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The Journal of Immunology

The Scaffolding Protein IQGAP1 Interacts with NLRC3 and

Inhibits Type I IFN Production

Aaron M. Tocker,1 Emily Durocher,1 Kimberly D. Jacob,1 Kate E. Trieschman,

Suzanna M. Talento, Alma A. Rechnitzer, David M. Roberts, and Beckley K. Davis

Sensing of cytosolic nucleotides is a critical initial step in the elaboration of type I IFN. One of several upstream receptors, cyclic

GMP–AMP synthase, binds to cytosolic DNA and generates dicyclic nucleotides that act as secondary messengers. These second-

ary messengers bind directly to stimulator of IFN genes (STING). STING recruits TNFR-associated NF-kB kinase–binding kinase

1 which acts as a critical node that allows for efficient activation of IFN regulatory factors to drive the antiviral transcriptome.

NLRC3 is a recently characterized nucleotide-binding domain, leucine-rich repeat containing protein (NLR) that negatively

regulates the type I IFN pathway by inhibiting subcellular redistribution and effective signaling of STING, thus blunting the

transcription of type I IFNs. NLRC3 is predominantly expressed in lymphoid and myeloid cells. IQGAP1 was identified as a

putative interacting partner of NLRC3 through yeast two-hybrid screening. In this article, we show that IQGAP1 associates with

NLRC3 and can disrupt the NLRC3–STING interaction in the cytosol of human epithelial cells. Furthermore, knockdown of

IQGAP1 in THP1 and HeLa cells causes significantly more IFN-b production in response to cytosolic nucleic acids. This result

phenocopies NLRC3-deficient macrophages and fibroblasts and short hairpin RNA knockdown of NLRC3 in THP1 cells. Our

findings suggest that IQGAP1 is a novel regulator of type I IFN production, possibly via interacting with NLRC3 in human

monocytic and epithelial cells. The Journal of Immunology, 2017, 199: 2896–2909.

T
he vertebrate innate immune system is characterized by

germline-encoded pattern recognition receptors (PRRs)

that can directly bind to or indirectly sense pathogen-

associated molecular patterns (PAMPs). The activation of PRRs

by their cognate PAMPs initiates several diverse signaling cas-

cades such as the NF-kB, MAPK, and IFN regulatory factors

(IRFs). These pathways lead to robust cytokine or IFN secretion

that is specific for the type of pathogen. Most PRRs have been

grouped into five superfamilies based on amino acid sequence

homology and domain organization. These families include the

TLRs, C-type lectin receptors, RIG-I–like receptors, AIM2-like re-

ceptors, and the nucleotide oligomerization domain (NOD)–like re-

ceptors or nucleotide-binding domain (NBD), leucine-rich repeat

(LRR) containing proteins (NLRs) (1). Individual PRRs occupy many

distinct extra- and intracellular locations. Several PRRs and their

signaling molecules have been shown to dynamically redistribute

within the cell to more efficiently effect their function, which

ultimately leads to a rapid immune response (2).

The secretion of type I IFN is a critical step in the initiation of the

immune response to cytosolic DNA, RNA, and nucleotide me-

tabolites. The mechanisms of type I IFN production have been

studied extensively (3). Recent evidence has identified key sig-

naling molecules and both positive and negative regulators of this

pathway. There is a manifold array of cytosolic sensors of nucleic

acids that induce type I IFN in response to viral and bacterial

infections. For example, cyclic GMP–AMP (cGAMP) synthase

(cGAS) binds directly to dsDNA in the cytosol in a sequence-

independent manner by interacting with the sugar phosphate

backbone of DNA. Therefore, cGAS can bind dsDNA from

multiple sources such as DNA viruses (HSV), eukaryotic nuclear

DNA (calf thymus), and prokaryotic DNA (bacteria) insofar as

they are located in the host cytosol. Binding of dsDNA, ATP, and

GTP to cGAS causes dimerization and dramatic conformational

changes, opening the active site of cGAS to generate cGAMP,

which is a type of cyclic dinucleotide (CDN) that can act as a

secondary messenger (4–6). CDNs bind directly to the ER trans-

membrane protein stimulator of IFN genes (STING) (also known

as MITA, MYPY, ERIS, and TMEM173), causing its dimerization

(7–11). The STING dimers can interact with and activate TNFR-

associated NF-kB kinase (TANK)–binding kinase (TBK1) at the

mitochondrial-associated ER membranes (MAMs). Active TBK1
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can phosphorylate IRF3 and IRF7 to promote dimerization and

nuclear translocation. Nuclear IRFs in combination with NF-kB

subunits activate IFN-stimulated gene (ISG) transcription (12).

Intracellular bacterial pathogens such as Listeria monocytogenes

and Microbacteria tuberculosis generate unique CDNs (cyclic di-

AMP and GMP) as metabolic byproducts bypassing the require-

ment for cGAS activity (13–16). Both host- and pathogen-derived

CDNs bind directly to STING, inducing different conformational

changes that ultimately lead to IRF3/7 activation (7).

Both host and pathogen can negatively regulate the inflammatory

response to CDNs. STING dynamically relocalizes from the ER via

the Golgi apparatus to cytosolic vesicles, possibly via an atypical

autophagy response. The redistribution of STING is mediated by

several autophagy-mediated signaling proteins, ULK1/ATG1 and

ATG9, to possibly act as a brake on type I IFN production (17, 18).

In the absence of Atg9, STING is targeted for proteosomal deg-

radation via endogenous RING-finger protein 5 (RNF5)–dependent

ubiquitination (19). Additionally, HSV has been shown to en-

code several open reading frames that inhibit STING-dependent

IFNb production. For example, vIRF1 can inhibit TBK1 binding to

STING and prevent IRF3 phosphorylation; additionally, vIRF1 has

been shown to inhibit p300 histone acetylation which blocks

IRF3 recruitment of histone-modifying enzymes (20). Many

other pathogen-escape pathways have been described which suggest

that targeted inhibition of type I IFN provides a selective advantage

for the pathogen (21).

It is important to note that there is growing evidence that NLR

proteins are pleiotropic and can act in many pathways. Several

NLRs have been shown to bind directly to PAMPs and act as bona

fide PRRs (22–24). Others appear to have regulatory roles that

indirectly influence pathogen sensing or the regulation of in-

flammation. However, there is evidence that supports the model

that NLR proteins respond cooperatively or redundantly to the

same pathogen, or that single NLRs can regulate disparate path-

ways which may be cell or species specific (25). For example,

recent evidence has suggested that NLRC3 can also act as a

negative regulator of the PI3K–mTOR pathway in epithelial cells,

which is involved in colorectal carcinogenesis (26), as well as

affecting the type I IFN and proinflammatory pathways. Likewise,

NLRX1 has been shown to be involved in negatively regulating

multiple tumorigenic pathways (27–29) as well as other inflam-

matory pathways (23, 28, 30–32). These recent advances in the

field have challenged the model that single NLR proteins are

pathogen or pathway specific. NLR proteins are characterized by a

central NOD which is comprised of a NACHT domain (neuronal

apoptosis inhibitor protein [NAIP], MHC class 2 transactivator

[C2TA], HET-E [incompatibility locus protein from Podospora

anserina], and telomerase-associated protein [TP1]) or NBD, two

helical domains (HD1 and HD2), and a winged helix domain

(WHD); preceded by an N terminus effector domain (either a

caspase recruitment domain [CARD]), pyrin domain [PYD], bacu-

lovirus IAP repeat [BIR], or undefined domains) and a series of

variable LRRs at the C terminus (25). Several NLRs have been

shown to assemble into large macromolecular complexes: inflam-

masomes (NLRP1, NLRP3, NLRC4/NAIP, and others), enhanceo-

somes (CIITA, NLRC5, and possibly NLRP3; Ref. 33), NODosomes

(NOD1 and NOD2), and a TRAFasome (NLRC3) (34, 35). The

formation of these complexes is mediated by the scaffolding ability

of individual NLRs to recruit diverse sets of interacting proteins.

These protein–protein interactions can be mediated by each of the

three domains of NLRs facilitating the recruitment of multiple

binding partners, possibly in series or in tandem.

NOD2 (36–41), NLRX1 (42–46) NLRP4 (47), and NLRC3 (48)

have been implicated in sensing viral infections in vitro and in vivo.

However, the mechanisms are poorly understood and debated

within the field (49, 50). Future studies will be needed to address

the precise roles of individual NLR proteins in response to viral

pathogens. These studies will help further define the cell type–,

pathogen-, and spatiotemporal-specific responses. NLRC3 is a poorly

characterized NLR that negatively regulates several pathways in

many different cell types. NLRC3 contains an N-terminal CARD-

like region, a central NBD, and a series of multiple LRRs. The Ting

laboratory has shown that NLRC3 can act as a negative regulator of

several signaling pathways in T lymphocytes (51), macrophages

(52), and epithelial/fibroblast cells (48). NLRC3 was shown to in-

teract with TRAF6 via a TRAF2-consensus binding site in human

myeloid and epithelial cells. In mice, this interaction inhibited the

NF-kB–dependent signaling during experimental colitis induced by

cecal ligation puncture (52). In a different system it was shown that

recombinant purified NLRC3 binds directly to STING, and NLRC3

coimmunoprecipitates both STING and TBK1. In HeLa cells this

interaction inhibited the redistribution of STING to the perinuclear

region and blunted the TBK1-dependent phosphorylation of IRF3.

In vivo NLRC3 was necessary for limiting type I IFN in response to

lethal HSV infection. Nlrc32/2 mice infected with HSV showed

decreased morbidity and enhanced innate immunity (48). These

data suggest that NLRC3 is a negative regulator of virus-induced

IFN responses.

Because of the diverse nature of the inhibitory ability of NLRC3,

we sought to identify novel protein–protein interaction pathways

associated with NLRC3 by yeast two-hybrid screening. These

screens yielded several candidate proteins. In this article, we show

that IQGAP1, a scaffolding protein involved in diverse cellular

processes, specifically interacts with NLRC3 and can disrupt the

NLRC3–STING interaction. IQGAP1 is a highly conserved pro-

tein that has multiple protein–protein interaction domains. The

role of IQGAP1 in the immune system is not well understood, but

it may function to distribute signaling molecules to specific sub-

cellular regions within the cell or facilitate the coordination of

positive and negative regulators (53). In human transformed cells,

IQGAP1 has been shown to negatively regulate cytokine secretion

in response to TCR ligation in Jurkat T cells (54) by negatively

regulating F-actin at the immunological synapse, whereas it pos-

itively regulates degranulation of NK-like cells (55) by controlling

the microtubule organizing center. Additionally, IQGAP1 has

been shown to be involved in IL-1b secretion in bone marrow–

derived macrophages in response to Yersinia pestis (56). IQGAP1

and NLRC3 are expressed in hematopoietic and nonhematopoeitic

tissues and partially colocalize in the cytosol/cytoplasm within

epithelial cells. IQGAP1 shRNA-mediated knockdown in THP1

and HeLa cells phenocopy NLRC3 in response to cytosolic DNA

stimulation, implying that the NLRC3–IQGAP1 complex inhibits

cGAS-dependent cytosolic DNA sensing. We show that NLRC3

specifically interacts with IQGAP1 and this interaction can inhibit

the NLRC3–STING interaction. These data support the hypothesis

that the NLRC3–IQGAP1 complex may act as a negative regulator

of type 1 IFN, inhibiting the cells’ ability to mount a hyper-IFN

response, possibly acting as a biological rheostat. To our knowledge,

these data are the first to illustrate a role for IQGAP1 in the type 1

IFN signaling pathway.

Materials and Methods
Cell culture and transfections

Human embryonic kidney (HEK293T), SW480, and HeLa cells were
maintained in DMEM (Sigma) supplemented with 10% FBS (Invitrogen),
20 U penicillin, 20 mg streptomycin, 13 sodium pyruvate (Life Tech-
nologies), and 146 mg of L-glutamine mixture (Life Technologies).
THP1 and THP1-Dual Cells (InvivoGen) were grown in RPMI 1640 (Life

The Journal of Immunology 2897
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Technologies) supplemented as described above. All cells were grown at
37˚C and 5% CO2.

HEK293T, SW480, and HeLa cells were seeded into six-well plates at a
density of between 1 and 5 3 105 cells per well and transfected with
epitope-tagged constructs using Lipofectamine 2000 (Invitrogen) at a ratio
of 3:1 according to the manufacturer’s protocol. Cells were processed 18–
24 h after transfection.

Stable knockdown in human cell lines

HeLa, THP1, and THP1-Dual Cells were transduced with shRNA lentiviral
particles produced from plasmid DNA for human shRNA for IQGAP1
(Mission TRCN0000298928, TRCN0000298930, TRCN0000298931;
Sigma-Aldrich) according to the manufacturer’s protocol. The IQGAP1

shRNA-transduced clones were selected with 0.6 mg/ml puromycin. To
determine efficiency of knockdown, RNA was isolated from cells using
Trizol Reagent (Life Technologies), following the manufacturer’s protocol,
and mRNA levels were assessed by RT-PCR (data not shown). IQGAP1
protein expression levels were evaluated by immunoblotting with rabbit
anti-IQGAP1 (1:5000; Abcam) Ab.

Coimmunoprecipitations, subcellular fractionation, and

Western blotting

Cells were lysed in 13 PBS, 1% Triton X-100, and 0.05% sodium
deoxycholate supplemented with protease inhibitor mixture for 30 min at
4˚C. The lysates were then cleared by centrifugation (14,000 3 g, 15 min
at 4˚C), incubated with mouse anti-Flag M2 Ab (1:1000; Sigma) for 4 h
at 4˚C, and immunoprecipitated using Protein A/G Ultralink Resin
(Pierce) for 24 h while shaking at 4˚C. Immunoprecipitates were washed
three times in PBS and 1% Triton X-100 and 0.05% deoxycholate.
Samples were analyzed using SDS-PAGE (using 4–15% Mini-PROTEAN
TGX Gels). Gels were then transferred to nitrocellulose membrane
(Bio-Rad). Immunoblots were probed with anti-Flag M2 conjugated to
HRP (1:5000; Sigma), anti-hemagglutinin (HA) conjugated to HRP
(1:5000; Sigma), rabbit anti-GFP (1:5000; Sigma), and goat anti-rabbit IgG
HRP (1:5000; Santa Cruz). Transfected SW480 cells were fractionated using
a subcellular fractionation kit for cultured cells (Pierce) per the manufac-
turer’s suggested protocol. Rabbit mAbs to PKM2, vimentin, CoxIV, and H3
(1:1000; Cell Signaling) were used to probe immunoblots of subcellular
fractions.

Immunofluorescence

SW480 and HeLa cells were seeded in a six-well dish containing glass
coverslips at a density of 5 3 105 cells per well and transfected as pre-
viously described. After 24 h, the cells were fixed using 4% formaldehyde
(Sigma-Aldrich) in 13 PBS for 10 min, then washed three times with 13
PBS, and blocked with PBTN (13 PBS, 1% normal goat serum, and
0.1% Triton X-100) for 15 min. Cells were then stained with mouse anti-
Flag M2 (1:1000; Sigma) or rat anti-Flag (1:1000; Novus), rat anti-HA
(1:1000; Roche), chicken anti-HA (1:1000; Abcam), mouse anti-HA
(1:1000; Sigma-Aldrich) or rabbit anti-HA (1:1000; Cell Signaling),
and rabbit anti-V5 (1:1000; Cell Signaling) or mouse anti-V5 (1:1000;
Life Technologies). We observed no differences in staining between
different species and/or isotypes of Abs used in our studies (data not
shown). Primary Abs to HSP60, NUP98, and PKM2 were purchased
from Cell Signaling Technologies (1:300). Phalloidin conjugated to ei-
ther Alexa Fluor 488, 568, or 647 was used (1:1000; Life Technologies).
Rabbit anti-Tomm20 (1:1000; Abcam) was used to identify mitochon-
dria. Species- and isotype-matched goat secondary Abs conjugated to
various Alexa Fluor dyes were used (1:5000; Life Technologies) with
DAPI nuclear counterstain. Cells were imaged using a Nikon E400
epifluorescent microscope with a camera, a Leica SP8 confocal micro-
scope equipped with five laser lines, or with a white-light laser at
Franklin and Marshall College or the Imaging Core at Pennsylvania State
College of Medicine, respectively.

Secreted embryonic alkaline phosphatase/Luciferase reporter

analysis and ELISA

THP1-Dual Cells were seeded into 12-well plates at a density of 53 105

cells per well and transfected with 5 mg/ml 2929 or 3939 cGAMP and 1
mg/ml immunostimulatory DNA or HSV DNA (InvivoGen) with Lipof-
ectamine 3000 per the manufacturer’s suggested protocol. Secreted
embryonic alkaline phosphatase (SEAP) and Lucia activity were mea-
sured 24 h after induction using QUANTI-Blue (InvivoGen) and
QUANTI-Luc (InvivoGen) according to the manufacturer’s protocol.
Tissue culture supernatants from stimulated cells were assayed for

TNF-a, IL-1b (BD Biosciences), and IFN-b (Antigenix) by sandwich
ELISA using the manufacturers’ suggested protocols.

Vector construction

The full-length IQGAP1 open reading frame was amplified from a plasmid
template using a mixture of Platinum Pfx and Taq polymerases (Life
Technologies) and cloned into the pCR8/TOPO/TA (Life Technologies)
base vector by TOPO TA cloning. The truncations of IQGAP1 and NLRC3
were amplified from full-length template using the primers listed in Table I
(Integrated DNATechnologies) and cloned into the pCR8/TOPO/TA (Life
Technologies) base vector. Recombination reactions were performed into
modified FLAG or fluorescent protein gateway destination vectors (de-
scribed in Ref. 57) using LR Clonase II (Life Technologies). Generation of
the NLRC3 plasmid has been previously described (51). ColorfulCell was
a gift from P. Neveu (plasmid number 62449; Addgene); pEGFP-IQGAP1
was a gift from D. Sacks (plasmid number 30112; Addgene); pCAG-mGFP
was a gift from C. Cepko (plasmid number 14757; Addgene); and epitope-
tagged mitochondria antiviral signaling (MAVS) (also known as VISA,
IPS1, and CARDIF), human STING, and human TBK1 were provided by
J. Ting from the University of Chapel Hill. STING was subcloned into
pCDNA3.1D to provide a C-terminal V5 tag. All vector sequences were
verified by bidirectional sequencing.

Yeast two-hybrid screening

A yeast two-hybrid screen was completed by Hybrigenics (Paris, France)
using a truncation of human NLRC3 consisting of amino acids 1–600 as
the bait and a human leukocyte and activated mononuclear cell cDNA
library as the prey. Additionally, two small-scale library screens were
performed in our laboratory using MAV203 cells (Life Technologies).
These screens used full-length human NLRC3 as the bait and a nor-
malized human universal library (Dual Systems) as the prey. In brief, 10
mg of both bait and prey DNA was added to 250 ml of MAV203 cells in
duplicate. To each tube a polyethylene glycol/lithium acetate solution
was added and tubes were incubated for 30 min in a 30˚C water bath.
After the addition of sterile DMSO, the cells were heat shocked at 42˚C
for 20 min, pelleted, and resuspended in sterile PBS. Four hundred mi-
croliters of cells were plated onto -Leu/-Trp/-His/-Ura plates and incu-
bated at 30˚C. The resulting colonies were picked, placed into 100 ml
LiOAc plus 1% SDS, and heated at 70˚C for 5 min. Following the ad-
dition of 300 ml 70% ethanol, the cells were pelleted at 15,000 3 g for 3
min and washed with 70% ethanol. The pellets were resuspended into
100 ml sterile water and spun at 15000 3 g for 15 s to pellet debris. PCR
was then performed using Dream TAQ DNA polymerase (Thermo Sci-
entific) and 1 ml of the supernatant of the resuspended pellet. Bidirec-
tional sequencing was performed using 5 ml of the PCR product to
identify the interactors of human NLRC3.

RT- and quantitative PCR, bar coding, and microarray

database searches

Human Multiple Tissue cDNA Panels I and II (Clontech) were used as
templates to determine expression patterns of NLRC3 and IQGAP1. Briefly,
1–2 ml of cDNAwas amplified using Phusion 23 master mix. The cycling
conditions were as follows: 94˚C for 10 s, 55˚C for 15 s, and 72˚C for 30 s
for 25 cycles (GAPDH), 30 cycles (IQGAP1) or 33 cycles (NLRC3). Total
RNAwas harvested from Jurkat, THP1, HeLa, and HEK293T cells using
Trizol reagent (Life Technologies), treated with DNAse I (Sigma-
Aldrich), and reverse transcribed using RevertAid Reverse Transcrip-
tase (Life Technologies). Quantitative PCR (QPCR) was performed with
primers for NLRC3 and HPRT using AmpliTaq (Applied Biosystems) on
a Bio-Rad CFX96 machine. Values were calculated by relative expres-
sion to HPRT using the D cycle threshold method. The NextBio (https://
www.nextbio.com/) database was searched for IQGAP and NLRC3. Raw
data were downloaded and specific cell types were graphed. Molecular
bar codes were obtained from The Gene Expression 3.0 program (http://
barcode.luhs.org) using the “probe set pages” option. The HGU133plus2
(human) version 3 platform was used and the tissue graph was selected to
show only immune cells and tissues from Affymetrix arrays. The affinity
probe sets examined were IQGAP1 (200791_s_at) and NLRC3 (236295_
s_at). The resulting graphs showing Z-scores 6 median absolute devi-
ation were used.

Statistical analysis

Two-way ANOVAwith Tukey post hoc statistical analyses were done using
Prism 5.0 for Macintosh. Data are represented as mean6 SD of triplicates.
Significance is represented by *p , 0.05.

2898 IQGAP1 INTERACTS WITH NLRC3
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Results
Yeast two- hybrid screen

To investigate putative protein interactions with NLRC3, we

performed yeast two-hybrid screens. A C-terminal truncation

(amino acids 1–600, containing the CARD and a majority of the

NBD) and full-length NLRC3 were used to screen a human-

activated peripheral mononuclear cell cDNA library and a uni-

versal human cDNA library, respectively. We initially performed a

yeast two-hybrid screen with a bait construct lacking the LRR

because the LRR is a potential autoinhibiting structure that might

mask potential interacting partners. Recent crystal structures and

functional studies of mouse Nlrc4 and rabbit NOD2 support the

hypothesis that the LRRs maintain NLRs in a closed or inhibited

confirmation, possibly to prevent premature activation (58, 59).

Based on molecular modeling of NLRC3 on rabbit NOD2 (data

not shown), the truncation construct used for our screens should

contain the known structural domains (see Fig. 1A) that corre-

spond to a functional NOD. However, the crystal structure for

NLRC3 has not been published and the exact three-dimensional

conformation of the NOD is unknown. In our studies, two separate

libraries were used. First, to enrich for immune system–specific

interactions, we screened a human leukocyte and activated

mononuclear cell library. Additionally, we screened a human

universal cDNA library to potentially uncover nonhematopoietic

interacting proteins. Over 107 clones were screened. Seven clones

from the independent screens identified the C terminus of

IQGAP1 as a putative interacting region, strongly suggesting that

this interaction may occur in multiple cell types. Fig. 1A depicts

the bait-and-prey constructs from our screens. IQGAP1 is a well-

characterized scaffold protein involved in many disparate cellular

responses. Sequence analysis of yeast colonies revealed that the

RasGAP C-terminal (RGCT) domain of IQGAP1 interacts with

the CARD with NBD (NNBD) region of NLRC3. The RGCT

domain is highly conserved (.91% identity and 95% similarity)

in vertebrate evolution (Fig. 1B). Likewise, the NBD region of

NLRC3 is well conserved (77% identity and 84% similarity) be-

tween humans and mice (51).

Expression profiling of IQGAP1 and NLRC3

Previous data have shown that NLRC3 is expressed in human

innate and adaptive immune cells. NLRC3 was most abundantly

expressed in Jurkat T cells, with modest expression in Raji B cells,

HL-60, and THP1 monocytic cells. Bioinformatic mining of the

Human Protein Atlas supported these findings (51). The initial

characterization of IQGAP1 demonstrated that it was expressed in

many different tissues, with the exception of brain (60). Addi-

tionally, it has been shown that IQGAP1 is expressed in many

tumors and transformed cells lines including Jurkat T cells (54)

and HL-60 cells (61). We have also verified that IQGAP1 is

expressed in THP1 and HeLa cells (Supplemental Fig. 1). To

confirm and extend the initial expression profiling of both NLRC3

and IQGAP1 we used endpoint RT-PCR on commercially avail-

able human cDNA panels. We chose to focus on human cells, cell

lines, and tissues. The results are shown in Fig. 2A. IQGAP1 has a

broad tissue-expression profile, but was not expressed in the brain

FIGURE 1. NLRC3 yeast two-

hybrid constructs. (A) Schematic re-

presentation of both bait (NLRC3) and

prey (IQGAP1) constructs used to

screen with a human leukocyte and

activated mononuclear cell or human

universal cDNA libraries. The * and

★ represent the approximate loca-

tions of the Walker A and Walker B

motifs. (B) Amino acid alignment

represents the minimal binding region

of IQGAP1, amino acids 1438–1657.

CHD, calponin homology domain;

GRD, rasGAP-related domain; HD1, he-

lical domain 1; HD2, helical domain 2.
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FIGURE 2. IQGAP1 and NLRC3 are preferentially expressed in the immune system. (A) RT-PCR was used to determine the tissue expression of human

IQGAP1 and NLRC3. GAPDH was used as a positive control. BioGPS was queried for human IQGAP1 and NLRC3 expression in specific immune cells.

The top overlapping cells and tissues for IQGAP1 and NLRC3 were graphed. (B) Microarray results show relative IQGAP1 expression is highest in myeloid

cells with moderate levels in lymphocytes. (C) Relative NLRC3 expression is highest in lymphocytes with moderate expression in myeloid cells. (D and E)

Across-tissue expression for IQGAP1 (probe 200791_s_at) and NLRC3 (probe 236295_s_at), using immune cells and tissues, are shown. Z-scores 6

median absolute deviation is plotted. A dashed line represents a Z-score of 5 which signifies that a given transcript is expressed in a tissue. Arrows depict

cells of monocyte/macrophage lineage. (F) QPCR analysis of NLRC3 expression in human transformed cells lines. Values are normalized to HPRT levels

using D cycle threshold method. *p , 0.05 when compared with NTC. BM, bone marrow; CB, cord blood; DC, dendritic cell; GC, germinal center; NTC,

no template control; PB, peripheral blood; PBL, peripheral blood leukocyte; Treg, regulatory T cell.
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and skeletal muscle. NLRC3 has a more restricted expression

profile; it is highly expressed in immunological tissues such as

spleen, thymus, liver, and leukocytes. We did detect NLRC3 in

nonhematopoietic tissues such as the prostate, small intestine, and

ovary, although this result might reflect tissue resident immune

cells. These results are consistent with expression profiles gener-

ated by the Human Protein Atlas (62).

To further assess the possible expression profile of human

NLRC3 and IQGAP1 in purified immune cells, we screened

available microarray databases for expression profiles of IQGAP1

and NLRC3. We found that the relative expression patterns of

IQGAP1 and NLRC3 have partial overlap in the hematopoietic

compartment with expression in primary lymphoid and myeloid

cells (Fig. 2B, 2C). The highest relative expression of IQGAP1

was seen in bone marrow neutrophils and peripheral blood

leukocytes and the lowest relative expression was in lymphocytes;

in contrast, NLRC3 has high relative expression in lymphocytes

and lower relative expression in myeloid cells.

To investigate absolute expression profiles of NLRC3 and

IQGAPQ1 in human cells, we screened an additional database:

The Gene Expression Barcode 3.0 (63). We explored the absolute

expression levels of each of these transcripts in primary immune

cells and tissues to determine if transcripts were silenced or

expressed (63). In Fig. 2D and 2E, gene expression bar coding for

immune tissues and cells is illustrated as a function of Z-scores. A

Z-score above five suggests a high likelihood that a gene is

expressed in that cell or tissue (63). This bar coding demonstrates

that IQGAP1 and NLRC3 are expressed in the spleen and thymus

(Fig. 2D, 2E), consistent with our expression data in Fig. 2A.

However, purified cell populations are less clear. For exam-

ple, IQGAP1 has robust and significant expression in myeloid/

monocytic cells (see arrows Fig. 2D). NLRC3 has consistent ex-

pression in lymphoid cells, but the expression in myeloid cells is

unclear, possibly due to its lower level of expression (see arrows in

Fig. 2E). These data suggest a reciprocal and complex relationship

between IQGAP1 and NLRC3 expression levels in single cell

types, which might be dependent upon the biological roles of these

proteins. QPCR analysis of NLRC3 expression in cell lines used in

this study is consistent with previous reports (51): Jurkat cells

express the highest levels of NLRC3, whereas THP1 cells express

modest amounts. HeLa cells express low but detectable levels of

NLRC3 under our experimental conditions (Fig. 2F, Table I).

Despite the high relative expression of NLRC3 in T lymphocytes

there have been no published in vivo phenotypes using mouse

models. Phenotypic results have only been described in myeloid

and epithelial/fibroblast cells (26, 48, 52). Therefore, we have

focused our initial investigation using myeloid (THP1) and epi-

thelial cells (HeLa), which express moderate to low levels of

NLRC3, but relatively high levels of IQGAP1.

IQGAP1 RGCT interacts with NLRC3 via the NBD

We investigated the potential interaction of IQGAP1 and NLRC3 in

human cells by coimmunoprecipitation. We generated IQGAP1

RGCT constructs and NLRC3 truncation constructs; CARD (res-

idues 1–60) only referred to as N, the NNBD (residues 1–646), and

the NBD only (residues 61–646); to confirm the yeast two-hybrid

interaction data. As shown in Fig. 3A, epitope-tagged (FLAG)

IQGAP1 RGCT interacts with full-length, epitope-tagged (HA)

NLRC3 but not HA-tagged IL-1b in HEK293T cells. Likewise,

full-length, FLAG-tagged IQGAP1 interacts with both the NBD and

NNBD of NLRC3 but not the N-terminal domain when expressed

as GFP-fusion constructs. These data demonstrate that the region of

NLRC3 sufficient for mediating the interaction with IQGAP1 spans

amino acids 60–600, which encodes most of the NBD. This region

of NLRC3 has also been shown to directly interact with STING

(48). To further explore the interaction between IQGAP1 and

NLRC3, we cotransfected full-length constructs into HEK293T cells.

FLAG- and GFP-tagged IQGAP1 specifically interacted with HA-

tagged NLRC3 but no other NLR proteins (Fig. 3C, 3D). Two related

NLR proteins, NOD2 and CIITA, which contain a CARD and

CARD-like regions, and NLRX1, which is involved in antiviral re-

sponses, do not interact with IQGAP1 under these conditions. Like-

wise, FLAG-tagged NLRC3 coimmunoprecipitates a GFP–IQGAP1

fusion construct but not GFP (Fig. 3E). These data, using multiple

epitope tags and reciprocal immunoprecipitations, suggest that

IQGAP1 specifically interacts with NLRC3 but no other NLR pro-

teins (NLRX1, CIITA, or NOD2) or irrelevant proteins (GFP and

IL-1b) in human epithelial cells. Although the yeast two-hybrid data

suggest the NLRC3 directly interacts with IQGAP1, we cannot rule

out the possibility that additional proteins may influence directly or

indirectly the binding of NLRC3 to IQGAP1 in human cells.

One yeast two-hybrid screen (screen 1 in Fig. 1) and our

coimmunoprecipitation (Fig. 3B) experiments in HEK293T cells

suggested that the NBD of NLRC3 was sufficient to mediate an

interaction with the IQGAP1 RGCT domain. The NBD of NLRs

contains the highly conserved Walker A (GKS/T) and Walker B

(DGLD) motifs necessary for binding and hydrolyzing nucleotide

triphosphates such as ATP and GTP (64). Several NLR family

members have been shown to act as ATPases or GTPases (22, 65).

The nucleotide-binding cycle of NLR proteins is hypothesized to

regulate NLR function by promoting homotypic oligomerization

or heterologous protein interaction. To test if the nucleotide-

binding cycle is involved in facilitating the binding of IQGAP1

to NLRC3, we generated mutations in the NLRC3 cDNA. A

double mutant NLRC3 consisting of Walker A (corresponding to

G150 K151 → A150 A151) and Walker B mutations (D219 G220

L221 D222 → A219 G220 L221 A222) was constructed and

cotransfected with FLAG-tagged IQGAP1 into HEK293T cells.

This putative loss-of-function construct retains its ability to in-

teract with IQGAP1 at similar levels as wild-type NLRC3, which

suggests the predicted nucleotide-binding cycle of NLRC3 is not

necessary for binding IQGAP1 (Fig. 3F).

Subcellular distribution of IQGAP1 and NLRC3

Based on the biochemical interaction between IQGAP1 and

NLRC3, we were interested in exploring if NLRC3 and IQGAP1

colocalize in human cells. NLRC3 is a predicted cytosolic pro-

tein that has been shown to interact with TBK1 and STING in

HEK293T cells in vitro and as purified recombinant protein in

solution (48). This interaction inhibits TBK1-dependent activation

of IRFs. NLRC3 has little to no effect on MAVS–dependent

activation of IFN-stimulated regulatory element– and NFk-B–

dependent luciferase activity (48). IQGAP1, because of its scaf-

folding nature, has been implicated in many diverse processes in

the cell. As such, it localizes to the cytoskeleton, the cytoplasm,

and the nucleus (66). To explore the subcellular localization of

these proteins, HeLa cells were transiently transfected with

recombinant FLAG-tagged IQGAP1 or HA-tagged NLRC3 and

visualized with confocal microscopy (Fig. 4). Consistent with

previous reports, epitope-tagged IQGAP1 showed enrichment at the

cell cortex but also showed diffuse cytosolic staining (Fig. 4A).

Epitope-tagged NLRC3-HA showed variable subcellular distribu-

tion in individual cells. In Fig. 4B, NLRC3-HA shows diffuse cy-

tosolic staining with regions that are consistent with the cell cortex

and the endoplasmic reticulum (ER). However, over multiple

transfections and different epitope tags, overexpressed NLRC3

forms discreet and large puncta or aggregates (Fig. 4C, see arrow).

We were interested in determining if these puncta colocalized to the
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ER, Golgi apparatus, or the mitochondria as these organelles have

been described as signaling platforms. HeLa cells transfected with

NLRC3-HA were stained with an anti–Golgin-97 Ab to detect the

Golgi apparatus (Fig. 4D), cotransfected with an ER-targeted

mClover fluorescent protein (Fig. 4E), or stained with an anti-

Tomm20 Ab to stain the mitochondria (Fig. 4F). These puncta do

not appear to colocalize with the mitochondria, there is only partial

overlap with the ER, and minimal colocalization with the Golgi

apparatus. These results were confirmed with SW480 cells trans-

fected with the ColorfulCell vector (see Supplemental Fig. 2). To

determine if NLRC3 and IQGAP1 colocalize in epithelial cells, we

cotransfected HeLa cells. As seen in Fig. 5A, both IQGAP1 and

NLRC3 show enrichment at the cell cortex (see arrow) as well as

diffuse cytosolic/cytoplasmic staining. IQGAP1 has been shown to

interact with both actin filaments and microtubules. We next in-

vestigated if the presumed cortical staining colocalized with actin

filaments. In Fig. 5B, we counterstained with phalloidin in our

cotransfected HeLa cells. In these cells, NLRC3 and IQGAP1

partially colocalize to the actin cortex, but not the microtubules

(Fig. 5C). To explore this colocalization in more physiological

conditions, we transfected NLRC3-HA and stained for endogenous

IQGAP1. Fig. 5D shows distinct and robust colocalization of

NLRC3-HA with endogenous IQGAP1 (see inset). We have not

been able to find a suitable NLRC3 Ab that works well in immu-

nofluorescence, so we have been unable to detect endogenous

NLRC3. HeLa cells that have been transduced with an shRNA

scramble sequence (Fig. 5E) and an shRNA that targets IQGAP1

(Fig. 5F) were used to show that our staining of endogenous

IQGAP1 is specific (see also Supplemental Fig. 1). When these

HeLa cells are transfected with NLRC3-HA we see a reduced

amount of localization to the cell cortex (see arrow in Fig. 5E) in the

absence (or reduction) of endogenous IQGAP1. These data suggest

that NLRC3 can be localized to the cell cortex, possibly via inter-

actions with IQGAP1. These data are consistent with previous

studies on IQGAP1, but a novel finding for NLRC3.

To confirm our confocal microscopy data, we performed bio-

chemical subcellular fractionation by differential lysis on SW480

cells transfected with IQGAP1, NLRC3, or both constructs to

determine if localization is altered by either protein. In Fig. 6G, we

show that NLRC3 and IQGAP1 have diverse subcellular distri-

butions in single transfections. These proteins localize to the cy-

tosol, membrane, nucleus, and cytoskeleton. In a small percentage

of cells we have observed NLRC3 localized to the nucleus (data

not shown). There are several reported instances of unexpected

nuclear localization of presumably cytosolic NLRs such as NOD2

and NLRP3 (33, 67); this result might reflect a generalized ability

of NLR proteins to translocate into the nucleus. Consistent with

our microscopy data, there is a fraction of the pool of NLRC3

proteins that is distributed to the cytoskeleton fraction. The rela-

tive amount of cytoskeletal NLRC3 varied between independent

experiments, but was always present. We detect a small relative

amount of IQGAP1 in the cytoskeletal fraction, as predicted.

However, the amount of cytoskeletal IQGAP1 increases in the

presence of cotransfected NLRC3.

NLRC3 has been shown to interact with TBK1 and STING and

possibly disrupts the redistribution of STING from the MAM to

the perinuclear region (18, 68). We next investigated if known

FIGURE 3. IQGAP1 specifically interacts with NLRC3 in human cells.

HEK293T cells were transiently transfected with different epitope-tagged,

full-length and truncated versions of IQGAP1 and NLRC3. Lysates were

immunoprecipitated for IQGAP1 and immunoblots were probed to detect

NLRC3 or vice versa. (A) The RGCT domain (amino acids 1438–1657) of

IQGAP1 interacts with full-length NLRC3. (B) The NBD ( amino acids

60–646) of NLRC3 interacts with full-length IQGAP1. (C and D) Full-

length IQGAP1 (either N-terminal FLAG or GFP tagged) interacts with

HA-tagged NLRC3 but not with HA-tagged IL-1b, CIITA, NLRX1, or

NOD2. (E) Reciprocal coimmunoprecipitations confirm the interaction

between IQGAP1 and NLRC3 but not an irrelevant protein such as IL-1b.

(F) Mutations in the Walker A and Walker B motifs (WAB) do not alter the

ability of NLRC3 to interact with IQGAP1. Images are representative of

triplicate experiments.
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NLRC3-interacting proteins colocalized to specific regions in

HeLa cells. FLAG-tagged TBK1, V5-tagged STING, and FLAG-

tagged MAVS were transfected with NLRC3-HA (see Fig. 6) and

counterstained with Abs to endogenous IQGAP1. Transfected

STING constructs show two distinct staining patterns that may

reflect its activation status. Fig. 6A shows putatively active STING

and panel B shows STING with ER staining typical of nonacti-

vated STING. The localization of all of these proteins occurred in

the absence of stimulation; however, overexpressed proteins might

be aberrantly activated signaling pathways. These data possibly do

FIGURE 4. Confocal microscopy of HeLa cells transfected with epitope-tagged IQGAP1-FLAG (A) or NLRC3-HA (B and C). Cells were fixed, per-

meabilized, and stained with Abs specific to the epitope tag followed by species-specific Alexa Fluor 488 and Alexa 568 secondary Abs and DAPI to counterstain

the nucleus. Cells are representative of more than three independent transfections. The Golgi apparatus (D) was stained with anti–Golgin-97 Ab; an ER-specific

fluorescent protein (Plasmid 56310; Addgene) was used to highlight the ER (E), whereas mitochondria were identified with an anti-Tomm20 Ab (F). Images were

collected using a 633 1.4 numerical aperture oil immersion objective lens.
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not differentiate between homeostatic versus activation-induced

interaction or localizations. NLRC3 and IQGAP1 showed mini-

mal to no colocalization with MAVS in HeLa cells (Fig. 6D).

Either form of STING (Fig. 6A, 6B) did not colocalize to the cell

cortex along with a fraction of NLRC3 and IQGAP1. TBK1

showed diffuse cytosolic or cytoplasmic staining that did not

clearly colocalize at the cortex with IQGAP1 and NLRC3

(Fig. 6A–C). However, there is a portion of the cellular pool of

FIGURE 5. Confocal microscopy of HeLa cells cotransfected with FLAG-tagged IQGAP1 and HA-tagged NLRC3 (A) and stained for endogenous proteins:

(B) phalloidin conjugated to Alexa 647, (C) tubulin, (D) endogenous IQGAP1. Cells were counterstained with DAPI to visualize the nucleus. Boxed inset in (D) shows

robust cortical colocalization with NLRC3. (E) shRNA scramble. (F) shIQGAP1 HeLa cells were transfected with NLRC3-HA and stained for endogenous IQGAP1

and epitope-tagged NLRC3 and phalloidin. Arrows represent cortical actin staining of NLRC3 and IQGAP1 in (E). Images were collected using a 633 1.4 numerical

aperture oil immersion objective lens. (G) SW480 cells were transfected with epitope-tagged NLRC3, epitope-tagged IQGAP1, and cotransfected. Cells were

fractionated using subcellular fractionation kit. Immunoblots were probed with Abs to specific proteins in each fraction. Images are representative of at least three

individual replicates.
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both IQGAP1 and NLRC3 that has diffuse cytosolic/cytoplasmic

staining which might colocalize with TBK1 and/or STING. These

data suggest that there might be individual pools of NLRC3 that

interact with different signaling or scaffolding proteins.

IQGAP1 is involved in cytosolic nucleotide sensing and type I

IFN production

We chose to use THP1 and HeLa cells to investigate the functional

significance of the NLRC3 and IQGAP1 interaction in vitro. THP1

cells have been shown to express both NLRC3 and IQGAP1 (see

Fig. 2F, Supplemental Fig. 1). Additionally, the function of NLRC3

has been investigated using THP1 cells as well as mouse bone

marrow–derived macrophages (52) and mouse embryonic fibroblasts

(48). We generated IQGAP1 shRNA knockdown in THP1, THP1-

Dual, and HeLa cells (Fig. 7). THP1-Dual Cells are engineered with a

secreted luciferase (Lucia) gene fused to the ISG54 minimal pro-

moter with five tandem IFN-stimulated regulatory elements and a

SEAP gene driven by the minimal IFN-b promoter fused to five

NF-kB responsive sites and three c-Rel binding sites to allow for

rapid detection of both IRF- and NF-kB–dependent transcription.

We investigated the role of IQGAP1 in all three cell lines. First, we

investigated if IQGAP1 is necessary for regulated responses to in-

tracellular nucleic acids that are potent activators of type I IFN. To

this end, we stimulated THP1, THP1-Dual, and HeLa shRNA cells

with transfected dicyclic nucleotides (292 9 and 3939 cGAMP) or

immunostimulatory DNA, and measured IFN-b secretion (Fig. 7A,

7C) or Lucia activity (Fig. 7B). In the absence (or with significant

reduction) of IQGAP1, all cell lines secreted significantly higher

levels of IFN-b (or ISG54-driven Lucia). NLRC3 has also been

shown to affect proinflammatory cytokine secretion during a cecal

ligation puncture model of experimental colitis (52). We next

stimulated THP1 (Fig. 7D) and THP1-Dual (Fig. 7E) cells with

bacterial PAMPs to induce a NF-kB–dependent proinflammatory

cytokine response and measured IL-6 or IL-1b production. IQGAP1

appears to be dispensable for TLR responses, as there was no sig-

nificant difference between IQGAP1 knockdown and scramble

FIGURE 6. IQGAP1 and NLRC3 show partial colocalization with

recombinant STING, TBK1, and not MAVS. HeLa cells were transiently

transfected with different expression constructs. (A–D) Confocal micros-

copy of HeLa cells cotransfected with NLRC3 and associated expression

constructs. Cells were fixed, permeabilized, and stained with Abs specific

to the epitope tags and endogenous IQGAP1 followed by species-specific

Alexa Fluor 488, Alexa Fluor 568, and Alexa 647 secondary Abs and

DAPI to counterstain the nucleus. Cells are representative of more than

three independent transfections. Images were collected using a 633 1.4

numerical aperture oil immersion objective lens. (A and B) show two

distinct colocalization patterns of STING: (A) puncta and (B) ER.

FIGURE 7. shRNA-mediated knockdown of IQGAP1 in different cell lines induces hyperactivation of the IFN-b pathway. (A–C) Stable integrants [(A)

and (D) represent THP-1 cells, (B) and (E) represent THP1-Dual Cells, and (C) represents HeLa cells] were selected and stimulated as indicated. IFN or

cytokine levels were measured by ELISA and secreted Lucia. Values represent mean 6 SD of triplicate samples. Data are representative of at least three

biological replicates. (D) and (E) show no significant differences relative to the scramble shRNA. *p , 0.05 when compared with scramble shRNA cells.
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cells. These data suggest that IQGAP1 functions specifically to

inhibit the production of type 1 IFN and not proinflammatory cy-

tokines.

IQGAP1 disrupts the NLRC3–STING interaction

Our colocalization studies (see Fig. 5A–F) clearly demonstrate at

least a portion of the cellular pool of NLRC3 is localized to the cell

cortex, but this localization appears to be independent of STING

and TBK1 (Fig. 6A–C). This observation coupled with the over-

lapping interaction location of both STING and IQGAP1 to the

NBD of NLRC3 led us to speculate that IQGAP1 could regulate the

NLRC3–STING complex. To explore this possible mechanism, we

examined if increasing amounts of overexpressed IQGAP1 could

modulate the interaction of NLRC3 with STING. As shown in

Fig. 8A, in the presence of overexpressed IQGAP1, NLRC3 no

longer interacts with overexpressed STING. We next investigated if

IQGAP1 could interact with STING in the absence of overex-

pressed NLRC3. Under two different stringencies, we were unable

to detect STING interaction with IQGAP1 (see Fig. 8B). These data

suggest that IQGAP1 has the ability to interact with NLRC3, and

this interaction can affect the NLRC3–STING interaction. How

these dynamic interactions negatively regulate type 1 IFN produc-

tion is not well understood.

Discussion
Macrophages and epithelial cells detect cytosolic nucleotides and

mount a robust type I IFN (IFN-a/b) response to limit pathogen

spread. Cells respond by activating the IRF family of transcription

factors to induce the antiviral transcriptome. TBK1 is the keystone

kinase that integrates numerous upstream cytosolic nucleic acid

sensors. TBK1 phosphorylates IRF3 and/or IRF7, which allows it

to dimerize and translocate into the nucleus. One upstream sensor

in particular, cGAS, directly binds cytosolic DNA to generate

dicyclic nucleotides. These intermediates can directly bind to

STING, allowing it to activate TBK1. However, sustained or ab-

errant type I IFN production is associated with several autoim-

mune and autoinflammatory diseases: broadly termed IFNopathies

(69). Distinct host pathways, such as miR-146a (70), SOCS-1

(71), and DUBA (72), among others (73), can downregulate

type I IFN responses, possibly to limit immunopathology associ-

ated with overzealous responses. STING is targeted for degrada-

tion via multiple pathways. UNC-51–like kinase (ULK1) has been

shown to phosphorylate STING at S366 to facilitate its lysosomal

degradation in a negative-feedback loop to inhibit prolonged re-

sponses (17). Additionally, RNF5 facilitates K48-linked ubiq-

uitination of STING on the K150 residue after viral infection. This

modification allows for ubiquitin-dependent proteosomal degra-

dation (19). Previously, NLRC3 has been shown to inhibit type I

IFN production by disrupting the dynamic redistribution of

STING between the ER and MAM and inhibiting its interaction

with TBK1 (48). However, the molecular mechanisms that control

NLRC3 inhibition of STING remain poorly characterized. In this

study, we have shown that NLRC3 interacts with IQGAP1 using a

yeast two-hybrid screen and coimmunoprecipitation experiments

in human cell lines. We identified a C-terminal fragment of

IQGAP1 that specifically interacts with the NBD, albeit inde-

pendently of the nucleotide-binding cycle, of NLRC3 (Fig. 3). The

RGCT domain of IQGAP1 has been shown to interact with

multiple protein partners, for example, E-cadherin, b-catenin,

Clip170, cytoplasmic linker–associated protein 2 (Clasp2), and

adenomatous polyposis coli (74). The RGCT domain is respon-

sible for anchoring IQGAP1 to the membrane at the cell periphery

and has been shown to dynamically bind small GTPases, such as

Cdc42, in a phosphorylation-dependent manner at the leading

edge of the plasma membrane (75).

IQGAP1 regulates many diverse cellular processes in different

cell types and tissues, notably in cell motility and invasion via

cytoskeletal rearrangement, but also cotranscriptional regulation

with b-catenin. NLRC3 and IQGAP1 have similar, but not nec-

essarily overlapping, expression profiles in unstimulated cells.

Both have increased relative expression in lymphocyte and mye-

loid cells, further suggesting a possible endogenous role in vivo

(Fig. 2). Additionally, both NLRC3 and IQGAP1 are expressed,

albeit at low levels for NLRC3, in epithelial cells. We have

demonstrated that NLRC3 and IQGAP1 colocalize in human

epithelial cells (Figs. 4–6). In the adaptive immune system,

IQGAP1 negatively regulates TCR signaling and F-actin dynam-

ics. In the absence of IQGAP1, Jurkat T cells and primary mouse

T lymphocytes secrete significantly more IL-2 and IFN-g (54). It

is interesting to note that knockdown of NLRC3 in Jurkat T cells

also shows increased IL-2 production and CD25 expression levels

(51). This effect might be mediated via IQGAP1, but this hy-

pothesis remains to be tested. In macrophages, mouse IQGAP1

has been shown to be important in phagocytosis and phagocytic

cup formation in macrophages during incubation with avidin-

coated beads (76) and LPS-induced Rac1 activation during

phagocytosis (77). This effect requires the interaction of IQGAP1

with the actin nucleating protein, diaphanous-related formin

(Dia1). The rearrangement of the host cell cytoskeleton is a crucial

mechanism by which invasive bacteria enter cells. The pathogenic

bacterium, Salmonella enterica, co-opts IQGAP1 to alter Rac1

and MAPK signaling to facilitate chronic infection in epithelial

cells (78), suggesting that IQGAP1 is necessary for invasion.

The movement of signaling proteins in sensing cytosolic nucleic

acids is dynamic and highly coordinated. The activated STING/

TBK1 complex is trafficked from the ER and Golgi apparatus,

via ATG9, to the endosomes/lysosomes containing IRF and NF-kB

FIGURE 8. IQGAP1 sequesters NLRC3 to the actin cytoskeleton.

(A) HEK293T cells were transiently transfected with epitope-tagged

IQGAP1, NLRC3, and STING. Lysates were immunoprecipitated for

NLRC3-HA and blotted for interacting proteins. Data are representative of

three replicates. (B) IQGAP1 and STING were cotransfected in the absence

of NLRC3-HA, immunoprecipitated for IQGAP1, and blotted for STING.

Cells were lysed in stringent (PBS with 1% Triton X-100 with 0.5% sodium

deoxycholate shown in lane 1) and less stringent (PBS with 1% Triton X-100

shown in lane 2) conditions. Data are representative of three replicates.
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transcription factors in a VPS34-dependent manner (17). Move-

ment of STING is thought to be mediated via posttranslational

palmitoylation at two key cysteine residues (C88 and C91) at the

Golgi apparatus (79). This trafficking allows for efficient tran-

scription factor activation and the subsequent antiviral tran-

scriptional program. TBK1 molecules are recruited to larger

macromolecular signaling complexes upon activation via inter-

actions with scaffolding and adaptor proteins such as TANK,

SINTBAD, NAP1, TAPE, and IFIT3 (80). The latter two of which

are involved in TBK1-dependent type I IFN production in re-

sponse to viral infection. Specifically, TBK1 has been shown to

relocate from the cytosol to mitochondria in response to DNA

virus infection or transfection of DNA into the cytosol of HeLa

and HepG2 cells, but not RAW264.7, L929, or T-23 cells (81).

These data suggest that TBK1 subcellular localization is cell-type

or stimulus dependent. This clustering of TBK1 to specific sub-

cellular locations facilitates autophosphorylation and subsequent

substrate targeting. Nonetheless, the mechanisms by which TBK1

and STING dynamically redistribute within the subcellular space

are largely unknown. Our data suggest that IQGAP1 with its

known scaffolding ability, its diverse subcellular distribution, and

its novel interaction with NLRC3 might function to regulate

TBK1 or STING activity or location and downstream activation of

the IRF3 and/or IRF7.

The subcellular localization of NLR proteins is as diverse as the

cellular pathways with which they are associated. NOD2 has been

shown to localize to the plasma membrane via interactions with

ERBIN (67, 82) and FRMBP2 (83). Additionally, NOD2 has been

shown to localize to endosomes (possibly via SLC15A3 or

SLC15A4) in dendritic cells (84) and autophagosomes (via

ATG16L1) in HeLa cells and MEFs (85) in response to invasive

bacterial infection or stimulation with the bacterial PAMP

muramyl dipeptide, the known ligand for NOD2. Also, NOD2

has been shown to localize to the mitochondria where it interacts

with MAVS in response to ssRNA virus (36). The molecular

mechanisms by which NOD2 is distributed to different subcellu-

lar locations is not well understood, and how the subcellular

distribution relates to the pathophysiology related to the NOD2-

dependend pathologies (Crohn’s disease and early onset sarcoid-

osis) is under investigation. Surprisingly, we show that a portion of

NLRC3 is localized to the cell cortex in HeLa cells, possibly via

its interaction with IQGAP1, a known actin- and tubulin-binding

protein. How this specific subcellular localization affects NLRC3

function is unknown but might relate to compartmentalization or

sequestration of signaling molecules to inhibit or dampen chronic

or aberrant activation of the type I IFN pathway.

We show that IQGAP1 is necessary for appropriate responses to

cytosolic nucleotides. Type I IFN production was significantly

increased in THP1 and HeLa cells that stably express shRNA to

IQGAP1. However, this effect was specific for type I IFN; THP1

cells expressing shRNA to IQGAP1 did not secrete significantly

different amounts of proinflammatory cytokines, IL-1b, or TNF-a.

A limitation of our studies is the reliance on ectopic and over-

expression of IQGAP1, NLRC3 and TBK1 in particular, and small

interfering RNA. In an attempt to overcome these limitations we

used human HAP1 cells that were engineered via Cas9/CRISPR to

be deficient in IQGAP1. In our experiments, the parental HAP1

cell line was refractory to stimulation with immunostimulatory

nucleic acids and was not amenable to transfection (data not

shown). Nonetheless, to our knowledge, our data are the first to

demonstrate that IQGAP1 negatively regulates type I IFN pro-

duction, possibly via its interaction with NLRC3. The role of

IQGAP1 as a scaffolding protein is well documented, and the

ability of NLRC3 to interact with the RGCT domain adds to the

growing number of IQGAP1-interacting proteins. These data help

better define the molecular mechanisms of NLR-mediated IFN

inhibition that is necessary to maintain homeostasis. Investigating

the role of additional regulatory proteins in the NLR–IFN axis will

be critical to our understanding of host–pathogen interactions.
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