 
highly condensed network with known TLR canonical pathway members.  Interaction type, 
protein type, and expression patterns are distinguished by differential edge color, node color, 
and node shape, respectively, as indicated. 
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening.  (A) Plot (NETWORK 1) generated in 
Cytoscape representing the local connectivity of genes identified in the genome-wide siRNA 
screen.  Depletion of these genes by siRNAs reduced the NF-κB luciferase reporter activity in 
response to TLR7 or TLR9 ligands.  Significance of this network (p-value <0.001) was 
determined by comparing the complexity of iterative randomized (1000X) networks of the 
same size.  (B-H) To identify unusually dense regions of protein-protein interconnectivity 
within NETWORK 1, a graph theoretic clustering algorithm plugin for Cytoscape (MCODE) 
was applied to generate sub-networks.  The significance of each of the sub-networks was 
determined as described above (p-value < 0.001).   Interaction type, protein type, and 
expression patterns are distinguished by differential edge color, node color, and node shape, 
respectively, as indicated.  For protein type, ‘Confirmed hit’ depicts proteins confirmed by our 
analysis and ‘Primary hit’ depicts genes identified only in the primary screen.
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening.  
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening, Continued. 
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening, Continued. 
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening, Continued. 
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Figure 2.6: Network and Molecular Complex Detection (MCODE) analysis of genes 
identified by genome-wide siRNA screening, Continued. 
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Functional Classification of TLR7 and TLR9 Co-factors 

To functionally characterize the regulatory role of these innate co-

factors, we further cross-profiled the activities of 80 confirmed genes for their 

ability to modulate the NF-κB signaling pathway in response to ligand 

stimulation through TNF-α receptor (TNFR), IL-1 beta receptor (IL-1R) and 

TLR5. Based upon the known signaling architecture of these pathways and 

specific siRNA activities, we were able to infer the likely impact upon specific 

steps of the TLR pathway for these genes (Figure 2.7).  RNAi against 29 

genes, as well as UNC93B1, specifically impaired TLR7- and TLR9-mediated 

NF-κB activation, but not TLR5-, TNFR-, or IL-1R-mediated NF-κB activation, 

suggesting this category of genes may be involved in trafficking, proteolytic, 

signaling, or transcriptional events associated specifically with TLR7 and TLR9 

(Figure 2.7; “TLR7/9 Specific”).  RNAi against 13 genes, in addition to MyD88 

and IRAK1, impaired TLR5-, TLR7-, TLR9-, and IL-1R-, but not TNFR-

mediated NF-κB activation, indicating that these genes are preferentially 

required for MyD88-dependent signaling responses (Figure 2.7; “MyD88-

dependent Signaling”).  Finally, RNAi against 38 genes, as well as IKKα and 

p65, impaired all interrogated receptor signaling pathways, implicating these 

genes in the global regulation of NF-κB-dependent responses (Figure 2.7; 

“General NF-κB Activity”).  

Next, using multiple databases, we manually curated the subcellular 

localizations and known functions of these 80 mediators of TLR7/9 signaling 

(See Experimental Procedures). These data were integrated  
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Figure 2.7: Functional classification of innate regulators.  Confirmed TLR7/9 signaling co-
factors were cross-profiled for their activities upon TLR5, TLR7, TLR9, TNFR, and IL-1R-
mediated induction of a NF-κB-dependent reporter.  Based on the known signaling hierarchies 
of these pathways, 80 genes were classified into three distinct regulatory nodes involved in 
TLR signaling.  Genes that only impacted TLR7 and TLR9 pathways were designated as likely 
regulators of TLR7/9 specific signaling events, including endosomal trafficking or receptor 
processing (TLR7/9 Specific).  A second set of factors inhibited signaling through TLRs 5, 7, 
and 9, as well as IL-1R, indicating that they likely regulate the shared molecular components 
between MyD88 and TAK1 (MyD88-dependent signaling). A final group of factors impacted all 
interrogated pathways, suggesting that they integrate diverse NF-κB inductive stimuli 
downstream of TAK1 activity (General NF-κB activity). 
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Figure 2.8: Mapping of innate regulators based on functional data and subcellular 
localization. Subcellular localization and functional data for identified innate regulators was 
curated using multiple databases (see Experimental Procedures). These data were integrated 
with results of receptor cross-profiling described in (2.7) and innate co-factors were mapped to 
their likely regulatory roles in TLR7 and TLR9 signaling (solid circles). Additional gene 
activities based upon SVM predictions are depicted by open circles (see Discussion and 
Experimental Procedures). Confirmed genes that specifically affect TLR7/9 are represented by 
green nodes, while those that only impact MyD88-dependent pathways are indicated by red 
nodes, and regulators of general NF-κB activation are shown as blue nodes.  Additionally, 
predicted protein interactions between the TLR7/9 specific genes are shown in green edges, 
while those between TLR7/9 specific genes and General NF-κB activity genes are shown in 
green-blue edges. 
 

with activity profiles of these genes upon related NF-κB signaling pathways 

and protein interaction data to construct a comprehensive model that reflects 

the likely functional and regulatory intersections between these newly 

identified innate signaling molecules and the canonical TLR7/9 pathway 

(Figure 2.8 and Table 2.5; also see Figures 2.1E, 2.7, Discussion, and 

Experimental Procedures).  
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Table 2.5: References for selected genes and their subcellular localization.  To place 80 
confirmed genes on the map, information regarding gene functions was obtained by uploading 
data onto the DAVID Gene Functional Classification tool (http://david.abcc.ncifcrf.gov) which 
incorporates information from multiple databases including OMIM_DISEASE, 
COG_ONTOLOGY, SP_PIR_KEYWORDS, UP_SEQ_FEATURE, GENE ONTOLOGY, BBID, 
BIOCARTA, KEGG_PATHEWAY, PANTHER_PATHWAY, INTERPRO, PIR_SUPERFAMILY 
and SMART.  Literature mining was performed for each gene using the PubMed query via 
iHop or Nextbio.  Finally, the novel factors were placed on the map based on their cellular 
function inferred from literature curation and reviews.  All references (given as PubMed ID 
(PMID) number format) for assignment of genes in the TLR7/9 signaling are listed. 
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Molecular and Biochemical analyses of confirmed co-factors 
 

Subsequently, to verify that depletion of the confirmed innate regulatory 

factors impacted the transcriptional response to TLR ligands, we profiled the 

TLR7-dependent transcriptional induction of IL-8 mRNA after RNAi-mediated 

inhibition of these genes. Silencing of >80% of confirmed factors reduced IL-8 

target gene induction by greater than two standard deviations from the mean 

of negative controls (Figure 2.9, and data not shown).   Additionally, the 

activities of 91 genes found to most potently regulate TLR7/9 responses were 

evaluated in a human myeloid-derived cell line, THP-1. The inhibition of 78 of 

these genes (85.7%) decreased R848-induced ICAM-1 mRNA expression in 

THP-1 cells by at least two standard deviations from the mean of the negative 

controls (Figure 2.10A, and data not shown).  Taken together, these data 

provide further support for the role of the factors identified by this analysis as 

critical mediators of innate responses that are triggered by endosomal nucleic 

acid PAMPs. 

To further characterize the role of several of innate regulatory proteins 

on NF-κB activity, we evaluated the effects of siRNA-mediated depletion of 

these factors upon nuclear translocation of p65, as well as IκBα protein 

degradation and resynthesis in response to R848 stimulation.  Monitoring of 

these critical signaling events enabled us to distinguish between innate co-

factors with nuclear versus those with receptor-proximal activities.   siRNAs 

targeting several mitochondrial-, ER-, or cytoplasmic-localized proteins not 

only impaired IL-8 mRNA expression, but also impaired p65 nuclear 
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translocation, suggesting these genes regulate upstream TLR signaling events 

(Figure 2.9 and Figure 2.11).  In contrast, siRNAs targeting a group of nuclear 

localized proteins (BRD2 (bromodomain containing 2), HDAC5 (histone 

deacetylase 5), EPC1 (enhancer of polycomb homolog 1), WRN (Werner 

syndrome, RecQ helicase-like), GNG8 guanine nucleotide binding protein, 

gamma 8), and PRMT2 (protein arginine N-methyltransferase 2)) impaired IL-8 

mRNA expression while p65 nuclear translocation remained intact, providing 

evidence to support a role for these genes in transcriptional or epigenetic 

control of the inflammatory response (Figure 2.8, Figure 2.9, and Figure 2.11).  

Additionally, we more extensively biochemically characterized the 

activities of three additional confirmed innate co-factors: PDK2 (pyruvate 

dehydrogenase kinase, isozyme 2), FBLX7 (F-box and leucine-rich repeat 

protein 7), and HRS (Hepatocyte growth factor regulated tyrosine kinase 

substrate).  Consistent with their roles predicted by the ligand cross-profiling 

analysis, knockdown of PDK2 and FBXL7 impaired R848-induced IL-8 mRNA 

expression, p65 nuclear translocation and altered IκBα degradation kinetics, 

indicating that they impact signaling events that occur upstream of IKK activity 

(Figure 2.10B-D).  In an effort to experimentally validate predicted protein 

interactions for these innate signaling co-factors (Figure 2.1E), we performed 

co-immunoprecipitation western blot analysis using Myc-tagged candidate 

innate co-factors and FLAG-tagged canonical TLR members (Figure 2.10E).   
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Figure 2.9:  Compilation of IL-8 transcriptional data for the indicated genes. R848-
induced IL-8 mRNA expression in the HEK293/TLR7/NF-κB luciferase reporter cell line was 
measured as in Figure 2.10B. The red bar reflects a threshold at which 50% of the IL-8 mRNA 
expression was inhibited compared to the negative control siRNA. 
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Figure 2.10:  Characterization of selected confirmed genes onto the TLR signaling 
pathway.  (A) Human monocyte THP-1 cells were transfected with siRNAs targeting identified 
TLR7/9 co-factors, as listed. Three days post-transfection, cells were stimulated with 5uM of 
TLR7 ligand R848.  Five hours following stimulation, mRNA levels of the NF-κB-dependent 
target gene, ICAM-1, was quantified by real-time PCR. The red bar reflects a threshold at 
which 60% of the ICAM-1 mRNA expression was inhibited compared to the negative control 
siRNA.  (B) HEK293T/TLR7/NF-κB luciferase reporter cell lines were transfected with the 
indicated siRNAs.  After 5 hours of stimulation with R848, mRNA levels of the NF-κB 
dependent target gene IL-8 was quantified by real-time PCR. (C) Cells were transfected as in 
(B), and stimulated with 10uM of R848 for 0, 30, 60, and 90 minutes.  Degradation of IκBα in 
response to R848 was determined by immunoblotting using antibodies against IκBα and 
Tubulin.  (D) Cells were transfected as in (B), and forty minutes post R848 stimulation, p65 
(RELA) localization was detected by immunofluorescence, and quantified (Green:  p65; Red: 
nucleus).  (E) HEK293T cells were co-transfected with FLAG-tagged canonical TLR signaling 
pathway members and Myc-tagged confirmed TLR7/9 co-factors as shown. Complexes were 
purified from whole cell lysates by immunoprecipitation using anti-FLAG antibodies. Proteins 
were detected by immunoblotting using antibodies against FLAG or Myc.  The experiments for 
figure 4F and 3C were performed concurrently, and the negative control (Neg CTL) and 
MyD88 blots are shared between the two figures. 
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Figure 2.11:  Compilation of p65 nuclear translocation data for the indicated genes.  
Functional study of the role of siRNAs involved in ubiquitination and proteasomal degradation 
(called ‘ubiquitination’ and ‘proteasome’); transcriptional control of the inflammatory response 
through chromatin remodeling (called ‘chromatin remodeling’); sphingolipid metabolism (called 
‘sphingolipid metabolism’); and organelles and ancient stress responses (called ‘organelles’) 
in TLR7/9 signaling.  Individual siRNAs directed against confirmed co-factors are indicated 
above each image depicting p65 nuclear translocation.  The functional data for the positive 
and negative control siRNAs (MyD88 AND Neg) are shown in the top panel of images.  All p65 
nuclear translocation data was obtained as in Figure 2.9D. 

 

Cross-profiling studies indicated that PDK2 was specifically required for 

TLR7/9 activation, and network analyses suggested that PDK2 physically 

interacts with TRAF6, UEV1A, UBC13 and TAK1 through an intermediate 

protein (see Figure 2.1E and 2.7). Co-immunoprecipitation analysis confirmed 

that PDK2 does physically associate with both TRAF6 and TAK1, although we 
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were unable to detect a physical interaction between PDK2 and UEV1A or 

UBC13 (Figure 2.10E).  Since PDK2 is localized in the mitochondria, the 

association between this gene and TLR signaling molecules implicates this 

organelle is a potential platform for pro-inflammatory signaling (Sun et al., 

2009).  

Additional co-immunoprecipitation experiments revealed biochemical 

interactions between FBXL7 and TLR7/9 pathway members IRAK1, TRAF6 

and TAK1, which are all known be modified by ubiquitin following receptor 

activation (Conze et al., 2008b; Deng et al., 2000; Fan et al., 2009) (Figure 

2.10E).  FBXL7 encodes a ubiquitin protein ligase that contains an F-Box as 

well as several tandem leucine-rich repeats. Interestingly, we observed that 

canonical TLR pathway members interacted with high molecular weight forms 

of FBXL7, suggesting that the auto-ubiquitination of this F-box protein may be 

important for innate signaling. Taken together, biochemical mapping suggests 

that FBXL7 is a MyD88-dependent regulator of ubiquitination events that occur 

prior to IκBα degradation.   

Finally, we examined the potential interaction between TLR9 and HRS, 

since this factor was found to be specifically required for endosomally-initiated 

innate signaling responses (Figure 2.7).  Co-immunoprecipitation experiments 

using ectopically-expressed tagged TLR9 and HRS revealed that TLR9 

interacted with HRS, and the affinity of HRS for TLR9 was considerably 

stronger than its affinity for cell-surface expressed TLR2 (Figure 2.12A).  

Taken together with data demonstrating that HRS was required for TLR7/9 
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signaling, this finding was of particular interest, since HRS has been shown to 

be associated with endosomal membranes and also to mediate plasma 

membrane-associated receptor trafficking toward the lysosome (Saksena et 

al., 2007; Wegner et al., 2011). 

A Role for HRS in Endosomal TLR Trafficking 

To pursue the hypothesis that HRS might play an alternative role in 

promoting the targeting of TLR7/9 to the endolysosomal compartment, we 

verified depletion of HRS protein using two sequence-independent siRNAs by 

immunoblot analysis (data not shown), and further assessed their activities on 

NF-κB signaling.  Specifically, in HRS-depleted cells, NF-κB promoter 

activation was significantly reduced after stimulation with R848 or CpG, but 

remained intact after stimulation with TNF-α (Figure 2.12B). R848-induced 

upregulation of IL-8 mRNA expression was also abrogated with HRS 

knockdown in HEK293T/TLR7/NF-κB cells (Figure 2.12C).  Similarly, inhibition 

of HRS in THP-1 cells reduced target gene induction only in response to TLR7 

ligand, but not in response to TNF-α nor the TLR2 agonist Pam3CSK4 (Figure 

2.12D). HRS knockdown in HEK293T/TLR7/NF-κB cells also resulted in the 

blockage of p65 nuclear translocation in response to R848, as well as the 

impairment of ligand-mediated IκBα degradation (Figure 2.12E and 2.12F).  

Together, these results indicate that HRS specifically regulates endosomal 

signaling events that occur prior to TAK1 activation, and are consistent with a 

role for HRS in TLR7/9 receptor trafficking.  
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Figure 2.12: HRS regulates TLR7 and TLR9 signaling. (A) HEK293T cells were co-
transfected with FLAG-tagged HRS and HA-tagged TLR9 or TLR2. Complexes were purified 
from whole cell lysates by immunoprecipitation using anti-FLAG or IgG (control) antibodies. 
Proteins were detected by western blot analysis using antibodies against FLAG or HA.  (B) 
HEK293T/TLR7/NF-κB or HEK293T/TLR9/NF-κB luciferase reporter cell lines were 
transfected with siRNAs targeting p65 (RELA) and MyD88, as well as two sequence 
independent siRNAs targeting HRS. After stimulation with 0.5uM of R848, 3uM of the TLR9 
ligand CpG DNA (ODN2006-G5) for 7 hrs, or 10ng/ml of TNF-α for 5 hrs, and the activation of 
NF-κB was measured by luciferase reporter assay.  (C) The HEK293T/TLR7/NF-κB luciferase 
reporter cell line was transfected with siRNAs targeting UNC93B1, HRS, or a negative control 
siRNA.  After 5 hours of stimulation with R848, mRNA levels of the NF-κB dependent target 
gene IL-8 was quantified by real-time PCR. (D) THP-1 cells were transfected with siRNAs 
targeting ESCRT pathway members, and stimulated with either 5uM of R848, 10ng/ml of TNF-
α or 10ng/ml of TLR2 agonist Pam3CSK4.  Inhibition of each signaling pathway was 
measured by quantitative real-time PCR analysis of ICAM-1 mRNA levels. Data shown is a 
representation of three independent replicates. (E) HEK293T/TLR7/NF-κB luciferase reporter 
cells were transfected with the indicated siRNAs.   After stimulation with 1uM of R848 for 10, 
20, and 40 minutes, p65 (RELA) localization was detected by immunofluorescence, and 
quantified (Green:  p65; Red: nucleus).  (F) HEK293/TLR7/NF-κB luciferase cells were 
transfected with siRNAs against HRS.  Two days post transfection; the cells were stimulated 
with 10uM of R848 for 0, 30, 60, and 90 minutes.  The protein levels of IκBα were determined 
by immunoblotting using respective antibodies.  The experiments for figure 4F and 3C were 
performed concurrently.  The negative control (Neg CTL) and MyD88 blots are shared 
between the two figures.
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Figure 2.12: HRS regulates TLR7 and TLR9 signaling. 
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HRS is a proximal component of the Endosomal 

Sorting Complex Required for Transport (ESCRT) machinery, which mediates 

protein sorting from endosomes into multivesicular bodies (Hanson et al., 

2009).  To evaluate if HRS regulates endosomal TLR signaling trafficking in 

concert with other ESCRT pathway machinery, we inhibited key ESCRT 

components, including constituents of ECSRT-I (TSG101), ESCRT-II (VPS36 

and VSP25), and ESCRT-III (VPS20, VPS24, and Snf7), by siRNA 

transfection in THP-1 cells.  Silencing of ESCRT pathway members impaired 

R848-induced expression of ICAM-1 mRNA, while the response to TNF-α and 

Pam3CSK4 stimulation remained intact, indicating that the ESCRT complex is 

required for TLR7 signaling, but not other TLRs or NF-κB-regulated pathways 

(Figure 2.12D).  

When delivered to acidified endosomal compartments, full length TLR9 

(150kda) is proteolytically processed, generating a ~80kDa cleaved species 

that is a hallmark of proper TLR9 trafficking (Ewald et al., 2008; Park et al., 

2008).  Furthermore, in the absence of the trafficking chaperone, UNC93B1, 

no cleaved TLR9 species was observed (Figure 2.13A).  In order to evaluate if 

HRS was required for this endosomal trafficking event, we examined whether 

TLR9 was properly cleaved following HRS knockdown.  A RAW264.7 cell line 

stably expressing an shRNA targeting HRS showed a 70% reduction of HRS 

protein levels which corresponded to approximately a 50% decrease in the 

abundance of TLR9 cleaved species. Since TLR9 cleavage occurs only when 

the receptor is successfully delivered to the endolysosome, these data also 
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support a role for HRS in TLR9 receptor trafficking (Ewald et al., 2008; Park et 

al., 2008) (Figure 2.13A).  

It has been previously shown that HRS recognizes ubiquitinated cargo 

via its ubiquitin-interacting motif (Saksena et al., 2007). Because HRS both 

physically interacts with TLR9, and is required for endolysosomal localization 

of the receptor, we tested if ubiquitination of TLR9 is required for receptor 

trafficking.  When TLR9 was immunoprecipitated from Tlr9-/- immortalized 

macrophages or RAW264.7 macrophages reconstituted with wild type TLR9-

HA, a high molecular weight ubiquitinated species was detected (Figure 2.13B 

and data not shown). The majority of the ubiquitin signal had an apparent 

mass of approximately 200kDa with further smearing at higher masses. Such 

a shift is consistent with short chain(s) of ubiquitin conjugated to the full-length 

form of TLR9 (predicted molecular weight 150 kDa). Alternatively, the ubiquitin 

signal may represent longer ubiquitin chains conjugated to the cleaved form of 

TLR9, or a co-purifying ubiquitinated protein.  However, mutation of the three 

lysine residues in the cytosolic linker and TIR (toll IL-1 receptor) domain of 

murine TLR9 (K878, K932, K963, called “TLR9-KallR mutant”) results in a 

highly significant reduction in the amount of ubiquitin staining in the TLR9 

immunoprecipitate, suggesting that TLR9 is directly ubiquitinated (Figure 

2.13B). In addition to reduced ubiquitination, the TLR9-KallR mutant exhibited 

greatly reduced protein levels of the cleaved species, suggesting that a defect 

in proteolytic processing may be directly related to ubiquitination status (Figure 

2.13B). Since HRS binds cargo in proximity of early endosomes, we sought to  
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Figure 2.13:  TLR9 ubiquitination, signaling, and cleavage are dependent on TLR9 
cytoplasmic lysines. (A) RAW264.7 cells stably expressing HA-tagged TLR9 were 
transduced with shRNAs targeting Hrs, Unc93B1, or a negative control.  Whole cell lysates 
was harvested and immunoblotted with antibodies against HA, HRS or TUBULIN.  The ratio 
between cleaved TLR9 and tubulin was quantified by densitometry. (B) Western blot analysis 
using indicated antibodies of α-HA immunoprecipitates from Tlr9-/- immortalized macrophages 
expressing either HA-tagged wild-type (WT) TLR9 or a HA-tagged TLR9 mutant (KallR) in 
which the three lysine residues 878, 932, 963 are substituted with arginines.  (C) UNC93B1 
was co-expressed with WT and mutant TLR9-HA in Tlr9-/- MEF cell lines. Whole cell lysates 
were immunoprecipitated with HA antibodies, and the resulting eluates were assayed by 
western blot analysis with the antibodies against HA or Ubiquitin. (D) Tlr9-/- immortalized 
macrophages, or Tlr9-/- immortalized macrophages transduced with WT and mutant Tlr9-HA 
constructs were stimulated with the indicated TLR ligands and assayed for TNF-α production 
by intracellular cytokine staining. Data shown are the percent of total live cells present in the 
TNF+ gate for a single experiment. (E) Western blot analysis of whole cell lysates from Tlr9-/- 
immortalized macrophages expressing indicated TLR9-HA constructs. (F) Phagosomes were 
purified from whole cell homogenates of Tlr9-/- immortalized macrophages transduced with WT 
and mutant TLR9-HA constructs. TLR9-HA vs. TLR9-KallR-HA delivery to 
phagosomes/endolysosomes was assayed by western blotting with the anti-HA antibody. 
Panels A-F are representative of at least three independent experiments. 
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address where TLR9 ubiquitination occurs (Saksena et al., 2007). In MEF cell 

lines, ectopic expression of the polytopic membrane protein UNC93B1 is 

required for the exit of TLR9 from the ER (Ewald et al., 2008). Consistent with 

ubiquitination of TLR9 in a post-ER compartment, co-expression of UNC93B1 

was required for ubiquitination of TLR9 in MEF cells (Figure 2.13C). This 

UNC93B1-dependent ubiquitination also required TLR9 cytoplasmic lysines. 

To determine the functional relevance of the TLR9 cytoplasmic lysines 

and TLR9 ubiquitination for signaling, we stimulated Tlr9-/- immortalized 

macrophages expressing single, double, and triple lysine-substituted 

constructs and measured the production of TNF-α. Whereas WT TLR9 and 

TLR9-K878,963R were able to robustly produce TNF-α in response to both 

CpG-B and CpG-A oligonucleotides, signaling by TLR9-K932R signaling was 

strongly diminished, and the activity of the triply substituted TLR9-KallR 

mutant was completely defective for signaling (Figure 2.13D). Though TLR9 

K932 is strongly conserved across all TLR family members (Figure 2.14A), this 

lysine is not universally required for TLR signaling, as an analogous 

substitution in TLR2, TLR2-K698R, did not alter responsiveness to the TLR2 

ligand Pam3CSK4 (Figure 2.14B).  Substitution of TLR9-K932 with either 

glutamine or serine similarly diminished receptor signaling (Figure 2.14C).   

Intriguingly, substitution of two corresponding lysines in TLR7 substantially 

reduced TLR7 signaling activity following R848 stimulation, possibly reflecting 

an important and specific role for ubiquitination of these lysines in endosomal 

TLR function (Figure 2.14D). 
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Figure 2.14: Cytoplasmic TLR9 lysine residues are required for signaling. (A) ClustalW 
alignment of a TIR-domain region of murine TLRs. TLRs capable of engaging ligands from the 
surface are grouped and shaded light gray; endosomal nucleic acid-sensing TLRs are not 
shaded.  The conserved lysine is shaded in dark gray.  (B-D) HEK293T were transfected with 
the indicated wild type or mutant TLRs together with an NF-κB luciferase reporter, and 
luciferase activity in cell lysates was measured after stimulation with the relevant TLR ligands 
or reference ligands (See Experimental Procedures). 
 

 Finally, we monitored processing of TLR9 mutants to evaluate whether 

proper trafficking of these non-ubiquitinated receptors occurred. A high 

percentage of cleaved product was observed for both WT and TLR9-

K878,963R constructs, while very little cleaved product was observed for the 

TLR9-K932R and TLR9-KallR mutants (Figure 2.13E), suggesting the 

signaling defect of these mutants could be attributed to failed sorting.  

Importantly, a fraction of full-length TLR9-KallR protein was insensitive to 
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digestion with the glycosidase EndoH, indicating that this mutant does exit the 

ER and reach the Golgi compartment (Figure 2.15A).  

 

Figure 2.15: TLR9 ubiquitination and endosomal trafficking. (A) TLR9 was 
immunoprecipitated from Tlr9-/- immortalized macrophages retrovirally transduced with wild 
type TLR9-HA or mutant TLR9KallR-HA and the resulting eluate was treated with 
endoglycosidases EndoH and PNGaseF.  Whole cell lysates and immunoprecipitates were 
immunoblotted with antibodies against HA. (B) UNC93B1 facilitates the exit of TLR9 from the 
ER. After exit from the ER, TLR9 is ubiquitinated. HRS physically interacts with TLR9 and 
allows translocation of TLR9 to acidified endolysosomes where TLR9 is proteolytically 
processed.  The TLR9KallR mutant is not ubiquitinated and is degraded via an undetermined 
mechanism instead of undergoing HRS-mediated sorting.  The red band on represents the 
wild-type context of cytoplasmic lysine residues.  The yellow bend indicates the arginine 
substitution of the cytoplasmic lysine residues (TLR9-KallR). 
 

 Additionally, we assessed the trafficking of TLR9 to the phagosome 

membrane by purifying phagosomes and immunoblotting for the presence of 

TLR9. Exclusively the cleaved form of WT TLR9 was detected in the purified 

phagosome preparation (Ewald et al., 2008), while neither full length nor 

cleaved TLR9-KallR mutant receptor was detected (Figure 2.13F). Taken 

together, these results suggest that HRS regulates the ubiquitin-dependent 

delivery of TLR9 to endolysosomes and phagosomes (Figure 2.15B). 
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Discussion 

 Here, we describe a genome-wide analysis of the cellular co-factors 

that are required for MyD88-dependent endosomal innate signaling.  By 

integrating orthogonal systems-level approaches, including RNAi data, cellular 

protein-protein interaction network databases, GO/OPI, and gene expression 

profiling, we were able to identify and confirm 190 cellular co-factors that 

mediate TLR7 and/or TLR9 signaling responses (Figure 2.1A). Based on the 

activity of the confirmed factors in response to TLR5, TLR7, TLR9, TNFR, and 

IL-1R stimulation, we categorized a subset of genes into three different 

categories of NF-κB activation which are “TLR7/9 Specific, MyD88-dependent 

Signaling, and General NF-κB Activity” (Figure 2.7). This facilitated the 

prediction of likely functional and regulatory intersections between these newly 

identified innate signaling molecules and the canonical TLR7/9 pathway.  The 

unique architecture of this resulting map enabled us to further classify 

functional roles for an additional 38 candidate innate regulatory factors using a 

Support Vector Machine (SVM) algorithm (Figure 2.16 and Experimental 

Procedures). Finally, these data were consolidated to construct a 

comprehensive predictive model that reflects the likely regulatory hierarchies 

of the identified innate regulatory genes during the TLR7/9 signaling response 

to endosomal nucleic acids (Figure 2.8).  A subset of the predictive activities 

and interactions of identified innate regulatory co-factors were verified using 

additional biochemical and genetic approaches (Figure 2.10).   
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Figure 2.16: Mechanism prediction of confirmed hits using Support Vector Machine 
(SVM).  Genes that were not mapped to the canonical TLR pathways based on the ligand 
profiling data were assigned using a predictive algorithm using the support vector machine 
(SVM) approach (See Experimental Procedures).  Large dark olive and large red nodes:  
known pathway members.  Small olive and small red nodes: genes that are mapped to the 
pathway based on the ligand profiling data (Figure 2.7).  Yellow and pink nodes:  genes that 
are mapped to the pathway based on SVM approach.   
 



 

	   	  

87 

 Specifically, using the ligand cross-profiling methodology, we found that 

twenty-nine factors segregated into activities that were specific for TLR7/9, but 

had no impact on TLR5-, IL-1R-, and TNFR-mediated signaling responses 

(Figure 2.7).  Since endosomal trafficking is a unique feature required for 

activation of TLR7/9, we hypothesize that TLR7/9 specific co-factors with 

localization to the cytoplasm or cytoplasmic organelles are likely involved in 

receptor trafficking or activation. Conversely, we hypothesize that seven 

nuclear factors that exclusively affect TLR7/9 signaling may be involved in the 

ligand-specific epigenetic modification of NF-κB-dependent target genes (see 

below). Another set of thirteen factors impacted MyD88-dependent signaling 

(TLR5/7/9 and IL-1R), but not the transcriptional response to TNF-α. We 

conclude that a majority these factors, including PDK2 and FBXL7, regulate 

signaling events downstream of MyD88 leading to the activation of TAK1 

kinase activity.   A final set of 38 genes were found to affect the transcriptional 

response to all ligands tested, and therefore, thought to impact global NF-κB 

responses mediated by the IKK signalosome, proteasomal degradation of 

IκBα, or p65 (RELA) transcriptional activities.  Taken together, these results 

define a global molecular hierarchy of the regulatory processes and networks 

that coordinate the innate response to pathogen challenge.  

 
Ubiquitination and proteasomal degradation in TLR signal transduction 
 
 Reversible covalent modification of proteins by ubiquitin conjugation 

governs important events in innate immune signaling responses by modifying 
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the activity of a signaling intermediate, or by targeting modified proteins for 

proteasome-mediated degradation.  In TLR signaling, it is well established that 

both K63- and K48-linked ubiquitination of signaling proteins are critical events 

leading to pro-inflammatory responses (Bhoj and Chen, 2009). Accordingly, 

the data presented here identifies additional ubiquitin-specific proteases, 

ubiquitin-ligases, and other co-factors that are required for multiple ubiquitin-

dependent steps of TLR pathway activation.  

Here we show that ubiquitin-specific proteases USP33 and USP24 

preferentially regulate TLR7- and TLR9-mediated NF-κB activation, while not 

impacting TLR5, IL-1R, or TNFR signaling, pointing towards a possible role for 

these genes in trafficking of the receptors to an endolysosomal compartment 

(Figure 2.7). USP33 is a deubiquitinating enzyme that has been shown to 

regulate sorting and recycling of 7-transmembrane receptors such as β-2-

adrenergic receptors, while the function of USP24 is not currently known 

(Berthouze et al., 2009). Although our data indicate a requirement of TLR9 

ubiquitination for trafficking of the receptor to endosomal compartments 

(Figure 2.15), further studies are required to clarify the specific role of these 

de-ubiquitinating enzymes during or after receptor trafficking and activation.  

We have also identified components of the 26S proteasome, such as 

PSMA-5, -6, and -8, as well as additional genes known to play a role in the 

degradation of ubiquitinated proteins (Figure 2.7-2.11).  This includes the F-

box protein, FBXW11 (also known as β-TrCP), a component of the SCF 

ubiquitin ligase complex that has been previously shown to regulate NF-κB 



 

	   	  

89 

activity through the ubiquitination and proteasomal degradation of IκBα 

(Nakayama et al., 2003; Suzuki et al., 2000).  In addition, FEM1A, an ortholog 

of C. elegans sex determination protein fem-1, as well as F-box proteins 

FBXL7 and FBXW5, were identified to impact TLR signaling, though their 

precise role in the regulation of innate immune signaling remains to be 

elucidated (Figure 2.7, 2.9, 2.10A, and 2.11).  Interestingly, family members of 

FEM1A and FBXL7 (FEM1B and FBOX7, respectively) have been proposed to 

interact with both the active and inactive subunits of the COP9 (CSN) 

signalosome (Sowa et al., 2009). The COP9 complex is homologous to the lid 

of the 26S proteasome, is a general regulator of SCF ubiquitin ligases, and 

has also been reported to have opposing effects on the activity of IκBα (Orel 

et al., 2009; Schweitzer et al., 2007; Wei and Deng, 2003).  Our study 

indicates that FBXL7 is required for TLR- and IL-1R- mediated NF-κB 

activation, p65 nuclear translocation, and IκBα degradation, and also 

physically interacts with TAK1 and TRAF6 (Figure 2.10C-E). Together with 

previous reports, these data raise the possibility that this ubiquitin-ligase 

associated protein may facilitate the degradation of IκBα possibly through 

cooperation with the COP9 signalosome, or alternatively, that these regulatory 

activities may be required for modification of other receptor-proximal signaling 

events.  In total, the genes identified through this analysis further underscore 

the critical role of ubiquitin modification and protein degradation in the control 

of innate responses to pathogen challenge.   
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Transcriptional control of the inflammatory response through chromatin 

remodeling 

 Histones are subject to covalent modifications, such as lysine 

acetylation, lysine and arginine methylation, and serine phosphorylation, that 

govern gene expression through the remodeling of global chromatin 

environments (Kouzarides, 2007).  Interestingly, we found that several 

chromatin modifiers were involved in the regulation of general pro-

inflammatory responses. For example, PRMT2 (protein arginine 

methyltransferase 2), HDAC5 (histone deacetylase 5), and PHF17 (PHD finger 

protein 17) affected NF-κB activation in response to all ligands tested (Figure 

2.7). This suggests that these proteins facilitate the maintenance of chromatin 

conformations that enable rapid transcriptional responses to pro-inflammatory 

stimuli.   

However, we also identified chromatin-modifying factors, such as BRD2 

(bromodomain containing 2), EPC1 (enhancer of polycomb homolog 1), GNG8 

(guanine nucleotide binding protein, gamma 8), and WRN (Werner Syndrome, 

RecQ helicase-like) that have activities specific for only TLR7- or TLR9-

mediated NF-κB transcriptional activation (Figure 2.7) (Attwooll et al., 2005; 

Turaga et al., 2009). The unique requirement for these molecules in 

endosomal receptor-mediated signaling indicates that the chromosomal 

architecture of TLR7/9 target genes may be regulated in a ligand-dependent 

manner. Importantly, we find that while upregulation of IL-8 mRNA was 

impaired, ligand-induced p65 nuclear translocation was unimpeded in cells 
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depleted of these chromatin-modifying factors (Figure 2.9 and 2.11).  These 

results further support a role for these molecules in the regulation of NF-κB 

transcriptional activity through directing epigenetic modifications in response to 

endosomal TLR activation.  Consistent with this model, macrophages 

stimulated with LPS require the SWI/SNF chromatin remodeling complex for 

transcriptional activation of a select number of rapidly induced primary 

response genes, as well as almost all secondary response genes (Ramirez-

Carrozzi et al., 2006).  Additionally, further studies by Ramirez-Carrozzi et al. 

have linked this stimulus-specific transcription to the activation of differential 

transcription factors that are selectively induced by receptors such as TLR4 or 

IFNR (Ramirez-Carrozzi et al., 2009).  Together, these studies support a 

scenario where optimal response to pathogen infection is dependent on a 

specific receptor-directed program that includes both transcription factor 

activation and unique chromatin remodeling events.   We hypothesize that this 

set of nuclear TLR7/9-specific innate co-factors similarly functions through 

initiation of chromatin remodeling in response to endosomal sensing of nucleic 

acids. 

 

Sphingolipid metabolism contributes to TLR-mediated proinflammatory 

signaling 

 Sphingolipid synthesis and metabolism are critical for the formation of 

cellular membranes and lipid rafts, and specifically the generation of second 

lipid messenger ceramide(Cinque et al., 2003a; Simons and Ikonen, 1997).  



 

	   	  

92 

Importantly, this pathway has previously been linked to induction of immune 

responses (Ballou et al., 1996; Cinque et al., 2003b).  Here, we have found a 

significant enrichment of genes involved in both ceramide and sphingomyelin 

synthesis (p<2x10-4) (Table 2.3; HNF1A (HNF1 homeobox A), PROKR2 

(prokineticin receptor 2), PSAP (prosaposin), CXCR1 (chemokine C-X-C motif 

receptor 1), FLG (filaggrin), and APOB (apolipoprotein B)) to be required for 

TLR-, IL-1R, and TNFR-mediated NF-κB activation, further underscoring the 

connection between lipid metabolism and innate immune signaling (Figure 

2.7). Ceramide and sphingomyelin have been shown to be agonists for MAPK, 

AP-1, or NF-κB activation in the absence of other environmental stimuli, but 

several studies also described either an inhibitory or neutral impact upon LPS-

induced NF-κB signaling (Hsu et al., 2001; Medvedev et al., 1999).  These 

previous studies all included treatment of cells with exogenous ceramide, 

during which the lipid likely binds to G protein-coupled receptors (GPCRs) to 

mediate these effects; in contrast, our results indicate that the endogenous 

sphingolipid metabolism is an important component of TLR-mediated 

activation of innate target genes. Consistent with our observations, inhibitor 

studies using either glutathione (a neutral sphingomyelinase inhibitor) or D609 

(an inhibitor of PC-PLC, which regulates acid sphingomyelinase) to block 

biosynthesis of ceramide have demonstrated that the metabolism of this lipid 

is an essential intermediary step in TNF-α- or LPS-induced NF-κB signaling 

(Chen et al., 2001; Monick et al., 1999).  Additionally, treatment with D609 has 

been shown to protect mice from septic shock induced by LPS or by 
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staphylococcal enterotoxin B, suggesting the action of sphingomyelinases is 

intricately linked to the efficient production of pro-inflammatory cytokines by 

TLRs. Importantly, our results indicate this metabolic pathway is a integral 

component of the general NF-κB signaling response to pathogen challenge, 

since all ceramide metabolism-associated genes identified by RNAi analysis 

affected NF-κB activation in response to all stimuli tested (Figure 2.7, also see 

Figure 2.9, 2.10A, and 2.11).   

Interestingly, in contrast to siRNA-mediated inhibition of sphingolipid 

biosynthesis-associated genes HNF1A, PROKR2, and PSAP, depletion of 

other pathway components, such as CXCR1 and FLG, inhibited ligand-

induced IL-8 mRNA upregulation, but did not block p65 nuclear translocation, 

indicating the latter genes regulate nuclear activity of NF-κB (Figure 2.9 and 

2.11).  These data suggest that the sphingolipid pathway regulates innate and 

inflammatory responses at multiple signaling events. While these data 

highlight a critical role for this metabolic pathway in the innate response to 

microbial infection, further analyses are required to elucidate if sphingolipid 

metabolism regulates innate immune responses through the activation of 

metabolic ligands for GPCRs (such as PROKR2 or CXCR1), the generation of 

direct or second lipid messengers, and/or the modification membrane-

associated lipid raft composition (Cinque et al., 2003b; Triantafilou et al., 

2002). 
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Involvement of organelles and ancient stress responses in TLR7/9 

signaling 

 Membrane-bound cellular compartments, including organelles, support 

general cell homeostasis through specialized functions. While typical signal 

transduction events route from the plasma membrane to the nucleus via the 

cytosol, cellular organelles can also serve as platforms for signal initiation or 

as points of integration.  Indeed, proteins that are organelle-bound are 

associated with pathways governing ancient stress responses including the 

unfolded protein response (UPR), the glycolytic pathway, and innate immunity.  

For example, innate responses mediated by the retinoic-acid inducible gene 1 

(RIG-I) are dependent on the mitochondria antiviral signaling (MAVS) protein, 

and STING (stimulator of interferon genes) has been recently described as an 

ER-localized regulator of innate immune signaling (Ishikawa and Barber, 2008; 

Seth et al., 2005; Yoneyama et al., 2004).  Furthermore, the endoplasmic 

reticulum (ER) detects an excess of improperly folded or non-self polypeptides 

and activates the UPR pathway, a cellular stress response that has been 

associated with both proper dendritic cell function and autoimmunity (Iwakoshi 

et al., 2007; Meusser et al., 2005; Todd et al., 2008).  The present study has 

identified genes that are associated with both these compartments, as well as 

with the Golgi, suggesting the existence of parallel innate signaling circuits that 

route through these organelles (Figure 2.8).    

 In addition to increased protein folding, decreased protein translation, 

and enhanced ubiquitination-dependent proteasomal degradation of mis-
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folded proteins, activation of the UPR also results in transcriptional induction of 

NF-κB, independent of innate immune signaling (Deng et al., 2004; Patil and 

Walter, 2001; Wu et al., 2004).  However, Martinon et al. have recently found 

that both receptor proximal components of the TLR pathway (MyD88-TRAF6) 

as well as components of the UPR pathway are necessary for sustained 

production of proinflammatory cytokines in response to LPS challenge, as well 

as control of bacterial load, coupling UPR and TLR signaling cascades in the 

landscape of host defense (Martinon et al., 2010). Our data further implicate 

ER-associated proteins VCP (valosin-containing protein), HERPUD1 

(homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like 

domain member 1), and CYP2F1 (cytochrome P450, family 2, subfamily F, 

polypeptide 1) as TLR-specific regulators of innate immune signaling (Figure 

2.7 and 2.8, see also 2.9, 2.10A, and 2.11).  Both VCP and HERPUD1 have 

been previously shown to be involved in ER stress and UPR, while the role of 

CYP2F1 in the ER is currently unknown (Kobayashi et al., 2002; Kokame et 

al., 2001; Okuda-Shimizu and Hendershot, 2007). Since we found that 

inhibition of this group of genes had no effect on TNFR-induced signaling, but 

strongly attenuated signaling through all TLR ligands tested, we conclude that 

the UPR is a critical regulator of global MyD88-dependent responses to 

microbial infection.    

Similarly to the ER, mitochondria also respond to cellular stress with a 

defined signaling program.  Specifically, limited ambient oxygen results in a 

switch to energy production by anaerobic glycolysis, a process that is primarily 
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governed by post-translational regulation of hypoxia-inducible factor-1 alpha 

(HIF-1α)(Carmeliet et al., 1998; Maxwell et al., 1999). Importantly, several 

studies have provided compelling evidence to support an intricate link 

between this hypoxic response and innate immunity (Tannahill and O'Neill, 

2011).  For example, the switch to glycolysis triggered during hypoxia also 

occurs following TLR activation, and both TLR-induced NF-κB activation, as 

well as end products of glycolysis (pyruvate or lactate), have been shown to 

transcriptionally regulate expression of HIF-1α	  (Jantsch et al., 2008; Krawczyk 

et al., 2010)  

The glycolytic enzyme PDK2 (pyruvate dehydrogenase kinase, isozyme 

2) and a component of the electron transport chain UQCRC1 (ubiquinol-

cytochrome c reductase core protein 1) are mitochondrial proteins that were 

found to regulate TLR7/9-specific innate regulatory responses (Figure 2.7). 

Interestingly, PKD2 regulates phosphorylation and activation of the 

mammalian pyruvate dehydrogenase (PHD) complex, which regulates 

glycolytic production of pyruvate and triggers upregulation of the transcription 

factor HIF-1α (Sun et al., 2009).  Here, we demonstrate that PDK2 was also 

able to physically associate with members of the NF-κB pathway, including 

IRAK1, TRAF6, and TAK1 (Figure 2.10E), suggesting that endosomal MyD88-

dependent signaling events are reliant upon an intermediate mitochondrial 

complex containing PDK2. Importantly, these data provide a potential link 

between innate immune and glycolytic regulation of HIF-1α transcription. 
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Taken together, these data highlight the expanding role for cellular organelles 

as platforms for host defense and innate signaling responses.  

 

TLR7/9 Co-factors in Inflammatory and Immune Diseases 

 Systemic Lupus Erythematosus (SLE) is an autoimmune disorder 

characterized by the production of auto-antibodies directed at nuclear 

antigens, resulting in persistent inflammation and tissue damage. Genetic and 

experimental evidence suggest that deregulated innate immune responses 

can trigger this autoimmune disease (Waldner, 2009).  For example, a 

duplication of Tlr7 has been linked to the accelerated development of lupus in 

murine models (Deane et al., 2007; Pisitkun et al., 2006). Intriguingly, our 

analysis identified a number of molecular components associated with disease 

onset or pathology as regulators of TLR signaling (Table 2.4). These include 

nuclear autoantigens (histones H2A, H2B, and the small nuclear riboprotein 

SNRPD3 (Sm-D)), a regulator of antigen presentation (CD40), as well as a 

mediator of complement response (C4b) (Cook and Botto, 2006; Zieve and 

Khusial, 2003). Interestingly, CD40 and SNRPD3 were specifically required for 

TLR7/9 signaling, but not TLR5, IL-1β, and TNF-α, supporting a hypothesis 

that SLE auto-antigens act as ‘endogenous-adjuvants’ that can amplify 

TLR7/9-mediated NF-κB responses.  This is congruous with previous 

observations demonstrating that conserved RNA sequences in snRNPs can 

stimulate TLR7 or TLR8 activity (Kelly et al., 2006). In addition, this analysis 

identified PHRF1 (also known as KIAA1542), a PHD and ring finger protein, as 
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an essential regulator of the transcriptional response to TLR7/9 activation.  A 

genome-wide association scan by the SLEGEN consortium identified a single 

nucleotide polymorphism in an intronic region of PHRF1 (rs4963128) was 

strongly linked to patients with SLE (Harley et al., 2008). This polymorphism is 

23kb telomeric to IRF7, and the two loci are in strong linkage disequilibrium 

(LD). As a consequence, it has been suggested that deregulation of IRF7 may 

predispose to the production of specific autoantibodies	  (Salloum et al., 2010). 

However, a functional link between PHRF1 and TLR7 signaling responses 

supports the possibility that variations in PHRF1 activity may play a causal role 

in the onset of SLE. 	  

 Importantly, 138 genes identified in this genetic screen have been 

previously associated with genetic or gene expression variations (by GWAS or 

microarray, respectively) that underlie additional immune or infection-related 

phenotypes. These include autoimmune syndromes such as multiple sclerosis, 

systemic lupus erythematosus, psoriasis, systematic juvenile idiopathic 

arthritis and inflammatory diseases including inflammatory bowl and Crohn’s 

disease, and Staphylococcal and Dengue Virus infection (Table 2.4). Four of 

these genes, VARS, BRD2, RING1, and RXRB are located in the MHC locus, 

and it is unclear if the genetic link between these genes to inflammatory and 

immune-related diseases is due to influences of the MHC. However, this loci is 

highly enriched for genes that participate in immune regulation, and with the 

exception of RXRB, none of these TLR7/9 regulatory factors have been 

previously implicated in immune function. Taken together, these observations 
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suggest that a subset of these newly identified innate cofactors play critical 

roles in maintenance of immune functions, and may be aberrantly regulated in 

chronic autoimmune and inflammatory diseases. 	  

	  

ESCRT complexes and receptor sorting 

The nucleic acid sensing TLRs exclusively detect their ligands 

endosomally, a characteristic that is unique among this class of receptor and 

likely limits responsiveness to self ligands (Barton et al., 2006).  We found that 

inhibiting protein components of all four ESCRT complexes reduced 

endosomal TLR signaling, supporting a positive role for the ESCRT machinery 

in endosomal sorting of TLR7/9 (Figure 2.12D).  In accordance with our 

results, Drosophila Hrs was recently shown to be necessary for robust 

signaling of the ancestral Toll pathway (Huang et al., 2010).  Typically, 

activated receptors are downregulated by ESCRT-mediated packaging into 

multivesicular body (MVB) intralumenal vesicles where they are topologically 

separated from the cytosol and ultimately degraded as MVBs fuse with 

lysosomes.  Receptors targeted for lysosomal degradation are ubiquitinated, 

enabling recognition by HRS in the ESCRT-0 complex.  Prior to sorting into 

MVBs, the ESCRT cargo is deubiquitinated (Saksena et al., 2007).  Such 

negative regulation has been observed for TLRs: for example, TLR4 is 

modified with ubiquitin, interacts with HRS, and is degraded following LPS 

sensing (Husebye et al., 2006), and the E3 ubiquitin ligase Triad3A was 
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shown to decrease TLR9 protein stability and downregulate signaling output 

(Chuang and Ulevitch, 2004).   

In contrast, we hypothesize that the targeting of TLR7/9 to the 

endosome by HRS is not dependent on the canonical ESCRT pathway, since 

TLR7/9 would not be able to signal from MBV intralumenal vesicles and would 

be targeted for lysosomal degradation.  This is consistent with evidence also 

suggests that, in some cases, ESCRT complexes may govern sorting steps 

that do not result in receptor degradation.  For example, HRS directs recycling 

of the β2-adrenergic receptor to the plasma membrane (Hanyaloglu et al., 

2005), and ESCRT-I promotes sorting of Tyrp1 from early endosomes to 

melanosomes (Truschel et al., 2009).  Mechanistically, altered ubiquitination-

deubiquitination kinetics or the presence of unknown factors could switch the 

fate of these specialized ESCRT cargo from packaging into intralumenal 

vesicles to retention on the limiting membrane or selection for specialized 

sorting domains.  Alternatively, TLR7 and TLR9 may indeed be sorted into 

intralumenal vesicles, which are preferentially prone to back-fusion, resulting 

in the return of the receptors to the endosome limiting membrane (Le Blanc et 

al., 2005). Thus, our results support a non-degradative sorting role for ESCRT 

complexes in TLR7 and TLR9 receptor trafficking.	  

In addition, we find that TLR9 is directly ubiquitinated in a post-ER 

compartment, and physically interacts with HRS (Figure 2.12A, 2.13A and 

2.13C).  Consistent with these observations, mutants of TLR9 that are not 

ubiquitinated fail to traffic to phagosomes or endosomal compartments, and 
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are thus signaling incompetent (Figure 2.13B-F). Collectively, these data 

support a model wherein TLR7 and TLR9 undergo ubiquitination upon exiting 

the Golgi apparatus by an unknown E3 ligase. Subsequently, HRS recognizes 

this ubiquitinated cargo, and targets the receptors to the endolysosomal, 

where they are proteolytically activated to enable sensing of microbial-derived 

nucleic acids (Figure 2.15B).  

Based upon the integration of RNAi, proteomic, and gene expression 

datasets, this study provides a comprehensive systems-level analysis of the 

MyD88-dependent signaling response to endosomal nucleic acids. Secondary 

genetic and biochemical analyses enabled the modeling of an extended 

signaling network hierarchy that mediates the transcriptional response to 

TLR7/9 activation, and defined roles for proteins involved in ubiquitination and 

proteasomal degradation, chromatin remodeling, ancient stress responses, 

and receptor trafficking in the regulation of innate immune signaling 

responses.	   Taken together, this study provides global insight towards the 

molecular circuits that govern the cellular response to microbial infection, and 

identifies novel therapeutic targets for the treatment of autoimmunity and 

microbial infection. 
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CHAPTER 3 

 

A BIASED GAIN-OF-FUNCTION SCREENING APPROACH: 

IDENTIFICATION OF PP1-γ AS A POSITIVE REGULATOR OF INNATE 

IMMUNE ACTIVATION 

 

INTRODUCTION  

RNAi is a powerful experimental tool commonly employed to uncover 

crucial components of signal transduction cascades, but it is often useful to 

supplement these loss-of-function approaches with gene overexpression 

studies.  In particular, forced overexpression may generate gain-of-function 

phenotypes, allowing novel activities of positive regulators to be more easily 

observed.  Therefore, to complement the unbiased loss-of-function screening 

approach described in Chapter 2, we also employed a biased gain-of-function 

screening assay as an alternative method to identify additional positive 

regulators of innate immune signaling.   For this screening method, a focused 

library of ectopically expressed genes were evaluated for their capacity to 

positively regulate innate immune responses as measured by their ability to 

activate a number of NF-κB- or IFN-based luciferase reporters. Using this 

system, a number of novel innate regulatory genes were identified, including 

the gamma catalytic subunit of protein phosphatase 1 (PP1-γ), which was 

found to significantly activate NF-κB, as well as potently restrict HIV 

replication.  The data generated here points to an important role for PP1-γ in 
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the regulation of innate immune responses that warrants further mechanistic 

study.      

 

EXPERIMENTAL PROCEDURES 

Cell Lines, Tissue Culture, and Plasmids 

 All cell lines and tissue culture techniques used are described in 

Chapter 4: Experimental Procedures.  cDNAs used for overexpression studies 

and high-throughput screening assays were obtained from the Mammalian 

Gene Collection (MGC, http://mgc.nci.nih.gov/).   Plasmids used for positive or 

negative controls in high-throughput screening assays are also described in 

Chapter 4.  NF-κB luciferase reporter construct was obtained from Invivogen 

(#pnifty-luc, Invivogen), ISG56 luciferase reporter construct was generated by 

cloning the human ISG-56K promoter into the pNiFty2 luciferase reporter 

vector, and IFN-β luciferase reporter construct was generously donated by J. 

Chen (Seth et al., 2005). The pNL43-luciferase r+e- virus reporter construct 

has been previously described (Connor et al., 1995); this construct is based on 

the HIV-1 proviral clone pNL43, and is env-, contains the firefly luciferase gene 

in place of the nef gene, and was used to generate VSV-G pseudotyped viral 

supernatants.  

 

High-throughput gain-of-function screening  

 A 384-well plate-based assay was optimized to identify cDNAs that 

have the capacity to positively regulate innate immune responses.  For this 
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assay, a focused library was generated.  The library contained 1,179 cDNAs in 

total, representing three subsets of gene pools.  Eighty-six library cDNAs 

corresponded to genes that were not associated with PRR responses but that 

contained domains known to be required for innate immune signaling 

activation (e.g. TIR (toll IL-1 receptor), CARD (caspase activation and 

recruitment domain), LRR (leucine rich repeat), and others) (Bell et al., 2003; 

Botos et al., 2011; Werts et al., 2006; Yamamoto et al., 2004).  Sixteen library 

cDNAs were selected based on their ability to reduce HIV replication or virus 

release in an HIV packaging screen (data not published).  Lastly, 1,077 library 

cDNAs corresponded to genes whose cognate siRNAs enhanced HIV 

infectivity in a genome-wide HIV host factor completed by our lab (Konig et al., 

2008).  All cDNAs were obtained from the mammalian gene collection (MGC, 

http://mgc.nci.nih.gov/).   This focused library was individually arrayed in 384-

well plates such that gene was assayed in duplicate for each cell line or 

luciferase reporter condition tested.  Each plate also contained positive 

controls (p65, MAVS, IRF3-5D (constitutively active IRF3), or TRIF), negative 

controls (GFP or pCherry vectors), as well as empty wells. The library was 

introduced into HEK293T/NF-κB-luciferase and HEK293T/ISG56-luciferase 

cell lines by high-throughput transfection with Fugene6 transfection reagent 

(Roche).  Additionally, the library was screened in HEK293T cell lines where 

the NF-κB-, ISG56-, or IFN-β-luciferase reporter constructs were transiently 

transfected together with cDNAs.  Forty-eight hours post-transfection, Bright-

Glo (Promega) was added in equal volumes to each well and the 
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luminescence associated with each sample was analyzed.  Screens for each 

reporter and cell line were run in duplicate.  Genes were selected for 

secondary confirmation assay by calculating the median of each plate, and 

using a threshold of two standard deviations away from the median to 

designate ‘hits.’ The library was also counter-screened to identify cDNAs that 

influenced cell viability using ATPlite (Perkin Elmer).  Genes associated with 

significant cytotoxicity were excluded from further studies.   

 

Luciferase and Cytotoxicity Assays 

 See Chapter 4: Experimental Procedures. 

 

HIV Infectivity Assays 

 HEK293T cells were plated in 6-well format and transfected with viral 

plasmids encoding pNL43-luciferase r+e- and VSV-G, as well as either 

APOBEC, PP1-γ, CPM, SRP9, or C14orf119.  Forty-eight hours post 

transfection, viral supernatants were collected from HEK293T producer cells, 

filtered, and applied to naïve HEK293T target cells.  At the same time, 

producer cells were lysed and luciferase values were measured to ensure 

transcriptional output from viral plasmids was equal among all samples.  

Twenty-four hours following infection of naïve HEK293T target cells, luciferase 

values were evaluated as a measure of HIV infectivity.  Target sample 

luciferase values were normalized to producer sample luciferase values to 

generate a readout of relative HIV infectivity for each condition. 
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GAIN-OF-FUNCTION SCREENING RATIONALE, SCREENING 

OPTIMIZATION, AND EXECUTION 

To identify novel regulators of innate immune responses, we chose to 

create a customized complementary DNA (cDNA) library to test for the ability 

of each gene to ectopically activate luciferase reporters encoding promoters 

typically activated downstream of pattern recognition receptor (PRR) 

pathways.  In this scenario, conditional overexpression of library cDNAs would 

result in the activation of luciferase reporters irrespective of upstream receptor 

activation, allowing the identification of innate regulatory molecules 

downstream of any PRR.  However, while gain-of-function screening is often 

completed using genome-wide libraries, we chose to screen a smaller subset 

of pre-selected genes.  Genes were chosen based on criteria associated with 

an increased likelihood that they might be innate immune signaling molecules 

or related regulators.  Specifically, we complied a focused library of 

approximately 1,200 genes that represented three different subsets of genes 

(Figure 3.1). First, we selected 86 cDNAs that corresponded to genes that 

were not associated with PRR responses but that contained domains known to 

be required for innate immune signaling activation (e.g. TIR (toll IL-1 receptor), 

CARD (caspase activation and recruitment domain), LRR (leucine rich repeat), 

and others) (Bell et al., 2003; Botos et al., 2011; Werts et al., 2006; Yamamoto 

et al., 2004). 
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Figure 3.1: Schematic representation of the gain-of-function screening approach 
utilized to identify novel positive regulators of innate immune responses. 
 

 Second, we included 1,077 cDNAs whose cognate siRNAs enhanced 

HIV infectivity in a genome-wide HIV host factor completed by our lab (Konig 

et al., 2008).  And third, the library contained 16 cDNAs whose overexpression 

reduced HIV replication or virus release in an HIV packaging screen (data not 

published).  The inclusion of genes from both the HIV host factor and the HIV 

packaging screens allowed for coverage of potential host restriction factors 

affecting both early and late stage HIV replication; our expectation was that 

these restriction factors might limit viral replication by the induction or positive 

regulation of innate immune responses.  
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To determine the innate activation potential of these 1,200 candidate 

factors, the entire library was screened against three luciferase-based 

reporters: NF-κB, ISG56 (interferon stimulated gene 56), and IFN-β (Figure 

3.1). The NF-κB and IFN-β reporters were chosen for downstream readouts 

since most PRR signaling pathways result in the transcriptional activation of 

one, or both, of these promoters (see Chapter 1, Figure 1.2).  The ISG56 

luciferase reporter was used as an additional readout of IFN-dependent 

signaling since activation of this promoter is regulated mainly by IRFs 

(interferon regulatory factors) downstream of a select number of PRRs 

(Fensterl and Sen, 2011; Grandvaux et al., 2002).  The pNiFty2 NF-κB 

luciferase reporter construct used for screening was obtained from Invivogen, 

contained 5 tandem copies of the NF-κB promoter sequence as well as a 

proximal ELAM-1 promoter, and was screened both by transient transfection 

as well as stable transfection in HEK293T cells.  The ISG56 luciferase reporter 

construct was also screened by both transient and stable transfection in 

HEK293T cells, and was generated by cloning the human ISG-56K promoter 

into the pNiFty2 luciferase reporter vector.  Finally, the IFN-β luciferase 

reporter construct was screened only by transient transfection in 293T cells, 

and was obtained from J. Chen at HHMI, University of Texas Southwestern 

Medical Center (Seth et al., 2005).  For execution of all screens, library 

cDNAs, as well as positive and negative controls, were individually arrayed, 

and duplicate libraries were screened in 384-well format.  cDNAs were 

introduced into HEK293T cells using a high-throughput reverse transfection 
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method that was optimized using Fugene6 transfection reagent in HEK293T 

cells or in HEK293T stable cell lines.  After allowing sufficient time for reporter 

activation, luciferase values were evaluated to determine which cDNAs 

increased signaling.  Additionally, all cDNAs were screened for cell toxicity. 

 

DATA ANALYSIS 

 When analyzing data from this gain-of-function screen, we were most 

interested in those genes whose overexpression activated at least two out of 

the three reporters tested.  For this analysis, all data obtained from screening 

was normalized to the median of each plate, and one, two, and three standard 

deviations from the median were calculated.  Toxic cDNAs were excluded 

from further analysis.  The remaining normalized data was ranked, and those 

genes that were 2 standard deviations or more from the plate median were 

considered ‘hits.’  Generally, positive controls for each screen were at least 2-

3 standard deviations from the median.  Overall, the readout from the NF-κB 

luciferase reporter screen was the most robust, with a wide range of values for 

candidate positive regulators and the largest number of genes chosen for 

follow-up assays (Figure 3.2A).  This phenomenon may an intrinsic sensitivity 

effect of the NF-κB reporter used, but may also be related to the large number 

of cellular proteins associated with the control of pro-inflammatory signaling. 
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Figure 3.2: Primary data from NF-κB, IFN-β , and ISG56-luciferase reporter assays.  (A-C) 
HEK293T cells were transfected with library cDNAs, as well as NF-κB, IFN-β, or ISG56 
luciferase reporter constructs, using a high throughput transfection methodology. Forty-eight 
hours post-transfection, luciferase values were evaluated for NF-κB (A), IFN-β (B), and ISG56 
(C) reporters as a measure of the ability of each gene to activate innate immune signaling.  All 
primary data was normalized to the median of each plate, and two standard deviations from 
the median were calculated and used as a threshold for gene hitpick.  Solid red line indicates 
a threshold of two standard deviations from the median.  
  

 In contrast, since activation of the IFN-β promoter is more tightly 

regulated by the coordinated assembly of NF-κB, AP-1, and IRF transcription 

factors on the IFN-β enhanceosome, we anticipated that significantly less 

cDNAs would have the capacity to impact these parallel pathways and activate 
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this reporter system (Panne et al., 2007).  Indeed, in comparison to the NF-κB 

reporter assay, IFN-β was less robustly activated by ectopic expression of 

library cDNAs, and only a handful of genes were selected for follow-up assays 

based on this dataset (Figure 3.2B).  Interestingly, we were surprised to 

observe that some genes did not activate the NF-κB luciferase reporter, but 

were still able to cause induction of the IFN-β luciferase reporter (data not 

shown), a phenomenon that should not be possible based on the known 

regulation of the endogenous IFN-β promoter (Honda et al., 2006; Panne et 

al., 2007).  Finally, the ISG56 luciferase reporter assay was uninformative in 

identifying potential positive innate regulators, since only three genes were 

able to activate the reporter beyond the threshold of two standard deviations 

from the median (Figure 3.2C).    

 

CANDIDATE GENE CONFIRMATION AND SELECTION OF PP1-γ  FOR 

FURTHER STUDY  

Following analysis of the primary screen data, we selected genes for 

secondary confirmation assays by utilizing a threshold of at least two standard 

deviations away from the median of each plate (Figure 3.2).  Using this 

criterion, 70 candidate innate regulatory genes were chosen for further testing  

(Table 3.1).  These candidate genes represented 47 cDNAs originally sourced 

from the HIV packaging assay gene subset, 16 cDNAs from the HIV host 

factor screen gene subset, and seven cDNAs from the innate-domain-

containing gene subset (represented by yellow, green, and teal, respectively, 
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in Table 3.1, also see Figure 3.1).  cDNAs for each of the 70 genes, as well as 

positive and negative controls (shown in orange in Table 3.1), were re-arrayed 

in 96-well plates and used for low-throughput replication of the NF-κB 

luciferase reporter assay in HEK293T cells.  Data from this secondary 

confirmation assay was normalized as previously described, and in contrast, 

induction of the luciferase reporter was more robust in this assay than in the 

primary high-throughput screen (compare Figure 3.2A and Figure 3.3).  

Accordingly, several candidate innate regulatory genes were confirmed using 

this approach, including DDX41, CARD14, DDX6, PP1-γ (Ppp1cc), PHF15, 

and STARD3, although the overall re-confirmation rate from the primary 

screen data was low (Table 3.1 and Figure 3.3).   

 

Figure 3.3: Secondary confirmation of candidate innate regulatory genes by low-
throughput NF-κB luciferase reporter assay. The subset of genes listed in Table 3.1 were 
transfected into HEK293T cells as described in Figure 3.2, and data for NF-κB-luciferase 
activation was similarly normalized.  Selected positive controls (p65/REL-A and MAVS) and 
candidate innate regulatory genes are listed.  
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  Finally, in order to provide additional evidence that confirmed candidate 

genes were bona fide innate regulators, we further evaluated a subset of 

genes for their capacity to transcriptionally activate NF-κB and IFN-β, and also 

to restrict replication of HIV.  For these approaches, a total of approximately 

25 genes were tested, including the candidate genes listed above, as well as 

additional genes for which ectopic expression caused significant enhancement 

of IFN-β activation in the primary screen (Figure 3.2A). Conditional expression 

of approximately 50% of genes tested resulted in a significant activation of the 

NF-κB luciferase reporter in 293T cells (see Figure 3.4A for representative 

data), while only a handful of cDNAs were able to also induce the IFN-β 

luciferase reporter (Figure 3.4B).  In particular, ectopic expression of PP1-γ 

was associated with an approximately 20-fold induction of the NF-κB 

luciferase reporter, as well as a more modest 3-fold transcriptional activation 

of IFN-β, suggesting that the regulatory activity of this phosphatase might be 

preferentially directed at pro-inflammatory signaling responses.  Additionally, 

PP1-γ expression was also found to potently inhibit HIV infectivity in viral 

packaging assays with vesicular stomatitis virus (VSV-G) pseudotyped pNL43-

luciferase virus (Figure 3.4C, and also see “Conclusions and Future 

Directions”), pointing to an added role for this gene as in antiviral host 

defense.  
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Figure 3.4:  Confirmed regulatory genes:  innate and antiviral activities.  As a final 
evaluation of the regulatory capacity of candidate innate genes, a subset of cDNAs were re-
tested for their ability to transcriptionally activate NF-κB and IFN-β, and to act as antiviral 
molecules.  (A-B) HEK293T cells were reverse transfected with cDNAs and luciferase 
reporters as indicated.  Transfections were completed in 96-well format, with triplicate wells for 
each gene.  Forty-eight hours post-transfection, luciferase values were evaluated, normalized 
to vector-transfected conditions, and averaged for each gene.  N.D. indicates no data was 
collected.  (C) HEK293T cells were transfected with the indicated plasmids as well as 
plasmids encoding pNL43-luc r+e- and VSV-G in order to package virus in the presence of 
ectopically expressed candidate innate regulatory genes.  Forty-eight hours post-transfection, 
virus supernatants were collected and transferred to untreated HEK293T cells, where HIV 
infectivity was measured by assessing relative luciferase values.	  	  	  
 

CONCLUSIONS 

Taken together, the biased gain-of-function screening approach used 

here was able to uncover novel regulators of innate immune responses, 

though the total number of genes identified and confirmed was significantly 

less than in the unbiased loss-of-function screening approach described in 

Chapter 2.  This discrepancy may simply be a consequence of the greater 
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number of genes interrogated in the loss-of-function assay, suggesting that a 

broad search is a more effective approach.  However, other studies have 

demonstrated that screening using focused gene libraries are indeed able to 

effectively reveal the intended target gene population (Ishikawa and Barber, 

2008); therefore, it seems more likely that the disparity between the number of 

candidate regulators uncovered using the biased versus the unbiased 

approach is related exclusively to the experimental design of each screen, in 

particular, RNAi-mediated gene silencing versus conditional gene expression.  

Though there are numerous advantages and disadvantages inherent to both 

these experimental techniques (discussed in “Introduction: Functional 

Genomics”), and in some cases, forced gene expression is associated with 

experimental artifacts, resulting in a potentially lower re-confirmation rate in 

high-throughput screening approaches.  It is possible that such artifacts were 

observed in the gain-of-function assay described here, and for this reason, it is 

critical to follow overexpression studies with a thorough mechanistic 

characterization of endogenous protein activities (See Chapter 4).  

Importantly, this screening approach resulted in the confirmation of several 

candidate innate regulatory molecules, including PP1-γ.  Conditional 

expression of this phosphatase was able to strongly activate NF-κB 

transcription as well as potently restrict viral replication, pointing to a 

significant role for PP1-γ in control of innate immune responses.  Since PP1-γ 

was the only factor identified with significant antiviral activity and was also the 

strongest positive regulator of NF-κB activation, this gene was selected for 
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further mechanistic studies (see Chapter 4, and Conclusions and Future 

Directions).  
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CHAPTER 4 

 

REGULATION OF MYD88-DEPENDENT INNATE IMMUNE RESPONSES BY 

SERINE THREONINE PHOSPHATASE PP1-γ 

 

ABSTRACT 

 Recognition of foreign pathogens by innate immune receptors initiates 

signaling cascades resulting in the production of pro-inflammatory cytokines 

and type I interferons that are critical to pathogen clearance.  In particular, the 

family of Toll-like receptors (TLRs) differentially uses adaptor molecules to 

initiate these responses, and additional signaling molecules associated with 

these pathways are regulated at a number of important steps.  Once such 

molecule is TRAF6, an E3 ubiquitin ligase responsible for integrating signals 

from varied receptors and for ubiquitination of critical proteins necessary for 

TLR-dependent NF-κB activation.  Here, we describe a role for the gamma 

catalytic subunit of protein phosphatase 1 (PP1-γ) as a positive regulator of 

MyD88-dependent pro-inflammatory signaling.   We demonstrate that PP1-γ is 

essential for both NF-κB and MAPK signaling downstream of TLR7, but 

establish that PP1-γ is dispensable for these events downstream of TNFR.  In 

addition, PP1 physically interacts with TRAF6 and other TLR signaling 

molecules, and enhances the E3 ubiquitin ligase activity of TRAF6 towards 

itself and substrates.  We also show that PP1-γ, TRAF6, and IKK-γ exist in a 

ternary complex, and that IKK-γ dissociates from this complex, presumably to 
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interact with the IKK signalosome.  Finally, we establish that catalytically active 

PP1-γ is responsible for these positive regulatory events, whereas a 

catalytically inactive mutant acts as a dominant negative for signaling.  

Collectively, this study provides insight into the complex regulation of MyD88-

dependent signaling and NF-κB activation by TRAF6, and expands the role of 

protein phosphatases as positive regulators of the host response to microbial 

challenge. 

 

INTRODUCTION  

The sensing of foreign pathogens by pattern recognition receptors 

(PRRs) present on cells of the innate immune system serves as the first line of 

host defense against harmful microorganisms.  Various PRRs are involved in 

this host immune response, including receptors belonging to the Toll-like 

Receptor (TLR) family, a group of germ-line encoded and evolutionarily 

conserved signaling molecules responsible for the coordinated induction of 

pro-inflammatory cytokines and type I interferons (IFNs) following microbial 

detection.  Twelve mammalian TLRs have been characterized thus far, and 

their expression on the plasma membrane or in endo-lysosomal compartments 

affords each receptor access to pathogen-encoded ligands such as 

lipopolysaccharide (LPS; by recognized by TLR4), flagellated proteins 

(recognized by TLR5), or viral- and bacterial-derived nucleic acids (recognized 

by TLR3, TLR7/8, and TLR9).  In particular, TLR7 localizes to endosomal 

membranes, and MyD88-dependent responses from this receptor have been 
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implicated in the control of single-stranded RNA (ssRNA) derived from multiple 

viruses including vesicular stomatitis virus, influenza virus, west Nile virus, and 

human immunodeficiency virus (Beignon et al., 2005; Diebold et al., 2004; Heil 

et al., 2004; Lund et al., 2004; Meier et al., 2007; Town et al., 2009).  

Additionally, a frequent TLR7 polymorphism (Gln11Leu) in HIV-infected 

individuals is associated with attenuated receptor signaling as well as higher 

viral loads, suggesting that TLR7-dependent production of pro-inflammatory 

cytokines or type I IFNs may be directly correlative with disease progression. 

 In addition to microbial-derived ligands, necrotic cells, heat shock 

proteins, nucleic acids, and histones are all suggested to act as host-derived 

ligands for TLRs that trigger innate immune responses (Vabulas et al., 2002).  

These endogenous ligands behave as autoadjuvants, causing autoimmune 

diseases such as arthritis and systemic lupus erythematosus (SLE) (Liu et al., 

2003; Vollmer et al., 2005).  The association between deregulated TLR 

signaling and human disease is further underscored by single nucleotide 

polymorphisms (SNPs) in TLR loci that exist in the human population.  For 

instance, carriers of the TLR4 SNPs Asp299Gly and Thr399Ile are hyper-

responsive to LPS-triggered asthma (Arbour et al., 2000), the TLR2 Arg753Gly 

polymorphism defines a subgroup of people affected by atopic dermatitis 

(Ahmad-Nejad et al., 2004), and SNPs within the IRF5 gene downstream of 

TLR7 are associated with SLE (Graham et al., 2006; Sigurdsson et al., 2005).  

Furthermore, studies in mice have demonstrated that duplication of Tlr7 is the 

sole requirement for hyper-responsiveness in animals bearing the Y-linked 
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autoimmune accelerator locus (Deane et al., 2007; Pisitkun et al., 2006).  

Together, these studies and others demonstrate that tight control and proper 

regulation of innate immune signaling pathways is necessary to maintain the 

balance between successful host defense mechanisms and harmful 

autoimmune responses.    

Upon binding cognate ligands, TLR signaling is initiated via the 

interaction of cytoplasmic TIR (toll/IL-1 receptor homology) domains with 

appropriate adaptor proteins.  A number of such proteins have been 

described, including MyD88 (myeloid differentiation factor 88) (Adachi et al., 

1998; Kawai et al., 1999), TRIF/TICAM-1 (TIR containing adaptor molecule-1) 

(Oshiumi et al., 2003; Yamamoto et al., 2003a), TRAM (TRIF related adaptor 

molecule) (Yamamoto et al., 2003b), and TIRAP (TIR domain containing 

adaptor protein) (Fitzgerald et al., 2001; Horng et al., 2002; Yamamoto et al., 

2002).  With the exception of TLR3, all TLRs as well as IL-1R (interleukin-1 

receptor) require an initial association with MyD88 in order to propagate 

downstream activation of pro-inflammatory cytokines and type I IFNs by NF-

κB or IRF (interferon regulatory factor) transcription factors, respectively.  

MyD88-dependent NF-κB response pathways rely primarily on signal-induced 

phosphorylation and ubiquitination of a number of critical signaling molecules.  

Immediately following receptor ligation, a downstream kinase cascade 

involving IRAK (IL-1R associated kinase) proteins results in activation of the 

E3 ubiquitin ligase activity of TRAF6 (tumor necrosis factor receptor 

associated factor 6).  Together with a ubiquitin conjugating enzyme (E2), 
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TRAF6 catalyzes the K63-linked ubiquitination of substrates, including TRAF6 

itself, as well as IKK-γ/NEMO (NF-κB essential modulator) and the MAP 

kinase, TAK1 (TGF-β-activated kinase 1) (Deng et al., 2000; Kovalenko et al., 

2003; Lamothe et al., 2007; Wang et al., 2001).  These upstream events are 

critical for activation of a multisubunit complex referred to as the IKK 

signalosome, which is comprised of two kinases, IKK-α and IKK-β, as well as 

a catalytically inactive IKK-γ regulatory subunit (Rothwarf et al., 1998; Zandi et 

al., 1997). Together, these IKK proteins coordinate the phosphorylation, 

ubiquitination, and degradation of inhibitory IκBα proteins, liberating NF-κB 

transcription factors to translocate into the nucleus.   

In classical models of NF-κB activation, TRAF6 has a critical role in 

integrating signals from multiple upstream receptors including IL-1R, TLRs, 

TCR, and other PRRs, to induce downstream activation of NF-κB, AP-1, and 

IRF transcription factors (Konno et al., 2009; Lomaga et al., 1999; Naito et al., 

1999; Sun et al., 2004).  How TRA6 is able to properly interpret and processes 

these signals is still not completely defined, but several enzyme complexes 

and additional regulators are involved.  A seminal study by Deng et al. 

established that the E2 complex necessary for the formation of K63-linked 

ubiquitin chains associated with TRAF6-dependent IKK activation contained 

two proteins: Ubc13 and Uev1a (Deng et al., 2000).  While both these proteins 

are absolutely critical for in vitro activity of TRAF6, a conditional knockout of 

Ubc13 in murine macrophages has suggested that this protein is at least 

partially dispensable for TRAF6-mediated NF-κB signaling downstream of 
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TLRs and IL-1R, implicating other cellular proteins in the regulation of TRAF6 

E3 activity (Yamamoto et al., 2006).  Additionally, a protein complex containing 

TAB1 and TAB2 is essential for the TRAF6-dependent ubiquitination of TAK1 

(Wang et al., 2001), whereas the complement of molecules regulating TRAF6-

mediated ubiquitination of IKK-γ is less well understood.  More recently, the 

crystal structure of TRAF6 together with Ubc13 has been solved, confirming a 

model where TRAF6 dimerization or oligomerization is a pre-requisite for its 

activation (Yin et al., 2009).  Within this paradigm, the complex manner in 

which TRAF6 is differentially regulated in response to upstream signals is still 

unclear, and it is likely that additional signaling molecules are involved in this 

process.            

 Here we report the identification and characterization of the gamma 

catalytic subunit of PP1 (PP1-γ) as a positive regulator of MyD88-dependent 

innate immune signaling and TRAF6 E3 ubiquitin ligase activity.  PP1 is a type 

1 serine threonine phosphatase known to be important for multiple cellular 

processes including glycogen metabolism, mitosis, muscle contraction, as well 

as others [reviewed in (Ceulemans and Bollen, 2004) and (Cohen, 2002)].  

The catalytic subunit of PP1 is expressed as α, β, γ1, and γ2 subunits, with the 

γ2 subunit being exclusively expressed in testis (Cohen, 1988; Oppedisano-

Wells and Varmuza, 2003).  It has recently been reported that the α catalytic 

subunit interacts with the regulatory protein GADD34 to inhibit TNFR-induced 

NF-κB signaling by dephosphorylation of IKKα/β (Li et al., 2008); however, a 

functional role for other subunits in pro-inflammatory signaling or TLR-
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mediated innate immune responses has not yet been described.  In a 

paradigm of phosphorylation-dependent activation such as the 

phosphorylation of IKK-β by TRAF6 substrate, TAK1 (Wang et al., 2001), 

kinases are associated with activating modifications, while phosphatases 

generally antagonize these events to shut down or dampen signaling.  

Nonetheless, dephosphorylation events have been shown to positively impact 

immune signaling events, demonstrated clearly by recent reports describing 

the ability of threonine phosphatase EYA4 (eyes absent 4) to enhance antiviral 

defenses against Newcastle disease virus as well as vesicular stomatitis virus 

(Okabe et al., 2009).  Indeed, our results extend these findings by showing 

that catalytically active PP1-γ positively regulates MyD88-dependent NF-κB 

signaling events to augment pro-inflammatory immune activities.  Here, we 

specifically show that the physical association of PP1-γ with TRAF6 and its 

substrates contributes to the complex regulation of TRAF6 E3 ubiquitin ligase 

activities in the context of the innate response to microbial infection. 

 

EXPERIMENTAL PROCEDURES 

Antibodies and Reagents 

 The following antibodies were obtained from Santa Cruz Biotechnology: 

anti-PP1-γ, sc-6108; anti-TAK1, sc-7162, anti-IRAK1, sc-7883; anti-IKK-

γ/NEMO sc-8330; anti-ECSIT, sc-133535; anti-TRAF6, sc-7221; anti-IKKβ, sc-

7607; and all normal IgGs. The following antibodies were obtained from Cell 

Signaling: anti-IκBα, #9242; anti-phospho-TAK1 Thr184/187, #4508S; anti-
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Ubiquitin (PD41) “mouse,” #3936; anti-Ubiquitin “rabbit,” #3933S; anti-JNK, 

#9525S; anti-phospho-JNK (Thr183/Tyr185), #4668S; anti-p38, #9212; anti-

phospho-p38 (Thr180/Tyr182), #9211S; anti-p53, #9282; anti-actin, #4970S.  

HRP-conjugated secondary antibodies directed toward mouse and rabbit were 

obtained from Bio-Rad.  Additional HRP-conjugated secondary antibodies 

directed against goat (#805-035-180) and against light-chain specific rabbit 

(#211-032-171) were obtained from Jackson ImmunoResearch Laboratories.  

Anti-FLAG antibody was obtained from Sigma (rabbit, #F7425).  R848, 

Flagellin, Poly I:C (#HMW, PIC-33-06), and LPS (#tlrl-pelps) were purchased 

from Invivogen.  Human TNF-α and Human IL-1β were purchased from Cell 

Signaling Technology.  

 

Cell lines and tissue culture 

 HEK293T cells were obtained from ATCC and cultured in Dulbecco’s 

Modified  Eagle Medium (DMEM) supplemented with 10% FBS (Thermo 

Scientific), L-glutamine and penicillin/streptomycin (Invitrogen).  The 

HEK293T/TLR7/NF-κB luciferase reporter cell line was generated by 

transfecting HEK293T cells with an expression plasmid for TLR7, along with a 

5X NF-κB luciferase reporter construct.  HEK293T cells stably expressing 

hTLR4 or hTLR3 were obtained from Invivogen (hkb-htlr4, and hkb-htlr3, 

respectively).  THP-1 cells were obtained from ATCC and cultured in RPMI-

1640, supplemented with 10% FBS, L-glutamine and penicillin/streptomycin.   
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Plasmids and Vectors 

 All plasmids used for high-throughput screening studies were obtained 

from the Mammalian Gene Collection (MGC, http://mgc.nci.nih.gov/).  

Plasmids for positive and negative controls, including p65, IKK-SE (IKK-β with 

phosphomimetic point mutations of two serines in the activation loop, S177E 

and S181E), IRF3-5D (IRF3 with phosphomimetic point mutations of residues 

396, 398, 402, 404, and 405), MAVS, MAVS DN (MAVS with a CARD domain 

deletion), pcDNA3.1 vector, and pCherry, were property of our lab and were all 

in CMV promoter-driven vectors. The pNiFty2 NF-κB luciferase reporter 

(Invivogen) construct used for screening contained 5 tandem copies of the NF-

κB promoter sequence as well as a proximal ELAM-1 promoter.  For 

secondary assays of PP1-γ activity, an additional plasmid was obtained from 

Origene, and sequenced to determine integrity.  This plasmid was further used 

for creation of the catalytically inactive mutant (PP1-γ D64N), using the 

Stratagene Site-directed Mutatgenesis Kit.  3X-FLAG tagged TLR constructs 

were generated by PCR amplification of MyD88, TRAF6, TRAF3, TBK1, 

TANK, IKK-γ, IKK-ε genes and ligation into the pEGFP-N1 vector where GFP 

had been replaced with 3X FLAG (N-terminal).      

 

RNA interference 

 Double-stranded RNA duplexes targeting human MyD88, p65, and 

PP1-γ were purchased from Qiagen.  The sequences are as follows: MyD88, 
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AACTGGAACAGACAAACTATC; p65 (RELA), 

ATGGAGTACCCTGAGGCTATA; PP1-γ, TTGCCGCAATTATGCGACCAA.  

The TNFR siRNA was a SMARTpool purchased from Dharmacon (#M-

005197-00-0005).  Negative controls siRNAs used were either from Qiagen or 

were previously described (Konig et al., 2008).  HEK293 cells were transfected 

using Lipofectamine 2000 (Invitrogen) according to manufacturer’s protocols, 

and THP-1 cells were transfected using HiPerfect (Qiagen) according to 

manufacturer’s protocols.  Cells were assayed for gene knockdown either 48 

or 72 hours post-transfection, depending on experiment or assay completed.   

 

High-throughput cDNA screening 

 A description of high throughput gain-of-function screening is described 

in Chapter 3.  

 

Low-throughput luciferase reporter assays 

 For siRNA transfections, either the HEK293T/TLR7/NF-κB luciferase 

reporter line or the HEK293T/NF-κB luciferase was reverse transfected with 4 

pmol siRNA using Lipofectamine 2000 (Invitrogen) and plated in 96-well plates 

with triplicate samples per condition (approximately 12-14,000 cells/well).  

Forty-eight hours post transfection, the cells were stimulated with 3uM of R848 

(HEK293T/TLR7 NF-κB luciferase reporter line) or 10ng/mL of TNF-α 

(HEK293T/NF-κB luciferase reporter line), and the luciferase reporter activities 

were quantified with Britelite Plus (PerkinElmer) either sixteen hours or five 
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hours post-stimulation, respectively.  For cDNA transfections, the 

HEK293T/TLR7/NF-κB luciferase reporter line was plated in 96-well plates 

with triplicate samples per condition (approximately 10,000 cells/well).  The 

following day, cells were forward transfected with 100ng total cDNA per well 

using Lipofectamine 2000.  Forty-eight hours post-transfection, the luciferase 

reporter activities were quantified.  For the cytotoxic assay, 

HEK293T/TLR7/NF-κB luciferase reporter cells were transfected with siRNAs 

or cDNAs.  Three days post transfection, viability of the cells was quantified 

with ATP Lite (PerkinElmer).  Both the luciferase assay and cytotoxic assay 

were quantified by using the PHERAstar luminometer (BMG Labtech). 

 

Realtime PCR 

 Total RNA from HEK293 or THP-1 cells was extracted by using RNeasy 

Mini or RNeasy 96 Kit according to the manufacturer’s instructions (Qiagen). 

RNA samples were then reverse transcribed using the QuantiTect Reverse 

Transcription Kit (Qiagen). PCR products were detected using the Power 

SYBR® Green PCR Master Mix (Applied Biosystems) and an ABI 7900HT. 

Formation of a unique DNA product was confirmed by verifying that products 

had a single melting temperature.  Fluorescence monitored PCR values were 

normalized to TATBP values to account for any differences in cDNA recovery 

between samples.  Real time PCR was performed with the following primers:  

TATBP, 5’-CCACTCACAGACTCTCACAAC-3’ and 5’-

CTGCGGTACAATCCCAGAACT-3’; ICAM-1, 5’-
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TGGCCCTCCATAGACATGTGT-3’ and 5’-TGGCATCCGTCAGGAAGTG-3’; 

TNF-α, 5’-ATGAGCACTGAAAGCATGATCC-3’ and 5’-

GAGGGCTCATTAGAGAGAGGTC-3’; IκB-α, 5’-

CCCAAGCACCCGGATACAG-3’ and 5’GTGAACTCCGTGAACTCTGAC-5’; 

PP1-γ, 5’-CTCAACATCGACAGCATTATCCA-3’ and 5’-

CGAGACTTTAAGCACAGTCCTC-3’. 

 

P65 nuclear translocation assay 

 HEK293T/TLR7 cells were plated in chambered coverglass systems 

(Lab-Tek cat#155411) and were reverse transfected with siRNAs using 

Lipofectamine 2000 and previously described protocols.  Two days post-

transfection, cells were stimulated with R848 at a concentration of 5uM for 40 

minutes.  Cells were then washed with PBS, fixed with 3.7% 

paraformaldehyde, and permeabilized with a solution of 0.1% Saponin/PBS 

and blocked with as solution of 0.1% Saponin/2.5% Normal Goat Serum/PBS.  

The latter solution was used for all subsequent washes and also for antibody 

incubations.  Cells were incubated with primary antibody against p65/RELA 

(Santa Cruz, sc-8008) for 1 hour at room temperature.  After 3x washing 

steps, cells were incubated with secondary antibody (goat anti-mouse Alexa 

488; Invitrogen, A11029) for 2 hours at room temperature.  Finally, cells were 

washed with blocking solution, followed by PBS, and were overlaid with 

VECTASHIELD with DAPI (Vector Laboratories, H-1200).  
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Western Blotting and Immunoprecipitation 

 For western blotting, cells were seeded on various-sized plates, and 

stimulated as indicated.  Cells were harvested in lysis buffer (50mM HEPES, 

pH 7.4, 100mM NaCL, 1% triton-X 100, 50mM NaF, 5mM sodium 

orthovanadate, 1mM PMSF, 5mM EDTA, STI/AL) and whole cell lysates 

(WCLs) were collected by centrifugation.  For co-immunoprecipitation, 3 x 106 

HEK293 cells were seeded on 100mm plates and transiently transfected with 

12ug total DNA using Lipofectamine 2000 (Invitrogen) according to 

manufacturer’s instructions.  Forty-eight hours post-transfection, cells were 

harvested using lysis buffer (50mM Tris-HCl, pH 7.4, 250mM NaCl, 1mM 

EDTA, 1% TRITON-100) supplemented with complete protease inhibitor and 

phosphatase inhibitor (Sigma).  In some cases, concentrations of 150mM 

NaCl were used to detect weaker interactions between proteins. 3XFLAG-

tagged constructs were immunoprecipitated using anti-FLAG M2 agarose 

beads (Sigma, F2426).  Endogenous proteins and IgG controls were 

immunoprecipitated using ProteinG Sepharose (Sigma, P3296) and the 

indicated antibodies.  WCLs were immunoprecipitated overnight at 4C with 

rotation, or for 2 hours at 4C with rotation for in vitro ubiquitination assays and 

for serial immunoprecipitations.  All WCLs were resolved on NuPAGE Tris-

Glycine gels (Invitrogen), transferred to a polyvinylidene fluoride membrane 

using a semi-dry transfer apparatus (Bio-Rad), and probed overnight at 4C 

with primary antibodies.  After secondary antibody incubation for 2 hours, 

proteins were revealed by using enhanced chemiluminescence (Pierce).   
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Serial Immunoprecipitation  

 For serial immunoprecipitation (IP) experiments, 3.5 x 106 HEK293T 

cells were seeded in 10 cm plates and transfected with 4ug each of plasmids 

encoding FLAG-TRAF6, IKK-γ, and either PP1-γ WT or DN.  For each 

condition (transfection with either PP1-γ WT or DN) two 10cm plates were 

transfected in duplicate for FLAG:PP1-γ immunoprecipitations, and two 10cm 

plates were transfected in duplicate for IgG:IgG immunoprecipitations.  Forty-

eight hours post-transfection, cells were harvested in 1mL lysis buffer per plate 

(50mM Tris-HCl, pH 7.4, 100mM NaCl, 50mM NaF, 1mM EDTA, 1% TRITON-

100, supplemented with a complete protease inhibitor and phosphatase 

inhibitors), yielding approximately 2mL of lysates per condition for serial IP.  A 

portion of whole cell lysates were reserved for immunoblotting and the 

remaining whole cell lysates were used for IP.  IP conditions were as follows: 

IP #1 was completed using either 50uL anti-FLAG M2 agarose bead (Sigma, 

F2426) slurry, or 50uL ProteinG Sepharose bead (Sigma, P3296) slurry with 

approximately 4ug of comparative IgG antibody control.  IP #1 was rotated at 

4C for four hours, then beads were washed three times with lysis buffer, 

followed by a series of two rounds of competitive elution of immobilized protein 

complexes using a 3X-FLAG peptide (200ng/uL).  FLAG elute was recovered 

and re-immunoprecipitated in IP #2 using 40uL of ProteinG Sepharose bead 

(Sigma, P3296) slurry with 4ug of PP1-γ antibody, or 40uL of ProteinG 

Sepharose bead (Sigma, P3296) slurry with 4ug of comparative IgG antibody 
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control.  After overnight rotation at 4C and a series of an additional three 

washes with lysis buffer, final serial immunoprecipitates were collected and 

subjected to SDS-PAGE and immunoblotting to detect co-associated proteins.  

 

Evaluation of PP1-γ  D64N Signaling in HEK293T  

 HEK293T cells were transfected with PP1-γ WT, PP1-γ DN, or vector 

control, together with the NF-κB luciferase reporter plasmid.  Cells were 

forward transfected in 96-well format as described above.  For those 

experiments including stimulation, the HEK293T/TLR7/NF-κB luciferase 

reporter line was used for transfections, and was stimulated with 10uM R848 

forty-eight hours post-transfection.  The luciferase reporter activities were 

quantified with Britelite Plus (PerkinElmer). 

 

In Vitro Ubiquitination Assays     

 In vitro ubiquitination assays were completed as previously described 

(Pertel et al.).   

 

RESULTS 

Identification of PP1-γ  as a critical factor for MyD88-dependent innate 

immune responses 

 To identify innate regulatory signaling molecules, we assembled a list of 

cDNAs based on gene activities in high-throughput viral restriction screens 

(Konig et al., 2008, and unpublished data), as well as additional genes 
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containing domains associated with innate immune signaling (O'Neill, 2000; 

Werts et al., 2006).  This customized cDNA library was comprised of 1,200 

genes, and was screened in a gain-of-function assay to test for the ability of 

each gene to activate an NF-κB luciferase reporter (See Chapter 3, Figure 3.1 

and Experimental Procedures).  Using this methodology, we reconfirmed the 

activities of known innate signaling genes (TLR2, MEKK3, etc.) and also 

identified the gamma catalytic subunit of protein phosphatase 1 (PP1-γ) as a 

potent activator of immune signaling (Figure 4.1A).  Specifically, ectopic 

expression of PP1-γ in a HEK293T cell line harboring an NF-κB luciferase 

reporter construct (HEK293T/NF-κB-luc) resulted in an approximately 40-fold 

induction of the NF-κB reporter (Figure 4.1B). 

 

Figure 4.1:  Gain-of-function screening, and identification of PP1-γ  as a positive 
regulator of NF-κB. (A) HEK293T cells were transfected with a library of approximately 1,200 
cDNAs in a gain-of-function assay to test for the ability of each gene to activate an NF-kB 
reporter (see also Chapter 3).  PP1-γ significantly activated the reporter in this primary assay.  
(B) HEK293T cells stably expressing an NF-κB-luciferase reporter (HEK293T/NF-κB-luc) were 
transfected with plasmids encoding PP1-γ, MAVS, and p65.  PP1-γ was transfected in 
increasing amounts.  Forty-eight hours post-transfection, cells were lysed and luciferase 
values were evaluated to measure the ability of ectopically expressed plasmids to activate the 
NF-κB reporter.  Fold NF-κB activation was calculated relative to vector-transfected samples.	  	  	  
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 In this system, PP1-γ strongly activated NF-κB in a dose-dependent 

manner, to a greater extent than mitochondrial antiviral signaling (MAVS) 

protein (Seth et al., 2005), but not as highly as p65/RELA.  Since our data 

indicated that ectopic PP1-γ was able to induce NF-κB transcription, we 

subsequently tested whether endogenous PP1-γ was required for pro-

inflammatory signaling downstream of TLR activation.  To evaluate the role of 

PP1-γ in TLR-dependent signaling, we employed a system wherein 

HEK293T/NF-κB-luc cells stably expressing TLR7 (HEK293T/TLR7/NF-κB-

luc) were transfected with siRNAs targeting PP1-γ, as well as positive and 

negative control siRNAs, and stimulated with the synthetic TLR7 ligand, R848 

(Hemmi et al., 2002) (Figure 4.2A).  In this system, stimulation of TLR7 caused 

robust induction of NF-κB in negative control samples, whereas RNAi against 

PP1-γ attenuated this NF-κB response (Figure 4.2A).  We confirmed that two 

sequence-independent siRNAs did specifically reduce PP1-γ mRNA levels, 

and additionally determined that PP1-γ RNAi inhibited R848-induced IL-8 

mRNA upregulation (Figure 4.3).  These results were also replicated in a 

human monocytic cell line, THP-1, which can respond to stimulation with 

multiple TLR ligands and represents an innate cell type responsible for 

pathogen recognition.  In this cell line, RNAi against PP1-γ impaired the 

kinetics of R848-induced I-CAM1 and IκBα mRNA upregulation over a time 

course of receptor stimulation (Figure 4.2B).  Importantly, impaired induction of 

both I-CAM1 and IκBα was observed by three hours post-stimulation,  
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Figure 4.2: PP1-γ  RNAi reduces NF-κB responses in multiple cell types. (A) 
HEK293T/NF-κB-luc cells stably expressing TLR7 (HEK293T/TLR7/NF-κB-luc) were reverse 
transfected with the indicated siRNAs.  Forty-eight hours post-transfection, cells were 
stimulated for 16h with R848 (10uM), then lysed, and average luciferase values were 
evaluated for each siRNA.  (B) A THP-1 monocytic cell line was transfected with siRNAs as in 
Figure 1B.  Cells were stimulated with R848 (10uM) for the indicated time points, and relative 
levels of ICAM-1 and IκBα mRNA were evaluated by RT-PCR.	  
 

 

Figure 4.3: Silencing of PP1-γ  with two independent siRNAs specifically reduces mRNA 
PP1-γ  levels and also TLR7-induced IL-8 upregulation. HEK293T/TLR7/NF-κB-luc cell 
were reverse transfected with the indicated siRNAs as in Figure 4.2A.  Forty-eight hours post-
transfection, cells were stimulated for 16h with R848 (10uM), then RNA was collected and 
used for RT-PCR to evaluate relative expression levels of PP1-γ and IL-8 mRNA.  	  
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implicating PP1-γ activity in the activation of early phase NF-κB-dependent 

pro-inflammatory target genes.  Together, these results suggested that PP1-γ 

was a positive regulator of NF-κB transcriptional responses and was required 

for TLR7-dependent pro-inflammatory signaling.  However, it was unclear 

whether PP1-γ was uniquely necessary for TLR-dependent innate signaling, or 

whether this phosphatase was more broadly involved in all NF-κB-associated 

proinflammatory responses. 

To determine the range of NF-κB signaling pathways affected by PP1-γ 

activity, we evaluated the effects of PP1-γ RNAi on NF-κB dependent target 

gene induction downstream of multiple TLRs, IL-1R, and TNFR.  For these 

experiments, HEK293T cell lines stably expressing TLR3, TLR4, or TLR7 were 

stimulated with poly I:C, LPS, or R848, respectively, while the parental 

HEK293T cell line was used for stimulation of TLR5, IL-1R, and TNFR with 

flagellin, IL-1β, and TNF-α, respectively.  Under these conditions, RNAi 

against PP1-γ significantly attenuated mRNA induction of NF-κB-dependent 

target genes IκBα and TNF-α downstream of TLR4/5/7 and IL-1R, but both 

TLR3- and TNFR-mediated signaling remained intact (Figure 4.4A and B).  A 

common feature of all innate signaling pathways is their capacity to initiate 

downstream pro-inflammatory transcriptional programs, but the required 

receptor proximal components are more diverse.  In this case, TLR3 

exclusively initiates signaling via the TRIF adaptor protein, TNFR signals via 

the TRADD and RIP adaptor proteins, and the remaining receptors 



 

	  

139 

interrogated initiate signaling via MyD88 (Adachi et al., 1998; Hsu et al., 1996; 

Hsu et al., 1995; Kawai et al., 1999; Oshiumi et al., 2003). Our findings show 

that PP1-γ is selectively required for TLR4/5/7- and IL-1R-mediated pro-

inflammatory signaling, suggesting that it is a critical regulator of these 

MyD88-dependent responses. 

 

Figure 4.4: A role for PP1-γ  in MyD88-dependent Toll/IL-1R activation.  HEK293T/NF-κB 
cells stably expressing TLR3, TLR4, or TLR7 were reverse transfected with the indicated 
siRNAs.  For evaluation of TLR5, IL-1R, and TNFR stimulation, HEK293T/NF-κB cells stably 
expressing TLR7 were used.  Forty-eight hours post-transfection, cells were stimulated for 3h 
with LPS (TLR4, 100ng/mL), Flagellin (TLR5, 100ng/mL), R848 (10uM), IL-1β (IL-1R, 
10ng/mL) or TNF-α (10ng/mL), or for 6h with poly I:C (TLR3; 50ug/mL).  After stimulation, 
relative levels of IκBα mRNA (A) or TNF-α mRNA (B) were evaluated by RT-PCR. Data from 
A-D are representative of at least three independent experiments, P ≤ 0.05 = *, P ≤ 0.01 = **, 
P ≤ 0.001 = ***.	  	  	  
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PP1-γ  is required for TLR7-mediated molecular NF-κB signaling events  

Our results demonstrated that PP1-γ was a critical regulator of pro-

inflammatory signaling mediated by multiple TLRs.  However, since TLR7 is 

highly expressed in immune-sensing cell types and signaling through this 

receptor is vital for antiviral host defense, we chose to functionally map the 

role of PP1-γ in this MyD88-dependent signaling pathway (Beignon et al., 

2005; Town et al., 2009).  For this analysis, the HEK293T/TLR7/NF-κB-luc cell 

line was transfected with either an siRNA targeting PP1-γ or a negative 

control, and forty-eight hours post-transfection, cells were stimulated with 

R848 to activate TLR7.  Typically, TLR7-mediated nuclear accumulation of 

p65 occurs with 40 minutes of stimulation, but PP1-γ RNAi abrogated this 

response (Figure 4.5A).  Similarly, the degradation and re-synthesis of IkBa 

following TLR7 stimulation occurs by approximately 30 and 90 minutes, 

respectively, and this molecular event was also inhibited by PP1-γ silencing 

(Figure 4.5B).  We also activated cells by stimulation of TNFR and found that 

RNAi against PP1-γ had no effect on either TNF-α-induced p65 nuclear 

translocation or IκBα degradation kinetics, supporting our observation that 

PP1-γ was a selective regulator of MyD88-dependent signaling (Figure 4.5D 

and E).  
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Figure 4.5. PP1-γ  silencing impairs NF-κB and MAPK signaling events downstream of 
TLR7.  (A and D) HEK293T/TLR7/NF-κB-luc cells were reverse transfected with the indicated 
siRNAs.  Forty-eight hours post-transfection, cells were stimulated with R848 (0.05uM) or 
TNF-α (10ng/mL) for 40 minutes, then fixed and stained.  Nuclear translocation of p65 was 
evaluated by staining with DAPI (red) to mark the nuclei and by staining with anti-p65 
antibodies (green) for detection by immunofluorescence.  (B-C and E-F) HEK293T/TLR7/NF-
κB-luc cells were reverse transfected with the indicated siRNAs.  Seventy-two hours later, 
cells were stimulated with R848 (10uM) for the indicated timepoints, and whole cell lysates 
(WCLs) were collected and evaluated by SDS-PAGE and immunoblotting with the indicated 
antibodies.  Data shown are representative of at least three independent experiments.	  

  

Since PP1-γ was associated with MyD88-dependent NF-κB signaling 

responses, we evaluated the effects of PP1-γ silencing on a signaling step that 

is unique to these pathways.  Thus, we determined whether PP1-γ was 

necessary for the phosphorylation-dependent activation of TAK1, a map 

kinase (MAPK) that is required for MyD88-mediated activation of IKKα/β 
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(Wang et al., 2001).  As shown in Figure 4.5C, ligand-induced phosphorylation 

of TAK1 at residues Thr184/187 in the kinase activation loop was significantly 

impaired by siRNAs targeting PP1-γ (Figure 4.5C).  In addition to its role in 

activation of the IKK signalosome, TAK1 is also a ubiquitin-dependent kinase 

upstream of MAPK p38 (Ninomiya-Tsuji et al., 1999; Wang et al., 2001).  

Significantly, RNAi against PP1-γ also impaired R848-induced activation of 

p38 as measured by phosphorylation of residues Thr180/Tyr182 (Figure 

4.5C), whereas PP1-γ had no effect on p38 phosphorylation downstream of 

TNFR stimulation (Figure 4.5F).  Together, these results suggest that PP1-γ is 

functionally required for both the TLR-mediated ubiquitin- and 

phosphorylation-dependent activation of TAK1, which are a complex series of 

post-translational modifications regulated by TAB1/2/3 in complex with TRAF6 

(Kishimoto et al., 2000; Shibuya et al., 1996; Wang et al., 2001).  Therefore, 

we hypothesized that PP1-γ regulates these MyD88-dependent events as part 

of the TRAF6 E3 ubiquitin ligase complex. 

 

Catalytic activity of PP1-γ  is essential for TLR-dependent NF-κB 

activation  

 All three PP1 subunits share a conserved catalytic core that is 

responsible for the metal-dependent de-phosphorylation of PP1 substrates, 

while the N- and C-termini of each protein contain subunit-specific divergent 

sequences ((Goldberg et al., 1995; Zhang et al., 1996) and reviewed in 

(Cohen, 2002)) (Figure 4.6A). Multiple residues within the catalytic core are 
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critical for enzymatic activity, including several invariant aspartate and histidine 

residues that are conserved not only between the three PP1 catalytic subunits, 

but also between other eukaryotic serine threonine phosphatases, as well as 

bacteriophage phosphatases and E. coli adenosinetetraphosphatase (Barton 

et al., 1994).  Among these residues, mutation of aspartic acid (D) at position 

64 to asparagine (N) resulted in an ~103-fold loss in catalytic activity of PP1 as 

measured using phosphorylase a as a substrate (Zhang et al., 1996). 

Therefore, to determine whether the phosphatase activity of PP1-γ was 

specifically necessary for MyD88-dependent pro-inflammatory signaling 

activation, we tested the effects of the catalytically dead PP1-γ D64N mutant 

(PP1-γ DN) on NF-κB responses.  When transiently expressed, protein levels 

of PP1-γ DN were comparable to that of the wild type catalytically active PP1-γ 

(PP1-γ WT), indicating this mutation did not affect protein stability (Figure 

4.6B).  Transfection of a plasmid encoding MyD88 caused robust activation of 

the NF-κB reporter, but this activation was strongly inhibited by co-transfection 

of PP1-γ DN (Figure 4.6C).  This data suggested that the catalytically inactive 

PP1-γ DN mutant acted as a dominant negative for MyD88-induced signaling.  

These results were consistent with experiments in which the 

HEK293T/TLR7/NF-κB-luc cell line was transfected with either vector control, 

PP1-γ WT, or PP1-γ DN, and NF-κB responses were evaluated following R848 

stimulation. In this case, ectopic expression of catalytically active PP1-γ  
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Figure 4.6: Catalytic activity of PP1-γ  is necessary for TLR7-mediated NF-κB activation.  
(A) A schematic diagram of the PP1-γ gene.  As compared with PP1-α and PP1-β catalytic 
units, the non-conserved N- and C-terminal regions of PP1-γ are defined in white, while the 
conserved catalytic core is depicted in black.  A small region of the catalytic core spanning 
amino acids 57-71 is enlarged to show the mutation of residue 64 from aspartic acid (D) to 
asparagine (N), described as “PP1-γ DN.”  Wild type PP1-γ is described at “PP1-γ WT.” (B) 
HEK293 cells were transfected with plasmids encoding vector control, PP1-γ WT, or PP1-
γ DN, and forty-eight hours post-transfection, cells were harvested for immunoblotting with 
antibodies against PP1-γ or p53 as a loading control.  Levels of endogenous PP1-γ can be 
observed in lane 1 (Vector) and ectopic expression of PP1-γ WT or DN can be observed in 
lanes 2 and 3, respectively. (C) HEK293T/NF-κB-luc cells were transfected with a constant 
concentration of a plasmid encoding MyD88, as well as increasing concentrations of plasmids 
encoding vector control, PP1-γ WT, or PP1-γ DN.  Forty-eight hours post-transfection, cells 
were lysed and luciferase values were evaluated to measure the ability of ectopically 
expressed plasmids to activate the NF-κB reporter.  Average levels of NF-κB-luciferase were 
calculated for each sample. (D) HEK293T/TLR7/NF-κB-luc cells were transfected with 
plasmids encoding vector control, PP1-γ WT, or PP1-γ DN.  Forty-eight hours post-
transfection, cells were left unstimulated or were stimulated for 16h with R848 (10uM), and 
average luciferase values were evaluated as a measure of NF-κB activation.	  
 

augmented TLR7-induced activation of the NF-κB reporter, while the mutant 

PP1-γ impaired these transcriptional responses, suggesting that loss of PP1-γ 

enzymatic activity critically impairs TLR7-dependent pro-inflammatory 
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signaling events (Figure 4.6D).  Together, these results demonstrate that the 

serine threonine phosphatase activity of PP1-γ is essential for TLR-mediated 

NF-κB innate responses. 

 

Biochemical characterization of the interaction between PP1-γ  and TLR 

signaling molecules  

Next, we evaluated if PP1-γ physically interacted with canonical TLR 

pathway members.  The biochemical data presented in Figure 2A-C 

demonstrates that RNAi against PP1-γ affects both NF-κB and MAPK 

signaling events downstream of TLR7, and suggests that the primary activity 

of PP1-γ impacts a common upstream signaling node shared by both these 

pathways.  Thus, we reasoned that the target of this phosphatase might be the 

TRAF6 complex itself, or one of its ubiquitinated substrates.  To test this 

hypothesis, we performed co-immunoprecipitation (co-IP) experiments 

between endogenous PP1-γ proteins and ectopically-expressed 3XFLAG-

tagged constructs encoding multiple known TLR pathway components 

associated with the TRAF6 complex (Figure 4.7A).  Using this strategy, we 

were able to demonstrate a physical association between PP1-γ and IKK-γ 

(NEMO), TRAF3, TRAF6, and MyD88 but we were unable to detect an 

interaction with either IKK-ε (inhibitor of kappa light polypeptide gene enhancer 

in B-cells, kinase epsilon), TBK1 (TANK-binding kinase 1), or TANK (TRAF 

family member-associated NF-κB activator) (Figure 4.7A and data not shown).  
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Together with TANK, IKK-ε and TBK1 are essential regulators of IRF-mediated 

antiviral responses, while TRAF6 and IKK-γ are primarily responsible for NF-

κB-dependent proinflammatory signaling (Cao et al., 1996; Fitzgerald et al., 

2003a); the physical association of PP1-γ with the latter set of proteins further 

suggested the regulatory activity of this phosphatase was required for TRAF6-

dependent NF-κB-associated immune responses.   

 

Figure 4.7: PP1-γ  physically associates with TLR pathway members.  HEK293T cells 
were transfected with 3X-FLAG tagged plasmids encoding IKK-γ, TRAF3, TRAF6, IKKi, and 
TBK1.  Forty-eight hours post-transfection, whole cell lysates were harvested for 
immunoprecipitation (IP) of endogenous PP1-γ.  Immunoprecipitates were subjected to SDS-
PAGE and immunoblotting with anti-FLAG antibodies to detect TLR pathway members that 
co-immunoprecipitated with PP1-γ, and also with anti-PP1-γ antibodies to verify IP.  
Additionally, whole cell lysates were probed with anti-FLAG antibodies to verify the expression 
of ectopically expressed plasmids.  	  
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PP1-γ  positively regulates the E3 ubiquitin ligase activity of TRAF6 

Current models of TRAF6 activation demonstrate that an intact RING 

finger domain and an association with Uev1a and Ubc13 are necessary for the 

enzymatic activity of TRAF6 and its ability to ubiquitinate itself and substrates 

such as IKK-γ or TAK1 to mediate downstream NF-κB signaling (Deng et al., 

2000; Wang et al., 2001).  While several studies imply that TRAF6 

autoubiquitination is a requirement for TLR-dependent NF-κB activation and 

docking of TAB1/2 for subsequent TAK1 activation, others have provided 

evidence to the contrary (Deng et al., 2000; Kanayama et al., 2004; Lamothe 

et al., 2007; Walsh et al., 2008).  However, it is quite clear that ubiquitination of 

both TAK1 and IKK-γ by TRAF6 is crucial for full activation of the IKK 

signalosome and downstream of TLRs and other receptors (Rudolph et al., 

2000; Sato et al., 2005; Yamaoka et al., 1998). Furthermore, Ubc13 

conditional knockouts show almost normal NF-κB activation downstream of IL-

1R, TLR4, and TLR9 stimulation, suggesting this protein is at least partially 

dispensable for TRAF6-mediated pro-inflammatory responses, and that other 

cellular regulators might modify its E3 ubiquitin ligase activity (Yamamoto et 

al., 2006).  Based on our finding that PP1-γ physically associates with both 

TRAF6 and its substrate, IKK-γ (Figure 4.7A), we hypothesized that PP1-γ 

might regulate the E3 ubiquitin ligase activity of TRAF6.  To test whether PP1-

γ catalytic activity regulates TRAF6 autoubiquitination, we co-expressed PP1-γ 

WT or DN together with TRAF6, and then used immunoprecipitated TRAF6 for 

in vitro ubiquitination assays (Figure 4.8A). Using this approach, catalytically 
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active PP1-γ enhanced the E3 activity of TRAF6 towards itself more than 50% 

as compared to vector-transfected conditions (Figure 4.8A, compare lanes 2 

and 3), as measured by increased high molecular weight species in anti-

ubiquitin (UB) immunoblots.  In contrast, PP1-γ DN repressed TRAF6 

autoubiquitination (Figure 4.8A, lane 4), functionally reaffirming our finding that 

catalytically inactive PP1-γ acts as a dominant negative for NF-κB signaling, 

and suggesting that this phosphatase may generally regulate the E3 activity of 

TRAF6.   

To test whether PP1-γ activity also regulated the ubiquitination of 

TRAF6 substrates, we utilized IKK-γ as a prototype since we had shown a 

physical interaction between these molecules (Figure 4.7A). To evaluate the 

TRAF6-dependent ubiquitination of IKK-γ, we over expressed PP1-γ and IKK-γ 

either with or without co-expression of TRAF6, and assayed for modifications 

of these proteins by immunoblot (Figure 4.8B). At lower exposures, we 

observed a single higher molecular weight band of IKK-γ that was present only 

when PP1-γ, IKK-γ, and TRAF6 were co-expressed (Figure 4.8B, lane 4). 
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Figure 4.8: PP1-γ  positively regulates the E3 ubiquitin ligase activity of TRAF6. (A) The 
indicated plasmids were transfected into HEK293T cells, and FLAG-TRAF6 was 
immunoprecipitated and used for in vitro reactions with ATP, Ub, UBE1, and UBC13-UEV1A.  
In vitro reactions were stopped after 15 minutes, and the E3 ubiquitin ligase activity of 
immunoprecipitated TRAF6 was revealed by immunoblotting for total ubiquitin as well as anti-
FLAG to detect total immunoprecipitated TRAF6.  Total levels of ubiquitinated TRAF6 (Total 
UB, arbitrary units) were also quantified by densitometric scanning (IB: UB, all proteins 
products detected above ~55-60 kDa). (B) HEK293T cells were transfected with different 
combinations of the indicated plasmids as shown, and whole cell lysates were collected and 
immunoblotted as described in Figure 4A and 4B.  For each immunoblot, there is a short 
exposure (short exp.) and a long exposure (long exp.) for the purpose of observing higher 
molecular weight bands and smearing for both IKK-γ and TRAF6 that are indicative of post-
translational modifications such as phosphorylation, or more likely, ubiquitination.  In the long 
exposure anti-FLAG blot, the three bands detected just above the 97kda marker are non-
specific. (C) The indicated plasmids were transfected into HEK293T cells, and IKK-γ was 
immunoprecipitated using an anti-IKK-γ antibody as well as the appropriate IgG control 
antibodies (data not shown).  IKK-γ immunoprecipitates were subjected to immunoblot with 
anti-IKK-γ to detect immunoprecipitated protein, and also with anti-HA to detect ubiquitin 
moieties conjugated to IKK-γ. Total levels of ubiquitinated IKK-γ in anti-HA blots (Total UB, 
arbitrary units) were also quantified by densitometric scanning. 

 

This band was consistent with ubiquitinated IKK-γ detected in previously 

published studies (Abbott et al., 2007; Kovalenko et al., 2003; Walsh et al., 

2008).  In particular, Walsh et al. confirmed that this signature represents IKK-

γ ubiquitinated at K285, and Abbottt et al. showed that TRAF6-dependent 
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ubiquitination at this site is necessary for NF-κB activation downstream of TLR 

stimulation (Abbott et al., 2007; Walsh et al., 2008).  Therefore, we thought 

that PP1-γ likely positively regulated the TRAF6-dependent ubiquitination of 

IKK-γ at K285.  Additionally, at higher exposures, more sizable bands of IKK-γ 

were observed, representing an expression pattern that was indicative of poly-

ubiquitination.  Importantly, these IKK-γ modifications were dependent on co-

expression with both TRAF6 and PP1-γ (Figure 4.8B, lane 4), since neither 

expression of TRAF6 and IKK-γ alone (Figure 4.8B, lane 1) nor expression of 

PP1-γ and IKK-γ alone (Figure 4.8B, lanes 2-3) were able to cause 

ubiquitination.  The catalytic activity of PP1-γ was also necessary for these 

ubiquitination events (Figure 4.8B, lane 5).  Furthermore, we also observed 

higher molecular weight smearing of TRAF6 in anti-FLAG immunoblots at 

higher exposures (Figure 4.8B, lane 4) associated specifically with the 

expression of catalytically active PP1-γ.  To confirm that the modified 

expression patterns of IKK-γ observed in Figure 4.8B did represent 

ubiquitinated proteins, we probed for direct ubiquitination of IKK-γ by 

immunoprecipitation of IKK-γ proteins, followed by immunoblot to detect 

ubiquitin conjugates (Figure 4.8C).  In this approach, the E3 ubiquitin ligase 

activity of ectopically expressed TRAF6 mediated the conjugation of HA-

tagged ubiquitin moieties to IKK-γ.  By co-expressing PP1-γ WT or PP1-γ DN 

in this system, we demonstrated that the catalytic activity of PP1-γ additionally 

enhances the polyubiquitination of IKK-γ (Figure 4.8C).  Together, this dataset 
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established a model whereby PP1-γ positively regulates TRAF6-dependent 

ubiquitination of IKK-γ at residue K285 and others, and suggests that PP1-γ 

generally modifies the E3 ubiquitin ligase activity of TRAF6. 

 

PP1-γ , TRAF6, and IKK-γ  are part of a multi-protein complex 

Based on both our co-IP studies and our finding that PP1-γ regulates 

IKK-γ ubiquitination, we predicted that PP1-γ would interact with an upstream 

multi-protein complex containing both IKK-γ and TRAF6, or alternatively, that 

would interact separately and co-incidentally with each protein.  Gel filtration 

analyses from unstimulated cells showed that TRAF6 (predicted MW: ~60 

kDa), IKK-γ (predicted MW: ~48 kDa), and PP1-γ (predicted MW: ~38 kDa) 

were present in high molecular weight fractions (>800 kDa) suggesting that 

dimers or multimers of these proteins or others might form a large complex 

(Figure 4.9).  These high molecular weight fractions also contained TAK1 and 

ECSIT (Kopp et al., 1999), but did not contain IRAK1.  To confirm these 

proteins exist in a complex, we utilized a serial immunoprecipitation method 

where FLAG-TRAF6, IKK-γ, and PP1-γ were ectopically expressed (Figure 

4.10A).  For this approach, TRAF6-associated proteins and complexes were 

immobilized on FLAG-conjugated beads, and then recovered in their native 

state by competitive elution with FLAG peptides for a second round of IP with 

anti-PP1- γ antibodies (Figure 4.10A and Experimental Procedures). 
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Figure 4.9: PP1-γ  is present in high molecular weight fractions (>800 kDa) together with 
IKK-γ , TRAF6, and ECSIT.  Whole cell lysates from untreated HeLa S3 cells were run on a 
Superdex 200 column and eluted fractions were subjected to SDS-PAGE and immunoblotting 
with the indicated antibodies.  All immunoblots shown are from low or medium exposures, with 
the exception of TAK1, for which there is a short exposure (short exp.) and a long exposure 
(long exp.) for the purpose of observing low abundance proteins in higher molecular weight 
fractions.  The relative sizes of the protein complexes in eluted fractions were inferred from the 
positions of molecular weight standard markers including: ribonuclease A (13.7 kDa), carbonic 
anhydrase (29 kDa), ovalbumin (43 kDa), conalbumin (75 kDa), aldolase (158 kDa), ferritin 
(440 kDa), and thyroglobulin (669 kDa).	  

 

Using this technique, we recovered a ternary complex containing 

TRAF6, IKK-γ, and PP1-γ (Figure 4.10A, Serial IP).  Interestingly, both PP1-γ 

WT and PP1-γ DN were equally present in the final eluate, hence, the catalytic 

activity of PP1 is dispensable for the formation of this multi-protein complex.  

Furthermore, in whole cell lysates (WCLs) where the three proteins were 
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Figure 4.10: Dissociation of IKK-γ  from a ternary complex containing PP1-γ  and TRAF6. 
(A) HEK293T cells were transfected with different combinations of the indicated plasmids, and 
forty-eight hours later, whole cell lysates were harvested for serial immunoprecipitation (Serial 
IP).  In this case, the first IP (#1) was completed using anti-FLAG conjugated beads or 
comparative IgG controls, followed by elution of immunoprecipitated complexes using a 3X-
FLAG peptide, and then eluted complexes were recovered in a second IP (#2) using anti-PP1-
γ antibodies or comparative IgG controls.  Final serial immunoprecipitates as well as initial 
whole cell lysates were subjected to SDS-PAGE, followed by immunoblotting with the 
indicated antibodies.  For additional details regarding this experiment, see Supplemental 
Experimental Procedures. (B) HEK293T cells were transfected with the indicated plasmids 
and immunoprecipitated as in Figure 4.7A.  (C) HEK293T/TLR7/NF-κB-luc cells were 
stimulated with R848 for the indicated time points, and then whole cell lysates were used for 
IP of endogenous PP1-γ.  Immunoprecipitates were subjected to SDS-PAGE followed by 
immunoblotting.  Immunoblots for the top and bottom panel are from independent 
experiments.  (D) IP was carried out as in (C) but HEK293T/TLR7/NF-κB-luc cells were 
transfected with siRNAs targeting PP1-γ, and endogenous IKK-γ was immunoprecipitated. 	  
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expressed, we observed higher molecular weight species of IKK-γ associated 

with co-expression of catalytically active PP1-γ but not with the mutated 

protein (Figure 4.10A, WCL).  The approximate sizes of these larger protein 

species essentially mirrored those we observed in co-expression studies 

(Figure 4.8B and 4.8C), and we speculated that the distinct bands represented 

K285 ubiquitinated IKK-γ was well as additional mono-, di-, or poly-ubiquitin 

conjugates.  Together, data from overexpression and serial 

immunoprecipitation studies suggested that a multi-protein complex of active 

PP1-γ with TRAF6 and IKK-γ specifically regulated the ubiquitination of IKK-γ.     

 

PP1-γ  regulates the dynamic interaction of IKK-γ  with TRAF6 and IKK-α/β 

Together with kinase subunits IKK-α and IKK-β, IKK-γ is a critical 

component of the IKK signalosome, but it is also a target of TRAF6-dependent 

ubiquitination (Rothwarf et al., 1998; Windheim et al., 2008).  To further 

explore the role of PP1-γ in the TRAF6-dependent activation of IKK-γ we 

looked at the association of IKK-γ with TRAF6 and IKK-β as a measure of 

TRAF6 activity.  When PP1-γ WT was expressed together with FLAG-IKK-γ, 

FLAG immunoprecipitates contained PP1-γ, as well as high amounts of IKK-β 

and moderate amounts of TRAF6 (Figure 4.10B, lane 2).  However, when 

PP1-γ DN was expressed in this system, an interaction with FLAG-IKK-γ was 

not detected, and furthermore, IKK-γ preferentially associated with high 

amounts of TRAF6 and significantly lower amounts IKK-β (Figure 4.10B, lane 
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3).  Together, this data suggested that the signaling defect associated with 

PP1-γ DN or PP1-γ silencing was a reduction or inhibition of the dissociation of 

IKK-γ from TRAF6.  

To confirm this hypothesis, we immunoprecipitated endogenous PP1-γ 

during a timecourse of TLR stimulation and probed for endogenous kinetic 

interactions with TRAF6 or IKK-γ (Figure 4.10C).  Over 40 minutes of R848 

stimulation, the interaction of PP1-γ with endogenous TRAF6 was consistent, 

whereas IKK-γ dynamically associated with PP1-γ during this time period.  

Specifically, IKK-γ strongly interacted with PP1-γ in unstimulated cells, and 

rapidly dissociated in response to stimulation.  This data added kinetic 

complexity to the results from our serial immunoprecipitation experiments 

(figure 4.10A), by implicating the early dissociation of IKK-γ from the TRAF6-

PP1-γ complex followed by an association with IKK-α/β  as a critical 

component of the classical NF-κB signaling cascade.  Indeed, it is clear that 

the incorporation of IKK-γ into the IKK signalosome is essential for NF-κB 

activation, and some studies have demonstrated that IKK-γ transiently 

associates with TRAF6 (Gautheron et al., 2010; Rothwarf et al., 1998; 

Windheim et al., 2008).  To investigate the necessity of PP1-γ for these 

interactions, we evaluated the effect of PP1-γ RNAi on the association of IKK-γ 

with TRAF6 or IKK-α/β (Figure 4.10D).  In negative control conditions, 

endogenous IKK-γ was constitutively associated with IKK-β over a timecourse 

of TLR7 stimulation, and this interaction was unaffected by silencing of PP1-γ.  
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In contrast, we observed a rapid and short-lived dissociation of IKK-γ from 

TRAF6, and the kinetics of this interaction was delayed when PP1-γ was 

silenced by RNAi (Figure 4.10D).  This data supports a paradigm in which 

PP1-γ regulates TRAF6-mediated activation of IKK-γ, leading to its transient 

dissociation from a larger TRAF6 complex in order to facilitate downstream 

interaction with the IKK signalosome.  Together, the data presented here 

demonstrates that PP1-γ is a critical regulator of multiple MyD88-dependent 

NF-κB signaling events controlled by the TRAF6 complex.     

 

DISCUSSION 

Collectively, the experiments described here demonstrate a role for 

PP1-γ in the regulation of MyD88-dependent TRAF6 and IKK-γ ubiquitination 

events leading to NF-κB activation.  Several lines of genetic and biochemical 

evidence support a specific function for PP1-γ downstream of Toll/IL-1R-

dependent signaling.  Initially, our ligand profiling studies revealed that PP1-γ 

was exclusively required for transcriptional induction of NF-κB target genes 

downstream of TLR4/5/7 and IL-1R, but not downstream of TLR3 or TNFR 

(Figure 1C), suggesting this phosphatase is necessary for signaling initiated 

via the MyD88 adaptor and is dispensable for signaling downstream of TRIF or 

TRADD/RIP.  This finding was supported by biochemical mapping studies, 

where silencing of PP1-γ abrogated TLR7-mediated p65 nuclear translocation, 

IκBα degradation, and p38 phosphorylation, but had no effect on these events 
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downstream of TNFR stimulation (Figure 2A and 2B).  Moreover, PP1-γ 

physically interacted with signaling molecules associated with MyD88-

dependent NF-κB responses such as TRAF6, IKK-γ, and MyD88 itself, but did 

not interact with proteins required for IRF-responses such as TBK1, IKK-ε, or 

TANK (Figure 4A and data not shown).  Additional mass spectrometry analysis 

also revealed that PP1-γ interacted with TRAF6 ubiquitin conjugating enzymes 

Ubc13 and Uev1a in resting cells (data not shown).  Based on the known 

circuitry of Toll/IL-1R and TNFR signaling cascades, these results support a 

scenario where PP1-γ regulates pro-inflammatory innate immune pathways 

initiated via a TLR-dependent MyD88-TRAF6 signaling axis.  Interestingly, this 

suggests that it is not only the adaptor/receptor use that defines PP1-γ 

regulatory specificity, but also signaling via divergent TRAFs.  For instance, 

we have provided clear evidence that PP1-γ is not required for signaling 

initiated by TNFR, a pathway that uses adaptor proteins RIP and TRADD, 

followed by TRAF2 and 5 (Tada et al., 2001; Yeh et al., 1997).  TLR3 is more 

often associated with type I IFN induction downstream of adaptor protein 

TRIF, and requires TRAF3 to mediate these responses.  Our interaction 

studies did indicate that PP1-γ could physically interact with TRAF3 (Figure 

4A); however, the biological relevance of this interaction is unclear, since we 

do not see a requirement of PP1-γ downstream of TLR3 and could not confirm 

this interaction with endogenous proteins (Figure 1C and Figure 4B, data not 

shown).  To determine whether signaling via MyD88-dependent receptors or a 
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preferential association with TRAF6 defines PP1-γ regulatory specificity, it 

would be interesting to evaluate the role of PP1-γ downstream of CD40 or 

TCR stimulation, since both these receptors utilize TRAF6 to activate TAK1 

and IKK in a MyD88-independent manner.    

This study also establishes a catalytic role for PP1-γ downstream of 

TLR activation, thereby expanding the positive regulatory function of 

phosphatases in innate immunity.  Classically, kinases are viewed as required 

pro-inflammatory pathway components that function to activate enzymes 

necessary for propagating downstream signals; in contrast, phosphatases 

more generally dampen or fine-tune these responses by dephosphorylating 

these enzymes to terminate downstream signaling and control inflammation.  

However, the catalytic activity of threonine phosphatase EYA4 (eyes absent 4) 

enhances antiviral responses to several viruses known to be recognized in a 

TLR-dependent manner (Okabe et al., 2009), demonstrating that de-

phosphorylation can play a positive role in PRR signaling and host defense.  

In regards to PP1, more than a decade’s worth of research has provided 

conflicting evidence about the impact of PPP family members on NF-κB-

dependent signaling activation.  Early studies using okadaic acid, a broad-

spectrum inhibitor of all PP1 and PP2A proteins, suggested that inhibition of 

these phosphatases coincided with an increased capacity for pro-inflammatory 

signaling, particularly downstream of TNFR stimulation (Miskolci et al., 2003; 

Sun et al., 1995).  However, use of these inhibitors also corresponds to an 

increase in cell death (Haldar et al., 1995), and furthermore, the inhibition of 
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multiple phosphatases in this manner lacks the specificity necessary to 

conclusively assign mechanistic function to any one phosphatase in this 

family.  More recently, PP1-α has been characterized as a negative inhibitor of 

TNFR-induced NF-κB signaling by interacting with regulatory protein GADD34 

to mediate dephosphorylation of IKKα/β (Li et al., 2008).  However, other 

studies have shown that the interaction of PP2A with the IKK signalosome is 

critical for T loop phosphorylation and IKK-β kinase activity (Kray et al., 2005), 

and here, our results specifically demonstrate that the phosphatase activity of 

PP1-γ is critical for the regulation of MyD88-dependent NF-κB activation and 

proper control of TLR innate responses.        

In addition to a physical interaction with TRAF6, we have also shown 

that the catalytic activity of PP1-γ positively regulates TRAF6 ubiquitin ligase 

activity towards itself and IKK-γ.  By evaluating the enzymatic activity of 

TRAF6 in an in vitro ubiquitination reaction, we demonstrated that catalytically 

active PP1-γ enhanced the ability of TRAF6 to conjugate polyubiquitin chains, 

whereas the catalytically inactive mutant was repressive (Figure 4.8A).  In 

these in vitro experiments, we utilized immunoprecipitated TRAF6 as both the 

E3 and the substrate, and therefore, conclude that PP1-γ specifically affects 

TRAF6 autoubiquitination; while we cannot rule out the possibility that 

ubiquitinated proteins detected by this assay are not co-purifying interactants, 

our overexpression studies also show PP1-γ-dependent ubiquitination of 

TRAF6 (Figure 4.8B).  Furthermore, in the same experiment, ectopic 
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expression of TRAF6 together with PP1-γ resulted in the ubiquitination of IKK-

γ, revealing that PP1-γ regulates both the E3 activity of TRAF6 towards itself, 

as well as other substrates (Figure 4.8A, B, and C).  Based on previous 

studies, the single band observed in IKK-γ immunoblots (Figure 4.8B, short 

exposure, lane 4) mirror that detected and confirmed by Walsh et al. to be 

IKK-γ ubiquitinated at residue K285 (Walsh et al., 2008).  This ubiquitin band 

also appeared in a longer exposure where only TRAF6 or PP1-γ WT was 

expressed with IKK-γ (Figure 4.8B, long exposure, lanes 1 and 2) but this 

band was never detected when PP1-γ DN was expressed (Figure 4.8B, long 

exposure, lanes 3 and 5).  This confirms that catalytically inactive PP1-γ is 

able to repress the endogenous capacity of PP1-γ to regulate TRAF6 E3 

activity, whereas catalytically active PP1-γ augments it.   

Interestingly, lysine-specific mutants of TRAF6 are still competent to 

initiate ubiquitin-dependent pro-inflammatory signaling downstream of IL-1R, 

implying that TRAF6 autoubiquitination may be separate from, and not a 

prerequisite for, IKK-γ activation (Walsh et al., 2008).  In our assays, the 

presence of longer ubiquitin chains conjugated to IKK-γ were only observed 

when the protein was expressed together with TRAF6 and PP1-γ, and under 

these conditions, TRAF6 was also ubiquitinated.  Based on this data, it is 

uncertain whether the observed autoubiquitination is required for or merely co-

incident with IKK-γ ubiquitination, and further studies using TRAF6 mutants 

would be required to evaluate the co-dependency of these events.  
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Nonetheless, we see that PP1-γ equally affects both ubiquitination of TRAF6 

and IKK-γ, identifying this phosphatase as a general regulator of TRAF6 E3 

ubiquitin ligase activity.  Whether this regulatory capacity extends to include 

other TRAF family members is unclear; however, our ligand profiling studies 

(see above and Figure 4.4) suggest PP1-γ is a specific regulator of TRAF6. 

To test the ability of PP1-γ to modify the activity of TRAF6 towards 

substrates, we utilized IKK-γ as a prototype, and our experiments showed that 

PP1-γ was a positive regulator of TRAF6-dependent IKK-γ ubiquitination 

(Figure 4.8B, 4.8C, and 4.10A).  However, it is very likely that the regulatory 

activity of PP1-γ extends to include additional TRAF6 substrates such as 

TAK1.  Although we have not provided direct evidence to verify this possibility, 

our data indirectly supports a requirement of PP1-γ for TAK1 ubiquitination 

(Figure 4.5C), since the ubiquitin-dependent kinase activity of TAK1 is 

required for MKK6 (map kinase kinase 6) activation which directly 

phosphorylates p38 (Moriguchi et al., 1996; Wang et al., 2001).  Further 

studies will be required to evaluate if PP1-γ similarly affects other targets of 

TRAF6 ubiquitination such as IRF7.   

Interestingly, by using the ubiquitination of IKK-γ as a read out of PP1-γ-

dependent TRAF6 activity, we have also gained new insights into the complex 

regulation of this NF-κB signaling molecule.  As the regulatory hub of the IKK 

signalosome, IKK-γ activation is a highly controlled multi-step process, 

involving ubiquitination, phosphorylation, oligomerization, and ubiquitin-binding 
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[reviewed in (Gautheron and Courtois, 2010)].  Initial studies describing IKK-γ 

firmly place this molecule in the IKK complex, but it is clear that it must interact 

with TRAF6 to mediate conjugation of ubiquitin chains (Gautheron et al., 2010; 

Sebban-Benin et al., 2007; Windheim et al., 2008).  Current data is ambiguous 

as to whether an active TRAF6 complex activates IKK-γ that is already 

associated with IKK-α/β, or whether free IKK-γ interacts with TRAF6. Here, our 

immunoprecipitation studies (Figure 4.10) show that a fraction of total cellular 

IKK-γ is associated with a TRAF6 complex containing PP1-γ, and that after 

stimulation, IKK-γ rapidly dissociates from this complex.  Current IKK 

signalosome models and our unpublished observations also show that a 

separate portion of total cellular IKK-γ is constitutively part of a larger complex 

with IKK-α/β.  Collectively, these findings support an expanded model (Figure 

4.11) where IKK-γ associated with TRAF6 is activated by ubiquitination, 

dissociates from the TRAF6 complex, and associates with inactive IKK-γ within 

the IKK signalosome to mediate downstream NF-κB activation.  This type of 

an interaction could be mediated via binding of activated IKK-γ ubiquitin chains 

to UBAN (ubiquitin binding in ABIN and NEMO) motifs on inactive IKK-γ, or 

could be mediated by the coiled-coiled domains required for dimerization (Ivins 

et al., 2009).  Regardless of the downstream mechanisms, this dissociation 

event represents an additional layer of regulatory control for IKK and NF-κB 

activation, and may serve to limit harmful autoimmune or inflammatory 

responses.   
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Figure 4.11: Schematic model of PP1-γ  activity in MyD88-dependent pro-inflammatory 
signaling pathways.  Based on the data presented in this study, we suggest an expanded 
model for MyD88-dependent pro-inflammatory signaling mediated by TRAF6.  Ligand 
engagement by MyD88-dependent receptors such as TLR7, TLR5, or IL-1R, leads to 
activation of the TRAF6 complex.  This multi-protein complex contains catalytically active PP1-
γ, IKK-γ, as well as other signaling molecules (e.g. Ubc13 and Uev1a).  Here, PP1-γ enhances 
the E3 ubiquitin ligase activity of TRAF6 towards itself, as well as IKK-γ, to catalyze the 
conjugation of K63-linked ubiquitin chains.   Within short time, ubiquitinated and activated IKK-
γ dissociates from the complex containing TRAF6 and PP1-γ, and associates with the IKK 
signalosome to mediate downstream transcription of NF-κB-dependent target genes and the 
production of pro-inflammatory cytokines.  	  

 

While our work does show a requirement of PP1-γ for these kinetic 

interactions, several open questions remain; in particular, the precise 
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mechanism by which the phosphatase activity of PP1-γ is able to regulate an 

E3 ubiquitin ligase is intriguing.  We speculate that PP1-γ may specifically de-

phosphorylate an unknown inhibitory phospho-site on TRAF6, its E2 enzyme 

complex, or one of its substrates, allowing for full E3 ubiquitin ligase activity.  

Such a dephosphorylation event may expose nearby residues for modification 

by ubiquitin.  Alternatively, the target of PP1-γ activity may be a de-

ubiquitinating enzyme such as A20 or CYLD that is known to deactivate 

TRAF6 and IKK-γ by removing ubiquitin conjugates (Kovalenko et al., 2003; 

Lin et al., 2008; Trompouki et al., 2003).  Interestingly, the association of 

CYLD with IKK-γ coincides with the appearance of a phosphorylated form of 

CYLD, though it has not been shown that this modification is required for 

interaction and de-ubiquitinating activities (Kovalenko et al., 2003).  Our 

preliminary work indicates that PP1-γ is able to interact with CYLD (data not 

shown), but further studies will be required to determine the functional 

relevance of this interaction to TLR-dependent NF-κB signaling pathways.  

Altogether, the data presented here demonstrates a new regulatory role for 

phosphatase PP1-γ in TLR signaling, and provides insight into the molecular 

complexity underlying TRAF6-dependent pro-inflammatory signaling and 

innate immune responses. 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Ubiquitin-dependent trafficking of TLR7/9 

In Chapter 2, we demonstrated that ubiquitination of TLR9 cytoplasmic 

lysines is required for endosomal receptor targeting as well as subsequent 

activating receptor cleavage events.  In future studies, we plan to investigate 

whether TLR7 is also equally ubiquitinated for proper localization and 

processing. Specifically, cytoplasmic lysine residues of TLR7 will be mutated 

to arginines, and these constructs will be transduced into immortalized 

primary murine macrophages.  In this cell type, localization, ubiquitination and 

cleavage of the receptor can be assessed as was described in Chapter 2, 

Figure 2.13 and Figure 2.15A.  Using this approach, we will be able to confirm 

whether the requirement of TLR ubiquitination for receptor trafficking and 

cleavage is conserved across other nucleic acid-sensing endosomal TLRs.  

Additionally, we would like to determine the linkage of polyubiquitin 

chains associated with ESCRT-dependent trafficking of TLR9.  Based on the 

classical cargo transport model where lysine-63 linked ubiquitination of EGFR 

is required for its down-regulation (Huang et al., 2006), we suspect that TLR9 

may be similarly modified and recognized by ESCRT machinery for 

endosomal targeting.    To investigate the type of ubiquitination chain that is 

associated with TLR9, HA-tagged TLR9 will be immunoprecipitated and 
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immunoblotted with polyubiquitin linkage-specific antibodies (Millipore, anti-

ubiquitin Lys63-specific antibody, clone HWA4C4 and clone Apu3). These 

recently developed antibodies have been successfully used to show that 

IRAK1 and TRAF family members are ubiquitinated in either a Lys63- or 

Lys48-dependent manner (Newton et al., 2008; Vallabhapurapu et al., 2008), 

demonstrating the feasibility of this approach. However, we could alternatively 

subject HA-TLR9 immunoprecipitates to mass spectrometry analysis. 

Lastly, it will be important to determine if HRS is selectively required for 

TLR9-mediated NF-κB and pro-inflammatory signaling responses, or if it is 

more broadly utilized for trafficking events prior to type I IFN (IFN) activation.  

In this regard, Sasai et al. have reported that TLR9-directed transcriptional 

activation of NF-κB and IFN occurs in two distinct cellular compartments 

(Engel and Barton, 2010; Sasai et al., 2010).  TLR9 is specifically delivered to 

endolysosomes (termed “NF-κB endosome”) to initiate pro-inflammatory 

responses, whereas the receptor requires further sorting to more mature 

lysosome-related organelles (LROs, termed “IRF7 endosome”) in order to 

mediate activation of IRF transcription factors (Figure 5.1).  Furthermore, 

Sasai et al. identified AP-3 (adaptor protein-3) as the sorting complex 

responsible for trafficking of TLR9 to LROs and for activation of type I IFNs, 

whereas AP-3 was dispensable for delivery of TLR9 to NF-κB endosomes 

(Sasai et al., 2010).   

Here, we have provided evidence to support a requirement of HRS for 

sorting of TLR9 to the proper cellular compartment where it can be cleaved 
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and activated prior to downstream NF-κB activation (Chapter 2); to evaluate 

whether HRS is also required for trafficking of the receptor to LROs, we will 

assess the impact of HRS silencing on TLR9-dependent type I IFN responses.  

Plasmacytoid dendritic cells (pDCs) represent the optimal environment to 

measure the TLR9-dependent IFN response to pathogen challenge since this 

immune sensing cell type endogenously expresses TLR9 and is also 

associated with robust activation of IRF7.  Furthermore, AP-3 mediated TLR9-

dependent type I IFN responses is pDC specific (Blasius et al., 2010b).  

Therefore, pDCs will be transduced with lentiviral shRNAs targeting HRS, 

challenged with vesicular stomatitis virus (VSV) or influenza virus, and IFN-α 

and IL12p40 secretion will be quantified by ELISA.  In this system, if HRS 

silencing impacts upregulation of pathogen-induced IRF-dependent target 

genes, we can infer that HRS either directly or indirectly mediates transport of 

TLR9 to LROs.  However, if knockdown of HRS has no affect on the induction 

of TLR9-dependent IRF target genes, it is likely that another unknown 

transport mechanism may be involved.  Additionally, it would be intriguing to 

use this approach to further characterize the functional role of the cohort of 

candidate innate regulatory genes we found to specifically impact TLR7/9 

trafficking events (Chapter 2, Figure 2.7 and Figure 2.8); data from these 

experiments would support the biological role of these factors as critical 

components of innate immune response to pathogen infection.  
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Figure 5.1: Model of compartmentalized induction of NF-κB and IRF pathways by TLR9 
activation.  Upon stimulation, TLR9 exits the endoplasmic reticulum together with Unc93b1 
and transits the Golgi en route to early endosomes. During transport, ubiquitinated residues in 
the TLR9 cytoplasmic tail are recognized by HRS, and the receptor is further delivered to 
endolysosomes (also called “NF-κB endosomes”) where it is cleaved to generate a functional 
receptor.  In this compartment, stimulation of TLR9 results in the production of pro-
inflammatory cytokines through activation of NF-κB.  Additionally, AP-3 preferentially interacts 
with cleaved TLR9 and sorts the receptor to more mature lysosome-related organelles (LROs, 
called “IRF7 endosomes).  Here, stimulation of TLR9 results in the activation of IRF7 and the 
production of type I interferons.  Dashed lines represent signaling pathways; solid lines 
represent membrane cargo trafficking pathways; question marks represent routes of TLR9 
trafficking that have not be empirically determined.  For more details of this model see Figure 
2.15, as well as references (Engel and Barton, 2010; Ewald et al., 2011; Ewald et al., 2008; 
Sasai et al., 2010). 
 

Antiviral activity of TLR7 and PP1-γ   

Based on our initial characterization of PP1-γ innate immune regulatory 

activities, we found that this phosphatase not only enhanced NF-κB activation, 
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but also potently restricted replication of HIV (Chapter 3, figure 3.4).  We 

further confirmed that ectopic expression of PP1-γ was able to strongly inhibit 

viral replication in a dose-dependent manner (Figure 5.2A), and the highest 

concentrations of PP1-γ correlated with >1,000-fold reduction of viral 

replication.   

 

Figure 5.2: Ectopic expression of PP1-γ  restricts HIV replication.  (A) HEK293T cells were 
transfected with either vector control or PP1-γ (PPP1CC) at the concentrations indicated, as 
well as plasmids encoding pNL43-luc r+e- and VSV-G in order to package virus in the 
presence of ectopically expressed candidate innate regulatory genes.  Forty-eight hours post-
transfection, virus supernatants were collected and transferred to untreated HEK293T cells, 
where HIV infectivity was measured by assessing relative luciferase values.  (For more 
details, see Chapter 3, Experimental Procedures, HIV Infectivity Assays.) (B) HEK293T cells 
were transfected as in (A), but plasmids encoding wild type HIV, where the nef gene is 
replaced with renilla luciferase.  (C) HEK293T cells were transfected with vector control, PP1-
g, or APOBEC, together with plasmids encoding pNL43-luc r+e- and VSV-G in order to 
package virus.  Forty-eight hours post transfection, virus-producing HEK293T cells were 
harvested and whole cell lysates were collected and subjected to immunoblot with anti-p24 
capsid antibodies (“Cells”).  At the same time, viral supernatants were collected and subjected 
to ultracentrifugation to recover released viral particles; these particles were lysed and 
subjected to immunoblot with the same anti-p24 antibody (“Virions”). 
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These assays utilized an HIV-luciferase reporter virus (pNL43 r+e) 

pseudotyped with VSV-G (vesicular stomatitis virus) to allow receptor-

independent infection of HEK293T cells (see Chapter 3, Experimental 

Procedures).  As this virus does not precisely mimic wild type infection, we 

also evaluated the antiviral activity of PP1-γ in a system of wild type viral 

infection where packaged wild type HIV-luciferase reporter virus (pNL43-luc) 

was used to infect HEK293T cells stably expressing CD4-GFP (Figure 5.2B).  

In this approach, ectopic expression of PP1-γ restricted wild type HIV 

replication to a similar degree as APOBEC3G, the most well characterized 

late-stage HIV restriction factor (Mangeat et al., 2003).  This data suggested 

that viral transcription, RNA export, translation, assembly, or budding could be 

restricted by PP1-γ activity.  We did not see any effect of PP1-γ co-transfection 

on pNL43 transcription or translation (data not shown), and western blot 

analysis of virus-producing cells revealed that transfection with neither PP1-γ 

nor APOBEC altered processing of viral Gag proteins (Figure 5.2C).  In 

contrast, virus release was severely diminished in cells expressing PP1-

γ (Figure 5.2C), exhibiting a restrictive pattern that was distinct from APOBEC 

and more similar to the recently described restriction factor, BST-2/tetherin 

(Neil et al., 2008; Van Damme et al., 2008).  BST-2 is an interferon-inducible 

factor that acts mechanistically by ‘tethering’ nascent viral proteins to the 

plasma membrane, and this activity is antagonized by the HIV protein, Vpu.  

Since we had shown PP1-γ activity is required downstream of PRRs known to 
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produce type I IFNs, we hypothesized PP1-γ would upregulate BST-2 

expression by a TLR7-dependent mechanism.  

Several studies have demonstrated that MyD88-dependent responses 

downstream of TLR7 are required for the innate control of multiple viruses 

including vesicular stomatitis virus, influenza virus, west Nile virus, and human 

immunodeficiency virus (Beignon et al., 2005; Diebold et al., 2004; Heil et al., 

2004; Lund et al., 2004; Meier et al., 2007; Town et al., 2009).  To determine if 

TLR7 would similarly control HIV replication in our assays, we evaluated 

whether R848 treatment could restrict viral replication (Figure 5.3A).  

Treatment of cells with only one or two doses of R848 did not reduce HIV 

replication (data not shown), but three sequential treatments with R848 was 

sufficient to induce an antiviral state (Figure 5.3A).  These experiments were 

completed in the HEK293T cell line, where basal BST-2 expression is not 

detected, but IFN-α induced protein upregulation is robust (Neil et al., 2008; 

Van Damme et al., 2008).  Next, we tested if the antiviral activity of TLR7 was 

related to BST-2 upregulation by evaluating BST-2 mRNA and protein levels 

following R848 stimulation (Figure 5.3B and C).  These experiments were 

completed in the monocytic THP-1 cell line, where only one treatment of R848 

resulted in a significant upregulation of BST-2 mRNA and protein levels by 12 

hours post-stimulation.  Pre-treatment of cells with cyclohexamide did not have 

an effect on TLR7-induced BST-2 upregulation, indicating that BST-2 is a 

direct target gene downstream of TLRs (Figure 5.3B).  Furthermore, TLR7-

mediated induction of BST-2 relies on pathways that are MyD88- and PP1-γ-
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dependent, since silencing of these factors reduced BST-2 protein levels 

(Figure 5.3D).   

 

Figure 5.3: Stimulation through TLR7 restricts viral replication, and induces BST-
2/tetherin upregulation by MyD88- and PP1-γ-dependent pathways.  (A) 
HEK293T/TLR7/NF-κB-luc cells were transfected with viral plasmids and assayed for relative 
HIV infectivity as in Figure 5.2A, with the exception that cells were stimulated with R848 at the 
concentrations indicated on the day before transfection, as well as once each on the two days 
following transfection.  (B) A THP-1 monocytic cell line was stimulated with R848 (10uM) for 
the indicated timepoints.  In parallel, a duplicate set of cells was pre-treated for 30 minutes 
with cyclohexamide to inhibit protein synthesis.  Following stimulation, RNA was collected and 
used for RT-PCR where relative BST-2 mRNA levels were measured. (C) THP-1 cells were 
left unstimulated or were stimulated with R848 (10uM) or IFNα (1000IU) for the indicated 
timepoints.  Total cell lysates were probed for BST-2 using the Strebel BST-2 antibody (Miyagi 
et al., 2009).  (D) THP-1 cells were transfected with the indicated siRNAs.  Approximately 36 
hours post-transfection, cells were stimulated for an additional 24 hours with R848 (10uM).  
Total cell lysates were probed for BST-2 as in (C).  
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Consistent with our initial hypothesis, this data set showing that TLR7 

antiviral activity is related to PP1-γ-dependent induction of BST-2 (Figure 5.3), 

transitively suggests that the ability of PP1-γ to reduce viral replication may 

also depend on BST-2 upregulation.  However, ectopic expression of PP1-γ in 

the HEK293T cell line did not result in a concomitant induction of BST-2 

mRNA or protein levels (Figure 5.4A and B).  While HEK293T cells may not be 

ideal for measuring these responses, we do observe potent restriction of viral 

replication mediated by PP1-γ under these conditions so restriction 

mechanisms must occur in this cell type (Figure 5.2A and B); therefore, we 

conclude that PP1-γ antiviral activity is likely BST-2-indendent. 

 

Figure 5.4: Ectopic expression of PP1-γ  does not induce BST-2 upregulation.  (A) 
HEK293T cells were transfected with the indicated plasmids.  Forty-eight hours post-
transfection, RNA was collected and used for RT-PCR where relative BST-2 mRNA levels 
were measured.  (B) HEK293T cells were transfected as in (A).  Forty-eight hours post-
transfection, total cell lysates were harvested and immunoblotted to detect upregulation of 
BST-2 protein (Miyagi et al., 2009). 

 



 

 

175 

Collectively, these studies of TLR7 and PP1-γ antiviral activities raise 

several interesting questions and provide multiple avenues for further 

investigation.  Firstly, while this work establishes a new role for PP1-γ as a 

positive regulator of immune responses and an antiviral molecule, the 

mechanism of virus restriction is still unclear.  We have shown that PP1-γ does 

not restrict virus replication by known mechanism (APOBEC- or BST-2-

dependent) (Figure 5.2 and 5.4) and also does not alter viral transcription or 

translation (data not shown), thus, it appears PP1-γ uses an unknown means 

of restricting HIV.  To further dissect the requirements for PP1-γ restriction, we 

plan to determine whether PP1-γ activity is associated with increased levels of 

type I IFNs, and if the antiviral activity is dependent on these factors.  Since 

we have demonstrated PP1-γ regulates TLR-induced pro-inflammatory 

responses, the induction of additional antiviral cytokines such as IFN-γ, TNF-α, 

and several interleukins will also be measured.  In this respect, we are 

currently collaborating with the Sesma lab at Mt. Sinai to silence PP1-γ in 

primary macrophages and dendritic cells and assay for PP1-γ dependent 

cytokine induction by multiplexed ELISA following infection with WNV (West 

Nile virus).  Lastly, it will be intriguing to determine if PP1-γ catalytic activity is 

required for antiviral responses.  As such, we plan to repeat HIV infectivity 

assays with the catalytically inactive PP1-γ (PP1-γ D64N, see Chapter 4) to 

evaluate if this mutant retains the ability to restrict HIV replication.   
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With respect to TLR7 antiviral activity, it will be important to determine if 

the observed induction of BST-2 (Figure 5.3) is biologically relevant.  A recent 

study by Homann et al. has shown that stimulation of PBMCs with the TLR7 

ligand R848 does not result in the surface expression of BST-2 (Homann et 

al., 2011).  This result may indicate that the ability of TLR7 to regulate BST-2 

expression is not conserved in primary cell types; however, PBMCs in this 

assay were activated with PHA/IL-2 previous to stimulation with TLR ligands, 

and in our experience, it is difficult to further induce TLR-dependent cytokine 

induction following this activation step.  Furthermore, TLR7 is more highly 

expressed in macrophages and dendritic cells.  Therefore, we plan to evaluate 

the TLR7-dependent upregulation of BST-2 in these cell types.  Additionally, 

we will silence BST-2 in these cell types and challenge them with TLR7-

dependent viruses to determine the contribution of BST-2 to the overall 

antiviral activity of TLR7.  Finally, we have provided ample evidence that TLR7 

directly regulates BST-2 expression (Figure 5.3).  We are very interested in 

finalizing these studies by completing additional promoter characterization of 

BST-2 to identify TLR7-associated NF-κB or IRF transcription factor binding 

sites. 
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