
Haploid Reporter Screens Aimed at Identification of NF-kappaB Regulators

by

Clarissa Ci Lee

B.A., Molecular and Cell Biology
University of California, Berkeley, 2007

SUBMITTED TO THE DEPARTMENT OF BIOLOGY IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY IN BIOLOGY
AT THE

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

JUNE 2014

MASSACHUSETT$ INSTMtE
OF TECHNOLOGY

APR 2 4 2014

LIBRARIES

@ 2014 Massachusetts Institute of Technology. All rights reserved.

Signature redacted
Signature of Auth

Certified by: _

Accepted by:

or:
Department of Biology

April 18, 2014

Signature redacted
Hidde L. Ploegh

Professor of Biology
Member, Whitehead Institute for Biomedical Research

Thesis Supervisor

Signature redacted___
Amy Keating

Associate Professor of Biology
Co-Chair, Committee for Graduate Students

1



2



Haploid Reporter Screens Aimed at Identification of NF-kappaB Regulators

by

Clarissa Ci Lee

Submitted to the Department of Biology on April 18, 2014 in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy in Biology

ABSTRACT

Nuclear factor-kappaB (NF-KB) is a family of transcription factors that are essential for
execution of both the innate and the adaptive immune response. NF-KB regulates
hundreds of genes involved in critical processes such as cell survival, differentiation,
proliferation, and inflammation. Consequently, NF-KB activity must be tightly regulated
and a failure to do so causes diseases such as inflammatory disorders and cancer. The
identification of novel NF-KB regulators can increase our understanding of the elaborate
regulatory networks that control the NF-kB response and influence the design of
therapeutic interventions directed at NF-kB. A classical approach for identifying new
members in a pathway is the forward genetic screen. Human haploid genetic screens
represent a recent advance in this approach. I have attempted to expand the utility of
human haploid genetic screens through the use of transcriptional reporters and
developed human haploid reporter screens for the specific purpose of identifying
regulators of NF-kB. To identify constitutive inhibitors of NF-kB, I utilized a NF-KB-
blasticidin S resistance gene (BSR) reporter and identified CYLD, a known negative
regulator of NF-KB, demonstrating that in principle this approach works. In the same
screen, two members of the poorly characterized leucine-rich repeat-containing 8
(LRRC8) family of proteins appeared as significant hits. I determined that LRRC8D is not
required for NF-KB regulation, but rather for import of blasticidin, the selecting agent
used in the screen. Thus, quite serendipitously, I identified the first mammalian protein
that mediates import of the antibiotic blasticidin. My further characterization of LRRC8D
provides new insight into the function of LRRC8 proteins. I developed a second screen,
using a NF-KB-GFP reporter, to identify genes required to activate NF-KB in response to
the TLR2/6 ligand, FSL-1. This screen successfully identified known components of the
TLR2/6 pathway and identified many other candidate genes for further study.

Thesis Supervisor: Hidde L. Ploegh
Title: Professor of Biology, MIT; Member, Whitehead Institute for Biomedical Research
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Chapter 1: Introduction

Introduction

Nuclear factor-KB (NF-KB) is a family of transcription factors that was originally

discovered as regulators of KB light chain expression in mature B and plasma cells (Sen

and Baltimore, 1986a; 1986b). Work since then has demonstrated that NF-KB is

expressed in almost all cell types and regulates hundreds of genes in response to > 150

different stimuli (Hoffmann et al., 2006; Pahl, 1999) (Figure 1). Among the processes

influenced by NF-KB are inflammation, immunity, cell proliferation, differentiation, and

survival. Given its involvement in such critical processes, dysregulation of NF-KB has

been implicated in a number of pathologies including cancer, diabetes, and inflammatory

disorders. Determining the mechanisms by which NF-KB is regulated will thus be crucial

for understanding how NF-KB-related pathologies develop and how best to design

therapeutic interventions.

NF-KB Signaling Pathways

The mammalian NF-KB transcription factor family consists of five members: p65

(ReIA), RelB, c-Rel, p50 (NF-KB1), and p52 (NF-KB2) that can form homo- or

heterodimeric complexes with distinct functions. All five members posses an N-terminal

Rel homology domain (RHD) required for dimerization and DNA binding (Hayden and

Ghosh, 2012). p65, RelB, and c-Rel also posses a transcription activation domain (TAD)

that confers the ability to initiate transcription. p50 and p52 lack TADs, but can positively

regulate transcription by heterodimerization with TAD-containing NF-KB members or by

interaction with other proteins that have transactivating abilities. The primary mechanism

by which inducible activation of NF-KB is achieved is through binding of NF-KB dimers to

Inhibitor of KB (IKB) proteins which sequester NF-KB dimers in the cytoplasm at steady-

state. Cellular stimulation results in phosphorylation, ubiquitylation, and proteasome-

mediated proteolysis of the NF-KB-bound IKB, which allows NF-KB to translocate to the

nucleus and bind to DNA.

The NF-KB signaling pathways have been broadly classified into two types:

canonical and noncanonical (Figure 2). A wide range of stimuli can activate NF-KB in the

canonical pathway. In a typical example, ligand binding to a cell surface receptor (e.g.

TNF receptor, IL-1 receptor, Toll-like receptors, and antigen receptors) leads to a
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Chapter 1: Introduction

conformational change in the receptor and initiates the recruitment of a series of adapter

proteins, which possess protein-protein interaction domains. Domains that are

commonly used in NF-KB signaling cascades are death domains (DDs), caspase

activation and recruitment domains (CARDs), RIP homotypic interaction motifs (RHIMs),

and Toll/IL-1 (TIR) domains. Adapter proteins then recruit kinases to the receptor

complex to form a large signaling platform, which mediates the activation of the IKK

complex, containing two highly homologous kinase subunits, IKKa, IKKf, and a

regulatory subunit, NEMO. The activated IKK complex then phosphorylates the IKB

proteins IKBa, IKBI, IKBS, which leads to their proteasomal degradation and the release

of their NF-KB bound dimers.

Unlike the canonical pathway, which can be activated by diverse receptors, the

noncanonical pathway is induced by specific members of the TNF cytokine family, such

as BAFF, lymphotoxin-3, or CD40 ligand (Hayden and Ghosh, 2012; Razani et al., 2011).

Following receptor ligation, NF-KB-inducing kinase (NIK) protein, which is normally

subject to constitutive ubiquitylation and subsequent degradation, is stabilized (Liao,

2004). NIK can then phosphorylate and activate IKKa, which in turn phosphorylates

p100, thus initiating processing of p100 to p52. ReIB/p52 dimers can then enter the

nucleus and regulate target genes that are distinctly regulated by the noncanonical

pathway.

Toll-like Receptors and Activation of NF-KB

Toll-like receptors (TLRs) are pattern-recognition receptors (PRRs) that

recognize pathogen-associated molecular patterns (PAMPs) from microorganisms or

danger-associated molecular patterns (DAMPs) from damaged tissue. TLRs trigger

innate immune responses and also prime antigen-specific adaptive immunity. TLRs are

type I transmembrane proteins that possess an extracellular leucine-rich repeat (LRR)

domain for ligand binding, and an intracellular Toll/IL-1 receptor (TIR) domain that

mediates signal transduction through the recruitment of adapter proteins. So far, 10 and

12 functional TLRs have been identified in humans and mice, respectively. Each TLR

has a distinct function in terms of PAMP recognition and immune responses. TLRs form

heterodimers or homodimers as a means of triggering a signal. Most TLRs form

homodimers, with a few exceptions. For example, TLR2 forms heterodimers with TLR1

or TLR6, which enables differential recognition of bacterial lipopeptides: TLR1-TLR2
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Chapter 1: Introduction

recognizes triacylated lipopeptides, whereas TLR2-TLR6 responds to diacylated

lipopeptides (Jin et al., 2007; Kang et al., 2009).

TLRs can be divided into two subgroups based upon their cellular localization.

TLR1, TLR2, TLR4, TLR5, TLR6, and TLR 11 traffic from the ER to the cell surface and

mainly recognize PAMPs derived from the surface of microorganisms including LPS,

lipoproteins, and flagellin (Kawai and Akira, 2010; Takeuchi and Akira, 2010). TLR3,

TLR7, TLR8, and TLR9 on the other hand, traffic to endolysosome compartments where

they recognize microbial nucleic acids (Kawai and Akira, 2010; Takeuchi and Akira,

2010). Several proteins mediate the trafficking of TLRs to their final destination. Gp96, a

paralogue of the heat-shock protein 90 (HSP90) chaperone, mediates the folding of

several TLRs in the ER. Gp96 is necessary for the function of TLR1, TLR2, TLR4, TLR5,

TLR7 and TLR9 and is required for the surface expression of TLR1, TLR2 and TLR4 and

for the maturation and cleavage of TLR9 in the endolysosome (Liu and Li, 2008; Liu et

al., 2010; Randow and Seed, 2001; Yang et al., 2007). PRAT4A, an ER luminal protein,

appears to function together with Gp96 to mediate maturation of TLRs in the ER (Liu et

al., 2010). Knockdown of PRAT4A expression impeded the passage of TLR1 and TLR4

through the Golgi and prevented ligand-induced trafficking of TLR9 from the ER to

endolysosomes (Takahashi et al., 2007). UNC93B1 is an ER-resident glycoprotein that

is predicted to span the membrane 12 times (Tabeta et al., 2006). Mice homozygous for

an UNC93B1 missense mutation (H412R) that prevents interaction with TLR3, TLR7,

TLR8, and TLR9 have impaired signaling via TLR3, TLR7 and TLR9. Bone marrow-

derived macrophages from these mice show defective ligand-induced trafficking of

UNC93B1, TLR7 and TLR9 to endolysosomal compartments (Brinkmann et al., 2007;

Kim et al., 2008; Tabeta et al., 2006).

TLRs can also be classified by the signaling pathways they activate (Figure 3).

The MyD88-dependent pathway is used by all TLRs except TLR3 and results in the

activation of NF-KB and mitogen-activated protein kinases (MAPKs) to induce

inflammatory cytokines (Kawai and Akira, 2010). The TRIF-dependent pathway is used

by TLR3 and TLR4 and activates NF-KB and interferon-regulatory factors (IRFs) to yield

inflammatory cytokines and type I interferon (Kawai and Akira, 2010). MyD88 and TRIF

are adapter molecules required in their respective pathways. While several TLRs can

recruit MyD88 or TRIF directly through their TIR domain, others require additional

adapter molecules to bridge the interaction. The TLR1-TLR2, TLR2-TLR6, and TLR4-
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Chapter 1: Introduction

TLR4 dimers require the adapter TIRAP, also known as MAL, to recruit MyD88 (O'Neill

and Bowie, 2007; O'Neill et al.). Alternatively, TLR4-TLR4 homodimers can utilize the

adapter TRAM to recruit TRIF (O'Neill and Bowie, 2007; O'Neill et al.).

In the MyD88-dependent pathway, MyD88 recruits the IL-1 receptor-associated

kinases IRAK4, IRAK1, and IRAK2 to TLRs (Kawai and Akira, 2010). IRAK4 is activated

first, which in turn phosphorylates IRAK1 and IRAK2 (Kawai and Akira, 2007; 2010). The

activated IRAKs then interact with TRAF6, an E3 ligase that attaches K63-linked

polyubiquitin chains onto target proteins with the assistance of the E2 ubiquitin-

conjugating enzyme complex comprising Ubc13 and Uev1A (Kawai and Akira, 2007;

2010). In a poorly understood manner, the synthesis of K63-linked polyubiquitin chains

by TRAF6 recruits a complex of TAK1, TAB2, and TAB3 (Kawai and Akira, 2007; 2010).

TAK1 can phosphorylate IKK, but whether this is the final event required for IKK

activation and subsequent activation of NF-KB, is not completely understood (Hayden

and Ghosh, 2008). Deletion of TAK1 impairs TLR4-mediated activation of NF-KB in

macrophages, B cells, and fibroblasts, but not in neutrophils (Alagbala Ajibade et al.,

2012; Sato et al., 2005; Schuman et al., 2009). Activation of the IKK complex requires

phosphorylation of T loop serines of at least one of the IKK subunits (Hayden and Ghosh,

2008). Whether this phosphorylation event is catalyzed by TAK1, a downstream target of

TAK1, or whether IKK transautophosphorylation is induced by oligomerization of a

signaling scaffold is still a matter of debate. All TLRs that use the MyD88-dependent

pathway can activate NF-KB. In dendritic cells, the endosomal TLRs can also activate

IRFs in a MyD88-dependent manner (Honda et al., 2004; Negishi et al., 2006; Schmitz et

al., 2007; Schoenemeyer et al., 2005).

In the TRIF-dependent pathway, TRIF can recruit TRAF6, TRAF3, or RIP1

(Takeuchi and Akira, 2010). TRAF6 and RIP1 are thought to mediate activation of NF-KB

through mechanisms similar to those of the MyD88-dependent pathway. TRAF3 is

important for activating two IKK-related kinases, TBK1 and IKKs (Hacker et al., 2006;

Oganesyan et al.), TBK1 and lKKs phosphorylate IRF3 and IRF7, promoting their

homodimerization and translocation to the nucleus (Takeuchi and Akira, 2010).

Regulation of NF-KB Transcriptional Specificity

NF-KB dimers bind to DNA KB sites in promoters and enhancers that have the

highly degenerate sequence 5' GGGRNWYYCC 3' (where N is any base, R is purine, W
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Chapter 1: Introduction

is adenine or thymine, and Y is pyrimidine) (Hayden and Ghosh, 2012). In addition, they

have been found to bind sites that deviate from this consensus sequence (Natoli et al.,

2005). The degenerate nature of the sequences to which NF-KB can bind means that

there are many sites across the genome recognized by NF-KB. However, often, NF-KB

activation leads to the expression of only a subset of genes it is capable of activating.

Many other layers of regulation may influence NF-KB target gene regulation, including

selective dimer combinations, chromatin environment, post-translational modifications of

NF-KB, cross-talk between signaling pathways, and cell state.

Context-dependent assembly of NF-KB family members into selective dimer

combinations that regulate unique sets of target genes could influence the specificity of

an NF-KB response. Specificity of dimer formation has been difficult to study because of

considerable redundancy between NF-KB dimer combinations and because each NF-KB

family member can participate in many different dimers. Nevertheless, the ReIB/p52

heterodimer used by the noncanonical pathway provides one clear example of an NF-KB

dimer selectively activating a unique set of target genes in response to a specific

stimulus (Ghosh and Hayden, 2008).

The kinetics of NF-KB recruitment to target genes are complex - some genes

recruit NF-KB shortly after its nuclear entry whereas others take hours to do so (Saccani

et al., 2001; 2004). NF-KB target genes vary in their dependence for chromatin

modification for expression, which may account for this phenomenon (Natoli et al., 2005).

Genes that do not require chromatin modification may be expressed more quickly in

response to a stimulus, whereas genes that require chromatin modification are

expressed later (Ramirez-Carrozzi et al., 2006; Saccani et al., 2001). In LPS-stimulated

macrophages, the catalytic BRG1/BRM subunits of the SWI/SNF class of ATP-

dependent nucleosome remodeling complexes are required for the activation of

secondary response genes and primary response genes induced with delayed kinetics,

but not for rapidly induced primary response genes. Pharmacological inhibition of BET

proteins that govern the assembly of histone acetylation-dependent chromatin

complexes suppresses transcriptional activation of only a subset of NF-KB target genes

in LPS-stimulated macrophages (Nicodeme et al., 2010)

All NF-KB family members can be extensively modified. Selective modification

and co-dependent regulatory interactions may control target gene expression in different

physiological contexts (Smale, 2011). Phosphorylation of Ser 276 of p65 by PKA
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promotes the interaction of p65 with the histone acetyltransferases (HATs), CBP and

p300 (Zhong et al., 1998). Knock-in mutation of Rel S276A leads to defective activation

of a subset of NF-KB target genes suggesting that recruitment of HATs is differentially

required at NF-KB target genes (Dong et al., 2008). Other kinases such as MSK1 and

MSK2 have also been reported to phosphorylate Ser276 of p65 and MSK1V MSKZ'

cells have diminished transcriptional activity in response to TNF (Vermeulen et al., 2003).

Acetylation of p65 promotes association with HATs and is associated with increased

transcription (Chen and Greene, 2004). Methylation of p65 by the Set9

methyltransferase has been reported although there is a lack of consensus on the

functional outcome of this post-translational modification. Set9 has been shown to target

Lys37 of ReIA in response to cytokine stimulation and is required for the expression of a

subset of NF-KB target genes (Ea and Baltimore, 2009; Li et al., 2008). However, in

another report that demonstrated methylation of ReIA Lys 314 and 315 by Set9, Set9

was required for the termination of NF-KB responses (Yang et al., 2009). The observed

differences may be due to the use of different cell lines and the examination of different

target genes.

Often an inflammatory stimulus will induce signaling pathways that result in the

activation of multiple transcription factors. Stimulus-specific NF-KB transcriptional

programs may be achieved through cooperative binding of NF-KB with other transcription

factors at promoters and enhancer of genes. One well-characterized example of this is

the enhanceosome complex for the gene that encodes interferon-0, which involves

several transcription factors induced by viral infection (NF-KB, ATF-2-c-Jun, and IRF3 or

IRF7)(Agalioti et al., 2000; Panne et al., 2004; 2007). In this case, transcriptional

synergy is conferred by both cooperative DNA binding and recruitment of coactivators.

Additional factors for which synergistic interaction with NF-KB have been reported are

Spi, AP1, STAT3, and CEBP/P (Oeckinghaus et al., 2011).

NF-KB activation in different cell types can result in different transcriptional

programs. While both TNF and LPS activate NF-KB in human dendritic cells, only LPS is

capable of inducing recruitment of NF-KB to the 1L6 promoter (Natoli et al., 2005). In

contrast, both TNF and LPS result in efficient recruitment of NF-KB to the 1L6 promoter in

fibroblasts. Cell-type specificity of the NF-KB response is likely linked to the pathways

and factors that control cell differentiation and development. The deposition of chromatin

barriers at specific sets of NF-KB target genes during development may dictate which
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genes will be activated in response to a stimulus (De Santa et al., 2009; 2007; Saccani

and Natoli, 2002; van Essen et al., 2010). The relative expression levels of NF-KB dimer

combinations and signaling pathway components would also contribute to distinct NF-KB

responses in different cell types.

Termination of the NF-KB Response

Prompt activation of NF-KB is critical for host defense against pathogens during

an infection. However, after the danger has been eliminated, NF-KB responses must be

properly terminated to avoid inflammation, autoimmune disorders, and tumorigenesis.

The most studied and best understood mechanism for termination of the NF-KB

response involves the rapid resynthesis of IKB proteins, induced by activated NF-KB

(Andrea Oeckinghaus, 2009; Ruland, 2011). Newly synthesized IKBa can enter the

nucleus, remove NF-KB from the DNA, and relocalize it to the cytosol (Kearns et al.,

2006; Oeckinghaus et al., 2011; Ruland, 2011). Similar to IKB, PIAS1 and PIAS4 have

been implicated in the displacement of RelA dimers from DNA although the exact

mechanism is unknown (Bin Liu et al., 2004; Liu et al., 2005). An additional layer of

regulation in the nucleus involves ubiquitin-dependent proteasomal degradation of

promoter-bound p65 (Ryo et al., 2003; Tanaka et al., 2007).

Acting further upstream in the signaling pathway, several deubiquitinase (DUB)

enzymes are involved in the negative regulation of canonical NF-KB signaling. The best

characterized DUB that down-modulates NF-KB is A20 (Hymowitz and Wertz, 2010;

Ruland, 2011). Like IKBs, A20 expression is directly induced by NF-KB activity in a

negative feedback loop (Dixit et al., 1990; Hymowitz and Wertz, 2010). Once activated,

the DUB domain of A20 removes K63-linked polyubiquitin chains from RIP1, TRAF6,

NEMO, RIP2, and MALT1, all of which are signaling components upstream of or part of

the IKK complex (Boone et al., 2004; DOwel et al., 2009; Hitotsumatsu et al., 2008;

Mauro et al., 2006). Cezanne, another DUB whose expression is induced by NF-KB

activation, is involved in negatively regulating the TNFR pathway. A third DUB, CYLD,

deubiquitinates K63-linked polyubiquitin chains from a wide range of activators including

RIP1, TRAF2, TRAF6, TRAF7, TAK1, and NEMO, but it is unclear if deubiquitination of

all these targets is necessary for NF-KB regulation (Ruland, 2011; Sun, 2009). Whether

CYLD functions at steady-state in the absence of stimulus or after stimulus-dependent

NF-KB activation has occurred is incompletely understood. Inducible expression of CYLD
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seems to be cell type- and stimuli-dependent. In mouse bone marrow-derived

macrophages, CYLD expression is strongly induced by RANKL, but not by TNF or LPS

(Jin et al., 2008). Yet TNF can induce CYLD expression in HeLa cells and human

bronchial epithelial cells (Jono et al., 2004). CYLD undergoes phosphorylation in

response to TNF and LPS. This modification appears to negatively regulate its ability to

deubiquitinate TRAF2 (Reiley et al., 2005). The phosphorylation is mediated by IKK,

suggesting that CYLD may not be involved in feedback control of NF-KB, but may

function instead as a negative regulator at steady-state to prevent aberrant, spontaneous

activation of NF-KB (Reiley et al., 2005).

A signal-specific layer for the negative regulation of NF-KB response is provided

by dominant-negative adaptors that interfere with protein-protein interactions between

signaling components upstream of IKK. These have been best characterized in the TLR

pathway and include the MyD88s isoform, IRAK-M, and SARM, all of which are inducibly

generated or expressed following an appropriate stimulus (Burns et al., 2003; Carty et al.,

2006; Escoll et al., 2003; Janssens et al., 2003; Kobayashi et al., 2002). MyD88s, IRAM-

M, and SARM specifically inhibit the TLR pathway as they directly interact with adapter

molecules that are selectively required for TLR signaling.

NF-KB in Disease

NF-KB regulates the expression of hundreds of genes involved in key processes,

including cell proliferation, cell survival, inflammation, and innate immunity, often as a

means to deal with cellular or organismal stress. Thus, not surprisingly, either defective

or excessive NF-KB activity can lead to a range of human disease such as

immunodeficiency, inflammatory disorders, and cancer.

A number of inherited human diseases due to mutations in components of the

core NF-KB signaling pathway have been described. Mutations in the IKK complex

regulator subunit NEMO can produce diverse and variable defects in humans, including

severe immunodeficiency, osteopetrosis, skin defects, and colitis (Courtois and Gilmore,

2006; Pasparakis, 2009). The exact mechanism by which these NEMO mutations impact

NF-KB on a molecular level remain to be fully understood. Two patients have been

identified with a heterozygous missense mutation in IKBa that abolished its ability to be

phosphorylated by IKK and accordingly resulted in impaired IKBa degradation. Both

patients exhibited symptoms of severe immunodeficiency, including an impaired innate
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immune response and a T-cell proliferation defect that resulted in a lack of memory cells

(Courtois et al., 2003; Janssen et al., 2004). Mutations that affect the kinase domain of

IRAK4, either resulting in its truncation or impairing its activity, have been identified in

patients with recurrent bacterial infections (Medvedev et al., 2003; Picard et al., 2003).

IRAK4 is a protein kinase that is essential for IL-1 and TLR signaling pathways and

consequently these patients show defective responses to IL-1 and various TLR ligands.

Germline mutations in an inhibitor of NF-KB have also been identified. Cylindromatosis, a

rare recessive genetic disease characterized by the formation of benign skin tumors,

mostly on the scalp, is caused by mutations in CYLD, a DUB that negatively regulates

NF-KB (Bignell et al., 2000; Brummelkamp et al., 2003; Kovalenko et al., 2003;

Trompouki et al., 2003).

Somatic cell mutations in NF-KB signaling components have been identified in

lymphomas, glioblastoma, multiple myeloma, breast cancer, and prostate cancer

(Annunziata et al., 2007; Ben-Neriah and Karin, 2011; Bredel et al., 2011; Chapman et

al., 2011; Courtois and Gilmore, 2006). However, the number of tumors with activated

NF-KB signaling is much larger than the fraction of malignancies with confirmed

mutations, likely due to epigenetic changes within the cancer cells and/or

microenvironmental factors (Ben-Neriah and Karin, 2011). NF-KB-mediated inflammation

can contribute to tumor initiation by increasing mutation rates and by causing genomic

instability (Grivennikov et al., 2010). Once tumor cells have formed, inflammation

enhances their survival as well as their proliferation, and further promotes angiogenesis,

invasion, and metastasis (Grivennikov et al., 2010). Nonetheless, the role of NF-KB in

tumorigenesis is not always positive. For example, overexpression of IKBa promotes

oncogenic Ras-induced invasive epidermal growth resembling squamous cell carcinoma

(Dajee et al., 2003). While NF-KB appears to promote inflammation-associated

hepatocellular carcinoma, it seems to prevent carcinogen-induced hepatocellular

carcinoma (Ben-Neriah and Karin, 2011). Thus, the role of NF-KB in tumorigenesis is

complex and may depend on cell-type and the status of tumor suppressor mechanisms

in the cell (Perkins, 2012). Understanding the regulation of NF-KB in cancers will be key

to the development of therapies that intervene in a way that inhibits tumorigenesis with

the least amount of side effects.

Due to its critical role in controlling the inflammatory response, NF-KB has been

implicated in the development of inflammatory-related disorders besides cancer.
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Activated NF-KB has also been detected in many chronic inflammatory conditions,

including inflammatory bowel disease, rheumatoid arthritis, and psoriasis (Ben-Neriah

and Karin, 2011; Courtois and Gilmore, 2006). It is now recognized that NF-KB-mediated

inflammation plays a role in the development of many metabolic disorders including

obesity, type 2 diabetes, and atherosclerosis (Baker et al., 2011; Tornatore et al., 2012).

Thus, the development of drugs that interfere with NF-KB-driven inflammation could

provide relief to a number of serious human diseases.

Genetic Screens for Components of NF-KB Signaling Pathways

Since the discovery of NF-KB, genetic screens have led to novel discoveries in

NF-KB signaling and regulation. Although NF-KB is evolutionarily conserved between

Drosophila and humans, there are important differences in their NF-KB signaling

pathways including the mechanism by which NF-KB is activated (Silverman and Maniatis,

2001). For this reason, screens that seek to understand human innate immune signaling

generally use either mice or mammalian cells in culture.

Forward genetic screens in mice have been particularly important in contributing

to our understanding of how TLRs sense and respond to microbial components. TLR4

was the first human TLR to have a function assigned to it. Its identification as a pattern

recognition receptor for LPS was accomplished through positional cloning of a

spontaneous mutation that occurred in C3H/HeJ in mice that rendered them resistant to

LPS toxicity (Poltorak et al., 1998). Shortly afterwards, Bruce Beutler's group began

treating mice with the mutagen N-ethyl-N-nitrosourea and testing the ability of immune

cells from these mice for their ability to respond to TLR ligands. This endeavor resulted

in the further functional identification of TRIF as a TLR adapter molecule, CD36 as a co-

factor for TLR2/6, and UNC93B1 as a chaperone that mediates endosomal TLR

trafficking (Brinkmann et al., 2007; Hoebe et al., 2003; 2005; Kim et al., 2008; Tabeta et

al., 2006). While genetic screens in mice have provided fruitful insight into TLR signaling

and important mouse models for future studies, this approach is time-consuming and

expensive.

Genetic screens for NF-KB signaling pathway components have also been

performed with mammalian cells grown in tissue culture. A screen involving chemical

mutagenesis of a diploid cell line containing a NF-KB-GFP reporter identified Gp96 as an

essential chaperone of TLRs (Randow and Seed, 2001). To identify activators of NF-KB,
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random activation of gene expression (RAGE) technology was used to generate a

limited protein expression library in a transgenic NF-KB reporter cell line. The library was

then selected for cells that constitutively activated the reporter. Thus TAB3 was identified

as a positive regulator of NF-KB (Jin et al., 2004). More recently, a large number of RNAi

screens for activators and inhibitors of NF-KB have been performed (Brummelkamp et al.,

2003; Chiang et al., 2012; Choudhary et al., 2011; Gewurz et al., 2012; Li et al., 2006;

Nickles et al., 2012; Warner et al., 2013). While RNAi screens hold much promise,

difficulties with low signal to noise values limit their utility. Secondary screens or

secondary selection criteria are often required to winnow candidate lists that even then

may include hundreds of genes. In a genome-wide siRNA screen to identify regulators of

the NOD2 pattern recognition receptor signaling pathway, only 25% of putative positive

regulators and 33% of putative negative regulators identified in the primary screen

scored positive in a secondary screen (Warner et al., 2013). Targeted screens using

RNAi pools against genes with specific functions (e.g. kinase, phosphatases) tend to

give less ambiguous results than genome-wide screens. In one extreme example of this,

a screen to identify de-ubiquitylating enzymes (DUBs) that negatively regulate NF-KB

started with 200 knock-down vectors against 50 DUBs and identified only a single

candidate gene (Brummelkamp et al., 2003). That gene was CYLD and was concurrently,

but separately confirmed to be a negative regulator of NF-KB by two other groups

(Kovalenko et al., 2003; Trompouki et al., 2003). Although targeted RNAi screens may

provide higher specificity they also bias the screen and may prevent the identification of

genes that are involved in your pathway of interest.

Introduction to the Work Presented in this Thesis

The isolation of human cells lines that are nearly or completely haploid and the

subsequent development of genetic screens using these cells have provided an

alternative genetic approach towards dissecting biological processes relevant to human

biology. Human haploid screens have led to the identification of a number of host factors

exploited by serious human pathogens, including Ebola virus, and identified transporters

that are required for the import of toxic molecules, such as tunicamycin (Carette et al.,

2011; Reiling et al., 2011). However, the majority of human haploid screens reported to

date have involved the selection of mutant cells that are resistant to a lethal agent. The

biological pathways amenable to study by human haploid screens are currently limited.
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In this thesis, I will describe work that has sought to expand the utility of haploid screen

through the use of transcriptional reporters. Given the critical role of NF-KB in diverse

biological processes and the number of human diseases that are connected with

aberrant NF-KB regulation, human haploid reporter screens were developed with the aim

of identifying positive and negative regulators of NF-KB.

The first chapter describes the development of a human haploid reporter screen

that was designed to identify constitutive inhibitors of NF-KB. This screen utilized a NF-

KB-blasticidin S resistance gene (BSR) reporter and identified CYLD, a known negative

regulator of NF-KB, demonstrating that in principle our approach works. Also identified in

the screen were two members of the leucine-rich repeat-containing 8 (LRRC8) family of

proteins and HEATR7A. The second chapter describes the characterization of LRRC8

family members and demonstrate that the most significant hit in the screen for NF-KB

inhibitors, LRRC8D, is not required for NF-KB regulation, but rather for the import of

blasticidin, the selecting agent used in the screen. While LRRC8s were not our intended

target, their appearance in our screen provided new insight into the function of this family

of proteins. The third chapter focuses on the development of a screen using a NF-KB-

GFP reporter. The use of a NF-KB-GFP reporter eliminates the possibility of identifying

transporters and it provides the ability to screen for both inhibitors and activators of NF-

KB. In this chapter, I describe a screen for genes required for NF-KB activation in

response to the TLR2/6 ligand, FSL-1. This screen successfully identified known

components of the TLR2/6 pathway and identified many other candidate genes for

further study.
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Figure 1. NF-KB stimuli and target genes. In response to diverse stimuli that often

occur during infection or cellular stress, NF-KB can activate target genes important for

inflammation, proliferation, and cell survival. Since prolonged NF-KB can result in tissue

damage and disease, activation of NF-KB also results in the activation of a number of

negative feedback loops. Adapted from (Andrea Oeckinghaus, 2009).
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Figure 2. Canonical and noncanonical activation of NF-KB. In the canonical pathway,
a wide range of stimuli can activate cell surface receptors (e.g. TNF receptor, IL-1

receptor, Toll-like receptors, and antigen receptors) that then recruit a large number of

adapter proteins in order to activate the IKK complex. This complex contains IKKa, IKK3,

and NEMO. The activated IKK complex then phosphorylates the classical IKB proteins

IKBa, IKBr, IKBe, which leads to their proteasomal degradation and the release of their

NF-KB bound dimers. The noncanonical pathway is induced by specific members of the

TNF cytokine family, such as BAFF, lymphotoxin-P, or CD40 ligand. Following receptor

ligation, NF-KB-inducing kinase (NIK) protein, normally subject to constitutive

ubiquitylation and subsequent degradation, is stabilized. NIK can then phosphorylate

and activate IKKa, which in turn phosphorylates p100, to initiate processing of p100 to

p52. ReIB/p52 dimers can then enter the nucleus and regulate target genes that are

distinctly regulated by the noncanonical pathway. Adapted from (Andrea Oeckinghaus,

2009).
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Figure 3. Mammalian TLR signaling pathways. Upon ligand-induced dimerization,

TLRs recruit adapter proteins (MyD88, MAL/TIRAP, TRIF, TRAM), which in turn recruit

IL-1 R-associated kinases (IRAKs), TNF receptor-associated factors (TRAFs), and other

molecules to activate mitogen-activated protein kinases (MAPKS) or 1KB kinases (IKKs).

Combined, these activate transcription factors including NF-KB and interferon-regulatory

factors (IRFs). Adapted from (O'Neill et al.).
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Abstract

The development of forward genetic screens in human haploid cells has the

potential to transform our understanding of the genetic basis of cellular processes unique

to man. So far, this approach has been limited mostly to the identification of genes that

mediate cell death in response to a lethal agent, likely due to the ease with which this

phenotype can be observed. Here, we perform the first reporter screen in the near-

haploid KBM7 cell line to identify constitutive inhibitors of NF-KB. CYLD was the only

currently known negative regulator of NF-KB to be identified, thus uniquely distinguishing

this gene. Also identified were three genes with no previous known connection to NF-KB.

Our results demonstrate that reporter screens in haploid human cells can be applied to

investigate the many complex signaling pathways that converge upon transcription

factors.
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Introduction

Forward genetic screens are a powerful means to decipher a biological process

without any prior knowledge or assumptions. Typically such screens are performed in

yeast, Drosophila, Caenorhabditis elegans and other genetic model organisms to identify

new gene functions. Application of this method to human cultured cells allows the

dissection of pathways that are dissimilar or even absent in other model organisms. It

may also enable the discovery of novel drug targets to treat disease. Genetic screens in

human cells have been limited by the difficulties inherent in revealing recessive

phenotypes in diploid cells. While RNAi screens have been an important advance, they

are complicated by off-target effects and often do not completely eliminate the relevant

gene product. The recent isolation of human cells lines that are nearly or completely

haploid (KBM7 and HAP1, respectively) has revolutionized human forward genetic

screens and led to the identification of numerous human host factors required for

infection by pathogens and intoxication by bacterial toxins [1-7].

The majority of human haploid screens reported to date have involved the

selection of mutants that are resistant to an agent that is lethal to wild-type cells. The

one exception is a recent screen that used fluorescence activated-cell sorting (FACS) to

identify genes involved in MHC (major histocompatibility complex) class I antigen

presentation by sorting for mutants that were defective in surface expression of MHC-1

[8]. We sought to further expand the types of biological pathways that can be studied

using human haploid genetic screens by using a transcriptional reporter in conjunction

with selection for a lethal phenotype.

Transcription factors often lie at the terminus of complex signaling pathways and

control gene transcription programs that regulate diverse processes, ranging from

proliferation, differentiation, apoptosis, immune response, to metabolism. Given the

importance of transcription factors in facilitating vital aspects of cell biology, mutations in

-or aberrant regulation of- transcription factors have been associated with human

disease [9,10]. The identification of inhibitors or activators of transcription factors will

therefore not only illuminate the signaling pathways that regulate them, but could also
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identify targets that may prove to be better drug targets than transcription factors

themselves, or whose inhibition may provide a more selective therapeutic effect.

We chose to screen for inhibitors of NF-KB, a family of transcription factors that in

mammals plays a central role in regulating immune responses, development, cell

proliferation, and survival [11]. The NF-KB family consists of five members: RelA/p65,

RelB, c-Rel, NF-KB1 (p50 and its precursor p105) and NF-KB2 (p52 and its precursor

p100). They form dimers and are normally kept inactive in the cytoplasm. Activation of a

wide variety of receptors, including antigen receptors, pattern-recognition receptors and

cytokine receptors leads to translocation of NF-KB dimers into the nucleus. Here the

dimers bind to DNA KB sites in promoters and enhancers of target genes. Activation of

NF-KB needs to be tightly controlled and rapidly curtailed following the initial stimulus to

prevent uncontrolled tissue damage and/or disease.

Here we performed the first reporter screen in KBM7 cells to identify constitutive

inhibitors of NF-KB. The identification of CYLD, a known negative regulator of NF-KB,

demonstrates the utility of using human haploid cells to dissect a variety of biological

processes.
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Results

All screens in human haploid cells performed to date have relied on intrinsic

phenotypes, such as sensitivity to toxins or protein surface expression, both of which

can be easily observed at a cellular level. To provide a clear phenotypic readout for

abrogation of NF-KB inhibitor function -and thus improper activation of NF-KB- we

generated a NF-KB reporter cell line (Fig. 1). We transduced KBM7 cells, which are

haploid for all chromosomes but chromosome 8, with a reporter construct that contains a

NF-KB transcriptional response element (TRE) and a minimum cytomegalovirus (mCMV)

promoter upstream of the blasticidin S resistance gene (BSR) from Bacillus cereus. Thus,

insertional inactivation of genes that normally repress activation of NF-KB would render

the reporter cells resistant to blasticidin and provide an easy means to distinguish them

from wild-type cells. To ensure that the selected clonal reporter cell line had intact NF-KB

regulation, we stimulated both KBM7 cells and the NF-KB reporter cell line with TNF (Fig.

2). We saw that both cells displayed similar IKBa degradation kinetics. The selected

clonal reporter cell line survived in the presence of blasticidin only when stimulated with

NF-KB activators, demonstrating that the reporter functioned properly (Fig. 3A). The NF-

KB reporter cell line was then mutagenized with a retroviral gene-trap vector, using an

established protocol that generally yields a library containing mutations in approximately

98% of genes expressed in KBM7 cells [1]. Mutagenized NF-KB reporter cells were

exposed to blasticidin and the survivors were pooled and expanded. The selected

mutant population was markedly more resistant to blasticidin than the parental reporter

cell line and wild-type KBM7 cells in the absence of any stimulus, suggesting that the

survivors contain mutations that cause constitutive activation of NF-KB (Fig. 3B). To

identify the mutations in the selected mutant population, genomic DNA was harvested

from the survivors. The DNA sequences that flank gene-trap insertion sites were

amplified, sequenced in parallel, and mapped to the human genome. We identified four

genes significantly enriched (p-value < 0.01) for disruptive mutations in our blasticidin-

selected population, as compared to a control population of unselected mutagenized

cells (Fig. 4). In the blasticidin-resistant population, CYLD, HEATR7A, LRRC8A, and

LRRC8D were represented with 4, 8, 3, and 26 independent inactivating gene-trap
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insertions (sense orientation or present in an exon), respectively (respective P-values of

6.91 x 10-5, 1.09 x 10-1, 7.88 x 104, and 9.71 x 10-37) (Figs. 4 and 5).

CYLD encodes a deubiquitylase (DUB) that targets NF-KB signaling factors and

is known to negatively regulate NF-KB activation [12-14]. CYLD is expressed and active

at steady-state and it is thought to be constitutively required to prevent spontaneous

ubiquitylation of its targets and inappropriate activation of NF-KB in the absence of

stimulus [15]. To confirm that CYLD is constitutively required for proper regulation of NF-

KB in KBM7 cells, we employed shRNA-mediated knockdown of CYLD in NF-KB reporter

cells (Fig. 6A). In the absence of any stimulus, steady-state IKBa levels are lower in

CYLD-depleted cells as compared to cells expressing a control hairpin against luciferase

(Fig. 6B). Upon TNF stimulation, IKBa expression is lost more rapidly in CYLD-depleted

cells. The ability of our screen to specifically identify CYLD, but not other established NF-

KB inhibitors that are not required in the absence of stimulus, validates the use of haploid

reporter screens to identify particular components of signaling pathways.

HEATR7A is predicted to encode a protein of 1,641 amino acids and has no

known function. It contains seven HEAT (Huntington, elongation Factor 3, protein

phosphatase 2A, TOR1) domains, a protein fold found in a variety of proteins including

the four that its name derives from. HEATR7A is located on chromosome 8, the only

chromosome to be present in two copies in KBM7 cells suggesting that the mutations

caused by the gene trap insertions in HEATR7A are of a dominant nature.

LRRC8A and LRRC8D represent two of five members of the leucine-rich repeat-

containing 8 (LRRC8) family of proteins that are composed of four transmembrane

domains at the N-terminus, followed by up to 17 leucine-rich repeats [16]. Their function

is poorly understood, but LRRC8A and LRRC8C have been implicated in B cell

development and adipocyte differentiation, respectively [17-19]. Thus it is not

inconceivable that there may exist a link between LRRC8s and NF-KB, given the

established function of NF-KB in lymphocyte differentiation and its emerging role in

metabolic disorders [11,20,21]. Given that LRRC8D was identified with high confidence

in our screen, we sought to examine its function by isolating two clones that carry gene

trap insertions in the LRRC8D gene. While the LRRC8D mutant cell lines were notably

resistant to blasticidin, examination by immunoblotting revealed no obvious impact of

LRRC8D deficiency on IkBa and p100 degradation (data not shown). Our attempts to
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demonstrate a possible effect of the LRRC8D disruptions on blasticidin import as an

explanation for the observed level of resistance were inconclusive, as the fluorescently

labeled or biotinylated versions of blasticidin we prepared were themselves inactive on

KBM7 cells. Thus we can neither exclude the possibility that resistance is conferred by

differences in intracellular blasticidin levels, nor discount the possibility of alternative

modes of NF-KB activation not accounted for by degradation of IkBa and p100 [22].
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Discussion

Most genetic screens performed in human haploid cells have sought to identify

components in pathways required for cell death in response to a lethal insult. Here we

have demonstrated that KBM7 cells can be modified with genetically encoded

transcriptional reporters to study more diverse cellular processes. While we chose to

screen for regulators -specifically, inhibitors- of NF-KB, our method could presumably be

applied to study the approximately 1,391 human sequence specific DNA binding

transcription factors, many of whose binding site profiles have recently been described

[9,23].

By using resistance to blasticidin as our reporter read-out, we were able to

perform a selection -a genetic screen where only mutants of interest survive- to identify

mutants that constitutively turned on the reporter. In principle, one could perform a

screen in a reversed fashion, in which only mutants that fail to turn on the reporter

survive, for example by exploiting thymidine kinase or some other protein whose

expression could induce cell death. Identification of positive regulators of transcription

factors should thus be possible. Fluorescent reporters could likewise be used in screens

for both positive and negative transcriptional regulators. Since stringency in this type of

screen would be more adjustable than in a lethal screen, mutations that result in

intermediate phenotypes might be more easily recovered.

While the identification of CYLD validated our approach, we were unable to

identify mutations in other known negative regulators of NF-KB. Perhaps the selection

we performed was particularly stringent. Presumably, only mutations that resulted in

constitutive activation of NF-KB could be recovered. Thus, inhibitors whose function or

expression is induced by NF-KB in a negative feedback loop, such as A20 and Cezanne,

may not meet that criterion. In addition, loss-of-function mutations in dominant-negative

adaptors such as MyD88s, IRAK-M, and SARM would not result in constitutive activation

of NF-KB. We did not recover mutations in IKBs, possibly because there is some

redundancy in function in KBM7 cells and removal of just one IKB is not sufficient for

constitutive activation of NF-KB. In contrast, CYLD qualifies as a constitutively active

inhibitor that prevents spontaneous ubiquitylation of its targets [15]. CYLD mutations are

39



Chapter 2: A Reporter Screen in a Human Haploid Cell Line Identifies CYLD as a
Constitutive Inhibitor of NF-KB

associated with constitutive activation of NF-KB in multiple myeloma cells and B cells

from mice deficient for wild-type CYLD exhibited constitutive activation of NF-KB

[15,24,25].

Our haploid reporter screen confirms the absolute requirement of CYLD function

for proper regulation of NF-KB and further supports constitutive NF-KB activity as the

mechanism underlying the development of human diseases associated with CYLD

mutations. Our screen identified genes not previously known to be involved with NF-KB

regulation. Their exact role remains to be determined. The ability to perform haploid

reporter screens in human cultured cells opens up many new cellular processes for

investigation.
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Figure 1. NF-KB reporter haploid genetic screen. KBM7 cells were transduced with a
reporter containing a NF-KB transcriptional response element (TRE) and a minimum
CMV (mCMV) promoter upstream of the blasticidin S resistance gene (BSR) from
Bacillus cereus. A clonal reporter cell line was mutagenized by infection with a gene-trap
virus. The resulting cells were treated with blasticin. Survivors were expanded and DNA
was extracted. DNA sequences flanking gene-trap insertion sites were amplified and
sequenced in parallel.
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Figure 2. NF-KB activity is regulated in KBM7 cells. KBM7 and NF-KB reporter cells

were stimulated with 10 ng/mL TNF for the times indicated. Lysates were analyzed by

immunoblot with anti-IKBa. After stripping, the membrane was reprobed with anti-actin

antibodies to provide a loading control. Data are representative of two independent

experiments.
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Figure 3. Demonstration of NF-KB reporter function. A. Wild-type KBM7 and the
clonal NF-KB reporter cell line were treated with varying concentrations of blasticidin in
the absence or presence of NF-KB activators (TNF, FSL-1). B. Wild-type KBM7, the
clonal NF-KB reporter cell line, and the polyclonal screen survivor population were
treated with varying concentrations of blasticidin. Cell viability was determined after 24
hours of treatment using the CellTiter Glo assay and results are plotted as percent
viability of treated cells compared with untreated cells. Results are mean ± SEM of
triplicates and are representative of 3 independent experiments.
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Figure 4. Haploid reporter screen for constitutive inhibitors of NF-KB identifies

CYLD. Genes with sequenced inactivating mutations are depicted as circles, the size of

which corresponds to the number of independent insertions. Genes are ranked on the x-

axis according to their chromosomal position and along the y-axis according to the

significance of the enrichment of gene-trap insertions in the indicated gene compared to

an unselected control dataset. Genes with a p-value lower than 0.01 are labeled and the

number of independent inactivating mutations is indicated between brackets.
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Figure 5. Schematic diagram of inactivating gene-trap insertion sites. The loci of
CYLD (NM_015247.2), HEATR7A (NM_032450.2), LRRC8A (NM_019594.3), and

LRRC8D (NM_001134479.1) are depicted with unique inactivating gene-trap insertion

sites (sense orientation or present in an exon) shown in red. For regions where there

were many unique insertion sites, the areas are blown up to reveal all unique sites. Gray

boxes denote the 5' and 3' untranslated regions, and black boxes denote coding exons.
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Figure 6. CYLD is constitutively required for normal NF-KB function. A. NF-KB
reporter cells were infected with a control hairpin against luciferase (shLuc) or a hairpin

against CYLD (shCYLD). CYLD mRNA levels (mean of triplicates) were determined by
quantitative real-time PCR. B. NF-KB reporter cells expressing either shLuc or shCYLD
were stimulated with 10 ng/mL TNF for various time points. Lysates were analyzed by
immunoblot with anti-IKBa. After stripping, the membrane was reprobed with anti-actin

antibody to provide a loading control. Data are representative of three independent
experiments.
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Materials and Methods

Plasmids

The NF-KB reporter was created by digesting pTRH1-NF-KB-dscGFP (System

Biosciences) with Spel and Sall to remove the dscGFP. The same restriction sites were

used to insert a synthesized DNA fragment encoding mCMV-Nhel-Kozak sequence-

BamHI-Bacillus cereus BSR-Thosea asigna virus 2A sequence-Xbal-Rabbit CYP4B1.

Lentiviral shRNAs were obtained from The RNAi Consortium (TRC) collection of the

Broad Institute. The TRC numbers for the shRNAs used are TRCN0000072245 (shLuc)

and TRCN0000039632 (shCYLD).

Cells

KBM7 cells were grown in Iscove's modified Dulbecco's medium (IMDM) with 10% heat-

inactivated fetal serum (IFS) [3,26]. A NF-KB reporter cell line was created by

transducing KBM7 cells with the NF-KB reporter construct described above and single

cells were sorted into individual wells of 96 well plates. A clone that remained haploid

and that died in the presence of blasticidin S (Invivogen), but survived in blasticidin when

stimulated with NF-KB agonists was selected for the screen.

Reporter haploid genetic screen

The screening procedure has been described previously [1-6]. Briefly, 100 million NF-KB

reporter cells were infected with gene-trap retrovirus to create a mutagenized library. 200

million mutagenized cells were then plated 100,000 cells/well in 96 well plates with half

in 10 ug/mL blasticidin S (Invivogen) and half in 15 ug/mL blasticidin S for 6 days. After 6

days, the media above the cells was replaced with antibiotic-free IMDM. Survivors were

allowed to expand for about three additional weeks before harvest. DNA was harvested

from ~30 million cells from each of the two blasticidin conditions.

Sequence analysis of gene-trap insertion sites

The mapping of the insertion sites was done as previously described [1-6]. In short, DNA

sequences flanking gene-trap insertions sites were amplified using an inverse PCR
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protocol followed by sequencing using the Genome Analyzer platform (Illumina). The

sequences were then aligned to the human genome. The number of inactivating

mutations (that is, sense orientation or present in exon) per individual gene was counted

as well as the total number of inactivating insertions for all genes. Enrichment of a gene

in the screen was calculated by comparing how often that gene was mutated in the

screen compared to how often the gene carries an insertion in the control data set. For

each gene, a P-value (corrected for false discovery rate) was calculated using the one-

sided Fisher exact test.

Immunoblot analysis of TNF stimulated cells

Two million cells were used per condition. Cells were washed once in ice-cold PBS and

then lysed in buffer containing 50 mM Tris-HCI pH 7.4, 150 mM NaCI, 0.5 mM EDTA,

protease inhibitors (Roche) and 1 % (v/v) NP40. Protein concentrations of lysates were

determined by Bio-Rad Protein Assay and then normalized across samples. Proteins

from total lysates were resolved by 10% SDS-PAGE and analyzed by immunoblotting

with primary antibodies: mouse anti-IKBa (BD #610690) at 1:500 dilution and mouse

anti-actin (BD #612656) at 1:10,000. Horseradish peroxidase (HRP)-conjugated sheep

anti-mouse IgG (GE NXA931) was used at 1:5,000 dilution. Restore PLUS Western Blot

Stripping Buffer (Thermo) was used to strip the membranes between probing for IKBa

and actin.

Cell viability assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to quantify cell

viability. 200,000 cells were seeded per well in Optilux clear-bottom 96-well plates (BD

Falcon) in IMDM or IMDM supplemented with varying concentrations of Blasticidin S

(Invivogen), TNF-a (Invivogen), FSL-1 (Invivogen) for 24 hours before reading on a

Luminoskan Ascent luminometer (Thermo Scientific).

Quantitative real-time PCR

RNA was extracted using a RNAeasy kit (QIAGEN) followed by on-column DNase I

(QIAGEN) digestion. SuperScript IlIl First-Strand Synthesis System (Invitrogen) was used

for the reverse transcription reaction using Oligo dT primers. SYBR Green PCR Master
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Mix (Applied Biosystems) was used according to manufacturer's instructions. Real-time

PCR reactions were run on an ABI 7900HT machine. PCR volume was 20 uL (96-well

plate), and data values were derived from three replicates using the comparative Ct

method. Primers used for CYLD were 5' GGTAATCCGTTGGATCGGTCAGC 3' and 5'

TGCAAACCTAGAGTCAGGCCTGC 3'. Primers used for GAPDH were 5'

ACCCACTCCTCCACCTTTGACG 3' and 5' CACCCTGTTGCTGTAGCCAAATTCG 3'.
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Abstract

Leucine-rich repeat-containing 8 (LRRC8) proteins have been identified as

putative receptors involved in lymphocyte development and adipocyte differentiation.

They remain poorly characterized and no specific function has been assigned to them.

There is no consensus on how this family of proteins might function, because homology

searches suggest that members of the LRRC8 family act not as plasma membrane

receptors, but rather as channels that mediate cell-cell signaling. Here we provide

experimental evidence that supports a role for LRRC8s in the transport of small

molecules. We show that LRRC8D is a mammalian protein required for the import of the

antibiotic blasticidin S. We characterize localization and topology of LRRC8A and

LRRC8D and demonstrate that LRRC8D interacts with LRRC8A, LRRC8B, and

LRRC8C. Given the suggested involvement in solute transport, our results support a

model in which LRRC8s form one or more complexes that may mediate cell-cell

communication by transporting small solutes.
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Introduction

The leucine-rich repeat-containing 8 (LRRC8) family of proteins comprises five

members, named LRRC8A, LRRC8B, LRRC8C, LRRC8D, and LRRC8E. Each member

comprises four predicted transmembrane domains at the N-terminus and up to 17

leucine-rich repeats (LRR) at the C-terminus [1,2]. While LRRC8A and LRRC8C have

been implicated in lymphocyte development and adipocyte differentiation, respectively,

their mechanism of function remains unknown and the other members of the family

remain poorly characterized [3-5].

The founding member of the family, LRRC8A, was identified when white blood

cells from a patient suffering from congenital agammaglobulinemia showed a balanced

chromosomal translocation t(9;20)(q33.2;q12) that resulted in the expression of both a

normal copy of LRRC8A and a truncated form of LRRC8A that lacks the last two and a

half LRR domains [3]. Forced expression of the truncated version of LRRC8A in murine

bone marrow cells inhibited B cell development and confirmed that the patient's B-cell

deficiency was due to the mutation in LRRC8A. Given the dominant nature of the

mutation and the presence of LRRs in the extracellular binding domain of diverse

receptors (Toll-like receptors, follicle-stimulating hormone receptor, high affinity nerve

growth factor receptor), LRRC8A was proposed to function as a cell surface receptor

that oligomerizes upon binding an unknown ligand important for B cell development [6].

The only other functional studies on LRRC8s concern adipocyte development.

LRRC8C, also known as FAD158, was identified as a gene whose expression is induced

in the early stage of adipocyte differentiation [4]. Knock-down and overexpression

studies supported a role for LRRC8C in adipocyte differentiation. When LRRC8C-/- and

wild-type mice were fed a high-fat diet, LRRC8C-/- mice had significantly lower body

weights and fat mass [5]. How exactly LRRC8C is involved in adipocyte differentiation

and the development of obesity in response to a high-fat diet remains unclear.

A recent hypothesis paper, based exclusively on a bioinformatics approach,

proposed that LRRC8s evolved from the combination of a pannexin and an LRR domain

prior to the diversification of chordates [2]. Sequence similarity and inferred homology

between LRRC8s and pannexins would place the LRR domains of LRRC8s facing the
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cytoplasm rather than the outside of the cell, in contrast to the report by Sawada et al.

[3].

Pannexins are a family of communication channels composed of four a-helical

transmembrane domains. They are thought to function primarily in transporting

intracellular molecules to the extracellular space [7]. While pannexins could participate in

many biological processes, evidence is strongest for a role of pannexin 1 (Panxl) in the

release of 'find-me' signals, specifically ATP and UTP, by apoptotic cells to recruit

phagocytes [7-9]. While LRRC8s, like pannexins, might form channels and participate in

cell-cell communication, there has been no experimental evidence to support such a

role.

Here we show that LRRC8D is required for the import of the antibiotic blasticidin

S (BlaS) by mammalian cells and is the first protein implicated in this process,

supporting a role for LRRC8s in solute transport. We further provide evidence that the

LRR domains of LRRC8A and LRRC8D face the cytoplasm rather than extracellular

space and that LRRC8D interacts with LRRC8A, LRRC8B, and LRRC8C.
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Results

LRRC8D-deficient cells are resistant to BlaS

We identified LRRC8D and LRRC8A as hits in a haploid reporter genetic screen

aimed at discovering inhibitors of NF-KB[1 0]. We performed the screen with cells

carrying a NF-KB transcriptional reporter that drives expression of the blasticidin S-

resistance gene (BSR), so that cells in which the NF-KB pathway is activated would

survive in the presence of BlaS (Fig. 1A).

After insertional mutagenesis, reporter cells that survived in the presence of BlaS

were selected, with the expectation that they would contain mutations in NF-KB inhibitors

and thus show constitutive expression of the NF-KB-BSR reporter. Indeed, one of the

significant hits in the screen, CYLD, is a known negative regulator of NF-KB. We

confirmed that CYLD is required at steady-state to prevent aberrant activation of NF-

KB[10]. To further characterize LRRC8D, we isolated 2 clonal cell lines from the screen,

LRRC8DGT1 and LRRC8DGT2, that have gene-trap insertion sites located in the intron

between exon 2 and exon 3 (Fig 1 B). Neither LRRC8DGT1 nor LRRC8DGT2 cell lines

express full-length LRRC8D mRNA (Fig. 1C). Consistent with the design of the gene trap

vector, this suggests that in LRRC8DGT1 and LRRC8DGT2 cells, exon 2 is not splicing to

exon 3, but rather to the splice acceptor site in the gene-trap, which terminates the

transcript. Thus, none of the protein coding sequence for LRRC8D, fully contained in

exon 3, is expressed in LRRC8DGT1 and LRRC8DGT2 cell lines.

We determined that both LRRC8DGT1 and LRRC8DGT2 cell lines are indeed

resistant to BlaS (Fig. 1 D). We hypothesized that LRRC8D deficiency results in

constitutive activation of the NF-KB-BSR reporter and therefore confers BlaS resistance.

To our surprise we were unable to demonstrate a defect in NF-KB regulation in

LRRC8DGT1 and LRRC8DGT2 cells (data not shown). Previous haploid genetic screens

with tunicamycin and 3-bromopyruvate as the selecting agents identified transporters for

these small molecules [11,12]. We then considered the possibility that resistance of

LRRC8DGT1 and LRRC8DGT2 cells to BlaS was attributable to defective import of the

antibiotic rather than altered NF-KB signaling.
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LRRC8D mediates transport of BIaS

How BlaS enters mammalian cells is not known, but given its polar nature (Fig.

1A), it is unlikely to cross the plasma membrane unaided. There is no easy path to the

synthesis of radiolabeled BlaS that could then be used for cellular uptake experiments.

We generated a biotinylated version of BlaS for that purpose, but found that it lacked

biological activity when applied to intact cells and therefore could not be used as a BlaS

analog to measure transport. We resorted to a liquid chromatography/mass

spectroscopy-based assay to directly measure BlaS levels in extracts from BlaS-

exposed cells. To determine if LRRC8D is required for BlaS import, wild-type cells,

LRRC8DGT1 cells, and LRRC8DGT2 cells were incubated with varying concentrations of

BlaS for three hours. BlaS levels in extracts made from BlaS-treated cells were

measured by targeted mass spectrometry. While BlaS was easily detected in wild-type

cells, it was either absent from, or present in only trace amounts in LRRC8DGT1 and

LRRC8DGT2 cells, thus demonstrating that LRRC8D deficiency results in defective BlaS

import (Fig. 2).

Localization of LRRC8A and LRRC8D

We next sought to determine where LRRC8A and LRRC8D are located in the

cell. If they are transporters for BlaS and other molecules, one would expect to see them

most likely at the plasma membrane. In Hela cells stably expressing LRRC8A equipped

with a C-terminal HA tag, LRRC8A-HA was present at the plasma membrane (Fig. 3). In

Hela cells that stably express LRRC8D-HA, LRRC8D-HA appeared less prominently at

the plasma membrane whereas the majority colocalized with calnexin in the ER. Surface

display of LRRC8D may require the involvement of a partner protein present in limiting

amounts. Overexpression of LRRC8D on its own in the absence of such cofactors would

then prevent a major portion of LRRC8D from reaching the plasma membrane.

LRR domains of LRRC8A and LRRC8D face the cytoplasm

LRR domains are widespread and often mediate protein-protein interactions[6].

The LRR domain of LRRC8A was initially reported to face the outside of cells, but this

assertion has recently been questioned based on sequence similarity between LRRC8s

and pannexins, a family of communication channels [2,3]. If LRRC8s have the same

58



Chapter 3: The protein synthesis inhibitor Blasticidin S enters mammalian cells via
Leucine-Rich Repeat-Containing Protein 8D

topology as pannexins, then the LRR domains of LRRC8s would face the cytoplasm and

have access to very different interaction partners than on the outside of cells.

To determine the topology of LRRC8A and LRRC8D we performed a flow

cytometry experiment. Hela cells that stably express either empty vector or C-terminally

HA-tagged Kell (KEL-HA), Glycophorin A (GYPA-HA), LRRC8A, or LRRC8D were

incubated with Alexa Fluor 488-conjugated anti-HA in the absence or presence of the

detergent saponin (Fig. 4, A and B). Kell, a mammalian type I transmembrane protein,

and Glycophorin A, a mammalian type I transmembrane protein, are expressed on the

cell surface and were used as controls [13,14]. As expected, HA was detected on intact

cells expressing KEL-HA. Permeabilization with saponin allowed detection of both the

plasma membrane and intracellular populations of KEL. In contrast, for cells that express

GYPA-HA, the HA-tag could be detected only when the cells were permeabilized due to

the cytosolic exposure of the tag. Similarly, for cells that express LRRC8A-HA and

LRRC8D-HA, the HA-tag could be detected only when the cells were permeabilized,

suggesting that their LRR domains face the cytosol.

Since the expression level of LRRC8D-HA was lower than that of LRRC8A-HA in

the stable cell lines used for flow cytometry, and since LRRC8D-HA was not as

prominently displayed at the plasma membrane in our immunofluorescence experiments,

we sought to verify the topology of LRRC8D biochemically with a protease protection

assay (Fig. 4, C and D). We used SEL L and AUP1, members of an ER complex

required for the dislocation of misfolded proteins, as controls [15]. The N-terminus and

bulk of SEL1 L are located in the ER lumen, whereas AUP1 is a monotypic membrane

protein that has both termini facing the cytosol [15-17]. Microsome-containing fractions

from 293T transfectants expressing HA-SEL L, AUP1-GFP, and LRRC8D-HA were

incubated with proteinase K in the absence or presence of Triton X-100. Proteinase K-

treated samples were then analyzed by immunoblot. Consistent with the known topology

of SEL L and AUP1, detection of HA-SEL L was lost only upon addition of both

detergent and proteinase K, whereas detection of AUP1-GFP was lost with the addition

of proteinase K even in the absence of detergent. Similar to AUP1-GFP, detection of

LRRC8D-HA was lost with the addition of proteinase K even in the absence of detergent,

thus confirming that the LRR domain of LRRC8D faces the cytosol.
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LRRC8D interacts with other members of the LRRC8 family

Given that the LRR domain of LRRC8s faces the cytosol rather than extracellular

space, we hypothesized that the LRR domain could be mediating interactions with

cytoplasmic proteins or molecules that affect the opening or closing of a channel of

which the LRRC8s might be part. To identify potential interacting partners of LRRC8A

and LRRC8D, lysates from RAW 264.7 macrophages that stably express murine

LRRC8A-HA, LRRC8D-HA, or empty vector were incubated with anti-HA agarose beads

and the immunoprecipitated proteins were identified by mass spectrometry (Table 1).

The results indicate that LRRC8A and LRRC8D interact with each other as well as with

LRRC8C. A similar experiment with KBM7 cells showed that LRRC8A and LRRC8D

interact with LRRC8B as well (data not shown). We verified that LRRC8D interacts with

LRRC8A, LRRC8B, and LRRC8C by co-expressing epitope-tagged versions of the

proteins in 293T cells, immunoprecipitating for LRRC8A-Myc, LRRC8B-V5, and

LRRC8C-Flag and blotting for LRRC8D-HA in the co-immunoprecipitating fractions (Fig.

5).

We demonstrated that the interaction between LRRC8s does not occur post-lysis

by using transfectants that each express a single epitope-tagged LRRC8 member.

Lysates from LRRC8A-Myc, LRRC8B-V5, and LRRC8C-Flag transfectants were each

combined with lysates from LRRC8D-HA transfectants. When LRRC8A-Myc, LRRC8B-

V5, and LRRC8C-Flag were immunoprecipitated from these combined lysates, LRRC8D-

HA did not appear in the co-immunoprecipitating fractions. We did not verify the

interaction of LRRC8D with the other proteins identified by mass spectrometry, as they

were identified with modest peptide coverage. We have found that several of these hits

occur as common contaminants in immunoprecipitation-mass spectrometry experiments.
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Discussion

Defective LRRC8D expression results in BlaS resistance due to a defect in BlaS

import. Since import of a toxic molecule is not a function that would be selected for by

evolution, it is likely that there are as yet undiscovered physiological substrates that are

normally transported by LRRC8D or the complex of which it is part. Since BlaS contains

both a cytosine moiety and an arginine-like appendage, it is possible that nucleotides,

amino acids, or short (modified) peptides could be substrates for LRRC8D. Pannexins,

which display homology to LRRC8s, have often been linked to the release of ATP [7].

Thus ATP and other second messengers could be candidate substrates as well.

The discovery that LRRC8D has a role in the transport of a small molecule

suggests that all members of the LRRC8 family, which are on average 45.92% identical,

may have a similar function [2]. LRRC8A was initially proposed to be a cell surface

receptor that initiates a signaling cascade in response to the binding of an extracellular

ligand important for B cell development [3]. In light of our results, it is possible that

instead of acting as a receptor, LRRC8A may act as a selective communication channel

that mediates the import of a growth and/or differentiation factor secreted by nearby cells

to allow continuation of B cell development. A similar mechanism may be at play for

LRRC8C in adipocyte differentiation.

Contrary to what was reporter earlier, the LRR domains of LRRC8A and LRRC8D

face the cytoplasm [3]. The topology inferred from our experiments is consistent with that

of pannexins [2]. It has been proposed that LRRC8s are the evolutionary result of the

combination of a pannexin and a LRR domain [2]. What could be the added benefit of

the LRR domain? It is unclear whether LRRC8 channels are always open or if they

selectively open when needed. Perhaps the LRR domain regulates the opening of the

channel through an interaction with a protein or molecule that occurs in response to

specific cellular needs. Alternatively, the LRR domain could bind to additional proteins

that make up the scaffold of the transporter or it could recruit proteins that interact with

incoming or outgoing substrates.
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We discovered that LRRC8D interacts in stable fashion with other members of

the LRRC8 family. Obviously, proteins that interact transiently or only under certain

ligand-stimulated conditions would have been missed in our experimental conditions. In

addition to future searches for such interactors, it would also be interesting to identify

interactions that depend upon the LRR domain by comparing immunoprecipitates from

full-length LRRC8s and LRRC8s missing their LRR domain. Panx1 oligomerizes into

hexamers whereas PANX2 is thought to assemble into heptamers or octamers [7]. Some

intermixing between Panx1, Panx2, and Panx3 has been observed, but the biological

significance of this is currently unknown. It will be important to determine in future

studies whether LRRC8s interact with each other in a single complex or if there are

multiple complexes of distinct stoichiometry and composition.

Together our results provide clear experimental evidence for a functional link

between members of the LRRC8 family and pannexins and shed new light on how

LRRC8s could be mediating lymphocyte development and adipocyte differentiation.
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Figures and Tables

A D
OH

o 0 * WT
0 -N * NF-KB reporter

HNN ' NH 2  G LRRC8DGT

H2N4 LRRC8DGT2

N NH 2  Blasticidin S
/ N120

B 100
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LRRC8DGT 0

20
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LRRC8D ---
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Figure 1. LRRC8D-deficient cells are resistant to blasticidin S.
A, Structure of BlaS B, Genomic locus of LRRC8D and the location of two gene-trap
insertion sites. White boxes denote the 5' and 3' untranslated regions and the black box
denotes the coding sequence, all of which is within exon three. Arrowheads indicate the
binding sites of primers used for RT-PCR analysis C, RT-PCR analysis of WT KBM7

cells, WT NF-KB-BSR reporter cells, and two clonally derived cell lines containing gene-
trap insertions in LRRC8D as indicated in (B). D, WT KBM7 cells, WT NF-KB reporter

cells, LRRC8DGTI cells, and LRRC8DG T2 cells were treated with varying concentrations

of BlaS. Cell viability was determined after 24 hours of treatment using the CellTiter Glo

assay and results are plotted as percent viability of treated cells compared with

untreated cells. Results are mean ± SEM of triplicates and are representative of 3
independent experiments.
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I*

n.d. n.d

)rter LRRC8DGTl

I Blasticidin S-HCI
treatment for 3 hr
0 0

109 pM, 50 ug/mL
218 pM, 100 ug/mL

n.d.RCd.

LRRC8DGT 2

Figure 2. BlaS internalization is defective in LRRC8D deficient cells.
WT reporter cells, LRRC8DGTl cells, and LRRC8DG T2 cells were treated with varying
concentrations of BlaS for three hours. Extracts of polar metabolites from the cells were
analyzed for the presence of BlaS using LC/MS. Results are mean ± SD of triplicates
and are representative of three independent experiments. n.d., not detected. Statistical
analysis was performed using the Welch test followed by a Bonferroni correction (*p <
0.0001).
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LRRC8A-HA LRRC8D-HA

Figure 3. Localization of LRRC8A and LRRC8D.

Hela cells stably expressing human LRRC8A or LRRC8D C-terminally tagged with a HA

epitope tag were stained for HA, the ER, and actin and examined by confocal

microscopy. Images are representative of three independent experiments. Scale bar, 7
pm.
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Figure 4. Topology of LRRC8A and LRRC8D.

A, Schematic depicting the topology of KEL-HA and GYPA-HA at the plasma membrane.

Also depicted are the predicted topology of LRRC8A- and LRRC8D-HA at the plasma

membrane based upon results in (B). B, Hela cells stably expressing either KEL-HA,

GYPA-HA, LRRC8A-HA, LRRC8D-HA, or empty vector were incubated with Alexa Fluor

488-conjugated anti-HA in the absence or presence of saponin. C, Schematic depicting

the experimental set-up in (D), the topology of HA-SEL1 L and AUP1 -GFP in the ER, and

the predicted topology of LRRC8D-HA based upon results in (D). D, HA-SEL1 L, AUP1 -

GFP, and LRRC8D-HA were transiently expressed in 293T cells. A microsome-

containing fraction from these cells was exposed to proteinase K in the absence or

presence of triton X-100 followed by immunoblot analysis. Results are representative of

two (B) and three (D) independent experiments.
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LRRCA-Myc LRRCA-Myc + + LRRC8A-Myc +I +
LRRC8B-V5 LRRGBB-V5 + LRRC88-V5 + +
LRRC8C-Flag + + LRRCOC-Flag + + LRRC8C-Flag +
LRRC8D-HA + + LRRC8O-HA + LRRC8D-HA +L +

IP: Anti-Myc IP: Anti-V5 IP: Anti-Flag
18: Anti-HA 1: Anti-HA IB: Anti-HA

IP: Anti-Myc IP: Anti-V5 M IP: Anti-Flag
IB: Anti-Myc IB: Anti-V5 18: Anti-Flag

IB: Anti-HA 18: Anti-HA 18: Anti-HA

18: Anti-Myc IB: Anti-V5 IB: Anti-Flag Input

IB: Anti-Actin IB: Anti-Actin IB: Anti-Actin

Figure 5. LRRC8D Interacts with LRRC8A, B, and C.

293T cells were transiently transfected with murine LRRC8A-Myc, LRRC8B-V5,

LRRC8C-Flag, and LRRC8D-HA. +, indicates constructs were co-expressed in the same

cells. /, indicates constructs were independently expressed in separate cells and the

lysates were combined post-lysis as a control. Blots are representative of two

independent experiments.
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LRRC8D

LRRC8A

LRRC8C

serine
hydroxymethyltransferase 2

carbamoyl-phosphate
synthetase 2, aspartate
transcarbamylase, and
dihydroorotase

heterogeneous nuclear
ribonucleoprotein A/B

60S acidic ribosomal protein
PO

ADP/ATP translocase 2

aldehyde dehydrogenase 2

aspartate aminotransferase,
mitochondrial

Table 1. Identification of potential LRRC8A and LRRC8D interacting partners.

Lysates from RAW 264.7 macrophages stably expressing murine LRRC8A-HA,

LRRC8D-HA, or empty vector were incubated with anti-HA agarose beads and the

immunoprecipitated proteins were identified by mass spectrometry. Displayed are

proteins that were immunoprecipitated from both LRRC8A-HA- and LRRC8D-HA-

containing lysates, but not from the empty vector control. Proteins are listed in order of

the number of unique peptides identified.
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Materials and Methods

Constructs

cDNA was obtained from either RAW 264.7 macrophages or KBM7 cells for use as a

cloning template. Murine LRRC8A-myc, LRRC8A-HA, LRRC8B-V5, LRRC8C-Flag, and

LRRC8D-HA were cloned into LRCX vectors (Clontech). Human LRRC8A-myc,

LRRC8B-V5, LRRC8C-Flag, and LRRC8D-HA, and LRRC8E-6xHis-T7 were cloned into

pCDH vectors (System Biosciences). Human KEL-myc-LPETG-HA and human myc-

GYPA-LPETG-HA were cloned into pCDH vectors. The HA-SEL1L and AUP1-GFP

constructs were previously described in [15].

Isolation and characterization of LRRC8D mutant clones

The isolation of mutant clones has been previously described [18]. In brief, a subset of

the survivors from the screen was FACS sorted into 96 well plates such that no more

than a single cell was plated per well [10]. Clones were expanded and then assayed for

a gene-trap insertion in the LRRC8D locus by PCR using the following primers: 5'-

TCTCCAAATCTCGGTGGAAC-3' and 5'-CCAGACTAAACATCTCAGAACTCG-3'. To

confirm that the cells were truly clonal and to confirm the absence of the wild-type DNA

locus, a PCR was performed with the following primers: 5'-

GGATCTCTCTAGCTCTTTCTCTCC-3' and 5'-CCAGACTAAACATCTCAGAACTCG-3'.

Absence of the LRRC8D transcript in the isolated mutant clones was determined by RT-

PCR. Total RNA was isolated using the RNeasy Mini kit (QIAGEN) and reverse

transcribed using the SuperScriptTM IlIl First-Strand synthesis system (Invitrogen).

Amplification of LRRC8D was performed using the following primers: 5'-

CGCCGTGGTTCCAGCCTCC-3' and 5'-CGCATGCTGTCTCAGACAACGC-3'and

amplification of GAPDH was performed using the following primers: 5'-

GCCTCCTGCACCACCAACTGC-3' and 5'-CCACTGACACGTTGGCAGTGGG-3'.

Antibodies

Anti-HA affinity matrix (Roche 11815016001), anti-HA HRP (Roche #12013819001),

Alexa Fluor 488-conjugated anti-HA antibody (Life Technologies A-21287), anti-FLAG

69



Chapter 3: The protein synthesis inhibitor Blasticidin S enters mammalian cells via
Leucine-Rich Repeat-Containing Protein 8D

M2 affinity gel (Sigma A2220), anti-FLAG HRP (Sigma A8592), anti-myc sepharose

beads (Cell Signaling #3400), anti-V5 antibody (Life Technologies R96025), anti-V5 HRP

(Life Technologies R96125), anti-actin (BD #612656), HRP-conjugated sheep anti-

mouse IgG (GE NXA931), anti-calnexin (Santa Cruz sc1 1397), goat anti-Rb Alexa Fluor

568 (Molecular Probes Al 1011), Alexa Fluor 647 phalloidin (Life Technologies A22287).

Cell viability assay

CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to quantify the cell

viability. 200,000 cells were seeded per well in clear-bottom 96-well plates (BD or

Costar) in IMDM or IMDM supplemented with varying concentrations of Blasticidin

SIHCI (Invivogen), TNF-a (Invivogen), and FSL-1 (Invivogen).

Transfection and viral transduction

Transfections were accomplished using Trans-IT 293 (Mirus) for 293T cells.

Transductions were accomplished using the pPACKH1 HIV Lentivector Packaging Kit

(System Biosciences) according to its protocol.

Preparation of cell extracts for LC/MS analysis

4 million wild-type reporter cells, LRRC8DGT cells, and LRRC8DGT2 cells were treated

with varying concentrations of BlaS for 3 hours in triplicate. Cells were washed two

times in ice-cold IMDM and one time in ice-cold, filtered 0.9% NaCI. 200 uL of ice-cold

extraction buffer (40% acetonitrile, 40% methanol, 20% water, 10 ng/mL phenylalanine-

d8, 10 ng/mL valine- d8) was added to each cell pellet. Extracts were vortexed for 30

seconds and then spun at 14,000 rpm for 10 minutes at 4 *C in a table-top centrifuge.

Extract supernatants were transferred to new eppendorf tubes and stored at -80 OC until

analysis. Extract solvents were obtained from Fisher Scientific and were Optima LC/MS

grade and phenylalanine-d8 and valine- d8 were purchased from Cambridge Isotope

Laboratories.

LC analysis

Solvents were obtained from Fisher Scientific and were Optima LC/MS grade except

where otherwise specified. An UltiMate 3000 UPLC system with autosampler (Dionex)
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was used for this study. Biological triplicate samples (typically 10 pL) were injected onto

a Luna-NH 2 2 x 150 mm (3 pm particle size) column (Phenomenex) equipped with an

inline particulate filter. The mobile phases were 5 mM ammonium acetate, 0.2%

ammonium hydroxide, pH 9.9 (mobile phase A) and acetonitrile (mobile phase B). The

flow rate was 0.25 ml/min and the column temperature was held at 150C. The column

was eluted with a gradient from 90% to 10% mobile phase B over 20 min., held at 10%

mobile phase B for 5 min., returned to 90% mobile phase B over 1 min., and re-

equilibrated at 90% mobile phase B for 8 min.

MS analysis

The UPLC system was coupled to a QExactive orbitrap mass spectrometer equipped

with a HESI 11 probe (Thermo Fisher Scientific) operating in positive ion mode. The

spray voltage was set to 3.9 kV, the heated capillary was held at 3350C, and the HESI

probe was held at 3500C. The sheath gas flow was set to 35 units, the auxiliary gas flow

was set to 7 units, and the sweep gas flow was set to 0 units. External mass calibration

was performed every 7 days. The MS data acquisition was performed by targeted

Selected Ion Monitoring (tSIM) of the metabolites of interest (BlaS and phenylalanine-d8

as an internal standard), with the resolution set at 70,000, the AGC target at 5x1 04, the

maximum injection time at 120 msec, and the isolation window at 1.0 m/z. Quantitation

of the data was performed with XCalibur QuanBrowser 2.2 (Thermo Fisher Scientific)

using a 5 ppm mass tolerance. Pure BlaS samples in extraction buffer (half-log serial

dilution, 1 nM - 1 pM) were analyzed to confirm chromatographic retention times and

generate standard curves for quantitation of each analytical batch. The limit of detection

in sample matrix was 5 nM, as determined by addition of increasing concentrations of

BlaS to a pooled BlaS-free cell extract.

Immunofluoresence

Cells were plated on #1.5, 18 mm round cover slips in 12-well plates. 24 hours later, the

cells were washed one time with PBS, fixed with 4% paraformaldehyde in PBS, washed

with PBS, incubated with a quenching solution containing 20 mM glycine and 50 mM

NH 4 CI in PBS, washed with PBS, permeabilized with saponin binding buffer (PBS

containing 0.1% (v/v) saponin and 0.2% (wt/v) BSA), incubated with primary antibodies
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for 1 hour, washed five times with saponin binding buffer, incubated with secondary

antibodies for 1 hour, washed five times with saponin binding buffer, twice with PBS, and

once with water before mounting on glass slides using ProLong Gold with dapi (Life

Technologies). Images were acquired with a PerkinElmer Ultraview Spinning Disk

Confocal equipped with a Hammamatsu ORCA-ER CCD camera and analyzed with

Volocity acquisition software.

Coimmunoprecipitation

Cells were washed one time in ice-cold PBS before lysing with NP40 lysis buffer

containing 50 mM Tris pH 7.4,150 mM NaCl, 0.5 mM EDTA, 1% (v/v) NP40, and

protease inhibitors (Roche). Lysate concentrations were measured by Bradford Protein

Assay (Bio-Rad) and normalized. Lysates were pre-cleared by incubating them with

protein G agarose beads (Sigma P3296) for 1 hour at 4 *C. Pre-cleared lysates were

then incubated with either anti-HA affinity matrix, anti-V5 antibody with protein G agarose

beads, anti-FLAG M2 affinity gel, or anti-myc sepharose beads for 2 hours at 4 OC.

Beads were washed three times with buffer containing 50 mM Tris pH 7.4, 150 mM

NaCl, 0.5 mM EDTA, and 0.1% (v/v) NP40. Beads were then boiled in sample buffer

and proteins in the supernatant were resolved by SDS-PAGE.

Affinity purification and mass spectrometry

After coimmunoprecipitation, eluted samples were separated by SDS-PAGE and

polypeptides were visualized by silver staining. Bands of interest were excised, digested

with trypsin, and analyzed by tandem mass spectrometry.

Immunoblot analysis

Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes,

blocked with 5% (wt/vol) skim milk in PBS with 0.1% (vol/vol) Tween-20 and were

probed with the appropriate primary antibodies. Membranes were washed three times

with PBS with 0.1% (vol/vol) Tween-20 and were incubated with horseradish

peroxidase-conjugated secondary antibodies if necessary. Proteins were visualized with

an enhanced chemiluminescence detection reagent. Restore PLUS Western Blot

Stripping Buffer (Thermo) was used to strip the membranes between probing.
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Silver stain

Proteins were fixed in polyacrylamide gel by incubating the gel in 40% (vol/vol) ethanol,

10% (vol/vol) acetic acid. The gel was washed twice in 30% (vol/vol) ethanol and once

in water. The gel was then sensitized in 0.02% (wt/vol) Na 2S20 3 , washed three times in

water, incubated in ice-cold 0.1% (wt/vol) AgNO 3, washed four more times in water, and

developed in 3% (wt/vol) Na 2 CO 3, 0.05% (vol/vol) formaldehyde. When protein bands

became sufficiently visible, the gel was washed once in water and the staining process

was terminated by incubating the gel in 5% (vol/vol) acetic acid. The gel was then

washed a final three times in water.

FACS analysis of protein topology

Cells were washed one time in PBS. Cells were resuspended in staining solution

containing 1 ug/mL antibody and 3% inactivated fetal calf serum in PBS and incubated in

the dark at 4 0C for 30 minutes. Cells were washed twice in PBS containing 3%

inactivated fetal calf serum (PBS/IFS). Cells were fixed with PBS containing 4% (v/v)

formaldehyde for 30 minutes at room temperature in the dark. The protocol for

permeabilized cells was similar except cells were first fixed, washed twice with PBS,

permeabilized with 0.5% (wt/v) saponin in PBS/IFS, stained with 1 ug/mL antibody in

0.5% (wt/v) saponin in PBS/IFS, and then washed twice with PBS/IFS.

Protease digestion of epitope-tagged proteins in microsomes

293T cells expressing epitope-tagged proteins were washed once in ice-cold PBS and

then incubated for 10 minutes in hypotonic buffer containing: 20 mM Hepes-KOH, pH

7.5, 5 mM KCI, 1.5 mM MgC 2, 1 mM DTT. Cells were then broken open with a dounce

homogenizer. NaCl was added to the lysates for a final concentration of 150 mM NaCl.

Lysates were spun at 800 xg at 4 *C for 10 minutes. The supernatant was transferred to

a new tube which was then spun at 10,000 xg at 4 0C for 10 minutes. Pellets were

resuspended in buffer containing: 50 mM Hepes-KOH, pH 7.5, 50 mM KOAc, 2 mM

Mg(OAc) 2, 250 mM sucrose and this microsome-containing mixture was equally

aliquoted to tubes with or without triton X-1 00 (final 1% v/v). Proteinase K (NEB

P8102S) was then added to the samples at varying concentrations and the samples
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were incubated on ice for 30 minutes. PMSF was added to deactivate proteinase K.

Sample buffer was added and the samples were boiled. Proteins were resolved by SDS-

PAGE followed by immunoblot analysis.
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Abstract

Forward genetic screens in human haploid cells have been limited mostly to the

identification of genes that mediate cell death in response to a lethal agent. Here, we

perform a reporter screen in the near-haploid KBM7 cell line to identify genes required

for NF-KB-mediated transcription in response to the TLR2/6 ligand, FSL-1. Our screen

identified 41 significant hits, including 5 known components of the TLR2/6 pathway.

Fourteen hits have established or predicted roles in transcriptional regulation and may

provide insight on how NF-KB promotes a specific transcriptional program in response to

FSL-1. Seven of the genes encode protein or non-coding RNAs of unknown or poorly

characterized function. Also identified as a candidate TLR2/6 pathway component was

TRIM8, an E3 ubiquitin ligase with strong links to NF-KB regulation.
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Introduction

The recent development of human haploid genetic screens offers an attractive

alternative to RNAi-based screens which are often hampered by off-target effects and

incomplete knock-down. Most haploid screens thus far have relied on the selection of

mutants that are resistant to an agent that is lethal to wild-type cells [1-9]. While this has

resulted in the identification of host factors that are exploited by pathogens and

transporters that are required for the import of toxic molecules, the ability to dissect other

types of biological processes has been limited, mostly because mutations in other

cellular processes do not generally result in a cellular phenotype that is easily

observable and selectable. To expand the types of biological pathways that can be

studied using haploid genetic screens we previously developed a screen using a

transcriptional reporter in conjunction with selection for a lethal phenotype [10]. In order

to identify constitutive inhibitors of the transcription factor NF-KB, we created a haploid

reporter cell line that expressed the blasticidin S resistance gene (BSR) under the

control of a NF-KB transcriptional response element and selected for cells that could

survive in the presence of blasiticidin, an antibiotic. While we were able to identify and

validate CYLD as a constitutive inhibitor of NF-KB, the results of the screen were

complicated by the unintended selection of mutants that had mutations in genes required

for the import of blasticidin. The use of a NF-KB-GFP transcriptional reporter eliminates

this confounding issue and provides the ability to screen for both activators and inhibitors

of NF-KB.

NF-KB is activated by the engagement of a wide variety of receptors including

Toll-like receptors (TLRs) [11]. TLRs are germline-encoded pattern recognition receptors

(PRRs) that play a crucial role in pathogen sensing and subsequent initiation of innate

immune responses to defend the host [12-14]. At the cell surface TLR2 and TLR6 form a

heterodimer that recognizes diacylated lipopeptides from Gram-positive bacteria. Upon

recognition of its ligand, TLR2/6 recruits the adapter molecules TIRAP and MyD88 to

initiate downstream signaling events that ultimately result in the activation of the IKK

complex, which targets IKB for degradation, allowing NF-KB to translocate to the nucleus

and drive the expression of inflammatory cytokines. While much is known about the

80



Chapter 4: A Human Haploid Reporter Screen for Genes Required to Activate NF-KB in
Response to TLR2/6 Signaling

signaling events that occur between ligand engagement and NF-KB activation, it is still

unclear exactly how the IKK complex is activated [11]. It is also poorly understood how

NF-KB mediates distinct cellular responses to different stimuli [15].

Here we performed a reporter haploid screen to identify genes required for NF-

KB-mediated transcription in response to the TLR2/6 ligand, FSL-1. Among the hits

identified in the screen is TRIM8, an E3 ubiquitin ligase required for NF-KB activity in

response to TNF and IL-1P [16,17]. The screen identified many additional hits with a role

in transcriptional regulation. Future work to validate the requirement of these genes in

NF-KB-mediated transcription may provide insight on how NF-KB transcriptional

specificity is determined.
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Results and Discussion

To identify components required for TLR2/6 signaling, we transduced KBM7 cells,

which are haploid for all chromosomes but chromosome 8, with a reporter construct that

contains a NF-KB transcriptional response element (TRE) and a minimum

cytomegalovirus (mCMV) promoter upstream of dscGFP, a gene that encodes a natural

green monomeric GFP-like protein from a copepod, modified such that the half-life of the

mature protein is -1 hour (Fig. 1). Thus upon stimulation of cells with FSL-1, a synthetic

diacylated lipoprotein, active transcription of NF-KB can be measured and cells

containing inactivating mutations in genes normally required for NF-KB activation in the

TLR2/6 signaling pathway can be isolated from wild-type cells by sorting for GFP

negative cells. Transduction of KBM7 cells with the NF-KB-GFP reporter resulted in a

polyclonal population of cells that individually displayed different reporter activation

properties (Fig. 2). Since cells containing mutations in genes required for TLR2/6

signaling are isolated in the screen by their inability to turn on the reporter in response to

FSL-1, it is essential that the reporter cell line selected for the screen robustly turns on

the NF-KB-GFP reporter in response to a stimulus. One such clone that is non-

fluorescent at steady-state, but that is strongly GFP-positive after FSL-1 stimulation was

chosen for the screen (Fig. 2). The NF-KB-GFP reporter cell line was then mutagenized

with a retroviral gene-trap vector containing a RFP marker, using an established protocol

that generally yields a library containing mutations in approximately 98% of genes

expressed in KBM7 cells [8]. Mutagenized NF-KB reporter cells were then stimulated

with FSL-1 and sorted for a mutant population (RFP positive, GFP negative cells) and a

control population (RFP positive cells). To identify gene-trap insertion sites, genomic

DNA was harvested from both populations and the DNA sequences that flank gene-trap

insertion sites were amplified, sequenced in parallel, and mapped to the human genome.

Of the 41 genes that appeared in the screen with a significant enrichment (p-

value<0.05) of gene trap mutations in the mutant population compared to the control

population, 5 are known components of the TLR2/6 pathway: CNPY3 also known as

PRA T4A, IRAK1, IRAK4, MYD88, and TIRAP (Fig. 3, Table 1) [12,18]. Fourteen of the

significant hits have a gene summary in PubMed or a protein summary in UniProt
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suggestive of a role in transcriptional regulation: BAP1, BRMS1, CBX3, GATA2, LYL,

MAZ, NCOA6, NFYA, SMARCA4, SPHl, STAT5A, STAT6, TP53, and WT1. Three genes

encode proteins of unknown function: C10orf54, C14orf159, LRRC14 and four genes

encode poorly characterized non-coding RNAs: DKFZP686115217, LOC100289341,

MALA T1, NCRNA00095. Of the remaining hits, one in particular, TRIM8, stands out as a

putative member of the TLR2/6 pathway.

TRIM8 belongs to the tripartite motif-containing (TRIM) protein family whose

members are characterized by the N-terminal possession of a RBCC motif [19]. The

RBCC motif contains a RING domain, which often confers E3 ubiquitin ligase activity,

followed by one or two B-box domains, which is then almost always followed by a coiled-

coil domain that mediates homeric and heteromeric interactions [19]. Many members of

the TRIM family are expressed in response to IFNs and have roles in innate immunity

[19]. Several TRIM family members have been implicated in negative regulation of TLR

signaling [20-22], but none have been implicated in positive regulation of TLR signaling.

TRIM8 is required for NF-KB activation in response to TNF and IL-1 0 [16,17]. Knock-

down of TRIM8 reduces K63-linked polyubiquitination of TAK1 and phosphorylation of

TAK1, IKKa/P, and IKBa in response to TNF and IL-1P [17]. Given that these signaling

components are also downstream of TLR2/6 engagement with FSL-1 and given the

appearance of TRIM8 in our screen, it is highly likely that TRIM8 is a component of the

TLR2/6 signaling pathway though this remains to be explicitly demonstrated.

It has become increasingly clear that recruitment of NF-KB to target genes and

NF-KB induced transcription is a complex process that may require the coordinated

function of many proteins including other transcription factors and co-activators in the

context of a favorable chromatin environment [23,24]. These layers of regulation may

provide specificity for distinct NF-KB-mediated transcriptional programs in different cell

types and in response to different stimuli. Fittingly, approximately a third of the screen

hits have a putative or established role in transcriptional regulation. Among this group

are transcription factors like GATA2, NFYA, SPI1, STAT5A, STAT6, and WT1 that have

been previously linked to NF-KB function. GATA2 is required for NF-KB signaling in the

absence of stimulus in non-small cell lung cancer cell (NSCLC) lines containing KRAS

mutations [25]. Both NFYA and NF-KB have been shown to bind to the endogenous

promoter of Hspala and SND1 and are thought to work together along with other
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transcription factors to regulate Hspala transcription [26,27]. Spi, also known as PU.1,

interacts with NF-KB to coordinate transcription of HIV-1, MCP-1, and SOD2 [28-30]. A

role for Spi in priming enhancers that confer cell-specific NF-KB-dependent gene

expression has been described [31]. NF-KB interacts with both STAT5A and STAT6 and

it is thought that the interaction between NF-KB and STATs may promote synergy

between signaling pathways that activate the two families of transcription factors [32-34].

WT1 and NF-KB interact with each other and cooperatively regulate the expression of

NPHS1 and KIRREL2 [35]. Also in this group of hits are NCOA6 also known as ASC-2, a

transcriptional co-activator and SMARCA4 also known as BRG1, a member of the

SWI/SNF chromatin remodeling complexes. Both NCoA6 and Brgl interact with NF-KB

and Brgl/Brm-dependent chromatin remodeling is required for most late-activated NF-

KB-dependent genes [36-39]. Validation of these hits by RNAi knockdown or

CRISPR/Cas genome engineering will be required to determine if they are indeed

necessary for NF-KB-mediated transcription in response to TLR2/6 signaling. Since the

NF-KB-GFP reporter in the KBM7 reporter cell line may be integrated in the genome in a

non-physiologial context, it will be important to perform the validation in additional cell

lines. ChIP-Seq of NF-KB and the screen hits after FSL-1 stimulation would also be

informative.

While the screen identified 5 of the known components of the TLR2/6 signaling

pathway, a surprising number of the known pathway components were not identified

including the receptors themselves. Relatively few (6 to 12) unique, inactivating gene-

trap insertion sites were sequenced in TLR2 or TLR6 in the selected and unselected

populations suggesting that increasing the number of mutated cells in future screens

may be required. Additional measures that may increase signal-to-noise include

performing successive fluorescence activated cell sorting, optimizing the selection cut-off,

and generating a new reporter cell line that contains multiple reporters, each expressing

a different fluorescent protein, and sorting for mutant cells that do not express any of the

reporters.

Also not identified as significant hits in the screen were NF-KB transcription

factors (RELA, RELB, REL, NFKB1, NFKB2) and components of the IKK complex

(IKBKG, IKBKB, CHUK). Few mutations were sequenced in the NF-KB transcription

factors and no gene-trap insertion sites were sequenced in NFKB2 or RELB in the
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unselected population suggesting that either NFKB2 and RELB are extremely difficult to

mutagenize or more likely, that they are essential genes for the survival of KBM7 cells.

An absence in myeloid cells was not observed in NFKBZ' or RELB'~ mice suggesting

that NF-KB signaling is not essential to the survival of normal myeloid cells [40-43]. The

KBM7 cell line, however, was derived from a patient with chronic myeloid leukemia

(CML) and possesses the BCR-ABL fusion oncogene, a hallmark of CML [9].

Overexpression of BCR-ABL in cell lines increases NF-KB-dependent gene

expression and pharmacological inhibition of the NF-kB pathway decreases survival of

Bcr-Abl-expressing cell lines [44-46]. While the NF-KB-GFP reporter cells show little if

any GFP signal at steady-state, it is possible that low, persistent activity of NF-KB occurs

and that this activity is required for promoting the expression of genes required for cell

survival, while leaving the NF-KB-GFP reporter untouched. Thus it may be difficult to

identify components that are generally and directly required for NF-KB function (e.g. NF-

KB transcription factors, IKK complex) using haploid reporter screens. However, as

demonstrated by the appearance of known components of the TLR2/6 signaling pathway

in our screen, signaling components that are further upstream of NF-KB activation and/or

genes that are required for NF-KB activity in particularly signaling contexts can be

identified in haploid reporter screens. Signaling pathways that converge on transcription

factors other than NF-KB may be more amenable to genetic dissection in KBM7 cells. In

principle, a similar screen could be done with fluorescent reporters under different

transcription response elements (TRE). As mentioned earlier, it may be useful and

interesting to generate a reporter cell line that contains multiple fluorescent reporters

either under the same TRE (to look for concordance of signal) or under different TREs

(to study cross-talk between signaling pathways).
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Figure and Tables
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Figure 1. Schematic for a reporter haploid genetic screen for components of the

TLR2/6 signaling pathway. KBM7 cells were transduced with a reporter containing a

NF-KB transcriptional response element (TRE) and a minimum CMV (mCMV) promoter

upstream of a modified green fluorescent protein gene from copepod (dscGFP). A clonal

reporter cell line was mutagenized by infection with a gene-trap virus containing a red

fluorescent protein (RFP) marker. The mutagenized cells were stimulated with FSL-1.

The indicated control population and mutant population were sorted by FACS and

expanded. DNA was extracted and DNA sequences flanking gene-trap insertion sites

were amplified and sequenced in parallel.
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Figure 2. Isolation of a NF-KB Reporter Clone. KBM7 cells were transduced with a

NF-KB-GFP reporter. Clones were then stimulated with 100-200 ng/mL FSL-1 for 24-30

hours. On the left, are plots for clones that were discarded because their GFP signal in

unstimulated and stimulated conditions was not ideal. On the right, is the FACS plot for

the NF-KB reporter clone that was selected for the screen.
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Figure 3. Components of the TLR2/6 signaling pathway identified in the screen.

Known components of the TLR2/6 signaling pathway are indicated, with those that

showed up in the screen with a p-value<0.05 highlighted in red. Additionally, TRIM8 is

placed at the point in the pathway where it likely functions.
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IRAK1
BAP1
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STAT6
SMARCA4
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35 70432
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51 70416
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28 70439
23 70444
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.24
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7
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40
115

115
15
29
11
24
39
9
49
28
57
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63
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21
17
35
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2
1

57
52

112
6
3
6
27
30
48
35
48
25

p-value
corrected for

FDR
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302683
301917
302684
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302579
302667
302696
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302658
302679
302650
302667
302657
302644
302518
302686
302690
302672
302646
302705
302706
302650
302655
302595
302701
302704
302701
302680
302677
302659
302672
302659
302682
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0.000298351
0.000313387
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0.045949902
0.045949902
0.045949902
0.046580335
0.049546216
0.049546216
0.049546216
0.049546216
0.049546216
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Table 1. Significant hits in a screen for TLR2/6 signaling components. Genes with a

significant enrichment (p-value<0.05) of gene trap mutations in the mutant population

compared to the control population are displayed. Genes that are already confirmed

TLR2/6 signaling components are highlighted in blue. TRIM8, a putative member of the

pathway, is highlighted in red.
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Materials and Methods

Cells

KBM7 cells were grown in Iscove's modified Dulbecco's medium (IMDM) with 10% heat-

inactivated fetal serum (IFS). A NF-KB reporter cell line was created by transducing

KBM7 cells with pTRH1-NF-KB-dscGFP (System Biosciences) and single cells were

sorted into individual wells of 96 well plates. A clone that remained haploid and that

activated the reporter only when stimulated with FSL-1 was selected for the screen.

Flow cytometry

Analysis was done using a BD LSR 11 flow cytometer and FloJo software. Sorting was

done using a FACSAria IIU or a MoFlo2.

Reporter haploid genetic screen

The screening procedure has been described previously [4-10]. Briefly, 100 million NF-

KB reporter cells were infected with gene-trap retrovirus containing a RFP marker to

create a mutagenized library. Seven days post-infection, 150 million mutagenized cells

were stimulated with 250 ng/mL FSL-1 and then sorted for a mutant population (RFP

positive, GFP negative cells) and a control population (RFP positive cells). Cells were

allowed to expand for approximately 2 weeks before harvest.

Sequence analysis of gene-trap insertion sites

The mapping of the insertion sites was done as previously described [8]. In short, DNA

sequences flanking gene-trap insertions sites were amplified using a linear amplication

PCR (LAM-PCR) protocol followed by sequencing using the Genome Analyzer platform

(Illumina). The sequences were then aligned to the human genome. The number of

inactivating mutations (that is, sense orientation or present in exon) per individual gene

was counted as well as the total number of inactivating insertions for all genes.

Enrichment of a gene in the screen was calculated by comparing how often that gene

was mutated in the screen compared to how often the gene carries an insertion in the

control data set. For each gene, a P-value (corrected for false discovery rate) was

calculated using the one-sided Fisher exact test.
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Future Directions

In this thesis, I presented the development of the first human haploid reporter

screens. I sought to identify constitutive inhibitors of NF-KB as well as activators of NF-

KB in the TLR2/6 pathway. Here I will summarize my findings and discuss areas for

future study.

Human Haploid Reporter Genetic Screens

To identify constitutive inhibitors of NF-KB, I used a blasticidin S resistance gene

(BSR) reporter under the control of a NF-KB transcriptional response element. This

allowed reporter cells with constitutive NF-KB activity to survive in the presence of the

antibiotic blasticidin. While this approach allowed for the selection of cells with mutations

in CYLD, a constitutive inhibitor of NF-KB, it also allowed for the unanticipated selection

of cells with mutations in LRRC8D, a gene I later demonstrated is required for blasticidin

import. Only two other genes showed up significantly in this screen: LRRC8A and

HEATR7A. Given the sequence homology and the physical interaction between LRRC8A

and LRRC8D, the appearance of LRRC8A in the screen is likely due to a role in

blasticidin import. It remains to be determined if HEATR7A has a role in NF-KB

regulation or blasticidin import. Not much is known for HEATR7A except that it contains

seven HEAT motifs, a domain found in diverse proteins including those that gave rise to

its name: Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the

kinase TOR (Andrade et al., 2001). A HEAT domain consists of two helices that form a

hairpin and this domain often occurs in tandem arrays. The HEAT domains of several

proteins have been implicated in mediating protein-protein interactions and this domain

may function generally as a scaffold for protein complexes (Groves et al., 1999; Neuwald

and Hirano, 2000). Since eight unique inactivating mutations were sequenced in

HEATR7A in the selected mutant population, it should be possible to isolate individual

clones from the selected population with mutations in HEATR7A. Cells with mutations in

HEART7A could then be used to determine if HEATR7A is required for NF-KB regulation

or blasticidin import.
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To eliminate the confounding issue of identifying transporters, I then switched to

a screen with a NF-KB-GFP reporter. With this approach, I sought to identify genes

required to activate NF-KB in the TLR2/6 pathway by sorting for cells that failed to turn

GFP-positive in response to the TLR2/6 ligand, FSL-1. While the screen was able to

identify five of the known components of the pathway, it was unable to identify TLR2 or

TLR6 as bona fide hits in the screen. This suggests that the screen is not saturating and

that future screens may need to start with a far larger pool of mutated cells. If large cell

numbers become logistically problematic, cells could be infected with a higher MOI of

gene-trap virus. Since coding DNA is < 2% of the genome, 2 mutations in a cell are

unlikely to both occur in protein-coding genes (Lander et al., 2001; Venter et al., 2001). It

is also unlikely that multiple random mutations in a cell would target the same pathway.

I observed that if I stimulated the sorted GFP-negative population of cells a

second time with FSL-1, over half of the cells turned GFP-positive (data not shown). This

suggests that the selected mutant population contains many false-positives. Due to

negative feedback loops that turn NF-KB off after it has been turned on, NF-KB activity in

response to a continuous stimulus has been observed to oscillate (Baltimore, 2011;

Nelson et al., 2004). Thus, successive sorting for FSL-1-unresponsive cells over an

extended period of time would prevent the collection of cells that at the moment of initial

sorting had no or low NF-KB activity due to normal oscillation in NF-KB activity, rather

than a mutation in the TLR2/6 pathway. Another strategy to decrease the number of

false-positives is to perform the screen with a reporter cell line that contains multiple NF-

KB reporters, each driving a different fluorescent protein. This would provide more

confidence that cells that are non-fluorescent after FSL-1 treatment contain mutations in

genes required to activate NF-KB in response to FSL-1.

Currently, the GFP in the NF-KB reporter has a destabilizing peptide at its C-

terminus, which shortens the half-life of the mature protein to -1 hour. While this feature

is useful for studying kinetics of NF-KB activation and termination, it is not necessarily

advantageous for identifying mutations that result in an absence of NF-KB activity.

Removing the destabilizing peptide would result in a product that has a half-life -26

hours (Corish and Tyler-Smith, 1999). Thus a long-lasting record would be produced for

every activation event that results in transcription of the reporter and this could prevent

the oscillating nature of NF-KB from confounding the sorting results.
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Approximately a third of the hits from the screen for activators of NF-KB have a

putative or established role in transcriptional regulation. It is possible that some of these

genes may be specifically required for NF-KB-mediated transcription of target genes in

response to the TLR2/6 ligand FSL-1. If knock-down and ChIP-Seq experiments confirm

this to be true, screening for genes that are required for NF-KB-mediated transcription in

response to other ligands (e.g. TNF, IL-1) could provide insight into how NF-KB

transcriptional specificity is determined.

In principle, NF-KB-GFP reporter cells could also be used to identify inhibitors of

NF-KB. For this type of screen, it is essential that the reporter is not expressed at steady-

state and the destabilized GFP reporter would be preferred. After stimulation, cells would

be washed, and cells that remain green would be sorted and collected. The stimulation

conditions and the timing of the sort would need to be optimized. One difficulty that may

be encountered with a screen for inhibitors is compensation for the loss of one inhibitor

by another.

While our screens have focused on regulators of NF-KB, similar screens could be

performed for regulators of other transcription factors. There are approximately 1,391

human sequence specific DNA binding transcription factors, many of which have binding

site profiles that have been described (Jolma et al., 2013; Vaquerizas et al., 2009). My

results suggest that screening for NF-KB regulators in KBM7 cells may be complicated

by the presence of the BCR-ABL fusion oncogene. Other signaling pathways may be

less affected by this mutation and may be more amenable for study in KBM7 cells.

The recent development of clustered, regularly interspaced, short palindromic

repeats (CRISPR)-CRISPR-associated (Cas) systems permit cheap and rapid genome

engineering in cells and mice. Already groups have exploited CRISPR-Cas9 to perform

genome-wide screens in multiple cell types (Koike-Yusa et al., 2014; Shalem et al.,

2014; Wang et al., 2014). Human haploid genetic screens are currently limited to two cell

types. In contrast, there seems to be no limit to the type of cell that CRISPR-Cas9 could

be applied to. CRISPR-Cas9 screens can also be applied in negative and positive

selections. The CRISPR-Cas9 screens published to date have only used cell viability

and proliferation as selection criteria. As with human haploid screens, transcriptional

reporters will allow CRISPR-Cas9 screens to study pathways that do not affect cell

viability or proliferation. Thus many of the lessons learned from the development of

human haploid reporter screens could be applied to CRISPR-Cas9 reporter screens.
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Leucine-rich repeat-containing 8 (LRRC8) proteins

LRRC8D and LRRC8A were initially identified as hits in a screen for inhibitors of

NF-KB. It was subsequently demonstrated that LRRC8D is required for the import of

blasticidin, the selecting agent used in the screen, and not for the regulation of NF-KB.

Further functional and molecular characterization of LRRC8D have contributed to a

greater understanding of how the antibiotic blasticidin is imported into mammalian cells.

Our studies also support the existence of functional homology between LRRC8D and

pannexins, a family of communication channels that share sequence homology with

LRRC8 family members. This work provides a starting point for understanding how

LRRC8A and LRRC8C are involved in lymphocyte and adipocyte development,

respectively.

LRRC8B, LRRC8D, and LRRC8E have not been implicated in any physiological

processes to date. The creation of knock-out mice may provide clues to their function.

CRISPR-Cas9 genome engineering allows the rapid generation of mice with mutations in

genes of interest. We have used this approach to create mice containing a homozygous

17 bp deletion in LRRC8D that creates an early stop codon in the gene. The predicted

mutant protein would be 174 amino acids in length and the last 40 amino acids would be

of a mutant sequence. This mutant protein would only encode the first predicted

transmembrane domain of LRRC8D and is likely non-functional. Future characterization

of LRRC8D mutant mice may help elucidate the physiological function of LRRC8D.

Antibodies against LRRC8 family members would be useful reagents to have on

hand as they would allow the study of the endogenous proteins. Present

immunofluorescence and co-immunoprecipitation experiments have made use of

overexpressed epitope-tagged versions of LRRC8 family members. As overexpression

of proteins can result in artifacts, repeating the experiment with antibodies against the

endogenous proteins would be worthwhile. Isolation of antibodies that can promote

opening or closing of LRRC8D-containing channels would facilitate the study of channel

function.

Since LRRC8D did not evolve to import a toxic molecule, there are likely

physiological substrates that have yet to be identified. Untargeted mass spectrometry of

cell extracts from wild-type and LRRC8D-deficient cells could be applied to identify

metabolites that are enriched in wild-type cells. Given that wild-type cells, but not

LRRC8D-deficient cells can import blasticidin at steady-state, other small molecules may
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also be imported passively through LRRC8D. It would be important in such an

experiment to incubate the cells in a solution that contains the physiological substrate(s)

that are imported. Since fetal bovine serum (FBS) is rich in metabolites, incubating the

cells in medium that contains a high percentage of FBS prior to extraction would be a

good starting point. While this is not a trivial approach, LC/MS-based metabolomics have

successfully identified substrates for the transporters ABCC2 and SLC22A2

(Krumpochova et al., 2012; Taubert et al., 2007). It may be more difficult to identify

metabolites that are exported by LRRC8D because their concentrations in the media are

likely to be low. Overexpressing LRRC8D and partner proteins in cells and incubating

the cells in a small volume of solution may help increase the concentration of exported

metabolites. However, there still remains the challenging issue of selectively removing

any salt or buffer included in the cell media from the metabolite-containing sample prior

to LC/MS. Since pannexins export ATP out of apoptotic cells, it may be worth exploring,

in a targeted manner, whether LRRC8D transports ATP (Chekeni et al., 2010; Qu et al.,

2011). CellTiter-Glo could be used to measure ATP levels in cell extracts and media of

wild-type and LRRC8D-deficient cells. Crude RT-PCR experiments have suggested that

LRRC8D expression is induced by phytohemagglutinin (PHA) in peripheral blood

mononucleated cells (PBMC) and by LPS in monocytes, suggesting that PHA and LPS

may regulate LRRC8D function (Kubota et al., 2004). Thus, it may be worthwhile to also

attempt the above strategies before and after stimulation with PHA and LPS.

We demonstrated that LRRC8D can stably interact with LRRC8A, LRRC8B, and

LRRC8C, but it remains to be determined whether they interact in one large complex or

in multiple complexes of distinct stoichiometry and composition. The observation that

LRRC8A and LRRC8D are ubiquitously expressed, but LRRC8B, LRRC8C, and

LRRC8E have more selective expression, suggests they may not be present in one

complex at all times (Abascal and Zardoya, 2012). LRRC8C expression was elevated

during the adipogenesis of 3T3-L1 cells, but the expression levels of the other LRRC8

family members did not change, suggesting that in certain physiological contexts

complexes may be enriched for particular LRRC8 family members. Co-localization

studies, channel reconstitution in Xenopus oocytes, and observations of overlap in

substrates transported by each LRRC8 may help address these points.

Pannexins are comprised of four transmembrane domains and do not possess a

LRR domain (Penuela et al., 2013). It is unclear what function the LRR domain plays in
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LRRC8 proteins, but it is undoubtedly important for the function of LRRC8A. Truncation

of just the last 2.5 LRR motifs in one allele of LRRC8A results in an absence of

peripheral B cells (Sawada et al., 2003). The study of deletion mutants may provide

insight into the function of this domain. While it is possible that the LRR domain is

required for the interaction of channel constituents, the pannexins can oligomerize into

channels without a LRR domain. Perhaps instead the LRR domain mediates interaction

with a cellular protein. This interaction could regulate channel opening or closing, control

channel substrate specificity, or recruit signaling proteins that interact with the

transported substrates. The interaction of the LRR domain of LRRC8 proteins and other

proteins may be transient or occur only under certain physiological contexts.

Nonetheless, co-immunoprecipitation/mass spectrometry experiments could be

attempted with full-length and LRR deletion mutants in the presence of cross-linkers or

various stimuli.

Many questions remain surrounding the function of LRRC8 proteins. My work

demonstrating that LRRC8D is required for the transport of a small molecule will help

guide future studies on this family of proteins.
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Proteolytic cleavage in an endolysosomal compartment
is required for activation of Toll-like receptor 9
Boyoun Park', Melanie M Brinkmann', Eric Spooner', Clarissa C Leel, YoU-Me Kim 2 & Hidde L Ploeghs

Toll-like receptors (TLRs) activate the innate immune system In response to pathegens. Here we sheer tt TLR9 poteelydte
cleavage Is a prerequisite for 1LR9 slgnallg. Inhibition of lyeoaemel proteelyais rendered TR Inactive. The earbuty-termlinal
fragment of TLR9 thus generated incided a pation of the TLR9 ectedemaln, as well as the tbanamembrene and eytoplasmie
domains. This cleavage fragment bound to the TLR9 liand CpS DNA and, when espressed In yht- da*l"tIe calls, restored
CpG DNA-Induced cytofine production. Although cathepaei L generated the requisite TLRI clemage products in a cal-ee
In iro system, several proteses Influenced TLR" cleavage In inteet celis. Lysesrmal preteelysis thus contributes te Innate
Immwtmty by facilitating specific cleaage of TLR9.

Tohl-like receptors (TLRs) are essential sensors of microbial infection
in multicellular hosts, and TLR engagemeat promotes the initiation of
adaptive immune responses

2
. The TLR farnily consists of 10 mem-

bers in humans and 13 in mice1". TLRI, TLR2, TLR4, TLR5 and
TLR6 localize to the plasma membrane and are involved in the
recognition of microbial products or lipid components". TLR3,
TLR7 (A002299) and TLR9 (A002301) are located in intracelular
compartments and recognize pathogen-derived double-stranded
RNA, single-stranded RNA and unmehylated CpG DNA, respec-
tive-y

5
-
10

. The intracellular localization of TLR9 is critical for the
discrimination of self and non-self nucleic acidtse. After stimulation of
cels with CpG DNA, TLR9 rediatributes from the endoplasnic
reticulum to lysosomes, where a signaling cascade is triggered by
recruitment of the MyD8 adaptor molecule

4
'

17
.

The papain-like lysosornal cysteine proea flmily, which includes
the main thiol proteases cathepsin B and cathepsin 1, is important in
the degradation of endocytosed and intracellular proteinsli. At the
sane time, compounds that block lysosomal acidification, such as
chloroquine or bainomycin A, inhibit CpG DNA-driven signaling and
respoet

0
1. Lysosomal proteolysis in general

2
o and cathepsin K

specifically
2

l have also been linked to TLR9 signaling, but the
molecular mechanisms underlying their involvement remain to
be elucidated.

RESULTS
Cathepeln-medlated cleavage of TLR9
lb investigate whether cathepsin activity is required for TLR
responses, we exposed the RAW mouse macrophage cell line to
pepstatin A, an inhibitor of aspartic proteases, or to z-FA-fink, a
cysteine protease inhibitor that blocks cathepain activity; we then
exposed these cells to agonists of TLR4 (lipopolysaccharide (LPS)),

TLR7 (imiqumod) and TLR9 (CpG DNA). We found that z-FA-fink
onsiderably inhibited the production of tumor necnsaS factor
(TNF) by RAW niacrophages stimulated with CpG DNA but
did not influence TNF release after epesurm to LPS or miquimod
(Fig 1a). Thus, lysontal cyateuse proteases inhibited by
z-FA-fik are involved in the responsiveness of TLR9 but not TLR4
or TLR7.

To establish how cathepain activity controls TLR9 respones, we
exploited the fhte of newly syithesined TLR9. We generated a RAW
macophage derivative that stably expressed TLR9 tagged at the
carbeeryl (C) terminus with Myc (TIR9-Myc) and exposed it to
z-FA-fik or DMSO. We then labeled cells for 2 h with [SSS]rnethionine
and cysteine, foblowed by a chase for 6 h, after which we immunoapre-
cipitated 'lR9-Myc with a Myc-spocific attibody. lb improve
electophoretic resoubsn, we dlisted the smmunoprecipitates with
peptide-N-glycosidse F (Endo F), which eliminates carbohydrate
hetesogeneity. In the antibody to Myc (anti-Myc) immunopreciplte
of DMSO-treated cells, we detected two distinct polypeptides of 65 ad
45 kiodhltons (kDa; Pig. 1b) that were not present in the immuno-
precipitates of cels labeled in the presence of z-FA-fink (Fig. hA). We
then denatured the initial anti-Myc immunmipecipinaces and reisnmu-
noprecipitated them with anti-Myc to retrieve TLR9-Myc. We detected
the 65-kDa polypeptide in such reiumunoprecipitates from cell
treated with DMSO but not those from cela exposed to z-FA-fink
(Fig. 11). Howeve, we noted simiair rates of TLR9 synthesis during
labeling. As we were able to retriwe the 65-kDa polypeptide with the
Myc-specific antibody, we concluded that it was derived from TLR9.

To explore the nature ofthe 65- and 45-kDa polypeptides, we treated
RAW macropiages elpressing TIR9-My with DMS0 or z-FA-fink,
immunoprecipitated TLR9 with anti-Myc, resolved glycosidase-
digested proteins by SDS-PAGE and visualized proteins by silver
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Appendix 1: Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9
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staining. We detected fuill-length TLR9 (about 100 kDa) in cdxs treated
with DMSO or z-FA-frnk and detected the two polypeptides of 65 kDa
and 45 kDa in cells treated with DM50 but not those treated with

z-FA-fmk (FIg. Ic). We detected interaction between the polytopic
membrane protein UNC93B1 and TLR9, critical for the translocation
of TLR9 to lysosomes", in cells treated with DM50 or z-FA-fnk
(Fig. ic and Siapplamntary FIg. ta online). We unambiguouly
identified the 65-kDa and 45-kcDa polypeptides as the C-terminal
and amino (N)-ternina fragments of TLR9, respectively, by mass

spectrometry (Fig. ld and Suppleneintary Fig. IN. The identification

of the 45-kDa polypeptide as the N-terminal fragment of ThR9
explains why we did not retrieve it by reimmunoprecipitation with
anti-Myc (FIg. Ib). Thus, its appearance in the initial anti-Myrc
immunoprecipitates suggests that the N-terminal fragmnent interacted
with fufl-length TLR9, with the C-terminal deavage fragment or with
beth (Fig. Ib). Fragmentation of TLR9 was readily detectable ekeer 3 h
of chaese, a time frame consistent with delivery of TLR9 to lysoeomes
(Suppleneutwry Fig. 2 online).

Identikiatlon of cleavage shte(a) In the ectodomain of TLR9
Tlb identify the likely site(s) of deavage in TLR9, we determined the
C-terminal boundary of the N-terminal segment and the N-terminal
boundary of the C-terminal fragment on the basis of the unambiguous
presence of peptides from these fragments as identified by mass
spectrometry (Fig. ld and Supplementary Fig. Ia). Our analysis
confined the location of possible deavage site(s) as being a region

Figure 1 TLR9 is cleaved into two distinct
polypeptides by cathepsins. (a) TNF production
by RAW macrophages treated with pepstatin A,
z-FA-Imk or DMSO, followed by incubation with
LPS, Imiquimod or CpG DNA. (b) SDS-PAGE of

.- FL.M immunoprecipitates of TLR9-Myc-expresssing
RAW macrophages pretreated with DMSO or

S z-FA-trnic radioactively labeled proteins were
immunoprecipitated (P) with anti-Myc (s-Myc);
10% of each sample was digested with Endo F
and resolved by SOS-PAGE, and the remaining
90% was denaturated and then reimmuno-
precipitated (re-IP) with anti-Myc and left
untreated (-) or treated with Endo F (+) and
resolved by SDS-PAGE. k, 45-kDa and 65-kDa
TLR9 cleavage Iregmrents. FL-TLR9, full-length
TLR9; TLR9-Cter, C-terminal fragment of TLR9.
Samples were analyzed in duplicate for each
condition. (e) Silver staining of proteins
immunoprecipitated by anti-Myc from TLR9-Myc-
expressing RAW macrophages treated with DMSO
(-) or z-FA-fmk (+). *, polypeptides of 65 and
45 kDa analyzed by liquid chromatography-
tandem mass spectrometry. (d) Top, mouse TLR9

-4 sequence, with peptides identified by liquid
chromatogaphy-tandern mass spectrometry in
c in blue (N-terrrinal) and red (C-terminal).
No peptides were Identified in the region
encompassing residues 378-475 (underlined).
Bottom, alignment of the region encompassing
the cleavage site(s) of TLR9 (residues 378-475)
with sequences of other TLRs. Residues 441-
470 (blue outline) are part of a flexible loop.
Green, LRRs. (a) Model of the TLR9 ectodomain
based on the crystal structure of the TLR3
actodomain. Red, predicted cathepsin cleavage
site (441-470). Data are representative of
four (a; average and s.d.) or two (1,c)
independent experiments.
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encompassing amino acids 378-475 of TLR9 (Fig. Id). Because the
leucine-fich repeat (IRR) regions, some of which are stabilized by
disulfide bonds, form a tightly pecked hydrophobic core, these regions
should be less susceptible to proteolysis

2
1. Secondary-structure predic-

tion programs designated residues 441-470, which are situated between
LRR14 and ERR15, as being part of a flexible loop that could render
TLR9 susceptible to proteolysis (Fig. Id). On the basis of published
TLR stUres

4
.
2

, we assume that the LRRs of TLRs generally take on
a fiidy similar fold and that LRR14 and LRR15 of TLR9 can thus be
used to buttress the intervning segment of TLR9. Molecular modeling
showed the presence of residues 441-470, which are contained in the
putative cleavage region, in an extended loop (Fig le).

Only in the presence of z-FA-fsnk did we detect an additional
species of TIR9 that migrted more slowly (Figs. 1b and 2a).
Glycosidase digestion showed that this form had acquired partial
tesistance to Endo H (Fig. 2a), consistent with passage through the
Golgi apparatus. Because the cathepsin inhibitor z-FA-fmnk was
required for its visualization, this form of TLR9 is probably deaved
in lysosomes. The finding that it was normally deaved and thus
eliminated would account for the earlier failure to detect this Endo H-
resistant form of TLR9 (refs, 22,23).

Endolysasomial localizatIon of TLR9 cleavage
'lb determine if the endolysosomal compartment is the location of
TLR9 cleavage, we assessed the effect of z-FA-fmk on the expression,
maturation and stability of wild-type TLR9 and the TLR9 chimeras
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Appendix 1: Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9
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of RAW macrophages stably expressing Myc-taged wid-type TLR9 LPS (WM) OVWuod 

50
An5) cr5 44M

or TLR9 chimeras (TLR9-4-4 and TLR9-4-9), treated for 12 h with
DMSO or 10 pAM z-FA-Ink, metabolIcally labeled for 1.5 h and chased for 6 h: TLRs recoerd by immunoprecipitation with ant-Myc were treated with
Endo H or Endo F (above lanes). Arrowhead, mature, Endo H-resistant TLR9; *, C- and N-terminal TLR9 cleavage fragments. (b) SDS-PAGE (top) of
immunoprecipitates of TLR9-Myc-espressng RAW macraopheges Incubated for 10 h with DMS0 or -A-ftmk (10 pAM) or for 4 h with ballomycin (BAF;
5 IAWr) or chforoquine (5 AM), then metabolically labeled for 1 h, followed by a chase period of 6 h; poteirns were Irnmunopreclpitated and
reimmunoprecipitated with anti-Myc and immunoprecipltates were felt untreated (-) or treated with Endo F (+). Below, enzyme-linked immunosorberit MssI
of TNF secretion by RAW macrophages incubated for 12 h with DSO or z-FA-frnk (10 WM) or for 4 h with batlomycin (5 ag/ml) or chloroquine (5 pM), then
stimulated for 2 h with increaslng concentrations of LPS, Imiquirmod or CpG DNA. Data are representative of three independent experiments (average and
s.d. In b, below).
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recovered biotin-CpG and materials bound to it with streptavidin-
agarose and assessed the presence of coprecipitated TLR9-Myc by
inmunoblot analysis with anti-Myc. In the absence of the cathepsin
inhibitoz, we noted a strong interaction of the C-terminal TLR9

fragment with CpG DNA and weak bt detectable binding between
CpG DNA and full-length TLR9 (Pig. 3a). As expected, given the
absence of the C-terminal TLR9 cleavage fragment in lynstes of cells
treated with s-FA-iink, we did not detect binding of the C-terminal
TLR9 fragment to CpG DNA in z-FA-fmk-treaded cells (Fig. 3.).
Notably, z-PA-fink had no efect on the interaction between flu-length
T1R9 and CpG DNA, but the association between fiil-lengh TIR9
and biotin-CpG seemed to be much weaker than the interaction
between CpG DNA and the C-terminal TLR9 fragment (PIg, 3a).
TR9 molecules tagged with geen fluorescent protein (GFP) aowed
fragmentation and binding to CpG DNA similar to that of Myc-tued
TLR9 (Fig. 31). A recombinantly expressed TUt9 fragment encom-
passing TLR9 residues 471-1032 was not cleaved further (Pig. Sc),
This recombinant C-terminal fragment, when expressed in isolation,
also bound to bsotin-CpG more strongly than ful-length Myc-taed
TLR9 did (Fig. 4s).

Next we sought to determine if fragmentation of TIR9 by cathep-
sins is critical for subsequent TLR9 signal transduction. We investi-
gated the fragmentation of TLR9 and its interaction of CpG DNA in
RAW cells stably expressing either Myc-tagged wild-type TIR9 or
TLR9A441-470, a TLR9 deletion mutant lacking the proposed clea-
vage region (Fig, 4,b). TLR9A441-470 was not cleaved but was still
able to bind bIotin-CpG (Fig. 4,b). These findings suggested no poss
structural akeratin in the structure of the TLR9A441-470 mutant
protein. To analyze the functional capacity of TLR9A44l-470, we
measured its ability to restore CpG DNA-induced TNF production in
bone marrow-derived dendritic ceh (BMDCs) from 7W'- mice. We

108

TLR9-4-4 and TLR9-4-9 (Fig. 2a). TLR9-4-4 contains the tranamem-
brane and cytoplasmic regos of TLR4, whereas TLR9-4-9 contains
only the transmembrane region of TLR4 (ref 22). These TLR9
chimeras fail to interact with UNC93Bl and therefore do not reach
the lysosomal compartment, the presumed location of CpG DNA
recognition and TLR9 signalin

2
-

2
3, Unlike wild-type TLR9, neither

TLR9-4-4 nor TLR9-4-9 yielded the two distinct fragments (Fig. 2a).
These findings suggest that localIation to the endolysosomal com-
partment is required for TLR9 cleavage.

As TIR7 is also located in the endolysosonal compartsnent, we
sought to determine whether TLR7, like TLR9, undergoes proteolytic
proceassing. In the absence of the cathepain inhibitor, in conditions in
which the TLR9 cleavage pnxducts were readily detected, we retrieved
only full-length TLR7 (Supplenattary Fig. 3 online). In addition, we
did not detect a mature Endo H-resistant TLR7 specie in the presence
of z-FA-fmk, as we did for TLR9 (Supplenentary Fig. 3). Ned we
used the vacuolar H' ATPase inhibitor bafilomycin A and the weak
base chloroquine to block endosoma) acidification and thus, indir-
ectly lysosomal protease acivity'. Both compounds, like z-FA-fink,
blocked cleavage of TLR9 as well as CpG DNA-driven production of
TNF (Pig. 2b). In contrast, bafilomycin A and chloroquine but not
z-FA-frmk suppressed imiquimod-driven production of TNF. Thss, we
concluded that fragmentation of TLR9 by lysosomal proteases is
inhibited by intercrene with lysosomal acidification in contrast,
TLR7 shows no signs of such lysosomal cleavage.

Influencg of cleavage on TLR9 function
We next analyzed the interaction between CpG DNA and TLR9 in the
presence and absence of z-FA-fmk (Pig. 3). We pretreated RAW cells
expressing TLR9-Myc with s-FA-ink, folowed by incubation with
unlabeled CpG DNA or biotinylated CpG DNA (botin-CpG). We
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Fgue 3 The C-terminal TLR9 fragment directly interacts with CpG DNA. (a) Immunoblot (IB) 0 - -FL-TLR9
analysis of TLR9-Myc-expressng RAW macrophages pretreated for 12 h with DMSO or z-FA-lmk Pa
(10 ;M) and then incubated for 3 h at 37 'C with unlabeled or biotinylated CpG DNA (3 gM); ail' 75 -
CpG DNA and materials bound to it were recovered on streptavidin-agarose and analyzed with - -TLR-Cer

anti-Myc. (b) Imrmunoblot analysis of RAW macrophages expressing TLR9-Myc or TLR9-GFP,
treated for 12 h with DMSO or z-FA-fmk (10 pIM), then incubated for 4 h with bafilomycin
(5 pg/mD or chloroquine (5 pM) and then for 3 h at 37 *C with unlabeled or biotinylated CpG
DNA (3 pM); CpG DNA and bound materials were recovered on streptavidin-agarose and digested
with Endo F. and total Input lysate and precipitates were analyzed with anti-Myc (left) or anli-GFP
(right). (c) SDS-PAGE of immunoprecipitates of RAW macasphages expressing wild-type TLR9-Myc (TLR9) or the Myc-tagged C-terminal fragment of TLR9
(residues 471-1032; recTLR9-Cter), treated with z-FA-fmk (+) or DMSO (-) and metabolically labeled; tysates immunoprecipitated and reimmuno-
precipitated with anti-Myc were digested with Endo F. Data are representative of three independent experiments.

tagged wild-type TLR9, the C-terminal cleavage fragment of TLR9 and
TLR9A441-470 with GFP and expressed these by retroviral transduc-
tion in T9' BMDCs, then exposed these cells to CpG DNA and
measured TNF production in GFP" cells by flow cytometry (Fig. 4c).
BMDCs transduoced with the TLR9A441-470 mutant produced less
TNF in response to CpG DNA stimulation than did cels expressing
wild-type TLR9 (Fig. 4c). As the transmembrane segment and
cytoplasmic tail of TLR9A441-470 are identical to those of full-length

a

% r

7.TRLR9 100 -

TLR 441-470 

-5 5--
TRn-Clr 50

TLR9, and UNC93BI bound wild-type TLR9 and TLR9A441-470 to a
similar degree (data not shown), we believe that trafficking properties
were unaffected by the deletion of residues 441-470.

C-terminal TLR9 fragment restomru 7r9 BMDC function
We next investigated whether the C-terminal fragment, which retained
a portion of the ectodomain encompassing LRR15-LRR26 and con-
tained the full transmembrane and cytoplasmic domains, was on its
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Figure 4 The C-terminal TLR9 fragment is the active form responsible for binding a -COO 11 zA mA70
CpG DNA and for subsequent TLR9 signal transduction. (a) Immunoblot analysis 300 300

of RAW macrophages stably expressing wild-type TLR9 or mutant TLR9&441-470 200 200
(left) or the C-terminal TLR9 fragment (residues 471-1032; right), incubated for
3 h at 37 *C with biotinylated CpG DNA (3 pM); CpG DNA and bound materials 100 100

were precipitated with streptavidin-alprose and digested with Endo F, and
precipitates and Input "yaes were analyzed with anrti-myVc. (b) SDS-PAGE of 0 '
Myc-tagged wild-type TLR9 and TLR9A441-470 Immunoprecipitated and - "
reimmunoprecipitated with anti-Myc from RAW macrophages treated with DMSO <5 - Ap
or z-FA-fmk and metabolically labeled; precipitates were left untreated or digested
with Endo F (above lanes). (cd) Flow cytometry of TNF production by Thr9 4
BMDC& transduced with retroviral vectors encoding GFP-tagged wild-type TLR9, TLR9A441-470 or the C-terminal TLR9 fragment (residues 471-1032).
c) Cells stimulated for 4 h with CpG DNA (1 M) in the presence of brefeldin A at day 5 of culture, then fixed and stained with anti-TNF; TNF expression by
GFP

5 
cells is presented as mean fluorescence intensity (MFI). (d Cells treated for 8 h with DMSO or z-FA-tmk (1 IpM) at day 5 of culture, assessed as

described in c. Data are representative of three Independent experiments (average and s.d. In cd).
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Figure 5 TLR9 cleavage requires man lysosomal proteases. (a) Flow cytometry of Intracellular TNF in RMDCs from wild-type mice or mice lacking
cathepsin L (Cat L-KO), cathepsn S (Cal S-KO) or cathopsin K (Cal K-KO), stimulated for 4 h with porlosinic-polycytldylc ocid (poly(I:C) 100 pg/mo,
LPS (1 pg/m)., imiqulmod (Imiq 10 pgfil) or CpG DNA (1 pM) In the presence of brefeldin A at day 6 of culture, then fIxed and stained with anl-TfF.
(b) SDS-PAGE (left) of immunoprecipitates of 7LR9-Myc-expressing RAW mocrophages pretreafed for 12 h with DMS0, z-FA-fmk (10 pM) or the selective
cathepsin L inhibitors Clk195 and Clik148 (Cat LI; 10 pM), the cathepsin S Inhibitor LHVS (Cat SI; 10 nM), cathepsin K Inhibitor 1I (Cat Ki; 1 pM) or
combinations thereof, then metabolically labeled for 1.5 h, folloved by a chase period of 5 h; TLR9 Immunoprecipitated and reimmunopreclpltated from
ly"afes with anti-Myc was digested with Endo F. Right, enzyme-linked Immurnscrbernt many of tfF secreted by RAW macrophqes treated for 12 h with
DMSO, z-FA-f mk or cathepsin inhibitors (key) and stimulated for 2 h with TLR agonhs" (horiantal ais). (.) Flkm cytomety of TNF in cathepsn L-deficIent
BMDCs left untransduced (None) or transduced with retroviral vector encoding GFP-toed wild-type TLR9 or C-terminal TLR9 fragment (471-1032) at
day 1 of culture, then stimulated for 4 h at day 6 with CpG DNA (1 pM) in the presence of brefeldin A, *aoed and stained with ani-TNF; data represent TNF
in GFP' (transduced) cells. Data wre representative of to (&e.) or three W) independent experiments (average and s.d.).

ILI0

0

ASIA
lysoaomal proteolysis in major histocompatibility class l1-restricted
antigen presentation is immediately evident from the inhibitory ects
of a broad protease blockade, with wry few exceptionas, it has been
difficult to link any peaticular protease to the processing of a specic
antigen

2
"". For the ame reaons, it may be difficult to determine

which members of the cathepsin family of lysosomal proteaes cleave
TIR9. After genetic ablation or pharmacological inhibition of a single
cathepein, any of several cysteine proteases could 'pick up the alackr
thereby explaining the greater inhibitory potency of the broadly
specific inhibitors over more narrowly targeted compounds9.
AII mice locking multiple cathepsimn have more ermely deleterious
phenotypes than those of mice lacking a single cathepsinX. None-
theless, we exonined the TLR respomniveneA of BMDCs from mice
lacking individual cathepoins Cathepsin U-deficient BMDCB and, to a
leaner extent. cathepsin S-deficient BMDCs produced less TNF in
response to CpG DNA (FIg. Se). We noted normal TNF production in
response to CpG DNA by BMDCs from cathepsin K-deficient mic,
which seemed at variane with a published report

2
' in which cathepsin

K-deficient BMDCs faled to respond to CpG DNA stiniulation, as
assessed by their lower production of interleukin 12.

We next examined the effects of a series of selective cathepsin
inhibitors on the pattern of TLR9 cleavage in and TNF production by
RAW cells. We fkund that z-FA-fink, but not any of the more narrowly
specific cathwpain inhibitors, completely suppressed farmation of the
65-kDa C-terminal TLR9 fragment itself (Pig. 5b). Cleavage in the
presence of the cathepain K inhibitor was indistinguishable from
cleavage in the presence of DMSO (Fig, 5b). Selective inhibition of

110

own sufficient for binding to CpG DNA and znitiating TM9 signal
transduction. In RAW macrophages, recombinant C-terminal TLR9
fragments tagged at doe C terminus with either Myc or GFP interacted
strongly with biotin-CpG, a demonstrated by the recovery of the
C-terminal TLR9 fragment on streptavidin-aprose (Pig. 3b). Neither
the expression nor the molecular sme of the recombinant C-terminal
fragment was affected by z-FA-fink (Fig. 3c). 71r9 BMDCs trans-
duced with a retrovirus encoding the recombinant GFP-taed
C-terminal fragment of TLR9 regained responsivenea to CpG DNA
stimulation, as indicated by TNF production (Fig. 4c). TNF synthesis
elicited by CpG DNA stimulation of T7rW BMDCs expreaning the
GFP-tagged C-terminal fragment of TLR9 was not affected by
treatment with z-FA-fmk (Fig, 4d), In contrast, TNF production
facilitated by the expression of GFP-tagged wild-type TLR9 in
77r9- BMDCs was inhibited by z-FA-fmk (Pig. 4d). The greater
sensitivity of BMDCs to cytotoxic effects of z-FA-fsnk did not allow us
to use the inhibitor concentrations readily tolerated by RAW cells and
their derivatives to achieve full inhibition of TNF production. Never-
theless, we conclude that the C-terminal TLR9 fragment on its own is
sufficient to bind CpG DNA and initiate signaling,

Multistep TLR9 claavqe
If indeed residues 441-470 are correctly modeled as a flexible loop
(Fig. le), then any of a number of proteases could presumably cleave
it, as has been noted for other proteins activated by proteolysis,
such as flu hemagglutinin, cholera toxin and various proenzymes,
including lysosomal hydnlases. Similarly, although the involvement of
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Figure 6 Cathepsin L cleaves TLR9 in k4tro but a - .-- Ro -47G
falls to cleave the TLR9 deletion mutant lacking a ir bxiG DT b tcG
the region encompassing the putative cathepsin CAt L oM) 0 0 0.1 02 0 0 01 02
cleavage site(s). (a) SDS-PAGE of wild-type TLR9 0
or the TLR9 deletion mutant TLR9A441-470 160- FL-TL9 Cal L + +
transcribed and translated In vift in the - TLRQA4470 a
presence of microsomes and [S]methionine is -- R
plus either 2 mM dithiothretol (DTT) or 2 mM - -
oxidized glutathione (GSSG); microsomes were so- C-
pelleted and lysed and recombinant cathepsin L
was added for 2 h at 37 *C, followed by analysis
of 10% of the total volume of the In rites
transcription and translation reaction. *, C- and
N-terminal TLR9 fragments. (b) SDS-PAGE of
Myc-tagged wild-type TLR9 or C-terminal TLR9 fragment (residues 471-1032) transcribed and translated in vits in the presence of microsomes and
(
35

S~methionine; microsones were pelleted and lysed, and 10% was Immunoprecipitated with anti-Myc, then digested with EndoF and the other 90% was
incubated for 2 h at 37 C with recombinant cathepsin L (0.2 M), then incubated for 2 h with biotinylated CpG DNA (5 pAM), incubated with streptavidin-
agarose and digested with Endo F Data are representative of tue independent experiments.

cathepsin L or cathepsin S resulted in the appearance of a doublet
composed of a slightly larger band in addition to the 65-kDa band
(Fig. 5b). We called the upper band the 'pre-C-terminal fragment. The
cathepsin K inhibitor, when combined with other inhibitors, failed to
produce an additive effect (Fig, 5h). However, combining the cathe-
pxin S- and cathepsin L-selective inhibitors resulted in enrichment of
the pre-C-terminal fragment relative to the C-terminal fragment
(Fig, 5b). The pre-C-terminal fragment seemed to be inactive, as we
noted a strict inverse correlation between its presence and TNF
production (Fig. Sb). Partial conversion of full-length TLR9 to the
pre-C-terminal and C-terminal fragments yielded intermediate
amounts of TNF. The slight difference in apparent molecular weight
suggested that at most a few dozen residues distinguished the active
C-terminal fragment from the inactive TLR9 pre-C-terminal fragment
(Fig. 5b). These data suggest that at least two cleavage events occur to
convert full-length TLR9 into its active form (Supplementary Fig. 4
online). In addition, introduction of the C-terminal TLR9 fragment
into cathepsin L-deficient BMDCs restored CpG DNA-driven pro-
duction of TNF (Fig. Sc). Wild-type TLR9 restored TNF production
to a limited extent, consistent with the limited inhibition of TNF
production of untransduced cathepsin L-deficient BMDCs (Fig. 5ac).
We conclude that more than a single lysosomal protease is involved in
cleavage of TLR9, with an important function for cathepsin L

To fiuther support the idea that cathepsin L can cleave TR9 at the
proposed cleavage site, we incubated radiodemically pure TLR9,
produced by in vitro translation in the presence of properly redox-
buffered microsomes", with purified cathepsin L (Fig. da). Cathepsin
L produced the C-terminal fragment of TI9 in vitro (Fig. 6a), and
this C-terminal fragment bound to biotin-CpG (Fig. 6b). However;
the TLR9 deletion mutant T1R9A441-470 was not ceavd by cathe-
psin L it vitro (Fig. 6a). Our results collectively establish that TLR9
undergoes deavage in an enddysosomal compartment, a step that is
important for TIR9 to eecute its proper function.

DISCUSSION
The involvement of the endolysosomal compartment in proper
functioning of the nudeic acid-sensing TLRs (TO3, TLR7 and
TLR9) is well documentedtt-"e, but exactly how this environment
contributes to the receipt and transmission of signals through these
TLRs has not been established. We have now demonstrated that TLR9
underwent proteolytic cleavage, encoted by cysteine proteases, in the
endolysosomal compartment. On a molar basis, the C-terminal
cleavage fragment of T=R9 bound CpG DNA more strongly than
did full4ength TLR9, although full-length TLR9 did bind CpG DNA.

The broadly specific inhibitor z-FA-fmk was most effective at blocking
this deavage and, accordingly, abrogated TNF production in cells
exposed to the TLR9 agonist CpG DNA. Our data are consistent with
the involvement of more than one protease in this deavage reaction,
because we noted a blunted rather than a completely blocked TNF
response to CpG DNA in BMDCs deficient in cathepsin L or cathepsin
S. Furthermore, a combination of inhibitors selective for cathepsin L
and cathepsin S not only blocked TNF production in response to CpG
DNA but also yielded a cleavage intermediate, the pre-C-terminal
fragment, whose abundance was inversely correlated with TNF pro-
duction. The expression of only the C-terminal fragment in Tfr9-
BMDCs restored their ability to produce TNF, as also noted for
cathepsin L-deficient BMDCs. We hypothesize that the absence of
cleavage in the presence of chloroquine and bafilomycin A is best
explained by higher pH or less proteolytic activity.

The delivery of TLR9 to endolysosomal compartments requires its
interaction with UNC93BI, mediated through the transmembrane
segment of TLR9 (ref. 22). Eliminating this interaction by substituting
the transmemnbrane segment of TIR9 causes TLR9 to traffic incor-
rectly to the surface'

6
, and mutating the gene encoding TNC93BI

abolishes trafficking of TLR9 to the endolysosomal comparment:
2

.
The ability of a chimera consisting of the extracellular domain of
TR9 and the transmembrane and cytoplasmic domains of TLR4,
which localizes to the cell surface, to induce signal transduction after
CpG DNA binding might be attributed to the recruitment of adaptors
other than MyD88 to the TLR4 cytoplasmic tail'

63 2
.

We did not find any inhibition of TNF production in cathepsin
K-deficient BMDCs or by imposition of a cathepsin K blockade, in
contrast to an earlier study that showed less production of interleukin
12 by cathepsin K-deficient BMDCs in response to CpG DNA

2
'. We

further determined that responses requiring the engagement of TLR7
were not affected by z-FA-fmk, unlike the blockade in upregulation of
CD86 and B cell proliferation reported earlier". The production of
interleukin 12 may require the involvement of cathepsin K at steps
'downstream' of TLR9 engagement, which could explain the observed
discrepancy. Likewise, the surface expression of CD86 and steps that
control B cell proliferation may require lysosomal protease involve-
ment for reasons other than cleavage of the TLRs involved.

We obtained no evidence that TLR7 is cleaved in a z-FA-fnk-
sensitive way, and we have been unable to detect cleavage fragments of
TIR7. This raises the issue of why signaling through TLR7, or through
TR3, for that matter, is nonetheless sensitive to the inclusion of
lysosomotropic agents. Several of the TLRs are known to act together
with partner proteins, such as CD14 and MD2 for TLR4 (refs. 33,34),
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Appendix 1: Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9

ARTICLES

imiquimod (TLR7) or CpG DNA (TLP9). Conditioned medium was collected
and was analyzed by enzyme-linked immunosorbent assay with hamster
antibody to mouse or rat TNF (557516; BD Biosciences) as a capture antibody
and biotin-labeled rabbit anti-mouse as a secondary antibody (557432; SD
Bioscienices).

Homlogy moadeling. A multiple squensce aligument contsaning the target
sequence (Mus muscsdus TLR9; National Center foe Biotednology Information
accession number NP_112455) and the template sequence (Afls musda s
TLR3; National Center for Biotechnology Information accession number
NP_569054) was generated by the ClustaiW program. The resulting alignment
and the structure of the Mus musalus TLR3 ectodomain (Protein Data Base
accession code My, chain A) were used to generate a structural model of the
Mus muscdus TLR9 ectodomain with the Swiss-Model autornated comparative
protein modeling server".

Accesalon codes, UCSD-Nature Signaling Gateway (http://wwwuigrialing-gate
wayorg): A002299 and A002301.

Noe Suppilemenary in6rmsatin u, availabil on the Narre Immrsnology websitt
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I REVIEWS

Accessory molecules for Toll-like
receptors and their function
Clarissa C. Lee*, Ana M. Avalos * and Hidde L. Ploegh

Abstract I Toll-like receptors (TLRs) are essential components of the innate immune system.
Accessory proteins are required for the biosynthesis and activation of TLRs. Here, we
summarize recent findings on TLR accessory proteins that are required for cell-surface
and endosomal TLR function, and we classify these proteins based on their function as
ligand-recognition and delivery cofactors, chaperones and trafficking proteins. Because
of their essential roles in TLR function, targeting of such accessory proteins may benefit
strategies aimed at manipulating TLR activation for therapeutic applications.

Endogenous mediators that
are rieased by necretic cels in
response to infecton or injury
and that interact with pattern-
recogn itioin receptors to
activate innate inune cells.
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Pattern-recognition receptors (PRRs) are germline-
encoded innate immune receptors that were originally
reported as sensors for pathogen-associated molecular
patterns(PAMPs)'. PRRs can also recognize endogenous
molecules that are released in response to stress or tissue
damage, thusbehavingassensorsofalarmins. PRRsthere-
fore sense PAMPs and alarmins, which together consti-
tute damage-associated molecular patterns (DAMPs).
PRR engagement promotes the activation of innate and
adaptive immune responses. Members of the Toll-like
receptor (TLR) family are PRRsthat recognize pathogen-
derived macromolecules, ranging from bacterial and
yeast cell wall components to viral and bacterial nucleic
acids. TLR ligation leads to the activation of nuclear
factor-KB (NF-iB) and interferon-regulatory factors
(IRFs), and these transcription factors then induce the
production of pro-inflammatory cytokines and type I
interferons (IFNs), respectively.

Humans express ten functional TLRs (TLRl to
TLRIO), whereas twelve TLRs (TLRl to TLR9 and
TLR1 Ito TLRl 3) have been identified in mice. Ligands
have been determined for all TLRs except for human
TLR10, mouse TLRI2 and mouse TLRI3. TLR1, TLR2,
TLR4, TLR5, TLR6 and TLR1 1 reside at the plasma
membrane, where they recognize molecular compo-
nents located on the surface of pathogens. By contrast,
TLR3, TLR7, TLR8 and TLR9 are found intracellularly
where they mediate the recognition of nucleic acids.
Thus, the subcellular distribution of TLRs correlates,
to a substantial extent, with the compartments in which
their ligands are found (TABLE 1).

TLRs are type I transmembrane proteins composed
of an ectodomain that contains leucine-rich repeats,
a single transmembrane domain and a cytoplasmic
Toll/IL-I receptor (TIR) domain that is involved in

the recruitment of signalling adaptor molecules. TLRs
form heterodimers or homodimers as a means of trig-
gering a signal. Most TLRs form homodimers with a few
exceptions. For example, TLR2 forms heterodimers with
TLRI or TLR6, which enables differential recognition of
lipopeptides: TLRl-TLR2 recognizes triacylated lipo-
peptides, whereas TLR2-TLR6 responds to diacylated
lipopeptides (TABLE 1.

Extracellular and endosomal TLRs have similar
ectodomain sequences, a feature that is in sharp con-
trast with the diversity of the Uigands that they recog-
nize. One mode ofligand discrimination relies on the
differences in the residues present in the ectodomains
of distinct TLRs. The leucine-rich repeat modules
located in the ectodomains of TLRs are each com-
posed of 20-30 amino acidsand contain the consensus
sequence LxxLxLxxN. TLRs have different amino acid
compositions within these modules, leading to varia-
tions in structural conformation that allow for ligand
interaction. Amino acid variations and the formation
of heterodimers can only provide a limited platform
for the recognition of the varied set of TLR ligands.
Thus, another mechanism that reflects the complexity
and diversity of TLR ligand composition must exist
to ensure proper detection of PAM Ps and discrimi-
nation between self and non-self. Specific accessory
proteins or cofactors can fulfil that role. A given TLR
dimer can bind to cofactors that deliver molecules of
a particular composition while avoiding other ligands.
These cofactors can also have roles in ensuring proper
TLR folding in the endoplasmic reticulum (ER),
localization to the appropriate subcellular compart -
meant and protein processing, all of which ensure that
TLRs reach their assigned subcellular compartments
to bind to ligands and initiate signalling. Thus, given
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Table 11 LPCaUzation and igauds of TLR.

TLR Suebeoear
thaedsemn

TLR1- Plasma
TLR2 membrane

S -aIc L

Triacylsetedlpopeptides

TLR2 Plasma Peptkdoglanphospholipimnnnan,tGPI-mucins,
membrane hiaerroggitinin, porins. ipoabinomannan,

.lu.,.inoxylomannans HMGB1
TLR2- Plasma,
TLR6 membrane

TLR3 Endosame

TLR4 Plasma
membrane

TLR4- Plamsa
TLR6 membrane
TLR5 Plasma

membrane

Diacylated popeptisLTArymosan

ND

FSLlMALP2,FhraCS4#

Lps,rVSV gcos"inG, R ision prtefin, MMTV ND
envelopeprtaeinrannan,gucuroncmylomannan,
glycosylinowitolphotphotipids, HSP60, HSP70,
fibrinogen, nickel, HMGB1

Oxt-DL,armyloid-pfibrills ND

Flageltin

TLR7 Endosome ssRNA

TLR6 Endosome ssRNA
T049 Endesome DNA,htsemnln

ND

kidaazoquinolinecompounds:
imiquimcdjesiqui .d
ktioribine

Resiquirnod
CpGACpG-Band CpGrCODWs

TLR11 Plasm ProfiLin ND
(mouse) membrane
dsRNA, double-stranded RNA; FSLI, S-(2.3-blpabnAtyloaypropy)-CGOPKHSKSF; HMCI. hlgh-mabtygroup box I protein;
HSP. heat-shock protein; LP ipopalysaccharlde; LTA. ipotelchoac acid; MALP2.macrophage-activating llpopeptide of 2kDa;
MMTV. mouse marnmry tumour virus: RD, not determined; ODN. olligodeoxyrucleotide; sxtDL exidized tow-densty poproteia
poyC, polyinosinic-plycytidyic acid; RSV respratary syncytlatvirus; ssRNA single-stranded RNA: tCPI-mirc, Trypanosoma
cruzi glycosytphosphatidylnitot-nchored mucin-ikeg ycoprotein;TL To*-like receptor; VSV, vesicular storattis virus.

MAte-phase protein
A member of a group of
proteins - ncludng C-reactne

protein, serumanyloid A,
ftinnogen and ali -acid
glycoprotein - that are
secreted into the blood in
increased or decreased
quantities by hepatocytes in
response to trauma,
inntannnation ordtase Thee
proneins can be inhibitors or
mediators oftnflammatory
processes.

the observed differences In ligand binding and signal-
ling outcomes among TLRs, accessory proteins may
modulate various aspects of TLR function.

For the purpose of this Review, we use the terms
'accessory protein and icofacto? synonymouslyt and we
define molecules as such when they fulfil the following
roles: they are required for TLR function they interact
with a TLR or a TLR ligand and their ability to facilitate
the interaction of a TLR with a ligand has been experi-
mentally confirmed. This definition aims to focus the
Review on bona fide TLR cofactors, thereby excluding
scaffolding or adaptor proteins required for signalling
(such as myeloid differentiation primary-response pro-
tein 88 (MYD88) and TIR domain-containing adaptor
protein inducing IFN (TRIF); reviewed in REFS 4.5), as
well as molecules involved in crosstalk between signal-
lingpathways (reviewed in REF 6) and netive regulatos
(reviewed in REFS 4.7). We also discuss certain molecules
that are essential forTLRfunctions(although theirrolesas
cofactoraarelessweldefined than those oftheotheracces-
sory molecules that we describe) and that may also have
roles in signalling crosstalk (BOX 1 A separate category
comprises receptors that can interact with TLRs and may
passively modulate TLR functions (BOX 2L Owingto space
constraints, we do not discuss the sequence and structure
of TLRs (which are reviewed in REF 3). the possible cross-
talk between TLRs and cytosolic innate immune receptor%.
or TLR signalling (which are reviewed in REFS 4.5.8-11).

Cdctersf r airhiee TLRa
LBP in Hgwnd delivery to srface TLRs. LPS-binding
protein (LBP) is a 481 -amino-acid acute-phase protein
that binds with high affinity to lipopolyaccharide (LPS)
derived from the outer membrane of Gram-negative
bacteria'. This interaction facilitates the disaggregation
ofLPS and its presentationto CD14, an accessory protein
that, among other functions, mediates TLR4 responsive-
ness to LPS'

0
' (FIG 1). LBP can also bind to lipotelichoic

acid (LTA), peptidoglycan and lipopeptides and transfer
them to CD14, suggesting that LBP may assist not only
in the functionofTLR4, but also inthe function of TLRI,
TLR2 and TLR6 (REFS 1 4- 16). Lbp- mice are highly sus-
ceptible to infection with the Gram-negative bacterium
Sanionela enterca subsp. enterca serovar Typhimuraium
compared with Lbpl- mice17. LBP also has a role in the
in vivo immune response to Gram-positive pneumococci,
as leukocyte influx into the cerebrospinal kuid (the hall-
mark of bacterial meningitis) following challenge with
pneumococci was drastically reduced in L bp-- mice
compared with that in Lbpl- mice". LBP thus mediates
innate immune responses to PAMPs derived from both
Gram-negative and Gram-positive bacterit

MD2 in fgend recogntion by TLR4. MD2 (also known
as LY96) is a 160-amino-acid glycosylated soluble
protein that associates with the extracellular domain
of TLR4 and is required for TLR4 expression on the
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Box IPI Prealuwit both TLM ief talk sad esfeetur fun an
Certain proteins haverbee suggestedto haveros both ascofactorsand as molecules Involved In crosstalkof Tol-like
receptor (TLtdependent signalng pathways.

Vitronectin
Vitronactin Isa glyaprotein presentin theextracelularmatrixthat bindsto bacteria[ lpopeptides.Vitronectinenhances
TLR2-medlated responses to ipopeptides and Stuphyacoccusaurvas through interaction with its receptor, integein 03
(REF 86). Vitronectin also enhances responses to TLR4l gands", and integrins have been shown to facilitate TLR4
signalling by recruiting theadaptor protein TIRAP to the pam ranembraneP.

Dectin I
The signaling pathways triggered bydectin I (also inown asCLEC7A)-which isafl-glucan receptor involved in the
phagocytossof yeast byrnactophages-havebeen proposedtocrosstalkwith TLR2signaWng induced by zymosan
and P-glucan". Thus, dectin I and TLR2 maycolaborate n the responseto fungal pathogens.

RPMOS
RP 05 (abo known as CD180)lsa lipopolysacchadde(LPS) sensor" Its expression at the cetsurface requires
association with MIA (also known as LY86). The role of RP105-Mill n TLR4-nediated responses to LPS seems to vary
with the ceiltype.Whermas RP105is requiredforfullresponsiveness to LPS in Bceils, the expression of RPI05-MDI by
dendrithc ces and macrophages negatkey regulates LR4 responses to LPS". in addition, RPI05 positively regulates
a TLR2-dependent responseto hScobactutan tuberculosis Spoproteins in macrophages

4
. Thus, RP105 Is unique in Its

role in both enhancing andsuppiessing TLR responses in different cia types.

Upid rafts
Structures that are proposed to
ansefrom phase separation of
different plasma menirane
lipids assa result of the selectma
coalescence ofcertain lipids on
the basis of their physical
properties. This results in the
forrnation of distinct and stable
lipid domeains in membranes
that nutbt prcs'iiea platform
for mrembrane-associated

protein organization

cell surface". MD2 is necessary for TLR4-dependent
responses to LPS in vivoa, and Md2' B cells, macro-
phages and dendritic cells (DCs) are hyporesponsive
to LPS. Md2-'- mice were shown to survive LPS-
induced endotoxin shock and were moresusceptible to
S. Typhimurium than wild-type mice, thereby demon-
strating a phenotype identical to that of Tr4-' mice".
The crystal structure of TLR4-MD2 in complex with
Escherichia coli LPS shows how MD2 facilitates TLR4
function": LPS buries five of its six lipid chains into
the hydrophobic pocket of MD2. Two MD2-LPS com-
plexes are essential for bridging two TLR4 molecules'
(FIG I). Of the TLRs whose structures have been deter-
mined in complex with a ligand (namely, TLRl-TLR2,
TLR2-TLR6, TLR3 and TLR4), TLR4 is unique in that
it requires anaccessory molecule forligand binding. As
the two molecules of TLR4 in the TLR4-MD2 hetero-
dimer have limited direct interaction, MD2 is essen-
tial for both the ligand binding and the dimerization
of TLR4 (REF 2 1).

Ligand discrimination by CD36. CD36 is a
472-amino-acid double-spanning membrane glyco-
protein of the scavenger receptor class B family that
is found in lipid rafts". CD36 was first implicated
in the function of TLR2-TLR6 heterodimers by a
genetic screen that generated a mouse homozygous
for a loss-of-function allele of Cd36 (Cd36l*e*").
Cd36*4"* macrophages showed an impaired produc-
tion of tumour necrosis factor (TNF) in response
to two TLR2-TLR6 ligands - namely, LTA and the
R-stereoisomer of the diacylated lipopeptide MALP2
(R-MALP2) - but not to Pam 2CSK4, PamCSK,,
LPS, peptidoglycan, zymosan A. resiquimod,
polyinosinic-polycytidylic acid (polyl:C) or CpG
DNA24. Thus, CD36 enhances immune responses to
some TLR2-TLR6 ligands but not to others (FIG. 1).
In vivo, deficiency in CD36 results in an increased sus-
ceptibility to infection by the Gram-positive bacterium
Staphylococcus aureus"2 .

CD36 also mediates inflammatory responses to oxi-
dized low-density lipoprotein (oxLDL) and amyloid-P
fibrils through the assembly of a TLR4-TLR6 hetero -
dimer. Tr4-, Tr6-' and Cd36' macrophages and
microglial cells failed to upregulate inflammatory
mediators in response to oxLDL and fibrillar amyloid-0
peptide (Ap ,), respectively". Human embryonic
kidney 293 (HEK293) cells expressing TLR4, TLR6
and CD36 induced a higher level of expression of an
NF-B-luciferase reporter gene in response to oxLDL
or AP,-., than H EK293 cells lacking CD36, suggest -
ing that TLR4, TLR6 and CD36 function together to
mediate responses to oxLDL and amyloid-pl. Indeed,
stimulation of THPl monocytes with oxLDL or AP3I

42
enhanced the association of TLR4-TLR6 with CD36
(REF 26). Whether the TLR4-TLR6-CD36 complex
recognizes and responds to PAMPs in addition to
endogenous ligands remains to be determined.

How CD36 mediates the function of TLR2-TLR6
and TLR4-TLR6 is not completely understood, but the
carboxyl terminus of CD36 seems to have an impor-
tant role. A CD36 mutant that has a substitution of
tyrosine 463 (CD36Y40a) failed to induce the activation
of NF-KB or to mediate TLR4-TLR6 dimerization in
response to oxLDL

5
. An interaction between CD36

and the tyrosine kinase LYN was shown to require
residues 460-463 of CD36, and inhibition of LYN
kinase activity impaired the association of CD36
with TLR4-TLR6 and blocked NF-KB activation
in response to oxLDL. Recruitment of LYN to the
C-terminus of CD36 is thus important for the form-
ation of a functional TLR4-TLR6-CD36 signalling
complex". The Y463F mutation in CD36 also abro-
gated CD36-mediated NF-KB activation in response
to the ligand LTAs. Therefore, the recruitment of
LYN to CD36 may also be important for the forma -
tion of a signalling-competent TLR2-TLR6-CD36
complex. A C464S mutation in CD36 also abrogates
NF-xB activation in response to LTA

2
5. Given that

CD36 undergoes palmitoylation on residue 464, this
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REVIEWS

Box21 -pe -, -u -es TLfraspjaaas
hi cotraattotheacceory proteinsedescrd bintheintext,'passive'receptorcofactofs dTol-gl receptor(Tr)
resoses mebraebodaddo necessariy Interact wiRthTr eir lgends. These receptors modulate
TR11functions by passrely delvering 11R agenists to their ceptors is a result of intracefuhr traffcking.

5caltreeprtor
Antigen recognition throughtheBrettreceptor(BCROtriggerstheBceresponsesrequiredforanadaptivenmune
response. mmun complexescomprised of IgGenandchromtin extracts Induce the prolferation of autoreactive
Scells that express a BCR specfic for gG;uthis Bce activation was shown to be dependent on myetohd fferentiation
primary-responseprotein88(MYDM)Sandwasblockd byTLR9Inh b1tors ".inaddition, iu necomplexescontaIning
CG-rich me maaUsn DNA equences actvated autoreactie B cels In a TLR)-dependent menner"-". Furthermore,
RNA-containing i mmune cornplaes can trigger TLR7 actvt Ion throug h a silr mechanism". BCR Ligation has
been showntoaffect thetraffickingofTLR9.BCR stinlatIon leadstoTLR9trfficking toanutophagosome-Ike
compartment", and TLR9 activation bylgadslh dby the BCR resuits In a difeent cytoldne profie from tat
Induced byCpG DNA-mediatedTLR9stIuLation intheabsenceof a BCR stImus".Future studesshouelda mto
clarity the crosstalk pathways that ink CR actvation with thetrafficng and/or activatIon of TLRs In B cels
RAGE
Receptor for advnced glycation end -products(RAGE)was the fkrst reported reptor for igh-mobIllty group box 1
proteln (HMGBt'. RAGE was originaty characterzd as a receptorfor sdductsof proteins, Upkls and nucleic acid that
areproduced non-enzymat"eyIn hlgyoddkatIveenvi ronments.RAGELigation leadsto eucearfactor-8(NF-8)
activation and pro-inflammatory cytokine prodction, whIch is slf-sustaned and therefore dysregluated". RAGE
was sown to modulate LR9functions In plsnacytold dendritic cels, In whiclthe addition of HiGB1 potent ited
CpG-Induced production of Interferon-a in a RAGE-dependent manner. Whether HMG81 loaded with RNA can
trkgger TLR3 or TLR7 nesponsesth mugh RAGE remainsto be determined.

signalling defect may be attributed to the inability of
CD36C"" to be properly targeted to lipid rafts Thus,
fine-tuning of CD36-mediated TLR assembly and
responses to ligands depend on the localization of
CD36 to plasma membrane microdomains, where it
can interact with downstream components.

CD14: a cefactor for several TLRs. CD14 is a
375-amino-acid glycoprotein composed of leucine-rich
repeats that is present in a soluble form in the blood or
as a glycosylphosph idylositol (GPI)-anchored mem-
brane protein on myelold cells. CD14 interacts with
multiple TLR ligands and enhances their ablity to acti-
vate TLRs (FIG. 1) Direct binding studies using recom-
binant CD14 show that CD14 has the unusual ability
to bind to a variety of microbial products (and their
synthetic analogues), including LPS, peptidoglycan,
PamCSK4, polyl:C and CpG DNA 4

". The crystal
structure of CD14 shows it to be a dimer, and the two
subunits together form a horseshoe-shaped structure
that is reminiscent ofthe structure ofthe actodomains of
TLRs. The amino terminus of each subunit is equipped
with a hydrophobic pocket, which is the principal com-
ponent of the LPS-binding site in CD14 (REF. 32). The
CD14 binding sites for different TLR ligands appear to
overlap, as LPS can compete with DNA and peptidogly-
can, LTA can compete with peptidoglycsn, and double-
stranded DNA can (partially) compete with poly:C for
CD14 bindingW" How CD14 can bind toliganda with
such different molecular compositions remains to be
established, and crystal structures of CD14 in complex
with ligandswould help to address this question.

CD14 was first implicated in TLR4-mediated immune
responses. At doses of LPS or Gram-negative bacte-
ria that kill wild-type mice, Cdlf'- mice survive and
produce negligible amounts of TNF and interleukin-6
(IL-6)". In response to LPS, CD14 is required for

TRIF-dependent signalling and, at low doses of LPS, for
MYDI8-dependent signalling"' 4

. It has been shown
that CD14 can chaperone LPSfromLBP to TLR4-MD2
at the cell surface, and new evidence demonstrates that
CD14 also mediates the LPS-induced endocytosis of
TLR4, resulting in the delivery of TLR4 to a compart-
ment from which it canengage TRIF-dependent signal-
ling-. Thus. forTLR4 activation, CD14 fecilitatesboth
ligand delivery and TLR4 endocytosis,

CD14 also enhances immune responses to the
endosomal TLR ligands polykC, imiquimod and CpG
DNA-. CD14 probably promotes the general internali-
zation of nucleic acids, as the addition of soluble CD14
increased the internalization of polyl:C by Chinese
hamster ovary (CHO) cells, and Cd14' macrophages
internalized less CpG DNA than wild-type macro-
phages". However, responses to polyl:C, imiquimod
and CpG DNA are not completely abrogated in the
absence of CD14, suggestingthe edstence of additional
factors that can mediate their delivery'"'. Although
CD14 has been shown to associate with TLR3, TLR7 and
TLR9 (R EFS 28.30, it is unclear whether CD14 mediates
the trafficking of these endosaomal TLRs, as it does for
TLR4, or whetherit just mediates ligand trafficking,

Reflecting its ability to bind to diverse ligands, CD14
also mediates TNF production in response to the TLR2-
TLR6 ligands MALP2, LTA, zymosan A and PamCSK4.
Moreover, CD14 participates in TLR-mediated immune
responses to various viruses, including respiratory
syncytial virus (RSV which activates CD14 through its
fusion protein), vesicular stomatitis virus (VSV; which
activates CD14 through its glycoprotein G), human
cytomegplovirus(HCMV) and influenza A virus3"M.
How exactly CD14 is involved in these processes remains
to be determined but, as shown for LPS and nucleic
acids. CD14 may mediate the interaction of ligands with
several TLRs.
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I REVIEWS
LPS-o Zymosan LTA, "Ai DNA deie tiAdelvery

dlecyed x HMB1, HM 82. HMGBI.
Fgur ce= e iate bidi CD14, granuoin. HMG3,

CDP,14, LL37 CD14, LL37

MD12 CD36 Cell
mebrane,

TILR9 TLR3 or TLR7
Figure I IAccessory molecules medlato igand binding and delivery to surfac* and endosomal ts.
The Toll-ike receptor2(TLR2)-TLR6 heterodimer uses CD14 to respond to zymosan and both CD14 and CD36 to respond
to lipoteichoic acid(LTA) and diacylated lipopeptides.LPS-binding protein (LBP) binds to tipopotysaccharide (LPS) and
presentsit to CD14,which is required for IlRdomain-containing adaptor protein inducing IFNP (TRIF)-dependent
signalling in response to IPSand, at lowdoses of LPS, formyeloid differentiation primary-response protein 88
(MYD88)-dependent signalling. MD2 is necessary forTLR4 to bind to LIPS and homodimerize. CD36 is needed forthe
TLR4-TLR6 heterodimerto respond tothe altered selfcomponents amyloid-P and oxidized low-densitylipoprotein
(oxIDL). E ndosomatTLRs also use cofactors for nucleic acid delivery. CD14 and high-mobilitygroup box (HMGB) proteins
bind todouble-stranded RNA single-stranded RNA and DNA, and mediatethe deliveryofthese nucleic acids to TLR3,
TLR7 and TLR9, respectively. LL37 bindsto both RNAand DNAand delivers them to TtR7 and TLRB (in the case of RNA)
orTLMR (for DNA Granulin binds only to DNAand mediates DNAdelivery to TLR9. Signalling from TLRs culminates in
the activation of transcription factors- namely, activator protein 1, nuclearfactorKBand interferon-regulatoryfactors
- and the production of pro-inflammatory cytolinesand type I interferons (not shown).

Delivery of TLR ligands by TRIL TLR4 interactor with
leucine-rich repeats (TRIL) is a type I transmembrane
protein of 811 amino acids that contains 12 predicted
leucine-rich repeats in its extracellular domain. TRIL is
highly expressed in the brain and its expression can be
induced by LPS and polyl:C241 .TRIL colocalizes with
early endosomal markers in the human astrocytoma
cell line U373 but was found on the surface of HEK293
cells, suggesting that TRIL may have cell type-specific
localization patterns'Ad. Knockdown experiments
demonstrated that TRIL mediates TLR3 and TLR4
signalling, but not TLR2 or TLR9 signalling" "4 TRIL
co-immunoprecipitates with LPS, TLR3 and TLR4, sug-
gesting an involvement for TRIL in ligand delivery"A'2

Future studies should darify whetherTRLlike CD14, is
involved in mediating ligand delivery to TLR3 and TLR4
and whether TRIL has a specialized function in the brain.

Ligand deUwery to endosonal TLRs
Granidin delivers CpG DNA to TLR9. Granulin is a
cysteine-rich glycosylated multifunctional protein that
is produced as a result of proteolytic processing of its
593-amino-acid precursor, progranulin, by the serine
proteaseselastase and proteinase 3 (alsoknown as myelo-
blastin)IM. Multiple cell types constitutively secrete pro-
granulin, and it is present at high levels in serum'u'

5
.

Granulin fragments were shown to interact with full-
length TLR9 by immunoprecipitation from RAW264.7
macrophages treated with the broad cysteine protease
inhlbitorZ-FA-FMIC Addition ofexogenousprogranulin
enhanced TNF secretion by RAW264.7 macrophages in

response to synthetic oligodeoxynudeotides (ODNs) of
the CpG-B and CpG-C classes, and mice deficient in pro-
granulin (Grn-'- mice) had a defect in TNF production".
Grn-r bone marrow-derived macrophages (BMDMs)
were less able to bind to CpG DNA than their wild-type
counterparts, and this defect could be corrected by the
addition of exogenous progranulin. Progranulin binds
not only to CpG ODNs, but also to ODNs with inhibi-
tory activity, suggesting that granulin binds to ODNs in
a sequence-independent manner The binding of CpG
ODNsto the C-terminus ofTLR9 was impaired in Grn+
mice; thus, granulin may facilitate the delivery of CpG
DNA to lysosomal compartments (FIG. I). The inhibi-
tion of elastase activity reduced TNF responses to CpG
DNA, suggesting that the processing of progranulin into
its fragments is required for its contribution to TLR9
signalling". Taken together, these results demonstrate
that granulin helps to deliver CpG DNA to the appropri-
ate compartment to promote TLR9 responses. It is still
unclear whether granulins interact with a surface recep-
tor whether they can bind to double-stranded DNA, and
what determines the enhancement of TLR9 responses to
CpG-B and CpG-C but not CpG-A ODNs, Future stud -
ies should aim to clarify these issues and also determine
which forms ofgranulin are required for TLR9 activation.

HMGBI-medialted delivery of RNA and DNA.
Members of the high -mobility group box (HMGB)
family are nuclear proteins associated with chroma-
tin that are involved in making DNA available for
the regulation of transcription". The most -studied
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Steife Iammadion
An inflammatory response
triggered by tissue damage
in the absence of infection.

Arnphpatic peptilde
A peptide that contains
hydrophilic and hydrophobic
domans, which allow the
peptide to interact both with
charged residues and with
lipophilic structures,

Endosomes
Vesicles of theendocytic
pathway that transport
poteins fom the plasma
membrane and the 005i
compartment and have a
mildly acidic pH.

A homolo us gene that
resulted from a gene
duplication event

member of this family is HMGB1, which mediates its
pro-inflammatory functions through interactions with
its receptors - TLR2, TLR4 and receptor for advanced
glycation end-products (RAGE) - and has a role in
sterile inflammation (injury) and infectionl. HMGB1
is a 215-amino-acid soluble protein composed of two
DNA-binding domains containing basic amino acids
(the A and B boxes) and an acidic tail, and it binds
to DNA in a sequence-independent manner. HMGBI
displays pro-inflammatory functions once secreted
by the cell, and this activity led to the exploration of
whether HMGBl could deliver ligands to TLR9 and
other endosomal TLRs.

HMGB1 was described as a TLR9 cofactor based on
its ability to bind to CpG DNA, to interact with TLR9
and to enhance the delivery of TLR9 to endosomal
compartments in response to CpG DNA. Exogenous,
addition of HMGBl enhances the production of IFNa
and pro-Infammatory cytokines in response to CpG
DNA in DCs and macrophage 9

*. IFNa secretion was
dependent on the interaction of HMGBI with RAGE",
which is a 'Passive receptor cofactor of TLR9 (BOX 2. An
absenceofHMGBI decreasestheabilityofCpG DNA to
upregulate the expression of type I IFNs and the secre-
tion of pro-inflammatory cytokines (such as IL-6, TNF
and IL-12p40) by DCs". In patientswithlpis, HMGBI
forms complexeSwith ucleosomesthat circulate inthe
blood as a result of increased apoptosas. Such HMGBI -
nucleosome complexes induce pro-inflammatory
cytokine production by perpheral blood mononuclear
cells*. Immune complexes containing mammalian
DNA. HMGBI and IgG can activate sutoreactive B cells
in a TLR9-dependent manner0"'. HMGB1 binds to
both CG-rich and CG-poor DNA, but only the delivery
by the B cell receptor of CG-rich mammalian DNA -

in the form of HMGB1-DNA-IgG immune complexes
- promotes TLR9-dependent B cell activations (BOX 21
Therefore, HMGBI is required for TLR9 responses to
CpG DNA and may exacerbate autoimnine disease
owing to its ability to bind DNA.

HMGBprotemns may be univemal mediators of innate
immune responses to nucleic acids HMGBI binds to
both DNA and RNA, and the closely related proteins
HMGB2 and HMGB3 bind to DNA and RNA, respec-
tively. HMGB proteins are required for type I IFN and
pro-inflammatory cytokine production in response to
RNA (through TLR3 and TLR7) and DNA (through
TLR9). Although direct binding of HMGB proteins
to these TLRs was not demonstrated in this study, an
absence of HMGB protein function decreased responses
to DNA and RNA. HMGB proteins are thus required
for normal inflammatory immune responses to nucleik
acids". However, it is not dear how HMGB proteins dis-
tinguish between DNA and RNA. Furthermorehow can
these proteins resist degradation once outside of the cell?
Is their binding to nuclek acids regulated?If HMGBpro-
teins are implicated in 'promiscuous sensing' of nucleic
acids, then what prevents immune responses to self
DNA and selfRNA?Future studies should addressthese
questions to further clarify the role of HMGB proteins
in responses to nucleic acids.

REVIEWS

LL37-medfated igwnd defivery to endosonal TLRs.

LL37 has been reported to be a TLR9 cofactor and has
been implicated in the delivery of self DNA to TLR9 in
plasmacytoid DCs (pDCs)". LL37 is a 37-amino-acid
amphipathic pepide that is activated through the cleavage
of its precursor, cathelicidin antimicrobial peptide, by a
serine proteseis LL37-DNA complexessae resistant to
degradationby DNasetheyare internalird bypDCs and
subsequentlylocaliae to early endosomes, fmm where they
mediate TLR9-dependent IFNa production". Patients
with psoriasis - a skin autoimmune disease character-
isedbylocal activationofDCsand Tcells-haveanintl-
tration of pDCs in the skin and high expression levels of
LL37 in keratinocytes"s. U37 drives pDC activation and
IFNa production in psoriasis by binding to DNA that is
released by injured cells There is no evidence for a direct
interaction between LL37 and TLR9, suggesting that
LL37 may serve mostly as a DNA-delivery molecule in
situatioewofcell injury. LL37 has also been shownto form
complexea with self RNA and to deliver these complexes
to pDCs to initiate TLR7- and T LRS-dependent IFN
production LL37-self RNA complexes are also found in
psorlatic skin lesions". Thus, LL37 - like HMGB pro-
teins - can bind to self nucleic acids to mediate their
deliveryto endosomal TLRs. Whether LL37 is important
for host defence in the context of TLR-driven responses
remainstobeestablished.

TUlRehmlp i aanderatdding fheters
TLR feldng by GRP94 and PRAT4A. Glucose -
regulated protein of 94 kDa (GRP94; also known
as gp96 and endoplasmin) is an 803-amino-acid ER
paralogue of the heat-shock protein 90 (HSP90)
chaperone, which mediates protein folding. GRP94 is
ubiquitously expressed and exists as an obligate solu-
ble homodimer with each subunit composed of an
N-terminal ATP-binding domain, a highly charged
middle domain and a C-terminal dimerization domain".
The viability of B cells, macrophages and embryonic
stem cells does not require GRP94; thus, GRP94 is not
essential for global protein quality control in the ER

59
A

So far, a limited number of targets have been identi-
fied forGRP94, including integrinsplatelet glycoprotein
complexes and TLRs"-ea6. GRP94 is necessary for
the function of TLRi, TLR2, TLR4, TLRS, TLR7 and
TLR9, but not that of TLR3 (REFS 59,60,62). GRP94
co-immunoprecipitates with TLRI, TLR2, TLR4 and
TLR9; moreover, it is required for the surface expression
of TLR1, TLR2 and TLR4 and for the maturation and
cleavage of TLR9 (REFS 60.62,64). Thus, GRP94 medi-
ates the folding and maturation of TLRs to allow them
to exit the ER. Exactly at what stage GRP94 intervenes
in TLR folding and how, is not known. Until recently it
was unclear whetherthe function of GRP94 - like that
of HSP90 - required co-chaperones. Recent evidence
suggeats that PRAT4A (protein associated with TLR4 A)
may full that role.

PRAT4A is a ubiquitousand highly conserved soluble
276-amino-acid protein found in the ER lumen that was
identified as a protein that co-immunoprecipitates with
TLR4 (REF 65). Bone marrow-derived DCs (BMDCs),
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REVIEWS

Small harpin RNA
One of the two most
comon forms ofshort
(usually 21 -base-pairs long)
double-strndd R~ oused
form is known as small
interfering RNA (siRNA).

As an ER luminal protein, GRP94 interacts with the
ectodomains of TLRs; this has been confirmed by co-
immunoprecipitation of GRP94 with fusion proteins
that contain the ectodomain of TLR4, TLR9 or TLRI I
fused to the transmembrane domain of the platelet-
derived growth factor receptor". Such fusion proteins
of TLR4, TLR9 and TLRI I were expressed on the cell
surface ofwild-type pre-B cells but not GRP94-deficient
pre-B cells". Similar results were found when meas-
uring the surface expression of TLR fusion proteins
on RAW264.7 cells transduced with Prat4a-targeted
shRNA". Thus, both GRP94 and PRAT4A are required
to mediate the proper folding of TLR ectodomains, so
that the TLRscan exit the ER.

Both GRP94 and PRAT4A are essential for the fold-
ing of several TLRs, but many questions remain. What
features of the folding. dimerization and/or stability
of TLRs (except TLR3) dictate a need for GRP94 and
PRAT4A? Notwithstanding its structural similarity to
the other TLRs, does TLR3 require a different set of spe-
cialized chaperones in place of GRP94 and PRAT4A,
or is it inherently less dependent on chaperones? The
structural motif in TLRs that is recognized by GRP94
and PRAT4A remains to be molecularly defined, and
this leaves open the possibility of identifying addi-
tional client proteins through a search for proteins that
contain the relevant motif(s). Together, these results
suggest that TLRs have unique folding requirements
compared with other glycoproteins (Box 3).

or genes gn

Figure 21 ER chaperones and traffickIng and processing factors for TLRs. The endoplasmic reticulum (ER) luminat
chaperones glucose-regulated protein of94 kDa (GRP94) and protein associated with TLR4 A(PRAT4A) are responsible
for the properfolding and function of To-like receptor 1 (TLRI) TLR2, TLR4, TLR7 and TLR9, but not TLR3. The ER
membrane protein uncoordinated 93 homolog BI (UNC9381) is required forthetranslocationof TLR7 and TLR9 to
endolysosomes, where these TRs are cleaved by cathepsins and asparagine endopeptidase. The cteaved TLRs bind
to their tigands (RNA orDNA),which triggerthe recruitment of signalling components, leading to nuclear factorwxB
(NF-B)-dependent production of pro-inflammatory cytoldnes. The adaptor protein 3 (AP3) complex mediates
the translocation of TLR9 to lysosome-associated membrane glycoprotein 2 (LAMP2)-expressing lysosomes or
lysosome-related organelles (LROs), where the interferon-regulatory factor 7 (IRF7) signalfing pathway is initiated,
leading to the expression of type I interferon (IFN) genes.
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macrophages and B cells isolated from Prat4aor mice
produced lower levels of cytokines than control
cells in response to ligands for TLRl. TLR2, TLR4,
TLR7 and TLR9, but not following stimulation with
ligands for TLR3, a phenotype similar to that of Grp94
conditional -knockout mice". Small hairpin RNA
(shRNA)-mediated knockdown of PRAT4A expres-
sion in B cell lines impeded the passage of TLRI and
TLR4 through the Golgi and prevented ligand-induced
trafficking of TLR9 from the ER to endolysosomes".
Thus, PRAT4A, like GRP94, is Important for the matu-
ration of multiple TLRs in the ER. However, it is not
a chaperone for general membrane glycoprotein syn-
thesis, as PRAT4A-deficient BMDCs showed normal
surface expression of CD14, MHC class I molecules
and CD IlIc".

PRAT4A and GRP94 work together to ensure the
proper folding of TLRs (FIG 2). PRAT4A and GRP94
can interact directly in vitro", and amino acid sub-
stitutions in GRP94 (E103A) and PRAT4A (M145K)
that prevent the exit of TLRs from the ER also prevent
GRP94 and PRAT4A from associating in vivo'"'-.
Knockdown of PRAT4A expression impaired the
association of GRP94 with TLR9 and, similarly, knock-
down of GRP94 expression disrupted PRAT4A-TLR9
binding", indicating that PRAT4A and GRP94 are
dependent on each other for their interactions with
TLR9. For other TLRs. a similar folding mechanism
may operate.

DNA or RNA
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Lra-S Endosomal TLR trafficking by UNC93B1.
Organelles involved in protein Uncoordinated 93 homolog BI (UNC93BI) is a
degradation that have a low pH 598-amino-acid ER-resident glycoprotein that is pre-
and correspond to the last step dicted to span the membrane 12 times". Mice homo-
of the endocytic pathway. zygous for a missense mutation (H4I2R)located in the

Lysme-rted organeies ninth predicted transmembrane domain of UNC93BI
(ILROs Cell type-specific (known as 3d mice) have impaired signalling via
compartments that share TLR3, TLR7 and TLR9 and show an increased sus-
properts wih sosomes ceptibility to various viral and bacterial pathogens".
but have specialized functeions.
LROs include melanosomes, Similarly, cells from human patients with mutations
tytic granules, MHC class 11 that result in truncated UNC93BI transcripts have
compartments, platelet-dense defective TLR3, TLR7, TLR8 and TLR9 signalling".
granules. basophil granules Thus, UNC93BI is required for endosomal TLR
andazurophil granules. responses (FIG 2).

Co-immunoprecipitation experiments show that
UNC93BI interacts with TLR3, TLR7, TLR8. TLR9
and TLR3, but not with TLR4. and its interaction
with TLRs is eliminated by the H412R mutation".
Replacement of the transmembrane domain of TLR3
or TLR9 with that of TLR4 resulted in a TLR chimaera
that was unable to interact with UNC93BI, whereas
replacement of the transmembrane domain of TLR4
with that of TLR3 or TLR9 resulted in chimeric pro-
teins that could interact with UNC93Bl. The trans-
membrane domain of endosomal TLRs thus controls
association with UNC93BI (REF 70). Ligand-induced
trafficking of UNC93BI, TLR7 and TLR9 to CpG-
containing endolysosomal compartments is defec-
tive in BMDCs from 3d mice". Therefore, nucleic
acid-sensing TLRs must interact with UNC93BI via
their transmembrane domains so that UNC93BI can
mediate their delivery to endolysosomes, where they
can bind and respond to their respective ligands.

UNC93BI discriminates between various nucleic
acid-sensing TLRs. A D34A missense mutation in
UNC93BI renders TLR7 hyperresponsive and TLR9
hyporesponsive, whereas TLR3 is unaffected. This is
due to a stronger association between this UNC93BI
mutant and TLR7 (REF 72). Mice homozygous for

Box 31 Ualq.f.Mtu *#TMlut" Bt

Several proteins associatewlith Talelke receptors (TLRs)eerly in the course of their
blosynthesis.These include chaperones - such as glucose-regulated protein of
94 kDs (GRP94)andproteinassoclatedwth TLR4A(PRAT4A,whicharesohble
proteinsthat reside in the tumen of theandoplasmic ticulum (ER)-aswellas
ER membrane proteinsithat possess multiple mernbrane-spanning segments
(such as uncoordisted 93 homolog B1 (UINC938)). Some of thse proteins,
including GRP94, clearly asaist in the biogenesis of gycoproteins other than LRs-.
Others, such as UNC9381, appear to be far more selective for TLRs Litte is known
about the oligomeric statesof these R-associated proteins themses, but the
current incompletepicturethat hasemergedIathat of a highlycomplexlaunching
pad that prepareslLRsfortheo relsesefrom the ER in a properly assembledform.
Other accessory molecules may not associatewith TLRs untl they have reached
their finaldestination.

The proper asembly of multiproteincomplxes such astheTcellreceptorIs a
prereqrisktefortheireldt from theERaconcept referredtoasarchitecturatediting,.
This meansthat the absenceof a singilesubunit compromisesassemblygrets from
the ERandhencesurfacedisplay.Asimilarconcespt mayapplytothefornationof
signatlng-competent TLR assemblesowevewehave Uttle mechanistic infornnation
on howeach of the proteinsdiscussed in thissticleparticipates Inthegeneration of
active Rs.ThIsceerty Isa are in needoffurther tploration .

REVIEWS

the Unc93bID"A allele die prematurely owing to sys-
temic inflammation". TLR7 is responsible for the
pathologies of the Unc93b1a-AtD1" mice, because
U=c93bjD""""Tg7'- nuce showed normal survival and
splenic cell numbers. Increased trafficking of TLR7 to
endolysosomes in the absence of ligand was observed
in Unc93bim 4 11 

stem cell-derived DCs compared
with the levels in wild-type DCs". The D34A muta-
tion in UNC93BI thus leads to aberrant trafficking and
activation of TLR7.

The mle of UNC93BI in TLR biology is intriguing,
How the cell perceives and processes the signals that
are initially required for the trafficking of UNC93BI -
TLR complexes from the ER to their endolysosomal
destination remains unknown. Are there small
numbers of functional nucleic acid-sensing TLRs at
the cell surface that could transmit this signal? Are
additional nucleic acid sensors involved? It is also
becoming apparent that the intracellular distribution
of nucleic acid-sensing TLRs mediated by UNC93BI
may differ between cell types. For example, in B cells
from transagenic mice that express green fluorescent
protein-linked TLR9, TLR9 was shown to preferen-
tially localize to an endolysosomal compartment even
in the absence of any obvious stimulation (A.M.A.,
M. M. Brinkmann and H.LP., unpublished obser-
vations). Also, how TLR-UNC93BI oligomeric
structures assemble in the ER remains a 'black box'

Divergence of TLR9 responses by AP3. Adaptor
protein 3 (AP3) is a required component of the traf-
ficking machinery for TLR9. Members of the adaptor
protein family are tetrameric complexes that mediate
the sorting of membrane proteins in the secretory and
endocytic pathways". AP3 - which consists of the
subunits 8, p3A, 03A and o3 - recruits cargo pro-
teins into endosomes for delivery to lysosomes and
lysosome-related organelles"'. Compared with control
cellsBMDMslacklngthe 03A subunit of AP3 (Ap3bl--
BMDMs) had reduced IFN expression in response
to CpG-A ODNs complexed with the cationic lipid
DOTAP (DOTAP-CpG-A), polyI:C or LPS. pDCs
from mice with mutations in Ap3bl show a similar
defect in IFN production in response to CpG-A ODNs.
VSV or influeia virus'"' Following treatment of
AP3-deficient BMDMs with DOTAP-CpG-A, TLR9
was not observed in lysosome-associated membrane
glycoprotein 2 (LAMP2)-expressing compartments at
6 hours post-stimulation, suggesting a role for AP3
in recruiting TLR9 to lysosomes or lysosome-related
organelles"s. Furthermore, the recruitment of IRF7 to
lysosomes containing CpG-A ODNs was impaired in
AP3-deficient BMDMs?'. Thus, the failure of TLR9 to
reach LAMP2' compartments and the lack of IRF7
recruitment are responsible for the defective IFN
response in AP3-deficient BMDMs.

These findings contrast with observations made at
earliertimepoints(such as90 minutespost-stimulation),
when CpG-A ODNs are observed in endosomes of
pDCs-"". DOTAP-mediated retention of CpG-A
ODNs in endosomes of macrophages, which do not
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normally produce IFNs, promoted the recruitment
of IRF7 and MYD88 to CpG-A ODN-containing
endosomes and the expression of IFNs". Thus, the
endosomal compartment was thought to be crucial
for IFN production. It is necessary to reconcile these
findings with the observation that AP3-mediated

trafficking of TLR9 to LAMP2' compartments is
necessary for IFN production by BMDMs stimulated
with DOTAP-CpG-A. Further trafficking studies thus
need to be conducted to clarify this point and to deter-
mine whether AP3 is also involved in the trafficking of
TLR3, TLR4 or TLR7.

Table 21 Acessory oleades for TLR function
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TLR prvseaslng factera
TLR9 undergoes proteolytic processing following its
arrival at endolysosomal compartments and possibly
also in early endosomes that are endowed with a low pH
and proteasesx. Proteasesthat process TLRs most inter-
act with them, at leat transiently, and are thusconsidered
cofactors The endosomal-lysosomal complement of
proteases is composed mostly of cathepsins. Cathepsins
were first implicated in TLR9 function when it was
found that inhibition of cathepsin K ameliorated disease
in an adjuvant-induced mouse model of arthritis, and
cathepsin K deficiency resulted in a decreased BMDC
cytokine response to CpG DNA but notto TLR3, TLR7.
TLR8 or TLR2-TLR6 ligands". By functional cDNA
cloning, cathepsin B, cathepsin L, cathepsin S and
cathepsin F were identified as factors associated with
TLR9 function in a B cell line. Furthermore, the inhi-
bition of these cathepisin by small molecules blocked
TLR3-, TLR7- and TLR9-mediated responses in pri-
mary B cells'. The combined action of cathepsin L
and cathepsin S results in cleavage of TLR9 (REF. 80),
an event required for signalling". Inhibitors for
individual cathepsins failed to fully inhibit cleavage
and TLR-driven responses"A; the activity of multiple
cathepsins is therefore required for full TLR9 activity.
Asparagine endopeptidase (AEPt also known as legu-
main) is a lysosomal protease that deaves C-terminal
to asparagine residues. AEP can cleave TLR9 and thus
mediates its activation in DCs". Therefore, AEP and
cathepsins appear to have redundant aad/or sequen-
tial roles in the cleavage of TLR9 in different types of
antigen-presenting cellse".

Proteolyticpsucesinghasalso beenreported for TLR3
and TLR7 (REFS 79,84)L and cleavage may therefore be
a general occurrence for endosomal TLR activation.
However the partial inhibition of TLR cleavage and
activation that is achieved by inhibitors of cathepsin
and AEP suggests that proteolysis, although important,
may not be essential for the activation of TLR3 and
TLR7 IREF 84). A differential requirement for either
AEP or cathepsins in the proteolytic conversion and
activation of TLR9 probably reflects variations in
protease expression in different tissues and cell types.
A better understanding of the regulation of TLR3.
TLR7 and TLR9 cleavage and function demands a cell
type-specific exploration of the proteases required
for activation. However, it remains to be established
whether these results can be generalized to other
species. including humans.

Cofeactir and advaeus in TLR bistegy
The identification of new TLR accessory molecules and
the elucidation of their mechanisms ofaction have led to
a greater understandingofTLRbidogy. rm a biologcal
perspective, liganid discrimination by different TLRs can
be accomplished through the use of different cofactors
that aid in the specificity ofligand recognition. However,
many accessory proteins (exemplified by UNC93BI and
CD14) appear to be used by several TLR,, suggesting
an additional layer of complexity in the mechanisms by
which TLRsdistinguish oneligand fomr another (TABLE 2L

REVIEWS

Many questions still remain regardingtherole ofcolactors
in different aspects of TLR biosynthesis, trafficking,
ligand recognition and activation.

The involvement of UNC93B1 in the trafficking
of signalling-competent TLR3, TLR7 and TLR9 and
how this polytopic protein regulates its interactions
with its client TLRA is incompletely understood. The
emerging picture is that the sole of UNC93Bl is more
complex than merely serving as a delivery platform for
endosomal TLRs. Much remains to be learnt about the
assembly ofUNC93BI-TLR complexes inthe ER, thir
exit sites and their targeting to organelles for proper
TLR function. Trafficking factors such as AP3 are
important for compartment-specific regulation ofTLR
signalling. But are all cells subject to this differential
TLR distribution? With the discovery of AP3 as a cel-
and compartment-specificcolictor - togetherwithithe
recent identification of viperin (also known as RSAD2)
as a possible TLR7 and TLR9 signaling adaptor mol-
ecule specific for the production of IFNa" - this area
of TLR biology is coming into focus.

The ability ofsurface TURs to sense a wide variety of
diverse ligands contrasts with the restricted specificity
ofendosomal TLRs (TABLE 1) Is this dueto the presence
of more surface TLR cofactors for ligand discrimina-
tion or to the variety of extracellular PAMPs found in
nature? The more-restricted pattern of endosomal TLR
ligand recognition probably evolved as an adaptation to
prevent the recognition of self nudeic acids that mimic
those ofmicrobial origin. The use of cofactors forligand
recognition makes a special case for TLR7 and TLR8:
their activation bysmall molecules such as the imidaso-
quinolines is not easily reconciled with the mode of
natural ligand binding to other TRs, and the existence
of a TLR7- or TLR8-associated cofactor would be an
obvious solution to this conundrum. Importantly, it
also remainsto be determined how ubiquitous cofactors
(such as gramilin and HMGB1, which can potentially
carry pro-inflammatory endogenous nucleic acids)
enter cells and reach TLR-containing compartments.

Csecshins Ow %m prapetlivl
The TLR field has rapidly evolved since the initial dis-
covery of receptors that recognize widely different
PAMPs but contain structurally conserved ectodomains.
Many moleculesthat contributetoligand discrimination
and receptor signaling have been identified, and such
molecules have different roles, for example as cofac -
tors, signalling adaptors and molecules, and regulators
of TLR function. The final result of TLR specificity
and activation must stem from a combination of such
mediators, resulting in complex signalling platforms.

Because of their contributions to TLR function, the
study of cofactors that help to activate TLRs yields the
obvious dividend of a better understanding of TLRpath-
ways that control innate and adaptive immunity Whether
such knowledge can be applied to devise new therapies
is impossible to gauge, but the elucidation of additional
means of manipulating T1s remains a highly desirable
goal We may thus anticipate important advances in our
understanding ofthe roles of TLR accessory proteins.
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