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SUMMARY

TLR3, a major innate immune pattern recognition receptor of RNA viruses, trig-
gers inflammatory response through the transcription factor NF-«B. However,
a genome-wide understanding of the genes and mechanisms regulating TLR3-
mediated NF-«B activation is incomplete. We herein report the results of a human
genome-wide RNAi screen that identified 591 proteins regulating TLR3-mediated
NF-kB response. Bioinformatics analysis revealed several signaling modules
including linear ubiquitination assembly complex and mediator protein complex
network as regulators of TLR3 signaling. We further characterized the kinase
ATM as a previously unknown positive regulator of TLR3 signaling. TLR3 pathway
stimulation induced ATM phosphorylation and promoted interaction of ATM with
TAK1, NEMO, IKKa, and IKKB. Furthermore, ATM was determined to coordinate
the assembly of NEMO with TAK1, IKKe, and IKKB during TLR3 signaling. This
study provided a comprehensive understanding of TLR3-mediated inflammatory
signaling regulation and established a role for ATM in innate immune response.

INTRODUCTION

Mammalian cells have evolved highly efficient receptors called pattern recognition receptors (PRRs) for de-
tecting and eliciting strong antiviral response against RNA viruses (Brencicova and Diebold, 2013; Goubau
et al.,, 2013; Gurtler and Bowie, 2013; Kawai and Akira, 2009). Toll-like receptor 3 (TLR3) is an endosome
localized PRR recognizing double-stranded RNA, the replication intermediate of RNA viruses (Alexopou-
lou et al., 2001; Matsumoto et al., 2011; Schroder and Bowie, 2005; Uematsu and Akira, 2006). Engagement
of TLR3 by viruses leads to the activation of both NF-kB-mediated inflammatory response and type | inter-
feron induction (Alexopoulou et al., 2001; Sen and Sarkar, 2005). The inflammatory response is critical for
the subsequent immune cell recruitment and adaptive immunity development.

Some of the core regulators of TLR3-mediated NF-kB induction is known (Alexopoulou et al., 2001; Jiang
et al., 2003). Ligand primed TLR3 recruits its adaptor TRIF, followed by its association with the E3 ubiquitin
ligase TRAF6 (Oshiumi et al., 2003; Sasai et al., 2010). Subsequently, this complex will activate the kinase
TAK1 through its phosphorylation. Activated TAK1 will promote the association of the IKK complex
comprising NEMO, IKKe, and IKKB (Jiang et al., 2003; Shim et al., 2005). TAK1 is known to promote phos-
phorylation of IKKB (Israel, 2010; Wang et al., 2001). IKKB upon stimulation will phosphorylate IkB, leading
to the release of NF-kB from its inhibition, and subsequent nuclear migration resulting transcription
initiation. NEMO is known to undergo ubiquitination during NF-kB activation signaling, and the
ubiquitin bound NEMO serves as a scaffold for the assembly of IKK components (Clark et al., 2013; Ni

et al., 2008).
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Thus, although some of the regulators of TLR3 pathway are known, systems-level information on the regu-
lation of the signaling cascade triggered by TLR3 leading to NF-kB activation is still lacking. Such a
genome-wide understanding on the regulators of NF-kB activation is available for other TLRs such as
TLR7 and TLR8 (Chiang et al., 2012). Systems-level information will facilitate a better understanding of anti-
viral innate immune response regulation mechanisms and enable us to devise strategies to counter viral
block of antiviral response. Although application of large-scale genetic screen approaches offers a viable
approach to unravel regulators of TLR3 signaling, this has not been performed hitherto to interrogate TLR3
signaling.

In this report, we present results of a human genome-wide RNA interference (RNAI)-based genetic screen
to identify regulators of TLR3-mediated NF-kB response. Moreover, we describe the kinase ATM as a regu-
lator of TLR3 signaling.

RESULTS

Human Genome-wide RNA-Interference Screen for Identifying Regulators of TLR3-Mediated
NF-kB Activation

To identify the human genes regulating TLR3-induced NF-kB activation (TLR3-to-NF-kB), we performed an
in vitro reverse genetic screen by silencing 18,121 human genes using arrayed small interfering RNAs (-
siRNAs) (Figure 1A). We used human epithelial cell line HEK293T, a cell that naturally expresses TLR3, as
the model system for genetic screen. To monitor NF-kB activation during TLR3 stimulation, we optimized
a reporter assay using an NF-kB binding site-driven GFP reporter that was stably integrated into cells (see
Transparent Methods). As TLR3 senses double-stranded RNA viruses, we used synthetic poly inosinic:poly
cytidilic acid (poly(l:C)), a well-known mimic of double-stranded RNA widely used for TLR3 activation. We
reasoned that use of virus as a source for activating TLR3 will yield a large number of false positives because
silencing of several genes might reduce infection itself, yielding poor TLR3 activation; however, use of
poly(l:C) would likely reveal more TLR3-specific effects. Silencing of TLR3 and its adaptor TRIF, but not
the cytosolic nucleic acid sensor RIG-I, led to a reduction (up to 10-fold, p < 0.01) of TLR3-triggered NF-
kB-GFP reporter activity (Figure 1B). The GFP reporter activity was recorded using high-throughput fluo-
rescent microscopy and expressed as the percentage of GFP-positive cells/siRNA treatment. A single im-
age was captured from each well of a 384-well plate in which each well corresponded to a unique siRNA
treatment. The screen was performed in duplicate, and each gene was targeted by a pool of four unique
siRNAs. The hits were selected using a statistical approach involving calculation of mean-based Z scores.
Any siRNA treatment that changed GFP signal by three standard deviations from the plate mean signal was
selected as hit. Any silencing that resulted in alteration of cell number or lactate dehydrogenase release by
more than 30% of the siNT-treated cells was eliminated as potentially confounding toxicity-related pheno-
typic effects.

RNAIi Screen Revealed Known Components of TLR3 and NF-«B Signaling

The RNAI screening identified a total of 591 genes as hits, with 514 positive and 77 negative regulators of
TLR3-mediated NF-kB activation (Table S1). We initially analyzed the screening results to assess the corre-
lation with previously existing knowledge on TLR3 and NF-«B signaling regulation, as a test to verify the
accuracy of the approach. The hits identified in our screen included both TLR3 and its adaptor TRIF,
thus validating the specificity of our approach. In addition, our study also re-identified core known compo-
nents of NF-kB pathway such as CHUK, TRAF6, IKBKG (NEMO), and RELA. Autophagy was previously re-
ported as a positive regulator of TLR3-induced NF-kB activation. Consistent with this, our screen identified
key autophagy regulator ATG13 as a hit. Besides these known pathway-specific regulators, our genetic
screen also identified multiple subunits of several generically acting cellular multiprotein complexes. For
example, we identified 21 components of ribosomes (e.g., RPL14), 4 components of mRNA translation ma-
chinery (e.g., POLR2D), and 6 subunits of proteasome (e.g., PSMD2). These data provide strong evidences
for the success and efficiency of the genetic screening employed in this study to discover regulators of TLR3
signaling.

We also compared the results of current study with previously published RNAI screening performed to
identify regulators of NF-kB activation from TLR7 and TLR8 (Chiang et al., 2012). There were 10 genes
(HECTD1, IKBKG, MAP3K7, NME1, PCTK3, POLR2C, RELA, TM4SF18, TRAF6, USP33) common between
our screen and the previous RNAI screen performed to discover TLR7/8-mediated NF-kB activation.
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Figure 1. RNAi Screening for Identifying TLR3-Mediated NF-«B Activation

(A) Schematic showing RNAi screening methodology. Images correspond to the GFP signal in negative control siRNA and
positive control siRNA targeting (si-TRIF).

(B) GFP reporter assay efficiency for measuring NF-kB activation induced by poly(l:C) with and without nucleic acid
sensing innate immune pathway genes. NF-kB-GFP reporter containing HEK293T cells were stimulated with poly(l:C) for
24 h, and images were quantified and expressed as percentage of GFP-positive cells. The values shown are mean + SE of
three independent experiments performed in triplicates. The statistical significance of the difference in values between
groups was analyzed using unpaired two-tailed Student’s t test, and p values <0.05 was considered statistically significant.
**p value <0.01. Knockdown efficiencies of relevant siRNAs determined by western blot are shown in the inset; left and
right panel of western blots, respectively, show scrambled siRNA or gene-specific siRNA-treated cells.

(C-E) Enriched Molecular Function, Biological Processes, and Cellular Compartment categories among the hit genes
obtained from RNAI screening, respectively.

(F) Enrichment of disease categories among the screening hits. The plot was generated using Ingenuity Pathway Analysis
software. GFP, green fluorescent protein. siNT, negative control siRNA.

Bioinformatics Analysis Identified Several Genes Associated with Human Diseases as NF-kB
Regulators

We performed an integrated analysis to identify systems-level information embedded in the genes iden-
tified as TLR3 regulators in this study. Bioinformatics analysis identified the molecular processes, biological
processes, and cell compartment terms enriched among the screen hits (Figures 1C-1E, respectively).
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Because NF-kB and inflammation are widely implicated in both cell and organism-level physiology, it is
likely that several regulators of NF-kB signaling play roles in various diseases. Previous studies, including
genome-wide association studies, have identified various genetic loci associated with several human dis-
eases. Using database searches, we interrogated whether any of the identified genes are associated with
human diseases. Remarkably, we identified that a strikingly large number of the genes identified in our
study are associated with several diseases (Table S2). A subset of these genes showed specific association
with infection, immunity, and inflammation-related diseases, consistent with the role of NF-«B in inflamma-
tory and immune processes (Figure 1F). There were 24 genes (e.g., CORO1A, CXCRé, FGA) with known role
in susceptibility to infections, 15 genes (ACO1, ADORA1, PTPN22) associated with inflammatory disease,
134 genes (e.g., CORO1A, CHUK, MEFV) implicated in immune-related diseases, and 25 genes (HAVCR2,
LRBA, PDCD1) associated with autoimmune diseases. In addition, several of the identified NF-kB regulator
genes were previously shown associated with other diseases such as asthma (MS4A2, MUC7, PPP2CA), can-
cer (ATM, ATR, BRAF), and cardiovascular (BRAF, CD163, CES3) and metabolic (COMT, CORO1A, FGF23)
diseases. This study thus sheds light on the potential association of innate immune TLR3 pathway regula-
tors with several diseases. Further studies on the results obtained from this study may help to elucidate the
underlying mechanism by which specific genes contribute to human diseases.

Multiple Signaling Modules Regulating TLR3 Signaling Is Identified by the RNAi Screen

Integrated analysis identified that a considerable number of the identified genes have previously known
physical or functional interaction with other hit genes (Figure 2A). Among these, there were several
signaling modules regulating TLR3 signaling. Some of these included LUBAC, myosin complex, and medi-
ator complex, respectively (Figures 2B-2D).

There was a striking enrichment of ubiquitination-associated processes among the obtained hits. Among
the ubiquitination-related hits identified in this screen, there were two components of the linear ubiquitin
chain assembly complex (LUBAC), RNF31 (HOIP) and SHARPIN (Gerlach et al., 2011; lkeda et al., 2011).
Although LUBAC was previously identified as important for NF-kB activation from innate immune pathways
such as NOD2 and TNF-a signaling by targeting NEMO for posttranslational modification, it is not previ-
ously known whether LUBAC is involved in TLR3 stimulation-dependent NF-kB activation (Boisson et al.,
2012; Damgaard et al., 2012; Gerlach et al., 2011; lkeda et al., 2011; Niu et al., 2011). As shown in Figure 3A,
silencing of RNF31 (HOIP) and SHARPIN by two independent pairs of siRNAs resulted in abrogation of
poly(l:C)-driven NF-kB reporter activity in HEK293T cells. Knockdown was confirmed by quantitative real-
time PCR (Figure 3B). In addition, knockdown of RNF31 (HOIP) and SHARPIN resulted in reduced secretion
of IL8 cytokine by human primary monocytes stimulated with poly(l:C) (Figure 3C).

Mediator complex is a multi-subunit complex of around 31 proteins and is known to be involved in tran-
scription by RNA polymerase Il. Our RNAI screen identified five genes (SURB7, MED8, MEDé, MED31,
and TRG20) of mediator complex as positive regulators of TLR3-mediated NF-kB reporter activity.
Silencing of each one of these five genes using two unique siRNAs attenuated NF-«B reporter activation
(Figure 3D; knockdown verification Figure 3B). We subsequently aimed to identify the stage of TLR3
signaling in which mediator complex plays a role. Ectopic expression of TLR3 pathway components
TRIF, TRAF6, TAK1, and IKKB are known to drive NF-«kB activation, and integrating this with mediator com-
plex genes could indicate potential site of action. For this, as a representative, we silenced MEDé6 and
MEDS together in HEK293T cells; then ectopically expressed TRIF, TRAF6, TAK1, and IKKB; and measured
the activation of NF-kB luciferase reporter activity. As shown in Figure 3E, expression of the mediator com-
plex was essential for NF-kB reporter activity driven by ectopically expressed TRIF, TRAF6, TAK1, and IKKB.
This indicated that the mediator complex acted very downstream in the pathway. We also assessed the
DNA-binding activity of NF-kB in mediator complex-silenced cells, using NF-kB target DNA sequence con-
taining ELISA-based reporter assay. It was determined that silencing of the mediator complex did not
affect the ability of activated NF-kB to bind to target DNA sequence (Figure 3F). This result clearly demon-
strated that the mediator complex regulated TLR3 signaling likely at a step after the binding of NF-kB to its
target DNA sequence. This is consistent with the known role of mediator complex at the level of recruit-
ment of transcription initiation complex components to the target gene promoter region. Accordingly,
our genetic screen identified multiple components of RNA polymerase Il as positive regulators of TLR3
signaling (Figure 3G). However, it should be noted that the ectopic expression of IKKB in mediator com-
plex-silenced cells (Figure 3E) resulted in only a moderate reduction of NF-kB reporter (unlike that by
TRIF, TRAF6, and TAK1), although the mediator complex appears to be acting further downstream in
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Figure 2. Bioinformatics Analysis Identifies Gene Networks Regulating TLR3-Mediated NF-kB Activation
(A) Interactome analysis using all hit genes revealed several known protein-protein associations.

(B-D) Respectively shows signaling networks of linear ubiquitination complex, myosin, and mediator complex. The
network was generated by STRING. The thickness of the connecting lines indicates the confidence level of known
functional interactions between indicated proteins.

the pathway. Although the cause for this is unclear, the potential contribution of the artificially enhanced
effects of the ectopic expression system cannot be ignored.

ATM Kinase Is a Positive Regulator of TLR3 Signaling

We observed that silencing of the gene ATM, a key component of a network of proteins associated with
DNA double-strand break repair, impacted on TLR3 signaling as a positive regulator. Although a role
for ATM in mediating NF-kB activation during genotoxicity is known, the potential dependence of innate
immune antiviral signaling on ATM is unappreciated. Therefore, we decided to further validate and mech-
anistically investigate this.

Silencing of ATM in HEK293T cells using two independent pairs of siRNAs significantly reduced the activa-
tion of NF-kB luciferase reporter induced by poly(l:C)-mediated TLR3 stimulation (Figure 4A). Accordingly,
ATM siRNA-treated HEK293T cells displayed diminished secretion of IL8, an NF-kB-dependent cytokine
(Figure 4B). We subsequently determined the physiological relevance of ATM in TLR3 signaling using
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Figure 3. LUBAC and Mediator Complex Are Needed for TLR3 Signaling

(A) Silencing of RNF31 and SHARPIN using two pairs of unique siRNAs reduced NF-kB luciferase reporter activation

driven by poly(l:C) stimulation in HEK293T cells.

(B) Efficiency of gene silencing is shown. Genes were targeted using pairs of siRNAs. The gene transcript levels were
determined using gRT-PCR. The values correspond to mean + SD of a triplicate experiment and are expressed as fold
change of MRNA level relative to scrambled siNT sample (siNT value is taken as 1). The gRT-PCR results were computed

through determination of relative Ct value, using the formula (Fold-change = 2(Ct of unstimulated - Ct of stimulated) Target gene,

2(Ct of unstimulated — Ct of stimulated) Reference gene)

(C) Silencing of RNF31 and SHARPIN reduced IL8 secretion driven by poly(l:C) stimulation in human primary monocytes.
(D) Silencing of five component genes of mediator complex using two pairs of unique siRNAs reduced NF-kB luciferase

reporter activation driven by poly(l:C) stimulation in HEK293T cells.

(E) Mediator complex silencing did not affect the ability of HEK293T cells to support NF-kB luciferase reporter activation

Genes silenced

induced by ectopic expression of 50 ng each of TRIF, TRAF6, TAK1/TAB2, IKKB for 24 h.

(F) Mediator complex silencing did not affect the ability of p65 to bind to target DNA in poly(l:C) treated HEK293T cells.

(G) A network of RNA polymerase Il subunits uncovered in the current RNAI screening as hits.

6

iScience 23, 101356, August 21, 2020

iScience



iScience

Figure 3. Continued

The values shown for (A and C-F) are mean =+ SE of three independent experiments performed in triplicates. The
statistical significance of the difference in values between groups was analyzed using an unpaired two-tailed Student’s t
test, and p values <0.05 were considered statistically significant. **p value <0.01.

human primary cells. For this, ATM was silenced in human primary monocytes, stimulated with poly(l:C),
and the expression of NF-kB-dependent cytokine IL8 was determined by ELISA. It was observed that
ATM-silenced primary monocytes showed reduced secretion of IL8 upon poly(l:C) stimulation (Figure 4C).
Noticeably, ATM silencing did not affect TLR3-mediated type-| interferon beta reporter activity triggered
by poly(l:C) treatment in HEK293T cells (Figure 4D).

ATM Undergoes Phosphorylation during TLR3 Pathway Activation

It was shown before that ATM undergoes phosphorylation during activation upon genotoxic stress. We
wondered whether TLR3 stimulation also induces phosphorylation of ATM. To test this, we stimulated
HEK293T cells with poly(l:C) and potential pATM formation was assayed by western blot. As shown in Fig-
ure 4E, poly(l:C) stimulation was found to induce phosphorylation of ATM as early as 15 min after stimula-
tion of TLR3. This result demonstrated that the activating phosphorylation status of ATM is sensitive to
stimulation of TLR3 pathway, further indicating the direct functional association between ATM and antiviral
innate immune pathway.

ATM Is Needed for IKKB Activation

We also investigated the relative position of ATM in the known hierarchy of PRR signaling cascade leading
to NF-kB activation. To determine where ATM acts, we activated NF-kB reporter in ATM-silenced cells
through ectopic expression of TRIF, TRAF6, TAK1/TAB2, and IKKB. It was found that ectopically expressed
TRIF, TRAF6, and TAK1/TAB2 failed to activate NF-kB reporter in ATM-silenced cells with strong defect in
signal (Figure 4F). Contrary to this, ATM knockdown caused only a low reduction of NF-«B activation driven
by ectopic expression of IKKB (Figure 4F). These data indicated that ATM likely regulates PRR pathway
signaling at the level of IKKB, downstream of TAK1. It should be noted that the slight but statistically sig-
nificant reduction of NF-kB reporter induced by ectopic expression of IKKB in ATM-silenced cells (Figure 4F)
may indicate that there are some effects of IKKbeta that are partially influenced by the absence of ATM.

Activation of NF-kB pathway often leads to the phosphorylation of IkB, a signal for the latter's degradation
and release of NF-kB proteins. We also investigated whether ATM is needed for Ikp phosphorylation. For
this, ATM-silenced HEK293T cells were stimulated with poly(l:C) and pIKB formation was detected by west-
ern blot. Consistent with the reporter assay results, ATM silencing reduced the induction of Ik phosphor-
ylation upon poly(l:C) stimulation of HEK293T cells (Figure 4G). This experiment pointed that ATM regu-
lates a step in TLR3 signaling downstream of TAK1 activation but upstream of Ixp phosphorylation.

As an additional proof for the role of ATM in NF-kB activation, we also compared the ability of NF-«B from
ATM-sufficient and -deficient conditions to bind to target DNA sites, using ELISA. As given in Figure 4G,
poly(l:C) treatment resulted in enhanced DNA binding by NF-kB p65 in siNT-treated cells. However, consis-
tent with reporter assay results, NF-kB p65 from ATM-silenced poly(l:C) cells displayed reduced DNA-bind-
ing activity (Figure 4H).

ATM Is Needed for NF-kB Activation by Multiple PRRs

There are several innate immune signaling pathways that activate NF-kB. We therefore investigated
whether the role of ATM in PRR signaling is specific to TLR3 or not. For this, we silenced ATM expression
in HEK293T cells and induced NF-kB activation from another major innate immune receptor NOD2. As
shown in Figure 41, the data revealed that indeed silencing of ATM mitigated NF-kB activation driven by
activation of NOD2. These data strongly demonstrated that ATM has a wider role in NF-kB activation
from multiple innate immune pathways. In addition, consistent with the above-described results, these
data also indicated that ATM is part of the core machinery orchestrating NF-«B activation from diverse
triggers.

ATM Interacts with Multiple Components of TLR3 Signalosome

We next attempted to determine how ATM regulates TLR3 signaling. ATM was previously known to interact
with NEMO, IKKe, and IKKB during genotoxic stress (Wu et al., 2010). Therefore, we investigated whether
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Figure 4. ATM Kinase Is a Positive Regulator of TLR3-Mediated NF-«kB Activation

(A) Silencing of ATM using two pairs of unique siRNAs reduced NF-kB luciferase reporter activation driven by poly(l:C)
stimulation in HEK293T cells.

(B and C) Silencing of ATM reduced IL8 secretion driven by poly(l:C) stimulation, respectively, in HEK293T cells and human
primary monocytes.

(D) Type-I interferon beta reporter activity was unaffected by ATM silencing.

(E) Poly(l:C) stimulation induced phosphorylation of ATM in HEK293T cells. The data are representative of at least three
independent experiments.

(F) ATM silencing reduced the ability of HEK293T cells to support NF-kB luciferase reporter activation induced by ectopic
expression of 50 ng each of TRIF, TRAF6, TAK1/TAB2, IKKB for 24 h.

(G) ATM silencing reduced phosphorylation of IkB upon poly(l:C) stimulation. The data are representative of at least three
independent experiments.

(H) ATM silencing reduced the ability of p65 to bind to target DNA in poly(l:C)-treated HEK293T cells.

(1) ATM silencing reduced NOD2-mediated NF-kB luciferase reporter activation driven by muramyl dipeptide (MDP)
stimulation in HEK293T cells.

The values shown for (A-F, H, and |) are mean + SE of three independent experiments performed in triplicates. The
statistical significance of the difference in values between groups was analyzed using an unpaired two-tailed Student’s t
test, and p values <0.05 were considered statistically significant. **p value <0.01, *p value <0.05. GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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Figure 5. ATM Interacts with and Facilitates NEMO Signaling Complex Assembly

(A) Endogenous ATM interacted with endogenous NEMO, TAK1, IKKe, and IKKB upon stimulation of human primary
monocytes with poly(l:C).

(B) ATM expression was needed for NEMO to recruit TAK1, IKKe, and IKKB upon stimulation of human primary monocytes
with poly(l:C). ATM-silenced cells were stimulated with poly(l:C) for 120 min, and NEMO co-immunoprecipitation assay
was performed.

The data are representative of at least three independent experiments. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; WCL, whole-cell lysate; IP, immunoprecipitation; IB, immunoblot.

TLR3 activation also promotes the interaction of ATM with NEMO, TAK1, IKKe, and IKKB at their endoge-
nous levels. For this, we stimulated human primary monocytes with poly(l:C), immuno-precipitated endog-
enous ATM, and assessed the interaction of ATM with these pathway proteins through western blot. It was
determined that endogenous ATM interacted with TAKT, NEMO, IKKe., and IKKB (Figure 5A). TLR3 pathway
activation enhanced the interaction of ATM with other components of TL3 signalosome.

ATM Is Needed for NEMO Signalosome Assembly

We also investigated whether ATM has any role in regulating or relaying signaling through TLR3 signalo-
some. We systematically investigated how the absence of expression of ATM affects the interaction of
various modules of TLR3 signaling pathway. During TLR3 stimulation in normal cells, NEMO interacts
with TAKT, IKKe, and IKKB. We therefore investigated whether ATM plays any role in the assembly of
NEMO signaling complex. For this, we silenced ATM in human primary monocytes, stimulated the cells
with poly(l:C), and assessed the ability of endogenous NEMO to interact with TAK1, IKKe, and IKKB through
co-immunoprecipitation. As expected, poly(l:C) stimulation promoted the NEMO-TAK1-IKKa-IKKB com-
plex formation. Notably, we observed that the ability of NEMO to recruit multiple components of TLR3
signaling was adversely impacted by the absence of ATM. As shown in Figure 5B, silencing of ATM reduced
the ability of NEMO to recruit TAK1, IKKe, and IKKB, upon TLR3 signaling activation by poly(l:C). These data
demonstrated that ATM is needed for TLR3-mediated assembly of NEMO signalosome, as essential step in
NF-kB activation.

DISCUSSION

Through a genome-wide loss-of-function genetic screen, we identified the compendium of human genes
regulating inflammatory NF-«kB activation induced by TLR3 signaling. We also identified ATM kinase as a
positive regulator of TLR3 signaling. Given the widely established roles of TLR3 in infection control, vaccine
response, and inflammatory diseases, the results of study will form a valuable resource for detailed mech-
anistic understanding of TLR3 signaling regulation.
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The identification of several gene networks from the current RNAi screen implies the modular nature of
regulation of NF-kB activation pathways. Whether these regulatory modules regulate NF-kB activation in
a TLR3-specific mechanism or have conserved role across multiple PRRs is yet to be determined. A previous
study had identified an endosomal dsRNA transporter that could expose extracellularly added dsRNA (e.g.,
poly (1:C)) to cytosol (Nguyen et al., 2017). Although our assay optimization established that the primary re-
ceptor for poly (I:C)-mediated NFkB activation in our assay is TLR3, we do not exclude the potential for any
minor contribution by other pathways that could sense poly (I:C). Our results also provided potential clues
about the functional role of several genes identified as disease susceptibility loci of several inflammatory
diseases. Given that NF-kB is a key mechanism regulating inflammation, mutations in these genes could
result in altered activation of NF-kB, leading to aberrant inflammatory responses and disease.

Previous studies demonstrated that LUBAC is needed for NF-kB activation triggered by NOD2, TLR4, and
TNFR (Boisson et al., 2012; Damgaard et al., 2012; Gerlach et al., 2011; lkeda et al., 2011; Niu et al., 2011).
Our identification of LUBAC as a regulator of TLR3-mediated NF-«B activation further supports its role of
inflammatory pathways. Consistent with our results, recently another study also reported a role for LUBAC
in TLR3 signaling (Zinngrebe et al., 2016). LUBAC is known to attach linear ubiquitin to NEMO to create a
scaffold for recruiting IKKa,, IKKB, and TAKT (Niu et al., 2011). The mediator complex is known to aid in the
assembly of RNA polymerase transcription complex assembly on target promoters. In fact, MED17 subunit
of the mammalian mediator complex was previously shown to bind to NF-kB pé5 and facilitate selective
transcription of a subset of NF-kB target genes upon stimulation with TNF-a (Van Essen et al., 2009).
Our study further proved the wider involvement of mediator complex in innate immune inflammatory
response. Although the mediator complex has around 30 subunits, our RNAi screen identified only five sub-
units as hits. Similarly, the RNAi screening study by Chanda and colleagues identified that only MED12 and
MED19 are required for TLR7/8-mediated NF-kB activation (Chiang et al., 2012). Although incomplete
gene knockdown could have prevented other subunits from manifesting a phenotypic effect in these as-
says, future studies should investigate whether all subunits alike are required for NF-«B target gene tran-
scription induced from TLR3 and various other PRRs. An original study in this direction systematically
silenced all components of the mediator complex of fruit fly and assessed how depletion of each subunit
affects transcription induced by selected ligands and found differential requirement of specific subunits of
mediator complex for heat shock and LPS-induced transcription (Kim et al., 2004).

Akey finding of our study is the identification of ATM as an important positive regulator of TLR3-mediated
NF-kB activation. In addition, we also established ATM as a common regulator of NF-kB activation from
multiple signaling pathways such as NOD2, strongly demonstrating ATM as a key component of the
core NF-kB activation machinery. Our data unambiguously identified that mechanistically ATM expression
is essential for the assembly of NEMO with IKKa., IKKB, and TAK1. The association of NEMO with IKKB and
TAK1 is an essential core step underlying the phosphorylation of IkB triggered by nearly all canonical NF-kB
activating pathways (Israel, 2010). Although our experiments clearly revealed the specific defect in the
signaling in ATM-silenced cells, the underlying mechanism by which ATM triggers the association of
TAK1 and IKKa and IKKB to NEMO is unclear. It can be reasoned from our results that ATM regulates innate
immune signaling downstream of TAK1 signaling. Several previous studies identified that genotoxic stress
induces NF-kB activation in a manner dependent on ATM (Fang et al., 2014; Hinz et al., 2010; Panta et al.,
2004; Wu et al., 2006, 2010; Yang et al., 2011). It was also further demonstrated that genotoxic stress pro-
motes association of ATM with NEMO, IKKa and IKKB, and TAK1 (Wu et al., 2010). It is still unclear how ATM
regulates TLR3 signaling. In one previous study, it was demonstrated that the presence of ATM facilitated
the interaction of NEMO with IKKa, IKKB, and TAK1T during genotoxic stimulation (Wu et al., 2010). This ef-
fect was very comparable with our results, in which ATM silencing resulted in inefficient assembly of NEMO
interactome during TLR3 stimulation. The protein ELKS was previously shown to be essential for the acti-
vation of NF-kB by ATM during genotoxic stress (Wu et al., 2010). In a related context, another earlier study
identified that ATM is essential for NF-kB activation and type | interferon induction during paramyxovirus
infection (Fang et al., 2015). In our genetic screen, however, ELKS was not identified as a hit. It was previ-
ously known that humans with genetic mutations in ATM tend to have immunological deficiency. Our study
provides one potential mechanistic explanation for the immuno-deficiencies of ATM mutations.

In summary, this study identified a regulatory mechanism of TLR3 signaling pathway by ATM and has also

revealed the larger set of genes involved in NF-kB response regulation, which will help to generate a sys-
tems-level view of inflammatory signaling cascades.

10 iScience 23, 101356, August 21, 2020

iScience



¢? CellPress

OPEN ACCESS

iScience

Limitations of the Study

Although the cell-based model system used in this study displayed some of the well-known core charac-
teristics of the TLR3 signaling pathway, it is also important to acknowledge the incompleteness of the
used model system as well as the tools and approaches. First, whether the immortalized HEK293 system
has all the genes regulating TLR3 signaling in primary epithelial cells is unknown. Similarly, whether all
of the genes identified in this study using RNAJ screen play a role in the regulation of TLR3 signaling in
the primary cells is yet to be determined. In addition, our approach of using RNAi also has its own limita-
tions. For example, whether all of the hit genes selected from the primary RNAi screening were resulting
from on-target activities of the siRNAs employed in the study remains undetermined.
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TRANSPARENT METHODS

Cells, reagents

Human Embryonic kidney cell line 293T (HEK293T) was purchased from ATCC
(catalogue#CRL-3216). Human primary monocytes were purchased from Stemcell
Technologies. Stable NFkB-GFP reporter HEK293 cells were purchased from System

Biosciences ((cat# TR860A-1).

The antibodies used in the study were: ATM, pATM, NEMO, IKKa, IKKB, TAK1, TRIF,
TLR3, RIG-I (Santacruz Biotech cat# sc-73615, cat# sc-47739, cat#sc-166398/sc-8330,
cat#sc-7182, cat#sc-8014, cat#sc-7967, cat# sc-514384, cat# sc-32232, cat# sc-
376845); GAPDH (Sigma, cat# G9545); plkB, kB Cell signaling Technology, cat# 9246,
cat# 9242). Other reagents were: Protein G Agarose (Pierce, cat# 20398); poly(l:C)
(Invivogen, cat#tlrl-picw); Halt protease and phosphatase inhibitors (Pierce, cat#78440);
MDP (Invivogen, cat# tirl-mdp); NFkB p65 Transcription Factor Assay Kit (Abcam
cat#ab133112); iQ™ SYBR® Green Supermix (Biorad); and BD human IL8 ELISA kit

(cat# 550999).

RNAi screening and data analysis
The screen was performed in 384 well plates. Plates with pre-arrayed siRNAS in 10pl
volume (per well, 4 siRNAs targeting one gene, 50nM final) were mixed with 10pl serum

free Dulbecco’s Modified Eagle’s Medium (DMEM) containing 0.15ul Dharmafect 1
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reagent (Thermo Fisher Scientific) for 30 minutes, and 6000 HEK29T cells were added
in DMEM with 20% fetal bovine serum. After 60 hrs of knockdown, culture medium was
replaced with fresh DMEM, 10yl of a stock of 50ug/ml poly(l:C) in serum free DMEM
was added and incubated for 24 hrs. Subsequently cells were fixed in 3%
paraformaldehyde and DAPI was used to stain for nuclei. The plates were imaged using
highcontent fluorescence microscopy (ImageXpress, Danaher Corp), and the
percentages of GFP positive cells were determined using the algorithm Metaxpress.
The hits were selected by determining the Z-score, based on the mean of the values.
The formula used for Z-score determination was z = x- y / 0, where x is the average
percentage of GFP positive cells, o is the standard deviation of the population, p is the

plate mean.

Bioinformatics analysis was performed using commercial/public domain algorithms such
as Ingenuity Pathway Analysis suit of algorithm (Ingenuity Systems, Qiagen), DAVID

(https://david.ncifcrf.gov/) and STRING (http://string-db.org/). Gene ontology analysis

was performed to determine the presence of overrepresented molecular processes,
biological processes, and cell compartment terms amongst the hit genes identified in the
RNAI screen. Significantly enriched categories under a hypergeometric distribution
(p<0.05) were selected. Protein interaction networks were generated by STRING, using

several databases, by integrating known physical interactions and genetic associations.

Gene silencing and reporter assays
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The siRNAs used were (sense strand, 5°-3’; 1/2=pair-1; 3/4=pair 2); siATM1/2:
GCAAAGCCCUAGUAACAUA; GGGCAUUACGGGUGUUGAA

siATM-3/4: UCGCUUAGCAGGAGGUGUA; UGAUGAAGAGAGACGGAAU
siRNF31-1/2: GCAGAAUACUCAUCCAAGA; GCGAUUAUAUGGCUACACA

siRNF31-3/4: GGCGUGGUGUCAAGUUUAA; GUUAUGUGCAACCGGACUA

siSHARPIN-1/2:UAGGAGCCCUGGAAACUUG; CCGCAGUGCUCUUGGCUGU

siSHARPIN3/4:CCACCCAGCACGAGCUACA;GGUCACACUUGAAGACGCU
siSURB7-1/2: ACAAAGACCAGCCAGCUAA;GGAGGAUGUUGUUUAUCGA
siSURB7-3/4: ACAAGAAGUGGUACCCAUA;CUACAGAAGAGUAUGCCCA
siMED8-1/2: GGAAAGGACUAUCUAAUUG; CGAACAAGCAGACCUUUAA
siMED8-3/4: GAAGGACGGGUGCCUGUUU; AGAAGCAACUGACGACAGA
siMEDG6-1/2: GAAAGAGGCAGAACCUAUA; CAACAGACAGUGAGUGCUA
siMEDG6-3/4: CAAGAUAAAGUCAGACCUA; CCCACUAGCUGAUUACUAU
siMED31-1/2: GAAUAUGCCAAGUAUCUAA; GUUUAGCCAACCCAAAUUA
siMED31-3/4:UAACACAUCGGGAAAAUGA; GCGGAUGCGCCUUCAGCAA
siTRG20-1/2: GGAGAAGUUUGACCACCUA; UGAUAUUACUGUACCGUUA

siTRG20-3/4:AUAUAUAGAUCAAGGUCGA; AUGAGCAAGUUAAAGGCAA.

The negative control siRNA was obtained from SABio, Singapore. The siRNA was
transfected into HEK293T cells using Dharmafect 1 lipid (Dharmacon, Thermo Fisher
Scientific) at a final concentration of 50nM. For primary cells, 150nM of siRNAs were

transfected into at least 1x10° cells using electroporation (4D-Nucleofector system,

Lonza).
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For performing the reporter assays, HEK293T cells were transfected with either NF«xB
target gene promoter driven luciferase reporters (pGreen Fire vector, System
Biosciences International) or interferon beta reporter (kind gift, Rongtuan Lin, McGill
University) together with a constitutively active promoter-driven renilla luciferase
reporter (p-RL-TK, Promega) for 24h, and the luciferase activity was determined using
Dual-Glow assay kit (Promega). Typically 5ng of renilla and 40-100 ng of firefly
luciferase reporters were used in 384 or 96 well plates. For ectopic expression of
pathway genes, 50ng plasmid was transfected. For MDP stimulation, NOD2 expressing
HEK293T cells were stimulated with MDP for 24 h at 10ug/ml, followed by luciferase

reporter assay.

Nuclear p65 DNA binding assay was performed using manufacturers’ protocol. Briefly,
HEK293T cells grown in 60mm dishes were transfected with siRNA for 3 days,
stimulated with poly(l:C) for 12-24 hrs, cells were harvested, lysed in hypotonic
extraction buffer (100mM HEPES, pH7.5, containing 40mM NaF,100uM Na2MoO4, and
1mM EDTA), spun at 14000 x g for 30 seconds, the pellet was re-suspended in nuclear
extraction buffer (20mM HEPES, pH7.9, containing, 0.2mM EDTA,3mM MgCI2, 840mM
NaCl, and 20% glycerol) and further spun at 14000 x g for 10 minutes. The supernatant

fraction containing nuclei was used for the assays.

IL8 was measured through enzyme linked immunosorbent assay (ELISA). Briefly, equal

number of control siRNA or candidate gene targeting siRNA treated HEK293T cells or
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human primary monocytes were stimulated with poly(1:C) for up to 24hrs, and the IL8

content of cell culture supernatant was measured by ELISA.

Quantitative real time PCR

The g-RT PCR primer sequences were: SURB7 FP AGACCAGCCAGCTAACCCTAC,
RP TGCGCTTTGTATCTTCTCCAG;

MED6 FP TGCAGAGGCTAACATTAGAACAC, RP GCTGTTGCTTCCGAATGATGA;
MED8 FP TCTCTGGGGAGTTTCATTTGC, RP GTTACGGAACAGCGGTGTTTT;
TRG20 FP GAGAAGTTTGACCACCTAGAGGA, RP TGGGGATTTCGACCTTGATCT;
MED31 FP GCTGCTGTCGCTATGGAGAC, RP ATTTGGGTTGGCTAAACATTGC;
SHARPIN FP GGGGCGGTTAATTTGGAGTG, RP CTCGGACTAGGACTGCCCA;
RNF31 FP GAGCCCCGAAACTACCTCAAC

RP CTTGACACCACGCCAGTACC. Total RNA from cells was isolated using
commercial RNA isolation kit (RNeasy kist from Qiagen), and was used for generating
cDNA (iSCRIPT cDNA synthesis kit, Biorad). g-RTPCR based quantification of mRNA
levels was achieved using SYBR Green (Biorad). The gene transcript levels were
determined using g-RTPCR. The g-RTPCR results were computed through
determination of relative Ct value, using the formula equation (Fold-change = 2(Ct of
unstimulated — Ct of stimulated) Target gene/ 2(Ct of unstimulated — Ct of stimulated)
Reference gene). The values are expressed as fold change of mRNA level relative to

scrambled siNT sample (siNT value is taken as 1).
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Co-Immunoprecipitation assays (co-IP)

In order to determine protein-protein interactions through co-IP experiments, cells grown
100mm dishes stimulated wit ligand for 90 min were washed with ice cold PBS, lysed
using a mild lysis buffer (NaCl 150mM, NP40 1% and Tris-Cl 50mM, pH 7.0) containing
protease inhibitors, and the lysate was clarified by centrifuging for 10 min at 12000 x g.
The clarified supernatants were pre-cleared using negative control IgG and Protein-G
agarose beads overnight, incubated with relevant primary antibodies (200-500ng) for
24-48 hr at 4°C, and the antibody-antigen complexes were isolated using protein G
agarose. The co-immuno-precipitations were determined through Western blot, after
separating the proteins using Sodium dodecyl! sulphate polyacrylamide gel
electrophoresis. The proteins were detected using infrared detection system based

system (Licor).

Statistics

The results were expressed as mean + SE of three independent experiments performed

in triplicates. In order to calculate the statistical significance, an unpaired two-tailed

Student’s t test was used, and p-values <0.05 was considered statistically significant.
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