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Abstract

The innate immune system is the first line of the host’s defense, and studying the mechanisms

of the negative regulation of interferon (IFN) signaling is important for maintaining the balance

of innate immune responses. Here, we found that the host GTP-binding protein 4 (NOG1) is a

negative regulator of innate immune responses. Overexpression of NOG1 inhibited viral

RNA- and DNA-mediated signaling pathways, and NOG1 deficiency promoted the antiviral

innate immune response, resulting in the ability of NOG1 to promote viral replication. Vesicular

stomatitis virus (VSV) and herpes simplex virus type 1 (HSV-1) infection induced a higher

level of IFN-β protein in NOG1 deficient mice. Meanwhile, NOG1-deficient mice were more

resistant to VSV and HSV-1 infection. NOG1 inhibited type I IFN production by targeting IRF3.

NOG1 was also found to interact with phosphorylated IFN regulatory factor 3 (IRF3) to impair

its DNA binding activity, thereby downregulating the transcription of IFN-β and downstream

IFN-stimulated genes (ISGs). The GTP binding domain of NOG1 is responsible for this pro-

cess. In conclusion, our study reveals an underlying mechanism of how NOG1 negatively reg-

ulates IFN-β by targeting IRF3, which uncovers a novel role of NOG1 in host innate immunity.

Author summary

Although type I IFN benefits antiviral activity, IFN aberrant secretion can trigger diseases.

The study of the mechanisms of innate immune response could contribute to better dis-

ease control or vaccine design. In the present study, we, for the first time, demonstrate

that the host GTP-binding protein 4 (NOG1) acts as a repressor of host innate immune

responses. NOG1 negatively regulates viral RNA- and DNA-mediated signaling pathways

by inhibiting the DNA binding ability of IFN regulatory factor 3 (IRF3). Our study reveals

a common mechanism of NOG1 in regulating antiviral innate immunity and broadens

the regulation mechanisms targeting IRF3.
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Introduction

The innate immune system is the first line of the host’s defense that protects against invading

pathogens. Host pattern recognition receptors (PRRs), including RIG-like receptors (RIG-I,

MDA5, and LGP2), cyclic GMP-AMP synthase (cGAS), and NOD-like receptors (NOD2),

play a critical role in innate immunity where they interact with pathogen-associated molecular

patterns (PAMPs) to induce interferon (IFN) production which exerts antiviral functions [1].

To counteract host antiviral responses and maintain viral replication, viruses must overcome

host innate immune responses to establish a productive infection. After viral RNA recognition,

RIG-I recruits the adaptor molecule mitochondrial antiviral signaling protein (MAVS) to acti-

vate the TANK-binding kinase 1 (TBK1) and the inhibitor of B kinase α/β (IKK α/β) complex,

resulting in the activation of interferon regulatory factor 3/7 (IRF3/7) and nuclear factor-B

(NF-B), which induces the production of type I interferon (IFN-I, IFN-α, and IFN-β) [2].

After viral DNA recognition, cGAS recruits the stimulator of interferon genes (STING), which

further activates TBK1 and IRF3 to induce IFN-I production [3]. Then, the secreted IFN-I

binds to receptors on the cell surface and activates the kinase/signal transducer and activator

of transcription (JAK/STAT), resulting in the phosphorylation of STAT1/2. The phosphory-

lated STAT1/2 interacts with IRF9 to form an IFN-stimulated gene factor 3 (ISGF3) complex,

which binds to the IFN-stimulated response element (ISRE) to activate the transcription of

IFN-stimulated genes (ISGs), leading to cellular antiviral state [4,5].

Many cellular factors can regulate the IFN-I-inducing pathway. IRF3 is a major transcrip-

tion factor that regulates IFN-I production [6–8]. Upon viral infection, cytoplasmic IRF3 is

phosphorylated and forms dimers. Subsequently, the activated IRF3 enters the nucleus and

associates with CREB-binding protein (CBP)/p300 coactivators to form a complex and binds

to the promoter of the targeted genes, resulting in the transcription of IFN-I and the down-

stream ISGs [9]. Although IFN is beneficial for antiviral activity, IFN aberrant secretion can

trigger inflammatory disorders or other diseases [10,11]. Regulation of IRF3 includes positive

and negative mechanisms. The positive mechanisms comprise increased expression and acti-

vation of IRF3, and the negative ones contain decreased expression and inhibition of IRF3

activity [12]. Some negative regulators have been identified to impair IRF3 functions. For

instance, peptidylprolyl cis-trans isomerase NIMA-interacting 1 (Pin 1) degrades IRF3

through the proteasome pathway, thereby inhibiting the innate immune responses [13], RUN

domain Beclin-1-interacting cysteine-rich domain containing (Rubicon) interacts with IRF3

and inhibits its dimerization [14], and the cell growth-regulating nucleolar protein LYAR sup-

presses IFN production by targeting phosphorylated IRF3 [15]. The negative regulation of

IRF3-mediated IFN signaling is important for maintaining the balance of innate immune

responses.

GTP-binding protein 4 (NOG1, also known as GTPBP4, NGB, or CRFG) is conserved

across eukaryotes from yeast to humans and is a novel member of GTPases belonging to the

guanine nucleotide-binding proteins family [16]. NOG1 locates in the nucleolus, which is

involved in the biogenesis of the 60 s ribosomal subunit, and the GTP binding motif is

required for function [17]. NOG1 is a multi-functional protein and is also involved in the cell

cycle, DNA mismatch repair system, PKM2-dependent glucose metabolism, and cancer [18–

21]. However, the impact of NOG1 on innate immune responses still needs to be investigated.

This study aimed to examine how NOG1 regulates the innate immune response. We found

that NOG1 negatively regulated RNA and DNA virus-induced innate immune response, pro-

moting viral replication in vitro and in vivo. Further studies found that NOG1 suppressed IFN

production by inhibiting the binding of IRF3 to the promoter. Our findings uncovered a novel

role of the NOG1 protein as a negative regulator of innate immune responses.
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Results

NOG1 negatively regulates viral RNA- and DNA-triggered signaling

To identify candidate molecules involved in innate immune response, we screened ~20 inde-

pendent proteins for their abilities to regulate IFN-β activity using luciferase reporter assays

and identified NOG1 as a candidate protein. As shown in Fig 1A and 1B, overexpression of

NOG1 significantly inhibited Sendai virus (SeV)-triggered activation of IFN-β promoter

(which is driven by ISRE and B enhancers) and ISRE (interferon-stimulated response element)

promoter in a dose-dependent manner. However, overexpression of NOG1 did not affect NF-

B-Luc activity.

To further confirm the impact of NOG1 on innate immune response, HEK-293T cells were

transfected with ISRE-Luc along with Flag-NOG1 expression plasmids and poly(I:C) (a mimic

of viral dsRNA). The ISRE promoter activity was detected using a Dual-Luciferase assay kit.

The results showed that overexpression of NOG1 inhibited poly(I:C)-induced ISRE promoter

activity in a dose-dependent manner (Fig 1C). HEK-293T cells expressing the SV40 large T

antigen lack endogenous STING, while HEK-293 cells without SV40 large T antigen express

high levels of STING and can induce interferon antiviral responses to cytosolic DNA [22–24].

To investigate the impact of NOG1 on innate immune response after DNA stimulation, HEK-

293 cells were transfected with IFN-β promoter along with Flag-NOG1 expression plasmids

and poly(dA:dT) (one strand of double-stranded DNA). The IFN-β promoter activity was

detected. Overexpression of NOG1 also inhibited poly(dA:dT)-induced IFN-β promoter activ-

ity (Fig 1D). The expression of increasing NOG1 was detected by Western blotting (Fig 1E).

To investigate whether the NOG1 protein affected the expression of IFN-β and IFN-stimu-

lated genes (ISGs), the mRNA expression of IFN-β, ISG54, and ISG56 in HEK-293T cells that

were transfected with Flag-NOG1 expression plasmids and infected with SeV was measured.

NOG1 significantly inhibited SeV-induced IFN-β, ISG54, and ISG56 mRNA expression (Fig

1F). We further measured the effect of NOG1 on IFN-β protein expression in SeV-infected

HEK-293T cells and herpes simplex virus type 1 (HSV-1)-infected HeLa cells, which showed

that NOG1 significantly inhibited SeV- and HSV-1-induced IFN-β protein secretion (Fig 1G

and 1H). These results indicated that NOG1 is an important inhibitor of viral RNA- and

DNA-mediated signaling pathways.

NOG1 deficiency promotes the antiviral innate immune response

We next determined whether endogenous NOG1 is required for viral RNA- and DNA-trig-

gered signaling. We determined that cells lacking NOG1 could not survive using the CRISPR/

Cas9 system in the knockout cell experiments. Therefore, NOG1 heterozygous knockout

(NOG1+/-) cells were used in subsequent experiments. The expression of NOG1 was decreased

in the NOG1+/- cells compared to that in the WT cells (Fig 2A). We evaluated cell viability and

host proteins synthesis in the WT and NOG1+/- cells using CCK-8 solution and puromycin,

respectively. The heterozygous knockout of NOG1 did not affect cell viability and host pro-

teins synthesis compared to the WT cells (S1A and S1B Fig).

WT and NOG1+/- cells were transfected with IFN-β-Luc and pRL-TK plasmids along with

SeV (HEK-293T cells) or poly(dA:dT) (HEK-293 cells), the IFN-β promoter activity was

detected by Dual-Luciferase assay kit. The results showed that SeV- and poly(dA:dT)-induced

IFN-β promoter activity was significantly enhanced in the NOG1+/- cells than in the WT cells

(Fig 2B and 2C).

The expression of IFN-β, ISG54, ISG56, and IL-1β in the WT and NOG1+/- cells infected

with SeV was also evaluated. As expected, NOG1 deficiency significantly promoted SeV-
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Fig 1. NOG1 negatively regulates viral RNA- and DNA-triggered signaling. (A-E) HEK-293T cells were transfected with 0.1 μg of

IFN-β-Luc, ISRE-Luc, or NF-B-Luc, and 0.01 μg of pRL-TK plasmid along with increasing Flag-NOG1-expressing plasmids. At 24

hpt, the cells were infected with SeV (A and B) or transfected with poly(I:C) (PIC) (C). The promoter activation of IFN-β, ISRE, and

NF-B was determined by the dual-specific luciferase assay kit. (D) HEK-293 cells were transfected with 0.1 μg of IFN-β-Luc and

0.01 μg of pRL-TK plasmid along with Flag-NOG1-expressing plasmids. At 24 hpt, the cells were transfected with poly(dA:dT). The

IFN-β promoter activity was determined by the dual-specific luciferase assay kit. (E) The expression of increasing NOG1 was detected

by Western blotting. (F) HEK-293T cells were transfected with 1 μg of Flag empty vector or Flag-NOG1 expression plasmid. At 24

hpt, the cells were infected with SeV for an additional 12 h. The mRNA expression of IFN-β, ISG54, and ISG56 was measured by

qPCR. (G-H) HEK-293T cells (G) or HeLa cells (H) were transfected with 1 μg of Flag empty vector or Flag-NOG1 expression

plasmid. At 24 hpt, the cells were infected with SeV and HSV-1, respectively. The expression of IFN-β protein in the supernatant was

detected by ELISA kit.

https://doi.org/10.1371/journal.ppat.1011511.g001
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induced IFN-β, ISG54, and ISG56 mRNA expression (Fig 2D). However, NOG1 deficiency

did not affect IL-1β mRNA expression (S2A Fig). IL-1β is a key mediator of the inflammatory

response [25]. Therefore, we further evaluated the effect of NOG1 on IL-1β expression. THP1

cells transfected with Flag-NOG1 expression plasmids were mock-infected or infected with

SeV, and the expression of pro-IL-1β and IL-1β was determined. The results showed that over-

expression of NOG1 did not affect SeV-induced IL-1β protein expression (S2B Fig), which

indicated that NOG1 did not regulate the production of inflammatory cytokines.

NOG1 deficiency also facilitated IFN-β protein secretion in SeV-infected HEK-293T cells

and HSV-1-infected HeLa cells (Fig 2E and 2F). In addition, the impact of NOG1 on IFN-β
protein secretion was also assessed in THP1 and A549 cells. NOG1 siRNA was used to

Fig 2. NOG1 deficiency promotes the antiviral innate immune response. (A) The expression of NOG1 in the WT

and NOG1+/- cells was detected by Western blotting. (B-C) WT and NOG1+/- cells were transfected with 0.1 μg of IFN-

β-Luc and 0.01 μg of the pRL-TK plasmid. At 24 hpt, the cells were infected with SeV (HEK-293T cells, B) or

transfected with poly(dA:dT) (HEK-293 cells, C). The promoter activation of IFN-β was determined by the dual-

specific luciferase assay kit. (D) WT and NOG1+/- HEK-293T cells were infected with SeV for 12 h. The mRNA

expression of IFN-β, ISG54, and ISG56 was detected by qPCR. (E-F) WT and NOG1+/- HEK-293T cells (E) or HeLa

cells (F) were infected with SeV and HSV-1, respectively. The expression of IFN-β protein in the supernatant was

detected by ELISA kit.

https://doi.org/10.1371/journal.ppat.1011511.g002
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knockdown NOG1 expression in THP1 and A549 cells. Negative control (NC) siRNA was

used as a negative control. THP1 and A549 cells transfected with NOG1 or NC siRNA were

infected with HSV-1 or VSV. The levels of IFN-β protein were determined by ELISA. Again,

NOG1 deficiency facilitated HSV-1-induced IFN-β protein secretion in THP1 cells and VSV-

induced IFN-β protein secretion in THP1 and A549 cells (S3 Fig). These results indicated that

NOG1 deficiency promoted viral RNA- and DNA-mediated innate immune responses.

NOG1 promotes viral replication in vitro
Type I IFN plays a critical antiviral effect during viral infection. Accordingly, whether NOG1

had a regulatory role in viral replication was further explored. HeLa and HEK-293T cells were

mock-infected or infected with GFP-tagged vesicular stomatitis virus (VSV) or Seneca Valley

virus (SVV), respectively. The fluorescence and protein expression of GFP was detected and

compared. As shown in Fig 3A, there were more VSV GFP-positive populations in the WT

cells than in the NOG1+/- cells, and the expression of GFP decreased in the NOG1+/- cells com-

pared to WT cells. Similar to VSV, the levels of SVV GFP were also reduced in the NOG1+/-

cells compared to that in the WT cells (Fig 3B).

The regulatory effect of NOG1 on HSV-1 replication was also investigated. We assessed

HSV-1 yields in the WT and NOG1+/- HeLa cells. The viral titers were significantly lower in

the NOG1+/- cells than in the WT cells during HSV-1 infection, and the deficiency of NOG1

protein in the NOG1+/- cells was confirmed by Western blotting (Fig 3C). These results indi-

cated that NOG1 promotes both RNA virus and DNA virus replication in vitro.

To demonstrate that the inhibition of viral replication is indeed due to changes in IFN-β
levels, WT and NOG1+/- HeLa cells were incubated with or without an increasing amount of

Fig 3. NOG1 promotes viral replication in cells. (A-B) WT and NOG1+/- HeLa cells (A) and HEK-293T cells (B) were infected

with VSV-GFP (1 MOI) and SVV-GFP (1 MOI), respectively. The fluorescence images were visualized using a Nikon Eclipse 80i

fluorescence microscope. The protein expression of GFP was detected by Western blotting. (C) WT and NOG1+/- HeLa cells were

infected with HSV-1 (1 MOI) for 24 h. The HSV-1 titers were determined by TCID50 assay.

https://doi.org/10.1371/journal.ppat.1011511.g003
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anti-IFN-β antibody, as described previously [26]. VSV titers were significantly enhanced in

the WT and NOG1+/- cells treated with anti-IFN-β antibody compared to that in the cells with-

out anti-IFN-β antibody treatment, and there was no significant difference in viral titers

between WT and NOG1+/- cells treated with anti-IFN-β antibody (S4A Fig). The results sug-

gested that NOG1 indeed promoted VSV replication depending on IFN-β.

Previous results have shown that TBK1-mediated signal transduction was abnormal in

IBRS-2 cells, and the innate immune response-related pathways were not activated in IBRS-2

cells during RNA virus infection [27,28]. Therefore, IBRS-2 cells were selected to further evalu-

ate the impact of NOG1 on SVV replication. IBRS-2 cells transfected with Flag-NOG1 expres-

sion plasmids were infected with SVV. No significant difference in viral titers was observed

(S4B Fig), suggesting that NOG1 promoted SVV replication depending on IFN-β. These

results indicated that NOG1 regulates viral replication depending on the expression of IFN-β.

NOG1 deficient mice are more resistant to VSV and HSV-1 infection

To assess the physiologic relevance of NOG1 function, we evaluated the importance of NOG1

in antiviral host defense in mice. We determined that the NOG1-/- mice are embryonic lethal

in the knockout mice experiments. Therefore, the NOG1 heterozygous (NOG1+/-) mice were

used in subsequent experiments. The reduction of NOG1 protein in the liver of NOG1+/- mice

was confirmed by Western blotting (Fig 4A). NOG1+/- mice were born at the Mendelian ratio

and all the mice developed normally and gained weight, similar to WT mice, which indicated

that heterozygous knockout of NOG1 gene is dispensable for mouse development.

WT and NOG1+/- mice were intraperitoneally injected with VSV or HSV-1. IFN-β expres-

sion and viral titers in the tissue of mice were monitored. The levels of IFN-β protein were sig-

nificantly enhanced in the serum and liver of NOG1+/- mice infected with VSV compared to

that in the VSV-infected WT mice (Fig 4B). Furthermore, the VSV titers were significantly

decreased in the liver of NOG1+/- mice infected with VSV compared to that in the VSV-

infected WT mice (Fig 4C). In addition, the viral load of VSV in the liver was further deter-

mined by immunohistochemical analysis. The positive stains were found in the VSV-infected

mice, and the rate of positive cells was significantly reduced in the NOG1+/- mice compared to

that in the WT mice (S5A Fig), confirming that NOG1 deficient mice are more resistant to

VSV infection. The impact of NOG1 on VSV-induced mice mortality was evaluated as well.

The WT mice infected with VSV survived 50%, while the NOG1+/- mice infected with VSV

survived 83.3% at 15 dpi, suggesting that NOG1 deficiency resulted in lower mortality of the

mice infected with VSV (S5B Fig).

Similar to VSV, HSV-1 infection induced a higher level of IFN-β protein and HSV-1 titers

were significantly reduced in the NOG1+/- mice compared to that in the WT mice (Fig 4D and

4E). These results indicated that NOG1 deficiency protected mice against VSV and HSV-1

infection.

To confirm whether NOG1 deficiency also reduced tissue injury after VSV and HSV-1

infection, the histological changes in the liver and spleen of WT and NOG1+/- mice were

detected and compared. There was no histological change in the liver and spleen of mock-

infected WT and NOG1+/- mice. Pathology examination showed that VSV and HSV-1 infec-

tion induced infiltration of inflammatory cells in the liver, and decreased infiltration of inflam-

matory cells was observed in the liver of NOG1+/- mice compared to WT mice (Fig 4F). In

addition, VSV and HSV-1 infection reduced the amount of the white pulp in the spleen and

destroyed its structure, and less tissue damage morphology was observed in the spleen of

NOG1+/- mice compared to WT mice (Fig 4G). These results indicated that NOG1 deficiency

protected mice against tissue injury during VSV and HSV-1 infection.
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Fig 4. NOG1 deficient mice are more resistant to VSV and HSV-1 infection. (A) The expression of NOG1 in the liver of WT and NOG1+/-

mice was detected by Western blotting. (B-C) WT and NOG1+/- mice were intraperitoneally injected with VSV (6×107 PFU) for 48 h. The

expression of IFN-β in the serum and liver of mice (n = 4) was detected by ELISA kit (B), and viral titers in the liver of mice (n = 5) were detected

by TCID50 assay (C). (D-E) WT and NOG1+/- mice were intraperitoneally injected with HSV-1 (5×106 PFU) for 48 h. The expression of IFN-β in

the serum and liver of mice (n = 4) was detected by ELISA kit (D), and viral titers in the liver and spleen of mice (n = 5) were detected by TCID50

assay (E). (F-G) WT and NOG1+/- mice were intraperitoneally injected with VSV (6×107 PFU) or HSV-1 (5×106 PFU) for 5 d. H&E staining was

performed for histological examination of the liver and spleen of mice. Inflammatory cells in the liver and white pulp in the spleen are indicated

by a black arrowhead.

https://doi.org/10.1371/journal.ppat.1011511.g004
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IRF3 might be the potential target of the NOG1 protein

The observed inhibition of type I IFN production by the NOG1 protein raises the possibility

that NOG1 targets one or several components of the innate immune signaling pathway. To

identify the potential target regulated by NOG1, HEK-293T cells were co-transfected with

Flag-NOG1 expression plasmid and plasmids expressing each component of the innate

immune signaling pathway (including RIG-I, MDA5, MAVS, TBK1, IRF3-5D, and IRF7),

together with IFN-β-Luc and pRL-TK plasmids. The activity of the IFN-β promoter was deter-

mined by a Dual-Luciferase assay kit. The results showed that overexpression of these compo-

nent molecules activated IFN-β promoter activity, while overexpression of NOG1 protein

significantly inhibited the activation of the IFN-β promoter induced by all of these molecules,

except for IRF7 (Fig 5). The results of Western blotting indicated that NOG1 protein did not

affect the protein expression of these components (Fig 5). Meanwhile, our data indicated that

NOG1 did not interact with RIG-I, MDA5, MAVS, and TBK1 (S6 Fig). Therefore, we specu-

lated that the NOG1 protein targeted IRF3 to block type I IFN production.

Fig 5. NOG1 inhibited IFN-β production by targeting IRF3. HEK-293T cells were transfected with 0.1 μg/well of

IFN-β-Luc, 0.01 μg/well of pRL-TK plasmid along with 0.1 μg/well of Flag vector or Flag-NOG1 expressing plasmid,

and HA-tagged RIG-I, MDA5, TBK1, MAVS, IRF3-5D, and IRF7 expressing plasmids. At 24 hpt, the activation of the

IFN-β promoter was evaluated by the dual-specific luciferase assay kit.

https://doi.org/10.1371/journal.ppat.1011511.g005
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NOG1 interacts with phosphorylated IRF3

To investigate how NOG1 suppresses IFN-β activation via IRF3, we explored a possible inter-

action between NOG1 and IRF3. HEK-293T cells were transfected with Flag-NOG1 expression

plasmid along with HA empty vector, HA-IRF3, or HA-IRF3 5D expression plasmids. The cell

lysates were immunoprecipitated with anti-HA antibody and subjected to Western blotting.

HA-IRF3 5D but not HA-IRF3 pulled down Flag-NOG1 (Fig 6A). A reverse immunoprecipi-

tation experiment was also performed using an anti-Flag antibody, which showed that Flag-

Fig 6. NOG1 interacts with phosphorylated IRF3. (A-B) HEK-293T cells were transfected with 3 μg of Flag-NOG1 expression plasmid along

with 3 μg of HA empty vector, HA-IRF3, or HA-IRF3 5D expression plasmids. The cell lysates were immunoprecipitated with anti-HA antibody

(A) or anti-Flag antibody (B) and subjected to Western blotting. (C) HEK-293T cells were mock-infected or infected with SeV for 12 h, and the cell

lysates were immunoprecipitated with anti-NOG1 and anti-IgG antibodies and subjected to Western blotting. (D-E) HEK-293T cells were

transfected with 0.5 μg of HA-IRF3 or HA-IRF3 5D expression plasmids for 24 h. The localization of endogenous NOG1, HA-IRF3, and HA-IRF3

5D was detected by IFA using anti-NOG1 and anti-HA antibodies. The Pearson’s co-localization coefficient was analyzed using ImageJ Software.

(F) HEK-293T cells were transfected with 3 μg of Flag-NOG1 expression plasmid along with 3 μg of HA empty vector, HA-IRF3 5D, or HA-IRF3

5D mutants expression plasmids. The cell lysates were immunoprecipitated with anti-HA antibody and subjected to Western blotting.

https://doi.org/10.1371/journal.ppat.1011511.g006
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NOG1 also immunoprecipitated HA-IRF3 5D (Fig 6B), suggesting that NOG1 interacted with

activated IRF3. To confirm the endogenous interaction between NOG1 and the phosphory-

lated form of IRF3, HEK-293T cells were mock-infected or infected with SeV, and the cell

lysates were immunoprecipitated with anti-NOG1 and anti-IgG antibodies and subjected to

Western blotting. The endogenous NOG1 pulled down phosphorylated IRF3 (p-IRF3) (Fig

6C). Additionally, endogenous NOG1 also pulled down p-IRF3 in THP1 cells (S7 Fig).

The cellular localization of NOG1 and IRF3 was detected by indirect immunofluorescence

assay (IFA), which showed that NOG1 and HA-IRF3 5D were mainly distributed in the

nucleus, while HA-IRF3 was distributed in the cytoplasm (Fig 6D). The localization of NOG1

and IRF3 was further determined in cells transfected with NOG1 and HA-IRF3 or HA-IRF3

5D expression plasmids. Again, the endogenous NOG1 and HA-IRF3 5D were localized in the

nucleus (Pearson’s co-localization coefficient: 0.87) (Fig 6E). The localization of NOG1 and

IRF3 5D to the nucleus provides the permissible conditions for interaction.

We also identified the crucial region in IRF3 that was essential for NOG1-IRF3 interaction.

The N-terminal domain (NTD, amino acids 1 to 197) and C-terminal domain (CTD, amino

acids 198 to 427) of IRF3 were used to investigate the binding domain in IRF3 [29,30]. HEK-

293T cells were transfected with Flag-NOG1 expression plasmid along with HA empty vector,

HA-IRF3 5D, and HA-IRF3 5D mutants expression plasmids. The cell lysates were immuno-

precipitated with anti-HA antibody. The results showed that IRF3 NTD, but not IRF3 CTD,

interacted with NOG1 (Fig 6F). These results indicated that NOG1 interacted with p-IRF3 and

that the IRF3 NTD was essential for the NOG1-IRF3 interaction.

NOG1 impairs the DNA binding ability of IRF3

Upon viral infection, IRF3 is phosphorylated and forms dimers to enter the nucleus to activate

IFN transcription. To determine the effect of NOG1 on IRF3 activation, the impact of NOG1

on IRF3 phosphorylation was investigated. WT and NOG1+/- cells were mock-infected or

infected with SeV, and the levels of IRF3 phosphorylation were detected by Western blotting.

The results showed that neither the protein expression nor the phosphorylation levels of IRF3

were changed when NOG1 was decreased, indicating that NOG1 did not affect the IRF3 phos-

phorylation (S8A Fig). Subsequently, the impact of NOG1 on IRF3 nuclear translocation in

SeV-infected cells was further detected by Western blotting. The IRF3 was predominantly in

the cytoplasm in the mock-infected cells. Upon SeV stimulation, most IRF3 was transferred

from the cytoplasm into the nucleus. However, there was no significant change in the level of

IRF3 when NOG1 was overexpressed (S8B Fig). The abundance of IRF3 in SeV-infected cells

was also quantified using ImageJ Software (S8B Fig, right). Furthermore, IFA results on these

cells’ nuclear and cytoplasmic fractions were consistent with Western blotting results. In the

mock-infected cells, the IRF3 was predominantly in the cytoplasm. In the SeV-infected cells,

most control and NOG1-overexpressed cells displayed IRF3 nuclear localization, suggesting

that IRF3 nuclear import is not affected by NOG1 (S8C Fig). These results demonstrated that

NOG1 regulated IFN-β production without affecting the phosphorylation and nuclear translo-

cation of IRF3.

Once IRF3 is in the nucleus, IRF3 binds to the promoter and ISRE sequence to activate the

transcription of target genes [31]. In addition, NOG1 interacted with IRF3 NTD, which con-

tains the DNA binding domain [15,32]. Therefore, we speculated that NOG1 might interfere

with the DNA binding ability of IRF3. To confirm this speculation, the effect of NOG1 on

IRF3 binding onto promoter was analyzed using chromatin immunoprecipitation (ChIP)

assay and qPCR. PCR products were analyzed by nucleic acid electrophoresis, and the levels of

immunoprecipitated DNA was normalized to the input DNA levels. No CT number was

PLOS PATHOGENS NOG1 downregulates IFN-I production by targeting IRF3

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011511 July 6, 2023 11 / 27

https://doi.org/10.1371/journal.ppat.1011511


detected in the cells incubated with IgG. The CT number was increased, and the PCR produc-

tion was decreased with the increase of NOG1 when the cells incubated with an anti-IRF3 anti-

body (Fig 7A and S9A Fig), suggesting that overexpression of NOG1 inhibited the interaction

between IRF3 and the IFN-β promoter in a dose-dependent manner. Furthermore, the CT

number was decreased, and the PCR production was increased in the NOG1+/- cells compared

to that in the WT cells, indicating that NOG1 deficiency promoted the binding of IRF3 and

the IFN-β promoter (Fig 7B and S9B Fig). In addition, NOG1 deficiency also promoted the

binding of IRF3 with IFN-β promoter in THP1 cells (S10A Fig).

ISG56 and ISG54 can be transcriptionally upregulated by activated IRF3 directly [33,34].

Thus, the impact of NOG1 on IRF3 binding onto ISG56 promoter was also analyzed using

ChIP assay in HEK-293T cells. The results showed that the interaction between IRF3 and

Fig 7. NOG1 impairs the DNA binding ability of IRF3. HEK-293T cells transfected with increasing Flag-NOG1

expression plasmid (0, 1, and 3 μg) (A), and WT and NOG1+/- HEK-293T cells (B and C) were infected with SeV for 12

h. Chromatin was immunoprecipitated with an anti-IRF3 antibody. The impact of NOG1 on IRF3 binding onto IFN-β
and ISG56 promoter was analyzed by quantitative ChIP assay. PCR products were analyzed by nucleic acid

electrophoresis. The abundance of the immunoprecipitated DNA was normalized to the input DNA levels using

ImageJ Software. (D) The effect of NOG1 on IRF3 binding onto ISG54 promoter. HEK-293T cells cotransfected with

HA-IRF3 and Flag-NOG1 were infected with SeV for 12 h. Biotinylated and unbiotinylated promoters were mixed

with the cell lysates. The streptavidin beads were then added and incubated, followed by washing with PBS. Western

blotting was performed to detect IRF3 and NOG1.

https://doi.org/10.1371/journal.ppat.1011511.g007
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ISG56 promoter was enhanced in the NOG1+/- cells compared to that in the WT cells (Fig 7C

and S9C Fig), suggesting that NOG1 deficiency promoted the binding of IRF3 with ISG56

promoter.

ISG54 promoter can be recognized and bound by the activated IRF3 [15]. A DNA pulldown

assay was performed by using biotinylated promoter oligonucleotide to detect the interaction

between IRF3 and ISG54 promoter. As shown in Fig 7D, the IRF3 protein was pulled down by

biotinylated promoter but not unbiotinyated promoter, and the amounts of IRF3 associated

with the promoter were decreased in the presence of NOG1, which indicated that NOG1 pre-

vents IRF3 binding onto the ISG54 promoter.

IRF3 binding to the target genes to activate their transcription requires interaction with

CBP/p300 coactivators. Therefore, we further investigated the impact of NOG1 on the interac-

tion between IRF3 and CBP in HEK-293T cells. The results showed that the endogenous CBP

coprecipitated by IRF3 was not inhibited in the presence of NOG1, indicating that NOG1 does

not affect the IRF3-CBP interaction (S10B Fig). Taken together, these results indicated that

NOG1 attenuated the DNA binding capacity of IRF3, thereby suppressing the transcription of

IFN-β and ISGs.

The GTP binding domain of NOG1 is responsible for the inhibition of IFN-

β
The N-terminal region of NOG1 contains the GTP binding domain and is conserved from

archaea to humans, while the C-terminal region of NOG1 is highly divergent in sequence in

different organisms [17,35]. To assess which portion of NOG1 was required for the inhibition

of innate immune responses, three mutants (residues 1–320 of NOG1, residues 321–635 of

NOG1, and full-length protein mutated in the GTP binding domain of N-terminal region:

GKS-AAA) were constructed, as described previously [17]. To explore the impact of NOG1

mutants on SeV-induced innate immune response, HEK-293T cells were transfected with

IFN-β-Luc and pRL-TK plasmid along with Flag vector, Flag-NOG1, or Flag-NOG1 mutants

expression plasmids. The promoter activity was detected by a Dual-Luciferase assay kit. Over-

expression of NOG1 and NOG1 1-320aa significantly inhibited SeV-triggered activation of

IFN-β promoter, while NOG1 GKS-AAA and NOG1 321-635aa did not affect the activity of

IFN-β promoter (Fig 8A, left). Moreover, NOG1 GKS-AAA also lost its ability to inhibit SeV-

induced IFN-β protein secretion (Fig 8A, right). The data indicated that the GTP binding

domain in the N-terminal region of NOG1 was essential for the inhibition of IFN-β. The

expression of NOG1 mutants was determined by Western blotting.

To identify the crucial region in NOG1 that was essential for NOG1-IRF3 interaction.

HEK-293T cells were transfected with Flag-NOG1 or Flag-NOG1 mutants expression plasmid

and then infected with SeV. The cell lysates were immunoprecipitated with an anti-Flag anti-

body and subjected to Western blotting. As a result, NOG1 and NOG1 1-320aa, but not

NOG1 GKS-AAA and NOG1 321-635aa, pulled down p-IRF3 (Fig 8B), suggesting that NOG1

GKS-AAA abolished the ability to interact with IRF3. The results indicated that the GTP bind-

ing domain of NOG1 was essential for the NOG1-IRF3 interaction.

We further detected the impact of the GTP binding domain of NOG1 on the DNA binding

ability of IRF3 by ChIP assay. As shown in Fig 8C and S9D Fig, overexpression of NOG1, but

not NOG1 GKS-AAA, inhibited the interaction between IRF3 and the IFN-β promoter (PCR

production was decreased in the NOG1-overexpressed cells). The relative level of PCR produc-

tion was quantified using ImageJ Software. These results indicated that the GTP binding

domain of NOG1 was essential for decreasing the DNA binding activity of IRF3 and inhibiting

IFN-β.
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Discussion

RIG-like receptor (RLR)-, Toll-like receptor (TLR)-, NOD-like receptor (NLR)-, or cGAS-

mediated innate immune response forms the first line of defense that protects hosts from inva-

sion by RNA or DNA viruses. After virus infection, the IFN-β signal pathway is activated to

induce IFN-β and ISG expression and initiate the appropriate adaptive immune response. The

study of the mechanisms of innate immune response could contribute to better disease control

or vaccine design. In the present study, we first investigated the roles of NOG1 in viral RNA-

and DNA-mediated signaling pathways. Overexpression of NOG1 significantly inhibited

SeV-, poly(I:C)-, or poly(dA:dT)-induced activation of IFN-β promoter, whereas the decrease

Fig 8. The GTP binding domain of NOG1 is responsible for the inhibition of IFN-β. (A) HEK-293T cells were transfected with 0.1 μg of IFN-β-Luc and

0.01 μg of pRL-TK plasmid along with 0.1 μg of Flag-NOG1- or Flag-NOG1-mutants-expressing plasmids (left). HEK-293T cells were transfected with 0.5 μg

of Flag-NOG1- or Flag-NOG1-mutants-expressing plasmids (right). At 24 hpt, the cells were infected with SeV for 12 h. The promoter activation of IFN-β
was determined by the dual-specific luciferase assay kit. The expression of IFN-β protein in the supernatant was detected by ELISA kit. The protein

expression of NOG1 and its mutants was detected by Western blotting. (B) HEK-293T cells were transfected with 3 μg of Flag-NOG1- or Flag-

NOG1-mutants-expressing plasmids. At 24 hpt, the cells were infected with SeV for 12 h. The cell lysates were immunoprecipitated with an anti-Flag

antibody and subjected to Western blotting. (C) HEK-293T cells transfected with 3 μg of Flag-NOG1 or Flag-NOG1 GKS-AAA expression plasmid were

infected with SeV for 12 h. The cells were collected and analyzed by quantitative ChIP assay. The abundance of PCR production was normalized to the input

DNA levels using ImageJ Software.

https://doi.org/10.1371/journal.ppat.1011511.g008
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in NOG1 had the opposite effects. Heterozygous knockout of NOG1 gene in mice indicates

that NOG1 deficiency promotes RNA virus- and DNA virus-induced IFN-β protein and ren-

ders the mice more resistant to VSV and HSV-1 infection. This finding establishes a key role

for NOG1 in the innate immune response.

Studies have identified that NOG1 involves various biological processes, including DNA

mismatch repair system, cell cycle, 60 S ribosomal subunit biogenesis, glucose metabolism,

and cancer [36–38]. Although NOG1 is required for 60 S ribosomal biogenesis, the cell viabil-

ity and host proteins synthesis was not significantly affected in the NOG1+/- cells compared to

the WT cells. Additionally, the levels of IFN-β were increased and viral titers were decreased in

the NOG1+/- cells. These results suggested that NOG1-regulated IFN-β production was not

associated with ribosomal biogenesis, revealing a novel biological function of NOG1. Upregu-

lation of NOG1 has frequently been detected in many cancer cells [16,39]. Our data indicate

that overexpression of NOG1 inhibits the innate immune response and promotes viral replica-

tion, which may be one of the reasons why many cancer cells are more susceptible to viral

infection. In addition, the reduction of NOG1 induces cell cycle arrest in the G2/M period

[16,19], which may be the reason why NOG1 knockout cells and mice are not viable.

IRF3, a key transcription factor, plays an important role in the induction of IFN-β and is

essential for giving rise to the expression of many genes involved in the innate immune

response [40]. After stimulation, cytoplasmic IRF3 is phosphorylated, forms dimers, and then

enters the nucleus, where it interacts with the promoter of targeted genes, resulting in the tran-

scription of IFN-I and the downstream ISGs [41]. Our results showed that NOG1 suppressed

IRF3-5D-induced IFN-β promoter activity, suggesting that NOG1 may affect phosphorylation

and the downstream events of IRF3. However, NOG1 did not affect the phosphorylation and

nuclear import of IRF3, implying that NOG1 can regulate the function of IRF3 in the nucleus.

As expected, NOG1 interacted with the phosphorylated IRF3 in the nucleus, and the DNA

binding region of IRF3 was required for the NOG1-IRF3 interaction, which may impair IRF3

binding onto the promoter. The ChIP assay further verified that NOG1 inhibited the DNA

binding ability of IRF3. Except for IRF3, IRF7 is also involved in the RLR-mediated signaling

pathway [42,43], but NOG1 did not affect the function of IRF7, despite their structural and

functional similarities. Thus, NOG1 specifically regulates the function of IRF3.

A variety of regulation mechanisms targeting IRF3 have been identified. For instance, foot-

and-mouth disease virus (FMDV) and SVV infection inhibit type I IFN production by

decreasing IRF3 protein expression [44,45]. HSV-1 ICP27 protein inhibits IRF3 phosphoryla-

tion and nuclear translocation by interacting with IRF3, leading to the inhibition of IFN-β pro-

duction [46]. The Ebola virus suppresses the host’s innate immune response by blocking IRF3

dimerization and phosphorylation [47]. The nonessential accessory protein ML of the Thogoto

virus inhibits host type I IFN production by blocking the interaction between IRF3 and CREB-

binding protein [48]. Poxviruses N2 protein suppresses the activity of IRF3 in the nucleus [49],

and the C6 protein prevents the transfer of IRF3 from the cytoplasm to the nucleus, inhibiting

IFN-β production [50]. In addition, some intracellular proteins also regulate the function of

IRF3. For instance, IRF1 interacts with IRF3 and enhances the activation of IRF3 by blocking

the interaction between IRF3 and protein phosphatase 2A [51]; PRMT6 negatively regulates

innate immunity by inhibiting IRF3 phosphorylation [52]; the deubiquitinase OTUD7B is a

negative regulator of antiviral immunity by targeting IRF3 for selective autophagic degradation

[53]; jumonji domain-containing protein 6 (JMJD6) negatively regulates RNA viruses-induced

antiviral signaling by recruiting RNF5 to promote K48 ubiquitination of IRF3 [12]; and the

cell growth-regulating nucleolar protein LYAR negatively regulates IFN-β-mediated immune

responses by inhibiting the DNA binding ability of IRF3 [15]. Here, our results showed that

the intracellular NOG1 protein interacted with activated IRF3 and disrupted the interaction of
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IRF3 and promotor, resulting in the inhibition of IFN-β production, which is similar to the

mechanism by which LYAR inhibits IRF3 activation [15]. This finding reveals a novel function

of NOG1 and broadens the regulation mechanisms targeting IRF3. Activation of IRF3 involves

multiple processes including IRF3 protein expression, IRF3 phosphorylation and nuclear

translocation, and the binding of IRF3 with promoters [54]. Although there are many negative

regulators of IRF3, different proteins may negatively regulate IRF3 function at different pro-

cesses. In addition, the proteins may express at different levels in different tissues, possibly

leading to different proteins playing differentially principal antagonistic roles against IRF3 in

different tissues.

The NTD of IRF3 contains the DNA binding domain [32], and the CTD of IRF3 includes

the crucial region for its phosphorylation (containing the Ser385, Ser386, and Ser396 phos-

phorylation sites) [55]. NOG1 interacted with the NTD of IRF3, inhibiting the DNA binding

activity of IRF3. Further detailed analysis revealed that the GTP binding domain of NOG1 was

essential for the NOG1-IRF3 interaction, the decrease of DNA binding activity of IRF3, and

the inhibition of IFN-β, revealing the importance of the GTP binding domain of NOG1 in

innate immunity. Meanwhile, the results suggested that the NOG1-IRF3 interaction may be

necessary for NOG1 to inhibit IFN-β production. In addition, previous results have shown

that the GTP binding domain of NOG1 is required for stable association with the 60 s precur-

sor [17,56]. Our results showed that the GTP binding domain of NOG1 is also essential for the

inhibition of IFN-β, revealing the multiple functions of the GTP binding domain of NOG1.

Based on our findings, we proposed a model for the role of NOG1 in antiviral innate

immune responses (Fig 9). NOG1 negatively regulates RNA and DNA viruses-triggered innate

immune responses. NOG1 interacts with the phosphorylated IRF3 to impede its DNA binding

activity, resulting in reduced production of IFN-β and its downstream ISGs, promoting viral

replication. The GTP binding domain of NOG1 is responsible for this process. In conclusion,

our study revealed an underlying mechanism of how NOG1 negatively regulates IFN-β by tar-

geting IRF3, which would contribute to understanding the negative regulation of host innate

immune responses and the function of NOG1 during virus infection.

Materials and methods

Ethics statement

All animals have handled strictly following good animal practice according to the Animal Eth-

ics Procedures and Guidelines of the People’s Republic of China, and the study was approved

by the Animal Ethics Committee of Lanzhou Veterinary Research Institute of the Chinese

Academy of Agricultural Sciences (Licence no. SYXK (GAN) 2010–003).

NOG1+/- mice

NOG1+/- mice (C57BL/6) were purchased from Cyagen Biosciences, China, and maintained in

the specific pathogen-free (SPF) animal facility of Lanzhou Veterinary Research Institute with

free access to food and water. Mouse experimental work was performed using 6~8-week-old

mice.

NOG1+/- mice were obtained using the CRISPR/Cas9 system. The single guide RNAs

(sgRNAs) targeting exons 2, 3, and 4 were designed online (http://crispr.mit.edu/). The

gRNAs and Cas9 were co-injected into fertilized mouse eggs to generate targeted knockout off-

spring. F0 founder animals were bred to WT mice to test germline transmission and F1 animal

generation. The mouse NOG1 sgRNAs are: gRNA1: TGTAGGGGCTGAGCGATTGA-GGG;

gRNA2: GATGATTACGAACGGATAAT-TGG; gRNA3:
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ATGCTCCCATTATCAGGGGC-AGG; gRNA4: TTTCAGGTGAGACAACTAAG-TGG. The

exons 2, 3, and 4 of NOG1 were deleted.

Detection of VSV and HSV-1 titers from mice

As described previously, VSV and HSV-1 from mice were isolated [57]. Briefly, to quantify the

number of viral particles, part of the mouse tissue was weighed and homogenized by dispos-

able tissue grinders (VWR, Radnor, PA) in Dulbecco’s modified Eagle medium (DMEM)

(Thermo Scientific, Waltham, MA, USA) supplemented with 1% penicillin-streptomycin-neo-

mycin antibiotic mixture, 2.5 μg/mL fungizone, and 1% L-Glutamax (Thermo Fisher Scien-

tific). VSV and HSV-1 were titrated using Vero cells in DMEM media supplemented with 1%

penicillin-streptomycin-neomycin antibiotic mixture, 2.5 μg/mL fungizone, and 1% L-Gluta-

max, as described previously [57].

Histopathological and immunohistochemical analysis

The histopathological and immunohistochemical analyses were performed as described previ-

ously [58,59]. Briefly, the liver and spleen of mice were collected and fixed with 4% neutral for-

malin at room temperature for 5 d. Serial tissue sections were cut into 4-μm thicknesses after

embedding in paraffin. The available slides were stained with hematoxylin and eosin (H & E).

Fig 9. Schematic representation of the model of NOG1-mediated innate immune response. In this model, NOG1

negatively regulates RNA and DNA viruses-triggered innate immune response. NOG1 interacts with the

phosphorylated IRF3 to impair its DNA binding activity, resulting in reduced production of IFN-β and its downstream

ISGs, which in turn promotes viral replication. The GTP binding domain of NOG1 is responsible for this inhibitory

effect.

https://doi.org/10.1371/journal.ppat.1011511.g009
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The histological changes were visualized by light microscopy (Olympus BX41, Olympus Opti-

cal Co., Tokyo, Japan).

The examination of VSV load in the mice’s liver was performed by immunohistochemical

analysis. Paraffin-embedded microtome sections were incubated in xylene and serial dilutions

of ethanol ranging from 100%-0% for 5 min at room temperature, with a final step of 3% H2O2

in methanol for 10 min. Then, the slides were incubated in sodium citrate buffer (PH6.0)

maintained at 95˚C for antigen retrieval. The available slides were incubated with an anti-GFP

antibody (Servicebio, Wuhan, China) at 1:1000 dilution for 6 h at 4˚C and further incubated

with an avidin-conjugated secondary antibody (Servicebio) for 1 h, followed by incubation

with biotinylated peroxidase (Servicebio) for an additional 1 h. Staining was visualized using

the 3, 3-diaminobenzidine (DAB, Servicebio), according to the manufacturer0s protocol. The

rate of positive cells was analyzed using the software AIpathwell (Servicebio).

Cells and viruses

HEK-293 cells (ATCC CRL-1573), HEK-293T cells (ATCC CRL-11268), Vero cells (ATCC

CCL-81), HeLa cells (ATCC CCL-2), IBRS-2 cells (ECACC 84100503), and A549 cells (ATCC

CCL-185) were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine

serum (FBS, Gibco) and maintained at 37˚C (5% CO2). THP1 cells (ATCC TIB-202) were cul-

tured in RPMI 1640 medium containing 10% FBS. VSV-GFP strain was kindly provided by

Prof. Bo Zhong (Wuhan University, China) and amplified in Vero cells. HSV-1 strain was

kindly provided by Congcong Wang (Sun Yat-sen University, China) and amplified in Vero

cells. SeV strain was kindly provided by Prof. Hongbing Shu (Wuhan University, China) and

amplified in SPF eggs as described previously [60]. The SVV strain was isolated from cases of

SVV in Guangdong Province, China, and stored in our laboratory [61], and virus propagation

and titration were performed using IBRS-2 cells. SVV-GFP strain was prepared as described

previously [62]. The 50% tissue culture infectious dose (TCID50) was calculated using Reed

and Muench method.

Plasmids and antibodies

The cDNA of human NOG1 was amplified from HEK-293T cells and cloned into p3xFlag-

CMV-7.1 vector to yield the N terminal Flag-tagged expression construct (Flag-NOG1). Flag-

NOG1 mutant expression plasmids were constructed by mutagenesis PCR. HA-RIG-I,

HA-MDA5, HA-VISA, HA-TBK1, HA-IRF3, HA-IRF3 5D, and HA-IRF7 expression plasmids

were stored by our laboratory previously. Carboxyl-terminal phosphorylation at amino acids

396, 398, 402, 404, and 405 cause the activation of IRF3. Thus, the phosphorylation mimicking

mutant IRF3-5D is considered as a constitutively active form of IRF3 [63]. All constructed

plasmids were analyzed and verified by DNA sequencing. The plasmids were transfected into

cells using Lipofectamine 2000 (Thermo Scientific), according to the manufacturer0s protocol.

The commercial antibodies used in this study include anti-Flag polyclonal antibody

(Sigma-Aldrich, St. Louis, MO), anti-Flag monoclonal antibody (Santa Cruz Biotechnology,

Dallas, TX, USA), anti-Puromycin monoclonal antibody (Sigma-Aldrich), anti-IFN-β poly-

clonal antibody (Sigma-Aldrich), anti-NOG1 polyclonal antibody (Abcam, Cambridge, MA,

USA), anti-HA polyclonal antibody (Abcam), anti-GFP polyclonal antibody (Cell Signaling

Technology, Beverly, MA, USA), anti-IRF3 monoclonal antibody (Cell Signaling Technology),

anti-p-IRF3 monoclonal antibody (Cell Signaling Technology), anti-RIG-I monoclonal anti-

body (Cell Signaling Technology), anti-TBK1 monoclonal antibody (Cell Signaling Technol-

ogy), anti-MDA5 monoclonal antibody (Cell Signaling Technology), anti-MAVS monoclonal

antibody (Cell Signaling Technology), anti-CBP monoclonal antibody (Cell Signaling
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Technology), anti-IL1β polyclonal antibody (Abclonal, Wuhan, China), and anti-β-actin

monoclonal antibody (Sigma-Aldrich).

Coimmunoprecipitation and Western blotting

HEK-293T cells were transfected with various indicated expressing plasmids. The cells were

collected and lysed at the indicated time points using RIPA buffer containing protease inhibi-

tors (Solarbio, Beijing, China). Then, the cells were immunoprecipitated with the indicated

antibodies, as described previously [64]. The coimmunoprecipitation samples were resolved

by SDS-PAGE for Western blotting and transferred to an Immobilon-P membrane (Millipore,

Bedford, MA, USA). The membrane was blocked with 5% skim milk powder in TBST for 2 h

at room temperature, then incubated with primary antibody (1:1000) for 6–8 h at 4˚C and sec-

ondary antibody (1:10000) for 1 h at room temperature. The antibody-antigen complexes were

visualized using chemiluminescence detection reagents (Thermo Fisher Scientific).

Knockdown of NOG1 using siRNA

The small interfering RNAs (siRNAs) used in this study were designed and synthesized by

Tsingke Biological Technology (Wuhan, China). Knockdown of endogenous NOG1 in THP1

and A549 cells was performed by transfection of NOG1 siRNA. NC siRNA was used as a nega-

tive control. According to the manufacturer’s protocol, the siRNA transfection was performed

using Lipofectamine 2000. The human NOG1 sequences are F: GUGUUGACAUGGAC-

GAUAA, R: UUAUCGUCCAUGUCAACAC.

RNA extraction and quantitative PCR (qPCR)

Total RNAs in the cells were extracted by TRIzol reagent (Thermo Fisher Scientific). The

extracted RNA was synthesized into cDNAs using HiScript II Q Select RT SuperMix (Vazyme,

Nanjing, China). The expression of human IFN-β, ISG54, ISG56, and IL-1β mRNA was

detected using the cDNA, ChamQ Universal SYBR qPCR Master Mix (Vazyme), and

Mx3005P qPCR System (Agilent Technologies, Palo Alto, CA, USA). The GAPDH gene was

used as an internal control. The relative expression of mRNA was calculated using the compar-

ative cycle threshold (CT) (2−ΔΔCT) method [65]. The qPCR primers sequences are as follows:

human IFN-β-F: GACATCCCTGAGGAGATTAAG, R: ATGTTCTGGAGCATCTCATAG;

human ISG54-F: ACGGTATGCTTGGAACGATTG, R: AACCCAGAGTGTGGCTGATG;

human ISG56-F: CTTGAGCATCCTCGGGTTCATC, R:

AAGTCAGCAGCCAGGTTTAGGG;

human IL-1β-F: CAAAGGCGGCCAGGATATAA, R: CTAGGGATTGAGTCCACATTCAG;

human GAPDH-F: CGGGAAGCTTGTGATCAATGG, R: GGCAGTGATGGCATGGACTG.

Establishment of NOG1 knockout cell lines using CRISPR/Cas9 system

The NOG1 heterozygous knockout (NOG1+/-) cell lines were established using CRISPR/Cas9

system, as described previously [66]. The annealed single guide RNAs (sgRNAs) oligonucleo-

tides targeting human NOG1 were designed by the online CRISPR design tool (http://crispr.

mit.edu/) and cloned into lentiCRISPRv2. The human NOG1 sgRNA sequences are

GTGGTGCCGTCCGCCAAGGT. Cells were transfected with lentiCRISPRv2-gRNA. The

effectiveness of the designed sgRNA was evaluated using the T7 Endonuclease I. The cell lines

PLOS PATHOGENS NOG1 downregulates IFN-I production by targeting IRF3

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011511 July 6, 2023 19 / 27

http://crispr.mit.edu/
http://crispr.mit.edu/
https://doi.org/10.1371/journal.ppat.1011511


were established by the limiting dilution in 96-well plates. Western blotting was performed to

confirm NOG1 protein expression in the cell lines.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed using a pierce magnetic ChIP kit (Thermo Fisher Scientific)

according to the manufacturer0s instructions. Briefly, cells were transfected with various plas-

mids, and WT and NOG1+/- cells were infected with SeV. After cross-linking with 1% formal-

dehyde, the cells were harvested and resuspended using RIPA buffer. The chromatin was

sheared into lengths of *300 bp by sonication. The lysates were incubated with anti-IRF3

antibody and protein G agarose. "IgG" immunoprecipitation was used as a negative control.

The chromatin DNA was then eluted from the beads. Afterward, the bound DNA was

extracted using phenol-chloroform and precipitated with ethanol after treatment with protein-

ase K. The quantity of DNA was determined by qPCR with specific primers. A comparative Ct

method was used to assess the relative enrichment of the immunoprecipitated DNA. PCR

products were analyzed by nucleic acid electrophoresis. The abundance of the immunoprecipi-

tated DNA was normalized to the input DNA levels. The primers of the IFN-β promoter are as

described previously [67]. The primer sequences of the ISG56 promoter are F:

CAAATGCTGGCCAGTCATT, R: AAACAGCAGCCAATGGTGT.

DNA pulldown assay

The DNA pulldown assay was performed as described previously [15]. The sequences of triple

repeats of the ISG54 promoter are 50-GGGAAAGTGAAA CTAGGGAAAGTGAAACTAGG-

GAAAGTGAAACTA-30 [68,69]. DNA probes synthesized by Tsingke Biological Technology

were labeled with biotin and used in the pulldown experiments. Briefly, HEK-293T cells trans-

fected with the various plasmids were infected with SeV for 12 h. The cell lysates were mixed

with DNA probes and incubated for 4 h at 4˚C. The BeaverBeads streptavidin beads (Beyo-

time, Shanghai, China) were then added to the lysates for 2 h at 4˚C. The beads were collected

by magnetic separator and washed five times with PBS. Afterward, proteins that bound to the

beads were resolved by SDS-PAGE.

Luciferase reporter assay

HEK-293T cells were seeded in 24-well plates, and the monolayer cells were co-transfected

with 0.1 μg/well of IFN-β-Luc, ISRE-Luc, or NF-B Luc along with 0.01 μg/well of pRL-TK

Renilla luciferase reporter plasmid and other plasmids. At 24 hpt, the cells were lysed, and the

dual-specific luciferase assay kit (Promega Corporation, Wisconsin, USA) was used to analyze

the firefly and Renilla luciferase activities, according to the manufacturer0s instruction.

Indirect immunofluorescence assay

Indirect immunofluorescence assay (IFA) was performed as described in our previous study

[70]. Briefly, cells cultured on Nunc glass bottom dishes (Thermo Fisher Scientific) were trans-

fected with various plasmids or infected with SeV. The cells were fixed with an acetone/metha-

nol mixture (1:1) for 24 h at 4˚C and were blocked with 5% normal bovine serum for 6–8 h at

4˚C. Then, cells were incubated with appropriate primary antibodies (1:250) overnight at 4˚C

and fluorochrome-conjugated secondary antibodies (1:500) in the dark for 6–8 h at 4˚C. After

that, the cells were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 10 minutes at room

temperature to show the nuclei. The fluorescence was visualized by a Nikon Eclipse 80i fluo-

rescence microscope.
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Nuclear and cytoplasmic fractionation

HEK-293T cells (1×107) were transfected with various plasmids and then infected with SeV.

The cells were collected, and subcellular fractions were extracted using a Nuclear and cyto-

plasm extraction kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.

ELISA

The expression of IFN-β protein in the cells supernatant and mouse serum and tissue was

detected by human or mouse IFN-β ELISA kit (Solarbio). The measured value was compared

with the standard according to the manufacturer0s instructions.

Puromycin labeling

The puromycin was used for monitoring host proteins synthesis, as described previously

[70,71]. Briefly, WT and NOG1+/- cells (106 cells) were seeded in six-well plates. After 48 h

incubation, the cells were labeled with 10 μg ml-1 of puromycin (Selleckchem, Houston, USA)

for 30 min. The cells were then collected and analyzed by Western blotting using anti-puromy-

cin and anti-β-actin antibodies.

CCK-8 assay

CCK-8 assay was performed using CCK-8 Cytotoxicity Assay Kit (Solarbio) to detect cell via-

bility. WT and NOG1+/- cells (104 cells) were seeded in 96-well plates with 100 μL medium for

each well. After 48 h incubation, each well was incubated with 10 μL of CCK-8 solution for 2 h

away from light before measuring the absorbance at 450 nm using a spectrofluorometer

(Thermo Scientific).

Statistical analysis

Statistical analysis was performed using SPSS Statistics for Windows, Version 17.0 (SPSS Inc.,

Chicago, IL, USA). The unpaired t-test (two-tailed test analysis) was used in this study. A *P-

value <0.05 was considered statistically significant; A **P-value<0.01 was considered statisti-

cally significant. Data are presented as mean ± SD.

Supporting information

S1 Fig. The cell viability and host proteins synthesis in WT and NOG1+/- cells. WT and

NOG1+/- cells were cultured in 96-well plates (A) or six-well plates (B) for 48 h. Then, the cells

were incubated with 10 μL of CCK-8 solution for 2 h, followed by measuring the absorbance at

450 nm (A). The cells were labeled with 10 μg ml-1 of puromycin for 30 min and were analyzed

by Western blotting using anti-puromycin antibody (B).

(TIF)

S2 Fig. NOG1 did not affect the expression of IL-1β. (A) WT and NOG1+/- HEK-293T cells

were mock-infected or infected with SeV for 12 h. The mRNA expression of IL-1β was

detected by qPCR. (B) THP1 cells transfected with increasing Flag-NOG1 expression plasmids

were mock-infected or infected with SeV for 12 h, and mature IL-1β in supernatants (sup) or

pro-IL-1β in lysates were determined by Western blotting.

(TIF)

S3 Fig. The impact of NOG1 on innate immune responses in THP1 and A549 cells. THP1

and A549 cells transfected with 150 nM of NOG1 siRNA or NC siRNA were infected with

HSV-1 (1 MOI) or VSV (1 MOI). The IFN-β protein in the supernatant was detected by
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ELISA kit. The expression of NOG1 protein in cells was detected by western blotting.

(TIF)

S4 Fig. NOG1 promoted viral replication depending on IFN-β. (A) WT and NOG1+/- HeLa

cells were untreated or treated with an anti-IFN-β neutralizing antibody (1500, 2500, or 3000

units/mL) in DMEM with 1% FBS for 2 h. Then, the cells were infected with VSV (1 MOI) and

incubated with the different dose of anti-IFN-β antibody for a further 16 h. Viral titers in the

supernatant were measured by TCID50 assay. (B) IB (IBRS-2) cells transfected with increasing

Flag-NOG1 expression plasmids were infected with SVV for 8 h, viral titers in the supernatant

were measured by TCID50 assay.

(TIF)

S5 Fig. The impact of NOG1 on VSV replication in mice. (A) WT and NOG1+/- mice were

intraperitoneally injected with VSV (6×107 PFU) for 48 h. The liver of mice was collected and

fixed with 4% neutral formalin. The VSV load in the liver was detected by immunohistochemical

analysis using an anti-GFP antibody. The positive cells are indicated by a black arrowhead. The

rate of positive cells was analyzed using the software AIpathwell. (B) WT and NOG1+/- mice

(n = 6) were intranasally injected with VSV (108 PFU). The mortality of mice was recorded.

(TIF)

S6 Fig. NOG1 did not interact with RIG-I, TBK1, MDA5, and MAVS. HEK-293T cells were

transfected with 3 μg of Flag-NOG1 expression plasmid or empty vector. The cell lysates were

immunoprecipitated with an anti-Flag antibody. The antibody-antigen complexes were visual-

ized using anti-Flag, anti-RIG-I, anti-TBK1, anti-MDA5, and anti-MAVS antibodies.

(TIF)

S7 Fig. NOG1 interacted with p-IRF3 in THP1 cells. THP1 cells were mock-infected or

infected with SeV for 12 h, and the cell lysates were immunoprecipitated with anti-NOG1 and

anti-IgG antibodies and subjected to Western blotting.

(TIF)

S8 Fig. NOG1 did not affect the phosphorylation and nuclear translocation of IRF3. (A)

WT and NOG1+/- cells were mock-infected or infected with SeV for 12 h, the cells were col-

lected, and the levels of IRF3 phosphorylation were detected by Western blotting. (B) HEK-

293T cells were transfected with 3 μg of Flag-NOG1-expressing plasmid. At 24 hpt, the cells

were mock-infected or infected with SeV for 12 h. Cells were harvested and subjected to

nuclear and cytoplasmic fractionation. The expression of IRF3 in the cytoplasm (Cyt) and

nucleus (Nuc) was detected by Western blotting, respectively. Histone 3.1 was used as a

nuclear loading control and marker, and β-actin was used as a cytosolic loading control and

marker. The abundance of IRF3 was quantified using ImageJ software. (C) HEK-293T cells

transfected with 0.5 μg of Flag empty vector or Flag-NOG1-expressing plasmid were mock-

infected or infected with SeV for 12 h. The subcellular localization of NOG1 and IRF3 was

detected by IFA.

(TIF)

S9 Fig. The input DNA levels for ChIP assay. A, B, C, and D represent the input DNA levels

of Figs 7A, 7B, 7C and 8C, respectively.

(TIF)

S10 Fig. NOG1 did not affect the interaction between IRF3 and CBP. (A) THP1 cells trans-

fected with 150 nM of NOG1 or NC siRNA were immunoprecipitated with anti-IRF3 anti-

body. The impact of NOG1 on IRF3 binding onto IFN-β promoter was analyzed by

PLOS PATHOGENS NOG1 downregulates IFN-I production by targeting IRF3

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011511 July 6, 2023 22 / 27

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011511.s010
https://doi.org/10.1371/journal.ppat.1011511


quantitative ChIP assay. (B) HEK-293T cells transfected with Flag-NOG1 and/or HA-IRF3

expression plasmids were infected with SeV for 12 h, and the cell lysates were immunoprecipi-

tated with anti-HA antibody and subjected to Western blotting.

(TIF)
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